Cation distribution in cubic NaM(PQO;); (M = Mg or Zn) using
X-ray powder diffraction and solid state NMR
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Solid state 2*Na and *'P magic angle spinning nuclear magnetic resonance (MAS-NMR) spectroscopy and X-ray
powder diffraction have been used in combination to study the structure of the model phosphate phases NaMg(PO5),
and NaZn(PO,),. The similar X-ray scattering of Na and Mg make determination of the cation distribution in
NaMg(POs,); difficult using X-ray data alone. However, the structure of NaZn(POj;); was successfully refined and

an initial model for the cation distribution in the magnesium analogue proposed. The *Na and *'P solid state NMR
data confirm the similarities between the two structures, while the **Na also suggested three sodium sitesina 2:1:1
ratio, consistent with the proposed crystallographic model. This allowed for a successful refinement of the structure
of NaMg(PO,);, confirming that the structures are indeed isostructural. Both structures contain chains of (PO;),"”
with Na* and Mg**/Zn*" ions in distorted octahedral sites located between the polyphosphate chains.

There is considerable current interest! in the development of
bioactive glasses and ceramics for medical use, as both bone and
dental implants. A class of materials with particular promise is
based on calcium phosphate, because of the chemical similar-
ities with the apatitic nature of natural bone. Useful materials
must exhibit both bioactivity and biocompatibility. Several
groups>™? have recognised the potential of sodium/calcium/
phosphate materials. Preliminary in vitro studies of a ternary
Na,0-CaO-P,0, based system have shown a strong correlation
between glass composition and cellular activity.!*!* It has indi-
cated that relatively low solubility glasses give greatly increased
cellular activity and predictors of likely compositions to study
have been drawn up. This work has indicated that low Na,O
(<28mol%) and low P,0; (<45 mol%) promote cellular activity.
We have also shown an upregulation in bone specific protein
expression. Doping the materials with structure modifying
oxides will change the bioactivity and biocompatibility, and a
fundamental aim of our research is to seek correlations between
such changes and modifications of short range structure. There-
fore an important part of our programme is fully to character-
ise model phosphate phases which incorporate biologically
relevant structure modifying oxides such as MgO and ZnO. To
this end we have prepared and fully characterised the structures
NaMg(PO;); and NaZn(PO;); using the synergy of the com-
bination of solid state nuclear magnetic resonance and X-ray
powder diffraction.

Experimental
Preparations

The phosphate compounds were synthesized by standard solid
state methods. Appropriate stoichiometric amounts of Na,CO,
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(BDH, 99%), NH,H,PO, (May & Baker, 97%) and ZnO (BDH,
99%) or MgO (BDH, 98%) were ground together as a slurry in
ethanol. The dried mixture was placed in a platinum crucible
and heated at 300 °C for 1 h to decompose the ammonium
dihydrogenphosphate and subsequently further heated for 12 h
at 650 °C before being quenched in air to room temperature.
Phase purity was confirmed by X-ray powder diffraction.

Solid state NMR

The single-pulse 2*Na and *'P NMR spectra were measured at
158.7 and 242.9 MHz respectively using a Bruker AMX-600
spectrometer. The samples were contained in a 4 mm o.d. rotor
and magic angle spinning (MAS) was employed at 12 kHz. For
each of the #*Na spectra, 64 transients were accumulated, using
a relaxation delay of 8 s, and a pulse width of < /20, in order to
be able to compare the intensities of resonances with differing
quadrupole parameters." The **Na chemical shifts were refer-
enced to an external 1 M NaCl solution. For the P spectra,
MAS in the region 10 to 12 kHz was used and 50 to 100 transi-
ents were accumulated using a relaxation delay of 60 s. The 3'P
chemical shifts were referenced to external 85% H;PO,. The
two-dimensional triple-quantum **Na MAS spectra > were
measured at 79.4 MHz using a Bruker MSL-300 spectrometer.
The samples were contained in a 4 mm o.d. rotor and MAS
used at 10 kHz; 96 transients were accumulated with a 10 s
recycle time; 512 and 256 points were acquired in the F1 and F2
dimensions respectively. The *Na MAS NMR spectra were
simulated using the program QUASAR.'® The intensities of the
spinning sideband groups in the *'P MAS NMR spectra were
determined using the Bruker 1-D WINNMR PC software, and
the *'P shielding tensor components were determined from
these line intensities with the Bruker WINMAS program.'

X-Ray crystallography

X-Ray powder diffraction data were collected on both com-
pounds using an automated Philips PW1050/30 diffractometer.
Data were collected using Ni filtered Cu-Ka radiation
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Fig. 1 Fitted diffraction profiles for (a) NaMg(PO;); and (b) NaZn-
(PO;); showing observed (+ signs), calculated (line) and difference
(lower) profiles. Reflection positions are indicated by markers.

(2=1.5418 A) in flat plate /260 geometry in the range 5-110°
20, in steps of 0.02°, with a count time of 10 s per step. A flat
plate absorption correction was applied prior to refinement.
The structure refinement was carried out by the Rietveld
method, using the GSAS suite of programs.”® Refinement of an
initial model based on the published*' orthorhombic structure
of NaMg(PO,); (a=14.304, b=14.183, c¢=14.231 A, space
group Pbca, no. 61%2) suggested that both structures were actu-
ally of cubic symmetry with a ~ 14.23 A for Mg and 14.24 A for
Zn. There was no evidence of a splitting of the cubic reflections
consistent with an orthorhombic distortion. This is consistent
with the cubic cell parameters reported for NaZn(POj;); by
Averbuch-Pouchot et al.® Systematic absences suggested Pa3
(no. 205)** as a possible space group. The structure of ortho-
rhombic* NaMg(PO;), was used to generate an initial model,
with cations distributed over five crystallographically distinct
sites. In order to determine the correct cation distribution the
Zn containing system was refined first. The relatively large dif-
ference in X-ray scattering between Zn and Na meant that the
correct cation distribution was more readily refined from this
system than the Mg containing compound, Mg having very
similar X-ray scattering to Na. The **Na solid state NMR indi-
cated three sodium sites in an approximate 2:1:1 ratio in both
compounds. Therefore the sodium were identified as two 4-fold
sites and an 8-fold site. Refinements on other combinations of
Na/Zn sites generally resulted in higher R factors. The final
structural parameters for NaZn(PO,); were used to generate an
initial model for the magnesium analogue, which subsequently
refined satisfactorily. In both, isotropic thermal parameters
were refined for all atoms with those for like atoms tied to each
other, apart from Zn(l) and Zn(2). Soft constraints were
applied to the P-O distances, with bridging and terminal bonds
constrained close to the values observed in the orthorhombic
form of NaMg(PO,),. Crystal parameters are summarised in
Table 3. The final refined parameters are shown in Table 4 with
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Fig. 2 The 79.4 MHz *Na triple quantum 2-D NMR spectra of
(a) NaMg(PO,); and (b) NaZn(PO;);. Each spectrum clearly shows
three principal sodium sites. The dotted lines labelled QIS are the
‘quadrupole induced shift’ axes.

significant contact distances and angles in Table 5. The corre-
sponding fitted diffraction profiles are shown in Fig. 1.

Results and discussion
Na NMR spectra

The solid state single pulse *Na MAS spectra of NaMg(PO,),
and NaZn(PO,), are quite similar to each other, both consisting
of a single broad signal with a number of superimposed sharp
features. It is clear that the spectra are the result of two or more
overlapping sodium resonances and the two-dimensional triple-
quantum spectra > were measured in order to determine the
number of overlapping resonances in each spectrum. The
results are shown in Fig. 2, and it is seen that there are three
principal sodium resonances contributing to each spectrum.
The additional information from each spectrum are the iso-
tropic chemical shifts and the ‘second order quadrupole’
parameters ' (SOQE), eqn. (1), where C, and 7, are the quad-

2
SOQE = cq<1 + %‘*)m (1)

rupole coupling constant and asymmetry parameter respect-
ively. The SOQE values obtained are given in Table 1. The
values for the quadrupole parameters and isotropic shifts



Table 1 Parameters from the analysis of the *Na MAS NMR spectra

Site Population (%) C,/MHz g Ois0”

NaMg(PO,),; 1 4314 2.67 £0.03 0.34 £ 0.06 0.0
2 261 2.57+£0.04 0.47 £ 0.04 —4.3
3 31+1 2.72 £ 0.02 0.59 +0.02 -9.8
NaZn(PO,), 1 412 2.50 +0.04 0.38 +0.03 0.0

2 28t2 2.66 + 0.02 0.51 £0.02 —4.1

3 31+1 2.67 £ 0.05 0.59 + 0.04 -9.9
“Value in ppm.
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Fig. 3 158.7 MHz single-pulse *Na MAS NMR spectrum of NaMg-
(PO;);. The lower spectrum is the experimental and the upper is calcu-
lated using the best fit parameters given in Table 1. Vertical arrows
indicate the isotropic chemical shifts.
were refined by iterative simulation of the single pulse **Na
MAS spectra and the values obtained are also given in Table 1 o8 32
(see also Fig. 3). It is obvious from the data that the sodium
environments in the two samples are very similar, each display-
ing three principal sites with similar isotropic shifts, quadrupole
coupling constants and asymmetry parameters. The site occu- N " [ \

pancy ratios for the three sodium sites in each structure are
close to 2:1:1, and this information was valuable input to the
modelling of the X-ray data (vide infra). From consideration
of the populations, the sodium in site 1 (Table 1) corresponds
to Na(3) in the crystallographic analysis (Tables 4 and 5).
The isotropic »*Na chemical shifts are very similar to those
we reported ' for 2*Na in a series of Na/Ca/phosphate glass
ceramics (0 5.7 to —13.4). The quadrupole coupling constants
(C,) determined here fall within a relatively narrow range (2.50
to 2.72 MHz) and are measurably larger than those found for
the glass ceramics' (1.41 to 2.36 MHz) and for some simple
sodium ortho- and meta-phosphates® (1.19 to 2.20 MHz). It is
noteworthy that for both NaMg and NaZn phases the values
for the asymmetry parameters vary in the same way, ie. site
3 >ssite 2 >site 1, although we do not believe it is possible to
use this observation to assist in the assignment of NMR sites
2 and 3 to crystallographic sites Na(1) and Na(2).

3P NMR spectra

The solid state P MAS NMR spectra of NaMg(PO;); and
NaZn(PO;); are shown in Fig. 4. For the NaZn phase there are
four more or less well resolved lines at 6 —28.3, —30.0, —31.1
and —32.5, whereas for the NaMg phase there is a more com-
plicated pattern in the same spectral region. This chemical shift
region is within the range quoted by Haubenreisser et al.® for
metaphosphate Q? units in polycrystalline phosphates 5 —18 to
—53. The X-ray crystallography (see below) shows for both
phases there are two distinct phosphorus sites which alternate
along the metaphosphate chains. If we designate these two sites
as A and B, and consider finite two bond homonuclear 3'P-3'P
scalar coupling between adjacent PO, groups (measured **%® in

00 100 0 0T 00
5

Fig. 4 The 242.9 MHz *'P MAS NMR spectra of (a) NaMg(PO;);, 89
transients accumulated with the MAS rate = 12 kHz, and (b) NaZn-
(PO;);, 50 transients accumulated with the MAS rate = 10 kHz. Inset to
each spectrum is the expansion of the centre band region.

the range 17 to 20 Hz) then the spin system may be designated
as [AB], or [AX],, depending upon the relative magnitudes of
the scalar coupling and the chemical shift separation. The MAS
spectra of spin £ nuclei in the presence of homonuclear scalar
and dipolar coupling may be complicated through the appear-
ance of additional lines in the spectra, as well as line
broadening.?®*3° Dusold et al.*®*' have simulated experimental
MAS spectra for an AA’ spin pair and a three spin ABX sys-
tem. The AA’ *'P system of Na,P,0,:10H,O has a single iso-
tropic 3P chemical shift, *'P-*'P scalar coupling ca. 20 Hz, and
a 3P-*'P dipolar coupling of 791 Hz. There are clearly split-
tings in the reported spectra which are >200 Hz and which are
not due to chemical shift differences, nor directly to *'P-3'P
scalar coupling. Instead the *'P-*'P dipolar coupling and the
orientations of the chemical shift and dipolar tensors are
important. To the best of our knowledge there have been no
simulations on the [AB], or [AX], system seen here, but, since
both scalar and dipolar couplings in these metaphosphate
chains must be very similar to those in the P,0,* case,® it is
safe to assume that the same mechanism is operative, causing
the more complicated appearance of the *'P spectra.

The isotropic *'P chemical shift ranges for the two phases are
quite similar at 6 —28 to —33 for NaZn and —28 to —32 for
NaMg, and these ranges are significantly to lower frequency
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than we reported '*'? (§ —18 to —25) for Q? phosphorus in the
Na/Ca/phosphate glass ceramics. However, in those ceramics
the Q? phosphorus was believed to be present as discrete cyclic
trimetaphosphate rings and so the *'P isotropic shifts may not
be comparable to those from the metaphosphate chains in this
study. Turner et al.** measured the solid state 3'P isotropic
chemical shifts for a series of metal orthophosphates and
obtained a good empirical correlation between the shift and the
ionic radius of the metal (r), eqn. (2). If a similar correlation
Oo=—7.7r7%+18.6 )
holds for structurally similar metaphosphates, then the near
identical ionic radii * for 6-co-ordinate Mg** (0.72 A) and Zn**
(0.75 A) should give very similar *'P chemical shifts, as seen in
the present study.

The full 3P spectrum for NaMg(PO,), showed additional
minor signals for which the intensity varied with sample prep-
aration, and these were therefore assigned to minor impurities:
6 —1, orthophosphate (Q%; —10 to —20, pyrophosphate (Q!)
(end groups of the metaphosphate chains may also contribute);
—36, —38 possibly metaphosphate (Q?). Apart from a small
orthophosphate *'P signal around 6 —1 and a Q" residue around
0 —10, the preparations of NaZn(PO,),; were essentially free
from impurities. In both cases no evidence of significant crystal-
line impurities was observed in the X-ray powder diffraction
data.

The intensities of the spinning sideband manifold may be
used to calculate values for the individual components of the
P nuclear shielding tensor. Since we are unable to assign
specific lines within each sideband to the distinct phosphorus
sites, the total integrated intensity of each sideband was deter-
mined and used to calculate an average for the shielding tensor
components. The analysis of the side band intensities used the
method of Herzfeld and Berger® (see Experimental section )
and yields the principal components (J,;, d,,, 033) of the chem-
ical shift tensor, for which the isotropic chemical shift (d;,) is
given by eqn. (3). These principal elements were ordered

‘5150 = (511 + 522 + 533)/3 (3)

according to the Haeberlen convention: ** |0;; — dio| > 01 —
Oisol > 1022 — 0o The chemical shift anisotropy (Ad) and
asymmetry parameter (1) are given by eqns. (4) and (5). The

A6 =033 — (01 + 0)/2 “

=005 = 011)/(033 — i) )

results of the shielding tensor analysis are given in Table 2. The
most important parameter is the chemical shift anisotropy (Ad)
which is very similar for the two phosphate phases, around
—200 ppm. This is within the range (—160 to —250 ppm)
quoted by Haubenreisser et al** and close to the values
reported by us'® for the Na/Ca/phosphate glass ceramics. The
shift anisotropy is a particularly useful parameter in determin-
ing whether a 3'P isotropic shift is due to Q* or to Q' phos-
phorus. According to Haubenreisser et al.® the isotropic shift
ranges do overlap with Q' at § +4 to —33 and Q? at J —18 to
—53, but with quoted *® ranges for Aé from Q' units as 14 to 80
ppm and for Q* units —160 to —250 ppm, there is no ambiguity.

X-Ray crystallography

The compounds NaMg(PO;); and NaZn(PO;); are isostruc-
tural. A projection of the unit cell contents is shown in Fig. 5.
The structures are built from polyphosphate chains (PO,),",
with Na* and Mg** or Zn** ions located in distorted octahedral
cavities between the chains. The polyphosphate chains consist
of apex sharing PO, tetrahedra, with two shared and two
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Table 2 *'P Anisotropic chemical shift data for NaMg(PO;); and
NaZn(PO,),

NaMg(PO;), NaZn(PO,),
o 66.0 £0.5 63.1£3.9
0n 92104 10.4 £3.8
033" —-162.8 £0.4 -161.3+0.3
Ao“ —200.4 —198.1
n 0.43 0.40

“ Values in ppm.

Table 3 Crystal parameters for NaMg(PO;); and NaZn(PO;),

Empirical formula MgNaO,P; NaO,P;Zn

Formula weight 284.22 325.28

Crystal system Cubic Cubic

Space group Pa3 Pa3

zZ 16 16

/mm™! 9.60 12.24

F(000) 2240 2528

alA 14.2502(6) 14.2581(4)

VIA? 2893.7(4) 2898.6(3)

DJgcm™ 2.610 2.983

R, R, 0.1286, 0.0981  0.0997,0.0760
ex 0.1015 0.0951

R 0.1512 0.1425

Ve 1.631 1.422

No. of reflections 1018 1018

20 range collected/® 5-115 5-115

Step width/® 0.02 0.02

20 range refined/° 10.-100 10-100

Observations/restraints/parameters  4499/8/50 4499/8/51

Maximum atomic shift/A 0.09 0.03

“ For definition of R factors see ref. 36.
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Fig. 5 Unit cell projection of NaM(PO;); (M = Mg or Zn), showing P
(small open circles), O (large open circles), Mg/Zn (small shaded circles)
and Na (large shaded circles) atoms.?’

terminal oxygen atoms in each tetrahedron. Two crystallo-
graphically distinct phosphorus sites are observed. The sodium
ions are co-ordinated to six terminal phosphate oxygen atoms
with three crystallographically distinct sodium found. Similarly
the Mg?*/Zn*" ions are co-ordinated to six terminal phosphate
oxygens, over two crystallographically distinct sites.

Atoms Na(1) and Na(2) have similar co-ordinations to the
phosphate chains; Na(1) is co-ordinated to six terminal O(3)
atoms on the polyphosphate chains in a distorted octahedral
environment, at a distance of 2.38 A for both structures. Simi-
larly Na(2) is also located in a distorted octahedral site and is



Table 4 Refined atomic parameters for (a) NaMg(PO;); and (b) NaZn(PO,), with estimated standard deviations in parentheses

Atom WyckofT site X ¥ z Uso/A?
(a)

Na(l) 4b 0.5(—) 0.5(—) 0.5(—) 0.026(2)
Na(2) 4a 0.0(—) 0.0(—) 0.0(—) 0.026(2)
Na(3) 8¢ 0.2445(5) 0.2445(5) 0.2445(5) 0.026(2)
Meg(1) 8¢ 0.1269(7) 0.1269(7) 0.1269(7) 0.012(2)
Mg(2) 8¢ 0.3846(6) 0.3846(6) 0.3846(6) 0.012(2)
P(1) 24d 0.0247(4) 0.2386(4) 0.4850(4) 0.021(3)
PQ) 24d 0.2308(4) 0.2199(5) 0.4986(5) 0.038(3)
o(l) 24d 0.4832(5) 0.2676(7) 0.1151(5) 0.018(1)
0(2) 24d 0.0273(11) 0.1605(5) 0.0102(10) 0.018(1)
0Q3) 24d 0.4729(8) 0.3386(7) 0.4681(9) 0.018(1)
0(4) 24d 0.2203(10) 0.2135(8) 0.0778(6) 0.018(1)
O(5) 24d 0.2843(9) 0.2591(9) 0.4186(7) 0.018(1)
0(6) 24d 0.1259(4) 0.1922(7) 0.4691(9) 0.018(1)
(b)

Na(l) 4b 0.5(—) 0.5(—) 0.5(—) 0.035(3)
Na(2) 4a 0.0(—) 0.0(—) 0.0(—) 0.035(3)
Na(3) 8¢ 0.2486(7) 0.2486(7) 0.2486(7) 0.0353)
Zn(1) 8¢ 0.1300(5) 0.1300(5) 0.1300(5) 0.011(2)
Zn(2) 8¢ 0.3807(5) 0.3807(5) 0.3807(5) 0.051(3)
P(1) 24d 0.0236(6) 0.2410(5) 0.4814(6) 0.028(3)
PQ) 24d 0.2279(6) 0.2180(5) 0.4952(6) 0.046(4)
Oo(l) 24d 0.4750(7) 0.2728(10) 0.1146(8) 0.027(2)
0(2) 24d 0.0222(13) 0.1600(6) 0.0127(13) 0.027(2)
0Q3) 24d 0.4803(12) 0.3377(9) 0.4665(11) 0.027(2)
0(4) 24d 0.2248(14) 0.2221(13) 0.0799(8) 0.027(2)
0(5) 24d 0.2934(11) 0.2533(11) 0.4228(9) 0.027(2)
0(6) 24d 0.1239(7) 0.1955(13) 0.4594(14) 0.027(2)

Table 5 Significant bond lengths and contact distances (A) in
NaM(PO;); (M =Mg or Zn) with estimated standard deviations in
parentheses

NaMg(PO;), NaZn(PO,),

Na(1)-0(3) 2.377(10) X 6 2.379(13) x 3
Na(2)-0(2) 2.325(7) x 6 2.311(9) x 6
Na(3)-0(4) 2.441(11) x 3 2.458(15) % 3
Na(3)-0(5) 2.552(13) x 3 2.566(17) x 3
Mg(1)-0(2) 2.238(18) x 3 2.311(20) x 3
Mg(1)-0O(4) 1.945(16) x 3 2.016(19) x 3
Mg(2)-0(3) 1.852(15) x 3 1.973(17) x 3
Mg(2)-0(5) 2.339(15) x 3 2.282(17) x 3
P(1)-O(1) 1.599(10) 1.600(14)
P(1)-0(2) 1.482(9) 1.480(12)
P(1)-0(3) 1.483(13) 1.480(16)
P(1)-0(6) 1.602(9) 1.601(15)
P(2)-0(1) 1.597(10) 1.632(15)
P(2)-0(4) 1.483(12) 1.481(16)
P(2)-0(5) 1.482(13) 1.480(17)
P(2)-0(6) 1.603(9) 1.601(14)

linked to six terminal O(2) atoms on the polyphosphate chains
at distances of 2.33 and 2.31 A for Mg and Zn structures
respectively. A distorted octahedral site is also seen for Na(3)
with three contacts to O(4) at 2.44 and 2.46 A and three to O(5)
at 2.55 and 2.57 A for Mg and Zn structures respectively. The
site geometries are similar to those observed in orthorhombic
NaMg(PO;);, which showed Na-O distances ranging from
2.338t02.559 A

The Zn/Mg octahedral sites are heavily distorted. Each site
shows three short Zn/Mg—O contacts and three longer contacts
with distances ranging from 1.85-2.34 and 1.97-2.31 A for Mg—
O and Zn-O respectively. This contrasts with the orthorhombic
form of NaMg(PO;),, which showed more regular oxygen co-
ordination environments for Mg, with distances ranging from
2.018 to 2.143 A. In the NaZn(PO,), structure the Zn(1) and
Zn(2) isotropic thermal parameters were allowed to refine
independently of each other. The refined Zn(1) isotropic par-
ameter is significantly lower, at 0.011 A2, than that for Zn(2), at

0.051 A2 While both of these values are within acceptable
limits for this type of structure, the observed difference may
reflect greater positional/thermal disorder on the Zn(2) site, or
indeed be due to a small amount of substitution by Na on this
site. A low level of a fourth sodium site would be undetectable
in the NMR spectrum.

If we compare the observed crystal structure for NaMg-
(PO;); with that previously reported?! in orthorhombic
symmetry, we can see that the six crystallographically unique
phosphorus sites in the orthorhombic structure are averaged to
two unique sites in the present cubic phase. It is possible that
the NMR evidence suggests more than two phosphorus
environments, and in this case the observed phosphorus posi-
tions represent averages, and that a number of local co-
ordinations may exist but are disordered over the lattice
resulting in the observed average cubic structure. These results
confirm the usefulness of the parallel *’P MAS NMR study
which is more sensitive to small variations in local co-
ordination than is the X-ray powder crystallographic technique.

Conclusion

The present study illustrates the value of combined approaches
to structure determination. From the X-ray data alone it would
have been difficult to determine the true cation distribution in
NaMg(PO;);, due to the similar X-ray scattering of Na and
Mg. However, the fact that the zinc analogue is isostructural
and could be refined satisfactorily allowed for an initial model
to be proposed for the cation distribution in the magnesium
structure. The *'P and *Na NMR data confirm the similarities
of the two structures. In addition the **Na data suggest a
likely Na* ion distribution which is consistent between the
two structures. Hence the cation distribution in sodium
magnesium phosphate was determined. The question of the
number of lines in the 3P MAS NMR spectrum being greater
than that predicted from the crystallography remains unsolved.
Prabhakar ef al.,*® in an important earlier study, reported that
the number of observed P MAS NMR signals from meta-
and pyro-phosphates could outnumber the crystallographically
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distinguishable phosphorus sites. There are two possible explan-
ations. The first is that the *'P chemical shifts are sensitive to
local variations in co-ordination whereas the crystallography is
giving an average over long range order in the solid. The second
is that the combination of the NMR parameters, scalar and
dipolar coupling, and the orientations of the chemical shift and
dipolar tensors is producing more complex spectra. Both effects
may operate in parallel and this aspect is the subject of continu-
ing investigation.
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