Structure of calcium tetrasodium bis-cyclotriphosphate
CaNa,(P;0,), by X-ray diffraction and solid-state NMR
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The crystal structure of CaNa,(P;0,), has been determined using single crystal X-ray diffraction. The *Na and
3P magic angle spinning solid-state NMR data are consistent with the centrosymmetric space group assignment
of C2/c and the cation distribution of two distinct sodium sites. The structure determination confirms the presence
of the cyclic triphosphate unit as opposed to a cyclic hexaphosphate or metaphosphate chains. Phosphorus and
sodium edge EXAFS data are discussed with respect to the structure.

Introduction

We have been investigating phosphate based glasses, glass cer-
amics and ceramics as materials suitable for bone replacement
in hard tissue surgery and periodontology.'? As part of this
work we have attempted to correlate the structures observed
in glasses, with those of the crystallised glass ceramics of the
same composition. The principal glasses under study are in the
Na,O : CaO : P,0O; system. On crystallisation of glasses in this
system two crystallographically distinct calcium sodium meta-
phosphates are observed viz. CaNa(PO;); and CaNa,(PO,),.}
The structure of the former has been found to consist of linear
metaphosphate chains,* while the structure of the latter was
proposed by Griffith® as early as 1962 to consist of cyclic tri-
phosphate ions, however until now no definitive crystal struc-
ture information has been obtained. Solid-state NMR is unable
to distinguish between Q* phosphorus atoms in rings or chains
or indeed if the structure comprises of a hexaphosphate ring.
The purpose of this study is to fully characterise the struc-
ture of CaNa,(PO;); using X-ray diffraction, EXAFS and
solid-state MAS NMR.

Experimental
Preparation

The title compound was prepared as a polycrystalline powder
by crystallising a glass of the stoichiometric composition.
Na,CO,, NH,H,PO, and CaO were ground together as a slurry
in ethanol. After drying, the powder was heated for 1 hour at
1000 °C until molten. The molten glass was poured into a hot
graphite mould at 350 °C and allowed to cool slowly to room
temperature in a furnace. The cooled glass was then reheated to
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600 °C to facilitate crystallisation, and the ceramic produced
ground to a fine powder after cooling. Found: Na 15.46 (flame
photometry); Ca 6.13% (EDTA titration). Calc. for CaNa,-
P;O,5: Na 15.18, Ca 6.67%. Single crystals were prepared by
exponential slow cooling of the melt in the furnace over a
period of 12 h.

X-Ray crystallography

Single crystal X-ray diffraction data were collected on the title
compound. Intensity data were collected on an Enraf-Nonius
CAD-4 diffractometer using Mo-Ka radiation (1 = 0.71073 A)
with w-20 scans at 293(2) K. Systematic absences in the data
were consistent with the monoclinic space groups, Cc and C2/c.
Solution and refinement proceeded in the centrosymmetric
space group as suggested by the solid-state NMR results (see
Results and discussion). The structure was solved by direct
methods using SHELXS-97° and developed by difference
Fourier techniques with subsequent refinement on F? by full
matrix least squares using SHELXL-97. In the final stages of
refinement, data were corrected for absorption against a refined
isotropic model with the program DIFABS.” Anisotropic
thermal parameters were refined for all atoms. Graphics were
obtained using ORTEP-3® and WinGX?® was used to prepare
material for publication. Crystal and refinement parameters for
CaNa,(P;0,), are summarised in Table 1.

The absence of crystalline impurities was confirmed by X-ray
powder diffraction, with data collected on a Siemens D5000
diffractometer in flat plate mode using graphite mono-
chromated Cu-Ka radiation (1 = 1.5418 A). Data were collected
in the range 5-110° 26, in steps of 0.02° with a scan time of 12's
per step. The observed peaks in the X-ray powder diffraction
pattern were consistent with those reported by Grenier et al.’
Reitveld analysis of the powder diffraction data, using the
program GSAS,' confirmed the determined single crystal
structure.

CCDC reference number 172172.

See http://www.rsc.org/suppdata/dt/b1/b109036b/ for crystal-
lographic data in CIF or other electronic format.
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Table 1 Crystal and structure refinement data for CaNa,(P;0,),

Empirical formula CaNa,PO,4
M 605.86

T/IK 293(2)
Crystal system Monoclinic
Space group C2ce

alA 13.069(2)
bIA 8.054(2)
c/A 14.164(3)
pl° 94.60(2)
U/A 1486.1(5)
Z 4
u(Mo-Ko)/mm™' 1.292
Reflections collected 1466
Independent reflections 1300

Rine 0.0564

Final R1, wR2 [I > 20(I)]
Final R1, wR2 [all data]

0.0455, 0.1265
0.0631, 0.1340

NMR spectroscopy

Single-pulse **Na and *'P spectra were measured at 158.7 and
242.9 MHz respectively using a Bruker AMX-600 spectrometer.
The sample was contained in a 4 mm o.d. rotor and magic angle
spinning (MAS) was employed at 12 kHz. 16 transients were
acquired for each of the *'P and **Na spectra, with a recycle
delay of 60 s for *'P and 8 s for »*Na. Spectra were referenced
(0. = 0.0) against solutions of 85% H,PO, and 0.1 M NaCl for
the *'P and **Na spectra respectively. The *Na MAS NMR
spectrum was simulated using the program QUASAR." The
overlapping lines in the *’P MAS NMR spectrum were decon-
voluted using the Bruker WINFIT software,’* and the *'P
shielding tensor components were determined from these line
intensities with the Bruker WIN-MAS program.'

EXAFS

EXAFS data were collected on the soft X-ray station, 3.4, at the
CLRC Daresbury Synchrotron Radiation Source. Flourescence
data were collected at the P and Na edges. Samples were
mounted as graphite impregnated pellets (13 mm diameter).
Pairs of plane Ge(111) and Beryl crystal monochromators were
used for the P and Na data collections respectively. Scans
were collected between 2120-2500 eV and 1040-1300 eV for
the P and Na data respectively, with a summation of three
and four scans respectively to give an improved signal to
noise ratio. Data were processed in the conventional manner
using the Daresbury suite of programs EXCALIB, EXBACK
and EXCURV92." Fourier filtering was carried out to include
the regions 0.5-3.5 and 1-4 A of the Fourier transform for
P and Na data respectively. This allowed for refinement of
the radial distances (RD) and Debye-Waller type factors,
A, (=20%) for the first four coordination shells around the
excited atoms in each case. The goodness of fit was measured
by an R-factor,'* with the errors in RD ~ +0.02 A and 4 ~
120%. Average coordination numbers were determined from
the crystal structure.

Results and discussion

Significant contact distances and angles in CaNa,(P;0,) are
given in Table 2. The structure of CaNa,(P;0,), (Fig. 1) consists
of cyclic triphosphate ions bridged by Na* and Ca?" ions and
confirms the structural formula of CaNa,(P;0,),. Three crystal-
lographically distinct P atoms are present, each with two longer
bonds to bridging oxygens (ave. 1.61 A) and two shorter bonds
to terminal oxygens (ave. 1.48 A). The terminal oxygens have
ionic contacts to Na* and/or Ca*" ions.

The calcium ions sit in octahedral holes in the lattice where
they link six (P;O,) units. The ionic contacts between the ter-
minal oxygens and the Ca®" ions are within the sum of the ionic
radii for these ions, with an average contact distance of 2.36 A.

Table 2 Selected bond lengths, significant contact distances (A) and
angles (°) for CaNa,(P;0,),

Ca(1)-0(1) 23413)x 2 Ca(1)-O(8) 2.354(3) x 2
Ca(1)-0(5) 2377(3)x 2 Na(1)-0(2) 2.336(4)
Na(1)-O(8) 2.409(4) Na(1)-0(9) 2.543(4)
Na(1)-0(6) 2.640(5) Na(1)-0(2) 2.670(4)
Na(2)-0(2) 2.398(4) Na(2)-0(1) 2.412(4)
Na(2)-0(9) 2.420(4) Na(2)-0(9") 2.423(4)
Na(2)-0(5) 2.482(4) Na(2)-0(6) 2.505(4)
P(1)-0(2) 1.472(3) P(1)-O(1) 1.484(3)
P(1)-O(4) 1.602(3) P(1)-0(3) 1.621(3)
P(2)-0(6) 1.462(4) P(2)-0(5) 1.488(3)
P(2)-0O(4) 1.609(4) P(2)-O(7) 1.609(3)
P(3)-0(9) 1.473(3) P(3)-0(8) 1.478(3)
P(3)-O(7) 1.606(3) P(3)-0(3) 1.606(3)
O(1)-P(1)-0(2)  119.7(2) O(1)-P(1)-0(3)  106.9(2)
O(1)-P(1)-0(4)  107.4(2) 0Q)-P(1)-0(3)  109.7(2)
0(2)-P(1)-0(4)  110.5(2) 0(3)-P(1)-0(4)  100.9(2)
0@)-P(2)-0(5)  109.3(2) 0@)-P(2)-0(6)  107.4(2)
0(4)-P(2)-0(7)  101.1(2) 0(5)-P(2)-0(6)  120.4(2)
O(5)-PQ)-O(7)  108.3(2) 0(6)-PQ)-O(7)  108.6(2)
0(3)-P(3)-0(7)  101.3(2) 0(3)-P(3)-0(8)  106.7(2)
0(3)-P(3)-0(9)  110.7(2) O(7)-P(3)-0(8)  107.2(2)
O(7)-P(3)-0(9)  109.4(2) O(8)-P(3)-0(9)  119.9(2)
P(1)-O(3)-P3)  127.4(2) P(1)-0(4)-P2)  130.02)
PQ)-O(7)-P3)  129.9(2)

Fig. 1 Unit cell contents of CaNa,(P;0,),. Thermal ellipsoids are
shown (50% probability). Tonic contacts for representative Na* (open
bonds) and Ca?" (dashed bonds) ions are shown.

The sodium coordinations are significantly more distorted.
Na(1) is essentially in a distorted trigonal bipyramidal coordin-
ation, with five contacts between 2.34 and 2.67 A to terminal
oxygens on neighboring (P;O,) units; the next nearest contact
to oxygen is at 2.95 A. In contrast Na(2) shows a distorted
octahedral coordination with six short contacts to terminal
oxygens (2.40-2.51 A), the next nearest contact at 2.99 A is to
O(4) which is a bridging oxygen. The average of the closest
contacts (2.52 and 2.44 A for Na(1) and Na(2) respectively) in
both cases lie in the range expected for Na—O of 2.25-2.78 A.13

CaNa,(P;0,) is essentially isostructural with (NH,),Na,-
Hg(P,0,),,"* which is the only other published example of
this structure type. A search of the ICSD database'’ revealed
58 crystal structures classified as containing the cyclic tri-
phosphate unit (P;O0,) with 144 crystallographically distinct
PO, moieties. The average P-O bridging bond length over all
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Table 3 Summary of refined EXAFS parameters for CaNa,(P;0,),

Shell RIA 20%A? R(%)
(a) P data
Shell 1 40 1.51 0.01 28.15
Shell 2 2P 2.97 0.02
Shell 3 4 Na 3.55 0.03
Shell 4 1Ca 3.53 0.01
(b) Na data
Shell 1 450 2.35 0.04 9.01
Shell 2 10 2.70 0.01
Shell 3 350 3.02 0.01
Shell 4 55P 3.73 0.05

144 tetrahedra examined was 1.612 A, while for P-O terminal
bonds an average value of 1.477 A was calculated. These values
are close to those observed in the present study. The average
tetrahedral distortion index,'® Dy, was 37.3 and ranged from
0.6 in CeP;0,:3H,0," to 266.2 in YbP;0,.2" These compare
with values in the present work of 31.60, 32.58 and 31.57 for
the P(1), P(2) and P(3) tetrahedra respectively. These distor-
tions are also reflected in the P-O-P ring angles, which vary
from 127.7-130.0° in CaNa,(P;0y),.

EXAFS data

The results of the EXAFS refinements are shown in Table 3 and
Figs. 2 and 3. A four shell model was fitted to the P-EXAFS
data. The first coordination shell of four oxygen atoms consti-
tutes an average of the P-O bonds in the three PO, tetrahedra
with the second shell formed from two neighbouring P atoms in
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Fig. 2 (a) Refined P-EXAFS spectrum (k* weighted) and (b)

corresponding Fourier transform for CaNa,(P;0,), showing observed
(dashed) and calculated lines (solid).
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Fig. 3 (a) Refined Na-EXAFS spectrum (k* weighted) and (b)
corresponding Fourier transform for CaNa,(P;0,), showing observed
(dashed) and calculated lines (solid).

the (P;0,) ring. The third and fourth shells are the next nearest
Na® and Ca?" ions. The refined radial distances of 1.51, 2.97,
3.55 and 3.53 A for the first, second third and fourth shells
respectively, compare well with those obtained from an average
of contacts in the crystallographic data (1.54, 2.91, 3.49 and
3.51 A respectively). Four coordination shells were also fitted to
the Na-EXAFS data. From the average contacts in the crystal
structure it is evident that three distinct ranges of Na—O con-
tacts are present: 2.34-2.54, 2.64-2.67 and 2.95-3.34 A. These
were modelled accordingly as the first three shells with the
fourth shell being the next nearest P atoms. The refined radial
distances of 2.35, 2.70, 3.02 and 3.73 A compare reasonably
well with average distances in the crystal structure of 2.44, 2.65,
3.12 and 3.58 A. The significant difference in the last shell is
probably due to the fact that several contacts to Na* and Ca**
are evident in the crystal structure around 3.5 A, which could
not be modelled successfully as further shells with these data.
The relatively high Debye—Waller factor on shell 4 reflects this.

Na solid-state NMR spectra

The *Na MAS NMR spectrum of CaNa,(P;0,), is shown in
Fig. 4 and clearly indicates two principal sodium sites. The
result of iterative simulation of the spectrum is also shown in
Fig. 4 and gave the parameters listed in Table 4. The derived
quadrupole parameters are close to those determined by Koller
et al* for the cyclic trimetaphosphate Na,(PO,); viz. two
equally populated sites with chemical shifts* at § +1.5 and
—17.7 with quadrupole coupling constants 1.57 and 2.20 MHz,
and asymmetry parameters 0.55 and 0.70 respectively. Also
given in Table 4 are the averages for these same quadrupole
parameters derived from the 2*Na MAS NMR spectra of three
Na/Ca/Al/phosphate glass ceramics from an earlier study.! In
that investigation® of the glass ceramics, preliminary evidence



Table4 *Na NMR parameters® for CaNa,(P;0,),

Oiso” C/MHz* 1y
Site 1°¢ -33 1.405 £ 0.006 0.60 + 0.02
(—1.6) (1.53 +0.02) (0.60 * 0.08)
Site 2°¢ —13.3 2.191 £ 0.004 0.69 + 0.07
(—10.8) (2.30 % 0.06) (0.69 + 0.04)

“The values in parentheses are the averages for the corresponding
parameters found from iterative simulation of the 79.4 MHz *Na MAS
NMR spectra of three Na/Ca/Al/phosphate glass ceramics.* * The
chemical shifts are referenced to external NaCl solution. ““ The quad-
rupole coupling constant and asymmetry parameter respectively. ¢ The
site populations are equal.

Experimental

Simulated

3 (ppm)

Fig. 4 Experimental (upper) and simulated (lower) 158.8 MHz *Na
MAS NMR spectra of CaNa,(P;0,),. The parameters for the
simulation are given in Table 4, and the arrows indicate the isotropic
chemical shifts.

was presented for the dominant phosphate species being the
cyclic trimetaphosphate and it was proposed that this was
present as CaNa,(PO;),. Overall there is excellent agreement
between the »*Na parameters for the authentic material from
this study and the ceramics, providing additional evidence for
the importance of the cyclic trimetaphosphates in the ceramics.

Koller et al* used the bond valence method, based on
the approach of Brown and Altermatt,”® to calculate a shift
parameter (4), and found a linear correlation between 4 and
the *Na chemical shift 6:

d=—133.64 + 114.7 (1)

The constant term in eqn. (1) has been corrected by +7.1
ppm from that found by Koller et a/.*' in order to accommodate
the difference in **Na reference sample.”® The shift parameter A
is defined as:

A= (W) )

where W, is the total atomic valence of the ith oxygen atom,
and the summation runs over the j oxygens within a sphere of
radius 3.4 A centred at the sodium atom. The r; are the sodium—
oxygen distances (A) and the best correlation between 4 values
and experimental isotropic shifts was for n = 2.87. The total
atomic valence of each oxygen atom, W, is given by:

W=, 3)

where the summation runs over all cations bonded to the
oxygen. The oxygen—cation bond valences, s;, are calculated as:

s;=expl(ry — ry)/B] 4
where r, is the empirically derived length of the oxygen—
cation bond of unit valence (values are tabulated by Brown and
Altermatt)? and B = 0.37 is a constant. Among the materials
used by Koller et al.* in establishing the correlation [eqn. (1)]
was the cyclic trimetaphosphate Na;P;0,, and using the pub-
lished * structural data 4 values of 0.886 and 0.876 were calcu-
lated®! for the two distinct sodium sites Na(1) and Na(2)
respectively. These 4 values predict [eqn. (1)] »*Na chemical
shifts at 6 —2.9 and —4.3, compared with the experimental
values** § +1.5 and —7.7. Using the same structural data®*
for Na;P;0, we calculate 4 values of 0.892 and 0.938 which
predict [eqn. (1)] 0 —4.5 and —10.6, in somewhat better agree-
ment with the experiment. This would indicate that (in the
nomenclature used by Ondik)?* the resonance due to Na(1) is at
higher frequency than that from Na(2) in Na;P;O,.

From the X-ray structural data reported here for CaNa,-
(P;0,), we calculate 4 values of 0.820 and 1.075 for sodium
sites Na(1) and Na(2) respectively, which predict >*Na shifts at
0 5.1 and —28.9 (¢f 6 —3.3 and —13.3 found experimentally,
given in Table 4). This correlation between predicted and
experimental »*Na shifts is clearly not strong enough to con-
clusively assign the two resonances, but the indication is that the
assignment may be Na(1) atd —3.3 and Na(2) at 6 —13.3. From
the crystal structure it is evident that the Na(1) environment is
five-coordinate, while the Na(2) environment has six nearest
neighbour oxygens in a distorted octahedral environment. It is
likely that a more symmetrical environment would result in a
lower value for the quadrupole coupling constant, C,. This
suggests that the trigonal bipyramidal coordination of Na(1)
(Cy = 1.405 MHz) has a higher effective symmetry than the
distorted octahedron around Na(2) (C,=2.191 MHz).

3P solid-state NMR spectra

The P MAS NMR spectrum of CaNa,(PO,), is shown in Fig.
5. The centre band is in the region 6 —18 to —22 and this is

e

e

100 ' 0 -100 -200
8 (ppm)
Fig. 5 The 242.9 MHz *P MAS NMR spectrum of CaNa,(P;0,),
with MAS rate 12 kHz; inset is the expansion of the centre band region
and the first (+1) spinning side band.

flanked by the spinning side bands. The singlet at § 1.0 is due to
orthophosphate impurity and constitutes ca. 1.6% of the total
integrated intensity of the 3'P spectrum. The chemical shifts of
the six overlapping lines within the centre band were measured
after deconvolution of the band (see Experimental) and are
given in Table 5, together with their integrals expressed as a
percentage of the total centre band intensity. Clearly there are
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Table 5 3'P centre band NMR data for CaNa,(P;0),

o Avy,’ Intensity
—19.0 145 26
—19.7 116 7
—-20.4 160 21
—20.8 106 9
—-21.2 111 15
—21.5 148 22

“ The *'P chemical shifts are referenced to external 85% aqueous phos-
phoric acid. ® Full width at half height of the resonances, obtained from
deconvolution of the centre band as described in the Experimental sec-
tion. ¢ Relative intensities of the resonances within the centre band only.

three major resonances of comparable intensity at 6 —19.0,
—20.4 and —21.5, with three lesser resonances at & —19.7,
—20.8 and —21.2. Usually it is necessary to sum the integrals of
a particular resonance over the centre band and all the spinning
side bands. However for the very closely separated resonances
here, only three resonances could be identified in the spinning
side bands; this loss of resolution in the side bands in com-
parison with the centre band cannot be due to slight instability
in the MAS rate over the period of the spectral accumulation
(16 ms). However the integrals given in Table 5 will be a reason-
able measure of the phosphorus site occupancies if the 3'P
chemical shift tensor components are equal for all resonances.
While this is a reasonable assumption to make for these very
similar phosphorus environments, it is not possible to confirm
this from the available data.

The origin of the additional lines in the centre band is most
probably scalar *'P-*'P spin—spin (J) coupling, a homogeneous
interaction which is not removed by the sample rotation.?® The
solution state 3'P NMR spectrum of the cyclic trimetaphos-
phate system is a singlet,” but in the solid state where the three
phosphorus sites are rendered inequivalent by crystal con-
straints it is to be expected that multiplet structure will exist due
to the two-bond 3'P-*'P coupling which will be of the order
17-20 Hz.?*?” There has been considerable attention paid to
the effect of homonuclear J-coupling on the appearance of
MAS NMR spectra, for the limits of both weak? and strong?
coupling. It is clear? that there are two effects which compli-
cate the appearance of the spectra in the case of weak coupling.
The first of these is that the relative intensities of the lines
within a scalar spin—spin coupled multiplet may be distorted
with respect to the intensities expected from a corresponding
‘solution’ spectrum, and the second effect is that the spinning
side bands may exhibit ‘a conspicuous line shape or broaden-
ing’. Both of these effects are most likely evident in this 3'P
spectrum, but a detailed analysis, following previous work 2-3
is beyond the scope of this immediate study.

Each side band was analysed by deconvolution as comprising
three resonances labelled A, B and C, and for the analysis of the
chemical shift tensor components the centre band intensity for
resonance A was taken as the sum of the intensities for the
resonances at 0 —19.0 and —19.7, that for resonance B as the
sum of intensities at 6 —20.4 and —20.8, and that for resonance
C as the sum of the intensities at § —21.2 and —21.5. The
analysis of the side band intensities used the method of
Herzfeld and Berger ¥ (see Experimental) and yields the princi-
pal components (J,;, 0y, d33) of the chemical shift tensor, for
which the isotropic chemical shift (J,,,) is given by:

5iso =@y t0n+ 533)/3 (5
These principal elements were ordered according to the
Haeberlen convention: 3 |655 — | > 1011 — sl > 1022 — i/ The
chemical shift anisotropy (Ad) and asymmetry parameter (7)

are given by:
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Table 6 *'P chemical shift tensor components for CaNa,(P;0,),

Yo Siso o On 033 A n
Band A 31 —19.0 72 44 —-173 —230 0.18
Band B 31 -20.4 76 38 -176 —233 0.24
Band C 38 -21.5 81 30 —176 —231 0.33

Ao :533 - (511 + 0)2 (6)

=005 = 011)/(033 — Ji50) (7

The data are given in Table 6 for bands A, B and C. The *'P
shielding tensor components for the three bands are very simi-
lar to each other and average to 0;;, =76 £ 5,0,, =37 £ 7, 0;; =
=175+ 2, Ao = —231 £ 2, and these averages compare closely
with those from the corresponding Q* band assigned to the
cyclic trimetaphosphate species in the earlier! study of Na/Ca/
Al/phosphate ceramics d,;, =85+ 11,0, =25+ 1,;; =173 £
14, Ad = —229 + 20. The isotropic *'P chemical shifts from this
study (Tables 5 and 6) are also very similar to those for the
corresponding bands in the *'P spectra of the ceramics."?

Conclusions

The P NMR data are consistent with three distinct phos-
phorus sites present in the structure of CaNay(P;0,),. This is
also consistent with the assignment of the centrosymmetric
space group C2/c rather than the non-centrosymmetric Cc, the
latter would posses six crystallographically distinct phosphorus
sites and would be expected to yield a *'P NMR spectrum with
six distinct, equally intense resonances. (NH,),Na,Hg(P;0,),
which is essentially isostructural,'® shows disorder of the Na
and Hg sites with site sharing of the 4e and the 8f cation sites.
There is no evidence in the crystallographic data of similar dis-
order in CaNa,(P;0,),, although this might be difficult to detect
by crystallography alone. More convincingly, the *Na NMR
data suggest that only two distinct sodium sites are present in
the structure and hence appear to confirm that site sharing does
not occur in CaNa,(P,;0y),.

The main conclusion from the analysis of the *Na and *'P
MAS NMR spectra is that the data for CaNa,(P;0,), agree very
closely with the corresponding data obtained for the Na/Ca/Al/
phosphate ceramics® and the Na/Ca/phosphate ceramics?® and
provide compelling evidence that the principal phosphate
species in those ceramics is indeed the cyclic triphosphate as
was proposed.
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