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Solid State NMR, X-Ray Diffraction, and Infrared Characterization
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An Analog of the Thermal Decomposition of Hydroxyapatite
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The structure of plasma-sprayed hydroxyapatites possesses
a variety of partially dehydrated hydroxyapatite structures. Nu-
clear magnetic resonance, IR spectroscopy, and X-ray diffraction
have been used to analyze the structure of partially dehydrated
hydroxyapatites. The oxyhydroxyapatites are prepared from
crystalline hydroxyapatite by thermal treatment in air. The
obtained results enable an advanced phase analysis of plasma-
sprayed hydroxyapatite layers. © 2001 Academic Press

Key Words: hydroxyapatite; solid state nuclear magnetic
resonance; IR spectroscopy.

INTRODUCTION

Plasma-sprayed hydroxyapatite coatings are important
today as biomineral analogs. A drawback of this coating
technique is the extremely high temperature of the plasma
used leading to partial thermal decomposition and dehydra-
tion of the hydroxyapatite.

The aim of the present investigations is the experimental
simulation of the dehydration and further decomposition
of hydroxyapatite during the plasma spraying procedure.
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During plasma spraying hydroxyapatite particles of about
50 microns are heated to about 10,000°C for some mil-
liseconds. The overall thermal energy deposit is comparable
to that of a long time heat treatment at significantly lower
temperatures. Therefore, long time heat treatment at tem-
peratures below 1300°C has been used to simulate the
course of the decomposition and dehydration of hy-
droxyapatite during the plasma spraying. As is well known,
at nearly 900°C, hydroxyapatite starts to decompose by
evaporating water and forming partially or completely de-
hydrated oxyhydroxyapatite (1,2, 12):

Ca;9(PO4)6(OH), — Cayo(PO4)s(OH), - 5,0, + xH,0,
[1]

For x values below about 0.5 the channel structure of the
apatite remains almost unchanged. If x reaches a critical
value (typically at temperatures above 1200°C) the destruc-
tion of the apatite channel structure occurs, and an equilib-
rium with tricalcium phosphate (TCP, Cas(PO,),) and
tetracalcium phosphate (TeCP, Ca,(PO,),0) exists:

with 0 < x < 1.

Ca o(PO4)6O — Cay(PO,4),0 + 2Ca3(POy), [2]

oxyapatite TeCP TCP
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Finally, TCP melts at 1730°C, whereas TeCP melts
incongruently at 1630°C leaving CaO as a residual solid.
It should be noted that equilibrium is not obtained during
the plasma spraying procedure. Rather than well-defined
crystalline phases, the high temperatures and the huge cool-
ing rates result in various intermediate states of the final
coatings. Investigations on commercial plasma-sprayed hy-
droxyapatites possess at most only small amounts of TCP
or TeCP. The major phases of the plasma-sprayed coating
are X-ray amorphous partially dehydrated calcium mono-
phosphate structures (3). Sfihi et al. (12) suggest that
plasma-sprayed hydroxyapatite coating on prothesis could
contain more than 70% of oxyapatite.

Obviously, the structure and therefore the biological
properties of plasma-sprayed hydroxyapatite are not identi-
cal to those of the initial crystalline hydroxyapatite. The
influence of the structural changes on the properties of the
final coating is not completely known. However, it is well
known that reaction products with significantly higher solu-
bility, compared with that of crystalline hydroxyapatite,
results in decreased biological long-term stability of the
plasma-sprayed coatings. In the present study we combine
solid state nuclear magnetic resonance (NMR), IR spectro-
scopy, and X-ray diffraction to analyze the structure of
partially dehydrated oxyhydroxyapatites and compare it
with that of plasma-sprayed hydroxyapatite.

EXPERIMENTAL

The initial hydroxyapatite powder (particle size
40 um-100 um) was highly crystalline and stoichiometric.
It is identically to that used for the commercial production
(FRIADEM GmbH, Germany) of human teeth root im-
plants (3,4). It was produced in analogy to the procedure
described in Ref. (4). To keep the investigations comparable
to the plasma spray procedure the apatites were heat-
treated in air using an electrically heated furnace, in contrast

TABLE 1

Thermal History of the Investigated Hydroxyapatite Samples
Sample Temperature (°C) Time (h)
Al 1100 0.5
A2 1100 1
A3 1100 2
A4 1100 4
A5 1100 8
A6 1100 16
B1 1000 2
B2 1050 2
B3 1100 2
B4 1150 2
B5 1200 2
B6 1250 2
B7 1280 2
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to the method of Refs. (5, 12). As an important consequence
of the “in air” heat treatment, hydroxyapatites can absorb
atmospheric water during cooling. Thermal treatment was
realized in two series. Series A has been heat-treated at
a fixed temperature of 1100°C for variable times and series
B at different temperatures for a fixed time of 2 h. Table 1
shows the thermal history of the investigated samples. X-ray
powder patterns were collected using a SIEMENS diffrac-
tometer D 5000 (40 kV, 30mA, scanning rate 0.02 deg/s,
CuKo radiation). For the exposure of the NMR spectra
a BRUKER AMX 400 and a TECMAG (300 MHz) spec-
trometer were used. The one-dimensional 'H and
1P spectra were obtained using magic angle spinning
(MAS) with rotation rates up to wy,.,/27 = 30kHz, typical
n/2 pulse length of t,, = 2 us—5 ps, and repetition rates of
200s. The chemical shifts are referred to a solution of
phosphoric acid (85%) for *' P and tetramethylsilane for *H.
The two-dimensional (2D) double-quantum NMR spectra
(*H, 3'P) were obtained using the BABA pulse sequence (6)
using excitation and reconversion periods of 640 us. The
256 x 64 data points were collected rotor-synchronized, ac-
cording to the States method, and with typically 256 scans
per increment. The 'H-*'P 2D HETeroCORrelation
spectra (HETCOR) are obtained using cross polarization (7)
with variable magnitude of the *'P contact pulse (contact
time t., = 5 ms). The IR spectra were measured in the mid-
IR region between 4000 and 400 cm ™! with a resolution of
4cm™ ! using a BRUKER IFS 66 FT-IR spectrometer. The
samples were prepared by grinding with Nujol to avoid the
adsorption of atmospheric water vapor. The ratio between
the amounts of the sample and Nujol was determined by
weighing. The absorbance spectra were recorded from the
mixtures of the samples with Nujol which were applied to an
IR window with an undefined thickness. The absorbance
spectrum of pure Nujol with an unknown thickness was
measured as reference. The Nujol spectrum weighted with
a thickness factor for the compensation of the bands of the
C-H deformation vibrations was subtracted from the ab-
sorbance spectra of the samples. For the evaluation of the
intensity of the O—H stretching band the absorbance spectra
of the samples were scaled to a constant sample-Nujol ratio
of 0.5 and to the unknown thickness of the reference sample
Nujol by means of the thickness factor. This kind of scaling
allows a semi-quantitative characterization of the loss of
O-H groups with an estimated error of about + 5%. The
intensity of the band of the O-H stretching vibrations was
determined as integral intensity between 3590 and 3533 cm ™ *
after a linear baseline correction between these limits.

RESULTS AND DISCUSSION
Plasma-Sprayed Hydroxyapatite

As is known from the literature (3), the XRD patterns
of crystalline hydroxyapatite and plasma-sprayed hy-
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FIG. 1. 3'P MAS NMR spectra and fit simulation of crystalline hy-
droxyapatite and plasma-sprayed hydroxyapatite (resonance frequency
vo = 161.92 MHz; spinning speed vg/27 = 12.5kHz, and repetition time
t.. = 200s.) The line fit (dotted lines) indicates several different
nonequivalent phosphorus positions in the structure of the plasma-sprayed
hydroxyapatite.

droxyapatite are very similar except for significant intensity
differences. The XRD characterization of changes induced
by the plasma spraying procedure is complicated due to the
formation of amorphous phases. Amorphous phases pro-
duce a structured diffuse X-ray background which is hard to
analyze. In most cases the only crystalline phase observed is
HA. This was often interpreted as implying that the crystal
structure of the initial HA is retained in the plasma-sprayed
layer. In contrast, solid state NMR allows characterization
of local atomic environments in both crystalline and
amorphous phases. Figure 1 shows the *'P and Fig. 2 the
'"H MAS NMR spectra of crystalline hydroxyapatite com-
pared with those of plasma-sprayed hydroxyapatite. Both
apatite NMR spectra show only a single line position at
2.3 ppm for *'P and — 0.09 ppm for 'H, respectively. It
should be noted that the MAS line width is a function of the
degree of order. In other words the MAS line widths of
different crystalline hydroxyapatites are slightly different
depending on the preparation of the hydroxyapatite
sample. In contrast, the spectra of the plasma-sprayed
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hydroxyapatite possess several additional line positions.
The additional line positions prove significant structural
changes during the plasma spraying procedure. However,
the 3'P lines positions do not fit those of the crystalline
calcium phosphates such as wa-tricalcium phosphate (3,5),
p-tricalcium phosphate (3, 5), or tetracalcium phosphate (3).
The thermal decomposition into those crystalline phos-
phates could therefore be excluded. Moreover, the observed
variety and continuous variation of positions suggested that
the plasma-sprayed layer consists of partially dehydrated
oxyhydroxyapatite structures rather than well-defined
stoichiometric phases.

Heat-Treated Oxyhydroxyapatites as Model Compounds
for Plasma-Sprayed Hydroxyapatites

IR spectroscopy and NMR spectroscopy were used to
characterize the structure of heat-treated hydroxyapatites.

hydroxyapatite

rotor signal

# N J k///

-10

plasma-sprayed
hydroxyapatite

CS / [ppm] 0

FIG.2. 'H MAS NMR spectra and fit simulation of crystalline hydro-
xyapatite and plasma-sprayed hydroxyapatite (resonance frequency
vo=300.04 MHz, spinning speed vg/27=12.5 kHz, and t,. =5 s). The line fit
(dotted lines) indicates several different nonequivalent hydrogen positions
in the structure of the plasma-sprayed hydroxyapatite. The marked rotor
signals in the spectrum of crystalline HA are caused by protons of the MAS
spinner. The line position marked by # represents physically adsorbed water.
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Figure 3 shows the *'P MAS NMR spectra of the hy-
droxyapatite samples heat-treated for a fixed time of 2 h at
different temperatures (series B). Heat treatment of the apa-
tite results in increasing line width of the typical apatite line
at d;, = 2.3 ppm, and splitting into four lines (A-D). That
result is in contrast to the splitting in only two lines, as
reported by Sfihi et al. (12) and McPherson et al. (13) for
heat treatment under vacuum conditions.

2D correlation NMR showed that different phosphorus
environments were intimately mixed in all samples, with no
large-scale phase separation. As an example Fig. 4 shows the
*1P double-quantum spectrum of sample B7 (1280°C/2h).
The spectrum possesses a strong correlation peak between
the phosphorus position D and positions A, B, and C.
Hence, the phosphorus double-quantum spectrum is consis-
tent with the hypothesis that all NMR line positions belong
to only one dehydrated oxyhydroxyapatite single phase.

" line A

3Ip NMR

apatite

1000°C 2h

1050°C 2h

1100°C 2h

1150°C 2h

1200°C 2h

1250°C 2h

1280°C 2h
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FIG. 3. *'P MAS NMR spectra of the heat-treated hydroxyapatite
samples of series B (fixed time of 2 h) compared to the initial crystalline
hydroxyapatite (resonance frequency vy = 161.92 MHz, spinning speed
vg/2m = 12.5kHz, and repetition time ¢, = 200s).
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FIG. 4. 2D double-quantum correlation spectrum of sample B7
(1280°C/2h). The resonance frequency was v, = 161.92 MHz, spinning
frequency wg/2n = 12.5kHz, pulse width ¢, = 5 s, and repetition time
t. = 200s. Both the double-quantum excitation and reconversion periods
were 640 ps. The 256 x 64 data points were collectively rotor-synchronized,
by the States method, and with 256 scans per point.

The relative content, the isotropic chemical shifts (J;,), and
the MAS line width (v;,,) of the four spectral components
are drawn in Fig. 5 as a function of the temperature. The
chemical shift and the MAS line width of line A are equal to
those of crystalline hydroxyapatite and are, therefore, at-
tributed to an almost perfect hydroxyapatite short-range
structure in the samples B1-B4. The relative intensity of this
line remains constant at about 25% of total until 1150°C.
Between 1150°C and 1280°C the intensity decreases to 6%
while the MAS line width simultaneously increases to about
1.0 ppm. The increasing line width suggests increasing dis-
order of the environment for these P atoms at temperatures
above 1150°C (B5-B7).

The chemical shift of line B (starting at d;,, = 2.4 ppm) is
close to that of line A. However, the line width (starting at
v12 = 1.2 ppm) is significantly higher. The relative content
of the corresponding phosphorus position decreases from
about 80% in sample B1 (1000°C) to less than 35% in
sample B4 (1150°C). Starting with sample B4 (1150°C), both
the isotropic chemical shift (from 2.4 ppm to 1.5 ppm) and
the MAS line width (from 1.2ppm to 2.15ppm) change
significantly. The changes in line width as a function of the
temperature are very similar for line A and line B. Further-
more, the intensities of both lines decrease simultaneously in
the range between 1150°C and 1280°C.

In contrast to lines A and B, lines C and D increase in
intensity with temperature, but their chemical shifts change



464

807 V\v -0 line D
= 70 —0— line C
z 60: \V —y— line B
£ 3 —A— line A
g 504 i
S 407 v
£ 301
2 5] A—a—4
2071 O/o B><D-——'EI
10 — A\A
U:—O—A—iﬁg/? T T T
1000 1050 1100 1150 1200 1250 1300
(a) temperature / ["C]
6.0+ G.._.—D—-G
5.5 —a—8—=
Bi5.01
% 4.51
= 4.0
S 3.5
£30{ &—0—0—0—0—0—0
=
S 2.5 E—-B=-ﬂ-__=e_——ﬁ-—-ﬂ-_.A
2.0
1.54 \V““v
1000 1050 1100 1150 1200 1250 1300
(b) temperature / [*C]
_22] v
£ 50 %
£ 1.6
2 1.4+
g 12] v—" v -
—_—
2 1.0 c,_____.|:|_——|:|7 —R—R—
= 0.8
06] © . ©
04] A—b—"
I(I)O(] ' lll}S[) : 1 i()(} l 1 II5() . lé[)[) ' IéS(} l ISI‘()(]
(c) temperature / ["C]

FIG. 5. Fit analysis of the 3P NMR spectra of the heat-treated
hydroxyapatites of series B. (a) Relative phosphorus content of the four
different lines; (b) isotropic chemical shifts d;,; (c) MAS line width at half
intensity vy ,,.

only slightly. The line width of line D changes little, whereas
that of line C increases significantly (at 1150°C). The relative
content of the lines C and D remains at all temperatures
nearly 2:1 and may be therefore attributed to one type
of phosphorus short-range structure. Especially the well-
resolved line D (at 5.6 ppm to 5.9 ppm) could be used to
monitor the thermal history of a heat-treated apatite
sample.

Figure 6 shows the *'P MAS NMR spectra of series A,
obtained by heat treatment at fixed 1100°C for different
times. The spectra possess the same four lines A-D with
comparable chemical shifts and MAS line width. Even for
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FIG. 6. 3'P MAS NMR spectra of the heat-treated hydroxyapatite
samples of series A (fixed temperature of 1100°C) compared to the initial
crystalline hydroxyapatite (resonance frequency v, = 161.92 MHz, spin-
ning speed vg/27 = 12.5kHz, and repetition time t,, = 200s).

the longest duration heat treatment of 16h in sample A6
(1100°C/16 h), the NMR parameter and therefore the phos-
phate short-range structure are comparable to those of
sample B4 (1150°C/2h). To characterize the influence of
both temperature and time, a much larger field of para-
meters needs to be investigated. However, the *'P NMR
spectra of series A prove that heat treatment at low temper-
atures for long times and heat treatment at much higher
temperatures but for short times yield the same short-range
phosphate structure, supporting the idea that our
heat-treated samples are good analogs of plasma-sprayed
material.

Figure 7 shows the 'H MAS NMR spectra of series B,
and Fig. 8 shows the corresponding line fit analysis of the
spectra. Depending on the applied temperature, the spectra
possess up to four lines. Line L is attributed to the well-
known proton line position of the crystalline hydroxyapa-
tite (see Fig. 1). Much more difficult is the interpretation of
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liqe M
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FIG. 7. 'H MAS NMR spectra of the heat-treated hydroxyapatite

samples of series B (fixed time of 2h) compared to the initial crystalline
hydroxyapatite (resonance frequency v, = 300.2 MHz, spinning speed
vg/2n = 12.5kHz, and repetition time ¢, = 30s). The line marked # is
caused by adsorbed water.

the broad line L*. The isotropic chemical shift of the spec-
tral component is close to the original hydroxyapatite posi-
tion but the line width is about 4 times higher
(v1/2 = 1.6 ppm). It could not be excluded that line L* rep-
resents several unresolved line positions. However, the aver-
aged isotropic shift line L* could be attributed to protons in
distorted hydroxyapatite short-range structures.

Starting at temperatures of 1150°C, the intensity of both
proton positions decreases proportionally while two addi-
tional lines (M at d;,, = 5.2ppm and N at J;, = 7.5 ppm)
occur in the 'H spectra. 2D proton double-quantum spectra
imply that these peaks arise from OH™ groups which are
adjacent to vacancies in the OH ™ substructure. It is likely
that line M represents those OH ™ positions missing only
one neighboring OH ™ ion, whereas line N is the signal of
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FIG. 8. Relative content of the four different proton positions of the
heat-treated hydroxyapatites of series B, obtained by line fit analysis of the
"H NMR spectra.

isolated OH ™ groups in the channel. As a typical example,
Fig. 9 shows the 'H double-quantum spectrum of sample B6
(1250°C/2h). In the two-dimensional double-quantum
NMR spectra, the peak intensity is proportional to the
number and inversely proportional to the distance of
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FIG. 9. 2D 'H double-quantum correlation spectrum of heat-treated
hydroxyapatite (1250°C/2h, sample B6). The resonance frequency was
vo = 300.6 MHz, spinning frequency wg/27 = 12.5kHz, pulse width
t, = 5 ps, and repetition time ¢, = 5s. The double-quantum excitation and
reconversion periods were each 640 pus. The 256 x 64 data points were
collectively rotor-synchronized, by the States method, and with 256 scans
per point.
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neighboring hydrogen atoms. Double-quantum spectra
can be therefore used to investigate the distance of
several protons in the structure. The double-quantum
spectra of the heat-treated HA possess only two correlation
peaks. The peak at — 0.1 ppm corresponds to line L and
L* in the MAS spectra and is typical for hydroxyapatite
structures (even if the short-range structure is slightly
distorted). Very surprising is the fine structure of the
M peak. In contrast to the one-dimensional MAS spectra,
the two-dimensional M peak possesses doublet structure
(M*' at 5.0 ppm and M? at 5.4 ppm). The doublet structure of
the M peak indicates the existence of isolated pairs of
protons in the channel structure of the dehydrated apatites.
Depending on the degree of dehydration, residual OH™
groups in the channel structure of the oxyhydroxyapatites
(Cay(PO4)s(OH), - »,0,) possibly form pairs stabilized by
a bridging hydrogen bond. In contrast to the proton posi-
tions L, L*, and M, the line N (at 7.5 ppm in MAS spectra)

@) line A line B

line C
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gives no double-quantum correlation peak at all. Thus, the
N protons are really isolated protons, separated by at least
one proton vacancy (more than 3.44 A (8-10)). Summariz-
ing, 2D double-quantum proton NMR indicate the pres-
ence of three different types of OH™ groups along the
channels of the apatite structure. Besides the nearly un-
changed hydroxyapatite short-range structures (L, L* pro-
tons), OH ™ pairs (M!, M?) and isolated OH ~ groups occur.
The relative content of that intermediate structure depends
on the absolute residual proton content in the sample. To
check that all proton positions are located in the oxyhyd-
roxyapatite channel structure and not in a separate phase,
the proton positions need to be correlated to the phosphate
anion’s structure.

To investigate this correlation, 2D 'H-*'P HETCOR
NMR spectra have been measured. A typical HETCOR
spectrum (sample B7 1280°C/2 h) is shown in Fig. 10a. The
spectrum possesses three two-dimensional correlation

cross section
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cross section

B peak M-C
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FIG. 10.

4 32 10
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(a) 2D *'P-'H HETCOR spectrum of heat-treated (1280°C/2 h, sample B7) hydroxyapatite (spinning speed vg/2n = 12.5kHz repetition time

t,. = 10s and contact time ., = 5ms). (b) Fitted cross section of the HETCOR spectrum at the proton frequency of line M. The fit analysis proves the
doublet nature of the peak M—B, M-C in the *'P dimension. (c) Fitted cross section of the HETCOR spectrum at the proton frequency of line N. The fit
analysis proves the doublet nature of the peak N-B, N-C in the *!'P dimension.
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peaks. It should be noted that the intensity of those two-
dimensional peaks is now proportional to the number of
involved phosphorus and hydrogen atoms and their recip-
rocal distance. The sharp peak L-A correlates the phos-
phorus position A to the proton position L and is therefore
unambiguously attributed to an undisturbed hydroxyapa-
tite short-range structure. The broad line L* also correlates
to the phosphorus position A. However, the relative inten-
sity of the correlation peak is very low. Very surprising is the
absence of B-L or B-L* correlation peaks. Assuming com-
parable cross polarization efficiency, this fact suggests that
line B is associated with large distorted proton-free do-
mains. More difficult is the assignment of the peaks correlat-
ing the proton line M to the phosphorus structure (peaks
M-B and M-C). It should be noted that the resolution in
the HETCOR spectrum is significantly lower than that in
the proton double-quantum spectra. Therefore, the proton
M doublet was not resolved in the 'H dimension. Fig-
ure 10b shows a fitted cross section of the HETCOR spec-
trum of Fig. 10a at the proton frequency of line M. The fit
analyses prove the doublet nature of that peak (M-B and
M-C) in the *'P dimension. Thus, both phosphorus posi-
tions C and B can be assigned to two distinct phosphorus
structure motives in the neighborhood of the OH™ pair
(M*+?). The fit analysis of the fourth correlation double peak
N-B, N-C is shown in Fig. 10c. It correlates the isolated
proton (line N) to the phosphorus positions B and C. That
result proves the proximity of the isolated proton position
to the phosphorus positions B and C. Summarizing the fit
analysis of Figs. 10b and 10c, it needs to be considered that
the phosphorus atoms B and C are in proximity to both the
isolated protons and the proton pairs in the apatite channel
structure. The HETCOR spectra possess no correlation
peaks of the *'P line D. The very small intensity in this
spectral region is obviously caused by long-range contacts
without any resolved peaks. The missing D line correlation
peaks in the HETCOR spectra prove that line D represents
PO, tetrahedra in a proton-free region of the apatite chan-
nel structure.

There is no reference to phase separation during dehydra-
tion. All proton NMR signals are attributed to phosphorus
resonances. Any phase separation of the proton-containing
structures could therefore be excluded. Vice versa, the phos-
phorous resonances A, B, and C are attributed to the
corresponding proton resonances, and therefore to the
oxyhydroxyapatite structure. The only proton-free phos-
phorus position is line D. However, the phosphorus double-
quantum spectra (see Fig. 4) prove that the phosphor
tetrahedra represented by line D belong to the oxyhyd-
roxyapatite phase too.

To summarize, the combined application of 'H and
*'P NMR spectroscopy including two-dimensional H-H,
P-P, and H-P experiments has allowed semiquantitative
determination of four different local environments for both
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H and P, and deduction of some structural characteristics of
each environment.

IR Investigations

Figures 11 and 12 show the IR absorbance spectra of the
samples B1-B7 in the region of PO, fundamental vibrations
and the O-H stretching vibration, respectively. The band
positions of the initial (not heat-treated) sample is typical for
highly crystalline hydroxyapatite (11). The overall intensity
of the spectra decreases with increasing temperature. How-
ever, the drop in intensity is significantly different for the
several band positions. Both the O-H stretching vibration
at 3571 cm ™! and the O-H libration at 632 cm ™' decrease
even for temperatures above 1000°C and are almost vanish-
ing at 1280°C. However, the integral intensity of the OH
stretching vibration can give only the relative OH ™ content
(relative to hydroxyapatite). The cause is the poor homo-
geneity and the estimated thickness (determined relative to
the Nujol reference with the assumption of smooth layers) of
the Nujol-sample mixtures.

o-TCP

1280°C
1250°C

=
=] 1200°C
<
| N
~
8 1150°C
5
g 1100°C
2
<
1050 °C
1000°C
hydroxy apatite
I I I | I | | |
1500 1000 500
wave numbers / [cm™]
FIG. 11. Scaled IR absorbance spectra of series B (samples B1-B7)

compared to that of crystalline hydroxyapatite and o-TCP in the region of
the fundamental vibration of PO; .
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FIG. 12. Scaled IR absorbance spectra of series B compared to that of
crystalline hydroxyapatite and «-TCP in the region of the OH stretching
vibration.

CONCLUSIONS

The NMR spectra, and hence the deduced local structure,
of oxyhydroxyapatites produced by heat treating and
plasma spraying of hydroxyapatite are very similar. Thus,
the oxyhydroxyapatites are suited as model structures for
the variety of plasma-sprayed hydroxyapatites.

The combined application of 'H and *'P NMR experi-
ments has enabled us to study the variety of local phos-
phorus and proton environments and their evolution with
temperature and time. "H-*'P HETCOR has allowed cor-
relation of proton environments with phosphorus environ-
ments, allowing us to deduce some aspects of the chemistry
of the different domain types.

Four types of phosphorus environments are associated
with NMR peaks A-D, respectively. Narrow peak A corres-
ponds to that for untreated hydroxyapatite. Peak B is at
a similar chemical shift but broader, suggesting local distor-
tion of the phosphorus environment, but broad peaks C and
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D are at more positive chemical shift. Four hydrogen envi-

ronments are implied by peaks L, L*, M, and N. Again,

narrow peak L corresponds to that for ideal hydroxyapatite

with continuous OH™ groups along the channels of the

structure. L* is at similar chemical shift but broader, corre-

sponding to a distorted version of the structure. Two-

dimensional data showed that M and N correspond to pairs

of OH™ and single OH™, respectively, bracketed by va-

cancies in the channels. Cross-correlation 'H-*'P

HETCOR data imply coexistence of the following local

structure types:

1. AC'P) + L(*H) - ideal hydroxyapatite

2. AG'P) + L*(*H) — undistorted PO, but OH perturbed

3. (31P) — distorted PO, with no nearby OH

4. BC'P) + M,N(*H) — distorted PO, with single and
paired OH

5. CC'P) + M,N(*H) — strongly distorted PO, with single
and paired OH

6. D(*'P) — very strongly distorted PO, with no nearby
OH.

Types 1-3 predominate for low-temperature runs. Increase

of temperature causes progressive increase in domains of

types 5 and 6.
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