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Abstract

The compound CaHPQwas obtained by slow evaporation at room temperature. The sample was characterised by X-ray diffraction,
differential scanning calorimetry afdP MAS NMR spectroscopy at different annealing temperature. At room temperature, the observed
values of thé!P NMR chemical shift for the title compound are found to-b&.6, —0.4 and 1.4 ppm with the proportions 1/4, 1/2 and 1/4,
respectively, revealing the presence of three non-equivalent phosphorus sites in the structiReNMIR investigation at different annealing
temperatures points to a conversion of (HPQinto (P,O;*") at high temperature.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction clear magnetic resonance) spectroscopic techniques. On the
one hand, at room temperature, the structural environments

CaHPQ is of considerable biological importance in bones of the P atoms have been analysed using NMR spectroscopy.

and teeth, and finds practical uses in dental cements andOn the other hand, in order to investigate and discuss the ir-

restorative materialfl]. More recently, it has been investi- reversible chemical process at high temperature consisting in

gated as protonic conductdgs 3]. The structures consist of  the formation of diphosphate e@,07, we have undertaken

CaHPQ chains bonded together by Ca O bonds and three  a 3P NMR study of a series of compounds with different

types of hydrogen bond4,5]. Ca(1) is coordinated to seven thermal treatments.

oxygen atoms in an approximately pentagonal bipyramid but

Ca(2) is coordinated to eight oxygen atoms. This sample ex-

hibits an irreversible chemical process at high temperature2. Experimental

consisting in the formation of diphosphate 28807. The

complex monophosphate (3~ and diphosphate g®7)*~ 2.1. Synthesis reaction

ions have been used as building blocks for a wide variety of

crystal phases with a wide spectrum of physical and chemical  Alkaline earth hydrogen phosphate CaHR@s obtained

properties. Both crystalline and glass monophosphate- andby spontaneous reaction at room temperature of a stoichio-

diphosphate-based materials have gained much interest ametric mixture of Ca(N@), and NHH>PQ, in water con-

promising nonlinear optic materials, high-temperature ionic form to the following scheme:

conductors, solid electrolytes for high energy density batter-

ies, ion exchange materials and catalysts. Ca(NGs)z + NHsH2POy
In this work, the CaHP@compound has been prepared — CaHPQ + 2NO3™ + NH4t + HT

and characterised by XRD (X-ray diffraction) and NMR (nu- ] . )
Slow evaporation of the solution leads to the formation and

* Corresponding author. precipitation of the compound. The powder was warmed at
E-mail addresskamelguidara@yahoo.fr (K. Guidara). 353K for few hours to eliminate the humidity. The sample
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;ﬂ 0.24 4 © 642K 678K Table ‘l 3

§ 01 Y Experimental conditions

E 020] ZG (MAS) CP MAS
0.18 Pulse lengthi{s) 156 156
0.16 ] Dead time 1S) 10 10
o141 Recycle time (s) 5 2

’ . Resonance frequency (MHz) 129 12149
012 MAS spinning speed (Hz) 8000 8000
0.104 Number of scan 720 32832
0.08 4 Number of digitised points 4096 4096
el T®) Referencing 0 Hz BPOy (85%) HP Oy (85%)
300 400 500 600 700 800

pulse technique followed bYH high-power decoupling. For

Fig. 1. Differential scanning calorimetry of CaHR®etween 300 and  the recorded spectrum, a contact time of 1 ms and a period
750K. between successive accumulations of 2s were chosen. The
number of scans was 3283eaple J).

The structure of the sample consists of CakRBains
bonded together by G® bonds and three types of hy-
drogen bonds. Two distinct sets of pairs of POnits
are found in each primitive cellF{g. 2). In the P(1)Q
group the O(2}P(1)-0O(4) angle is less than the tetrahe-
3.1. Crystalline parameters dral angle. Two other ©P(1)}-O angles less than the tetra-

hedral angle involve oxygen O(1). In the P(2)@roup,

X-ray powder diffractogram reveals that the synthesised P(2)-O(6) and P(2}O(7) are the longest-O distances and
compound is the anhydrous form of CaHP@ crystallises ~ are about equal with an average value of 1.84The only
in the triclinic system P1 space group) with unit cell param- O—-P-O angle less than 109.5n the P(2)-O4 group in-
eters:a=6.91(1)A, b=6.63(3)A, c=6.99(3)A, «=96.32, volves O(6) and O(7). Concerning the three types of hydro-
B=103.87 andy =88.37, V=309.2943 which areingood  gen bonds, one type of hydrogen bond, G{1{2)- - -O(5),

was characterised by X-ray powder patterns, differential
scanning calorimetry anthP NMR spectroscopy.

3. Results and discussion

agreement with the literature valugs-4]. is normal but is at the short end of the normal range
with O(1) - -O(5) =2.565(1A, one, O(7)--H(1)---O(7),
3.2. Calorimetric study is very short with O(7).-O(7)=2.458(2A, H(1) is

placed in the centre of symmetry in this hydro-
The calorimetric study of CaHPOhas been realised gen bonds with O(7)-H(1)=0(7)-H(1)=1.23A and
between 300 and 750K using a NETZSCH 204 differen- O(7)-H(1}-O(7)=180" [7] and one, O(6)H(3)---O(8)
tial scanning calorimeteFig. 1 represents the diagram ob- where O(6)--O(8) =2.669(1A, is the normal range but is
tained at increasing temperature for a fresh preparation.presumed to be statistically disordered with hydrogen cova-
One endothermic region due to phase transformation in lently bonded to half of the O(6) atoms on the avergg8.
the solid state of the sample was recorded. This region is

in the 550-750K range with a large change of enthalpy, ;
AH=24kJ/mol. The temperature anomaly is a combination /
of two consecutive broad peaks at 642 and 678 K. The DSC

heating results are in agreement with the literafGte

3.3. 3P NMR investigation

In order to study the temperature dependence of the
progress of the thermal decomposition, we have prepared a
set of samples with different thermal treatments. The species

are heated in air at atmospheric pressure for 24 h at fixed

temperatures ranging between 273 and 723 K.3fRANMR /
experiments are performed on a Bruker MSL 3B& (.1 T) : '
spectrometer working at 121.49 MHz. The powdered sam- R

ples are pocketed in the rotors and subjected to a spinning 2

speed of 8000Hz. A ZG sequence program (zero go) are
used with ar/2 pulse length of 3.s. NMR acquisition con-
ditions are reported ifable 1 The 3'P CP MAS spectra Fig. 2. [010] view of the P1 structure of CaHPQ emphasising the
were obtained by means of the standard cross-polarisationhydrogen-bonding schema and thejt€trahedra pattern.
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Fig. 3. Deconvolution of th8'P NMR spectrum for the non-annealed com-
pound. Fig. 4. 3P CP MAS NMR patterns of the non-annealed compound.

Fig. 3represents thélP NMR spectrum of the starting
sample. The spectrum can be simulated by mixing three  The 3P NMR spectroscopy results seem to be in a dis-
Lorentzian functions at the positiorsl.6,—0.4and 1.4ppm  agreement with the structural evidences. In fact, NMR in-
in the proportions 1/4, 1/2 and 1/4, respectively. Simulation vestigation reveal the presence of three phosphorus sites but
data results are listed ifable 2 scatters and continuous line  only two distinct sets of pairs of PQunits are found in the
correspond to the calculated and the experimental data, reprimitive cell by X-ray investigation.
spectively; the dotted lines represent the Lorentzian peaks. A careful study of the crystallographic data shows that
It should be noted that the chemical shift®dP MAS NMR H(3) is presumed to be statistically disordered with hydrogen
peaks corresponding to the non-annealed compound are ircovalently bonded to half of the O(6) atoms on the average.
agreement with the observations by several authors on differ-Two configurations should, respectively, show H(3) bonded
ent apatite$8—10] and with the known hydroxyapatites (e.g. to O(6) only and to O(§ only. The two tetrahedra of P(2)
Sr10(POy)6(OH)2, Phyo(POy)s(OH)2, etc.) whichSisgis inthe and P(2) are inequivalent so when H(3) links to one of them,
range of 0.72; 2.9 ppm. The pure phase,§lO4)s(OH)>), two different groups HPg¥~ and bPO,~ are formed in the
is most deshielded of the hydroxyapatites and presents astructure. In the NMR time scale, the HFD and POy~
unique isotropic signal a=12.2 ppm[11-13] entities are inequivalent and conduce to the appearance of

The 3P NMR spectrum of CaHPreveals the pres-  two distinct peaks in the spectrum, nevertheless the X-ray
ence of three distinct environments of (FO) in the diffraction picture is an average one, H(3) and Hiézem to
sample. In order to enhance the multinuclear signal in- be simultaneously occupied in the X-ray time scale leading
tensities, cross-polarisation (CP), involving the transfer to a single phosphorus type. In conclusion, in the NMR time
of magnetisation from abundant nuclei, usually from scale three distinct phosphorus types are present in the unit
protons, to the dilute nuclei (e.g3P, 13C, 2°Si), crystallographic cell whereas two phosphorus types are de-
which also reduces the recycle delays, can be used.tectable by X-ray technique. It results that the B peak can be
The Hartmann—Hahn (HH) matching condition for CP, unambiguously attributed to the P(1)®et of pairs and the
wo(*H) =y(*H)B1(*H) = y(3P)B1(*P) =w(®'P), was opti- A and C peaks correspond to the P(2) and Rérahedra.
mised for31P NMR (Fig. 4). The CP NMR pattern is obvi- At high temperature, the MHPO compounds
ously characterised by the presence of three peaks placed agxhibit an irreversible process consisting in the
—1.58,—0.3and 1.37 ppmilable 3. Thisresultmatcheswell  dehydration-condensation of the monohydrogen phos-
with the previously reported results and confirm the presencephate leading to the formation of the diphosphai®f .
of three phosphorus sites observed in the spectrum recorded his irreversible process occurs Bt 723K in the case of

using (ZG) sequence program. CaHPQ [1,14].

Table 2

Deconvolution parameters of tA& NMR spectrum for the starting compound

Peak Position£0.5 ppm) Position &0.5 ppm) Normalised area Linewidth (10 Hz)
(ZG MAS) (CP MAS) (%) (ZG MAS) (ZG MAS)

A -16 -16 26 176

B —-04 -0.3 47 342

c 14 14 27 240
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Fig. 5. X-ray powder diffraction pattern of: (a) non-annealing compound Cat#P@ (b) CaHP@annealed at =723 K for 24 h.

Table 3
Deconvolution parameters of tA&P NMR spectrum at different annealing temperatures for CaHPO
T (K) Line shape Position#£10 Hz) Position £0.5 ppm) Linewidth £10 Hz) Normalised area (%)
300 Lorentz —200 -16 176 26
Lorentz —-50 —-0.4 342 47
Lorentz 170 1 240 27
373 Lorentz —181 -15 182 43
Lorentz —26 -0.2 247 30
Lorentz 136 n 362 27
473 Lorentz —1043 —8.6 661 23
Lorentz —-191 -16 150 70
Lorentz -37 -0.3 424 7
573 Lorentz —1317 —10.9 87 11
Lorentz —1081 -89 118 13
Lorentz —189 -15 111 10
Lorentz —68 -0.5 458 66
623 Lorentz —1330 —10.9 96 43
Lorentz —1100 -9 114 41
Lorentz —189 —-15 62 1
Lorentz —136 -11 479 15
673 Lorentz —1325 —10.9 91 43
Lorentz —1095 -9 112 43
Lorentz —418 —-34 1537 14
723 Lorentz —1325 —10.9 83 51
Lorentz —1096 -9 98 48

Lorentz 86 o7 240 1
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Fig. 6. Deconvolution of th&'P NMR spectrum at various annealing temperatures. Inset: a zoom shQwlitg.

In order to study the condensation of the phosphate in the of the B-calcium diphosphatetCaP,0O7) phase. The cell
CaHPQ compound, we have prepared a set of samples with parameters agree with the bibliographic dats.
different thermal treatments. The species are heated in air at The set of the samples with different thermal treatment
atmospheric pressure for 24 h at fixed temperatures rangingis analysed byP NMR spectroscopyFig. 6 shows some
between 273 and 723 Ktig. 5b shows the X-ray powder NMR spectra, clearly notable changes were recorded:
pattern of the annealed compound at 723 K. All the peaks
can be indexed in tohe tetragonal system with the unit cell i. ForT=473K, the B and C lines have merged into a sin-
parametersg=6.68A and c=24.20A, P4, space group). gle line revealing the presence of drastically changes in
These results show a single phase and confirm the formation  the P tetrahedra. This change is accompanied by the ap-
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1204 perature is plotted ifrig. 7. It increases with the annealing
temperature and presents an abrupt change in the slope of the
curve in the vicinity of 600 K. AfT=723 K, the reaction is

- * totally achieved and reaches the maximum value (98.8%).

4. Conclusion

percentage of diphosphate

In this work, we have synthesised the CaHROmMpound.

The sample was investigated by X-ray diffraction, DSC and

04 i 31p NMR spectroscopy at different annealing temperatures.
, 3P MAS NMR study of the non-annealed compound

show three peaks A, B and C at the position.6, —0.4

Fig. 7. Rate conversion of phosphate—diphosphate as a function ofannealingand 1.4 ppm in the proportions 1/4, 1/2 and 1/4, respectively,

temperature. revealing the presence of three types of phosphorus in the

structure. The B peak is ascribed to P(1)foup, however,

pearance of a broad line denoted D-e8.6 ppm. The  the Aand C peaks correspond to the P(2) and)Béfahedra.
large spectra modifications reflect that at high temper- The DSC curve of CaHP{shows two endothermic peaks at
ature the CaHP®compound exhibits an irreversible about 642 and 678 K. According /P NMR data evolu-
chemical process accompanied by a dramatic change intion with annealing temperatures, the transition observed by
the phosphorus environments due to the formation of DSC has been interpreted as an irreversible chemical process

the diphosphate G&,07 conforming to the following  consisting in the formation of the diphosphate,B£0-.
scheme:

2HPQ?~ — H0 + P,07*

200 400 600 800
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