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Abstract

Nano-sized calcium-deficient apatitic (CDHA) crystals with Ca/P ratios from 1.5 to 1.67 were synthesized using wet chemical
method and of needle-like shape with 5-10 nm in diameter and 40—50 nm in length was observed. The structural environment of the
Ca atoms in all the CDHA nano-crystals has been investigated using EXAFS, XANES and EELS. The results reveal that a
maximum Fourier transform amplitude occurs at the apatite with a Ca/P ratio of 1.67 and the structural disorder increase following
the sequence of 1.67>1.5>1.6>1.55. A similar phenomenon is also observed in both K-edge XANES and L, ;-edge ELNES in the
Ca atom. The structural analysis further demonstrates that different chemical and biological properties among these CDHA nano-
crystals with Ca/P ratio from 1.5 to 1.67 are primarily due to the effect of stoichiometry and non-stoichiometry as compared to the

structural order—disorder.
© 2003 Elsevier Ltd. All rights reserved.
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1. Introduction

Bioactive ceramic materials, such as hydroxyapatite
[Ca 9(PO4)s(OH),, HA] were widely used as bone
substitutes for several decades. Among these biocera-
mics, particular attention has been given to HA due to
its bioactivity [1,2]. Stoichiometric hydroxyapatite
[Ca;9(PO4)s(OH),] has a hexagonal structure con-
structed from columns of Ca and O atoms which are
parallel to the hexagonal axis with lattice constants
of a=0.9418nm and c¢=0.6884nm [3]. On the
other hand, the calcium-deficient hydroxyapatites
[Cajo—x (PO4)s—(HPO4)(OH),_,, 0<x<1, CDHA]
are of greater biological interest than stoichiometric
HA since the Ca/P ratio in bone is nearer to 1.5 [1,2]. It
has been suggested that calcium-deficient apatitic
(CDHA) plays important roles in several processes such
as bone remodeling and bone formation. Furthermore,

*Corresponding author. Tel.: +886-3-573-1818; fax: +886-3-
5724727.
E-mail address: sychen@cc.nctu.edu.tw (S.-Y. Chen).

0142-9612/$ - see front matter © 2003 Elsevier Ltd. All rights reserved.
doi:10.1016/S0142-9612(03)00479-4

both compositions are chemically and structurally
similar to the mineral constituent of human hard tissue.
However, bone mineral (natural biocrystal) essentially
has a CDHA structure with a Ca/P ratio of about 1.5
which, strictly speaking, is a Ca/P ratio similar to
tricalcium phosphates (TCP), Ca3(POy),, (Ca/P=1.5)
but structurally and chemically compositionally similar
to stoichiometric hydroxyapatite, Ca;o(PO4)s(OH),,
(Ca/P=1.67). It was also reported that the chemical
properties such as catalysis, ion-exchange and degrada-
tion in solution are strongly dependent on Ca/P ratios
[4-10]. However, the CDHA with the Ca/P ratios
ranging from 1.5 to 1.67 appears indistinguishable from
one another in X-ray diffraction (XRD) patterns. There-
fore, it is generally difficult to correlate these chemical
properties and their changes with Ca/P ratios, even with
possible structure changes, by XRD measurement.
Recently, various processes have been developed to
prepare nano-sized apatite powders [11-15]. Among
these processes, in situ synthesis of CDHA nano-crystals
at ambient temperature via a simple coprecipitation
process is one of most attractive routes and has not been
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reported. Therefore, we first focus on the in situ
synthesis of CDHA nano-crystals with different Ca/P
ratios ranging from 1.5 to 1.67. The structure character-
istics of the synthesized CDHA nano-crystals with
different Ca/P ratios will be analyzed by FT-IR, XRD,
TEM, X-ray absorption spectroscopy (XAS) and
electron energy loss spectroscopy (EELS) to clarify
structural differences between these CDHA nano-
crystals.

2. Experimental procedure
2.1. Powder synthesis

The analytical grade reagent (CH3COO),Ca-xH,O
(99%, Aldrich Chemical company, Inc., USA) and
H;PO4 (99%, Riedel-deHaen, Seelze, Germany) were
used as the Ca and P sources in this investigation,
respectively. The H3;PO,4 aqueous solutions were first
dissolved in deionized water and then slowly dropped
(5cm’/min) into the vigorously stirred (at a rate of
350 rpm) (CH3COOQO),Ca-xH,O aqueous solution with
molar ratios of Ca/P=1.5, 1.55, 1.6 and 1.67 for 2h.
Ammonia solution (25%, Merck) was used to keep the
solution at pre-determined pH level (close to 10)
throughout the entire synthesis procedure, and the
reaction was carried out at room temperature. After
filtering and washing several times with deionized water,
the mixture was dried overnight at 100°C.

2.2. Powder characterization

2.2.1. Phase analysis

Fourier transform Infrared ray (FT-IR) spectra were
performed using KBr pellets (2mg/300mg KBr) on a
spectrometer (Model 580, Perkin-Elmer) with a resolu-
tion of 4.00cm ™. Infrared spectra were recorded in the
range of 4000-400cm ™' to evaluate the function group
of the specimens. X-ray diffractometer (M18XHF,
MAC Science, Tokyo, Japan) was used for determining
the crystalline phase of the synthesized powders at a 4°
20 per min over a range of 20 = 20—60°.

2.2.2. X-ray absorption measurements

X-ray absorption measurements at the K-edge of Ca
were performed on Beamline 15B of the National
Synchrotron Radiation Research Center (NSRRC) in
Taiwan. Si (111) crystals in a fixed exit double crystal
monochromator were used to monochromatize bending
magnet radiation from the electron storage ring operat-
ing at 1.5 GeV with an average current of 150 mA. The
spectra of the bulk materials were measured in the
fluorescence mode. The incident beam had a cross-
section of 3 x 20 mm? and intersected with the specimen
surface at 45°. An ion chamber was used as the

fluorescence detector, positioned such that the detector
window centerline also intersected with the specimen
surface at 45° but was perpendicular to the incident
beam direction. For the bulk samples, the fluorescence
intensity I/r(FE) was normalized by the incident intensity
Iy(E) to obtain the absorption spectrum, w(E)=
Iz(E)/IH(E). A linear function was fitted to the pre-edge
region of u(E) and was subtracted from p(E) in order to
isolate the contributions from K-shell absorption,
g (E). The EXAFS function, y(k), was extracted from
Ug(E) using standard procedures: a smooth back-
ground, uy(E), was subtracted from ug(E), and then
the spectra were normalized by the average value of the
to(E) throughout the EXAFS region. Then k%y(k) was
Fourier-transformed to obtain the radial distribution
function of backscattering atoms around the Ca atom.

2.2.3. Transmission electron microscopy (TEM) analysis

The powdered sample was ultrasonically dispersed in
acetone to form very dilute suspensions and then a few
droplets were dropped on copper grids with a carbon-
coated film. Microstructure observations were per-
formed in a Philips Tecnai 20 (Holland, The Nether-
lands) microscope operating at 200keV and equipped
with a Gatan image filter (GIF, Model GIF-2000) for
EELS analysis. EELS spectra were obtained with an
energy resolution of 1eV (zero-loss peak) and an energy
dispersion of 0.2 eV per channel. The EELS was capable
of analyzing Ca, but not P. The background below the
edges was determined by fitting the inverse power-law
AE™", where E is the energy loss and A and r are
constants to the spectrum before the ionization thresh-
old and extrapolating this function over a certain energy
range.

3. Results and discussion
3.1. Phase identification

Molecular arrangement of the precipitate powders
can be further identified through the use of FT-IR
analysis, where as selectively shown in Fig. 1 are the IR
spectra of the powders prepared in the presence of Ca/P
ratios from 1.5 to 1.67. The bands at 1092 and
1040 cm ™" are assigned to the components of the triply
degenerate v3 antisymmetric P-O stretching mode. The
962 cm ™! band is assigned to v;, the non-degenerate P-O
symmetric stretching mode. The bands at 601 and
571cm™! are assigned to components of the triply
degenerate v4 O-P—O bending mode and the bands in
the range of 462-474cm ™' are assigned to the compo-
nents of the doubly degenerate v, O-P—O bending mode.
A very weak band near 875cm™' is the P-O(H)
stretching in HPO3~ groups. Molecular and adsorbed
water bands are also discerned at 1640 and 3400 cm™'. A
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Fig. 1. FT-IR spectra of the precipitated calcium-deficient apatite
powders with Ca/P ratios of 1.5, 1.55, 1.6 and 1.67.

Ca/P=1.67
el
8
>
‘D
13
£ Ca/P=1.55
1 1 1 1 1 1 1
20 30 40 50 60

Fig. 2. XRD patterns of the precipitated calcium-deficient apatite
powders with Ca/P ratios of 1.5, 1.55, 1.6 and 1.67.

significant concentration of hydroxyl groups remains in
the structure as observed from the intensity of the
stretching and librational bands at 3572 and 632cm ™!
[16]. These IR spectra further confirm that the apatitic
structure of the nano-crystals is chemically and structu-
rally identified to be CDHA.

The XRD patterns of the CDHA with Ca/P ratios of
1.5, 1.55, 1.6 and 1.67 are shown in Fig. 2. It was
observed that they are essentially indistinguishable from
each other. Two major characteristic diffraction peaks
can be obtained for all the powdered samples: one near
20 of ~26° and the other broad one at ~32°. These
peaks are almost identical to those of stoichiometric
microcrystalline HA (sm-HA), but present much poorer
diffraction resolution compared to sm-HA, particularly
at 20 ~32°. This suggests that the synthetic powders are
apatite-like crystals and considered to be a CDHA
according to ICDD No. 9-432. This further reflects that

it is difficult to discern the differences between CDHA
powders with different Ca/P ratios from 1.5 to 1.67.

3.2. Powder morphology and nano-structure analysis

Fig. 3 shows the TEM bright-field (BF) image of the
precipitated CDHA powders with different Ca/P ratios
from 1.5 to 1.67. The powder morphology presents a
needle-like shape and the needle-like particles are easily
developed to form aggregates when higher concentra-
tion and fast mixing are applied during the solution
preparation [16-18]. The dimension of these CDHA
crystals in both radial (diameter) and axial (length)
directions is 5-10 nm in diameter and 40-50 nm in length
in terms of different Ca/P ratios. An axial zone in some
needle-like CDHA particles can be clearly observed in
the high-resolution TEM of Fig. 4. The lattice fringes
were seen predominantly in long needle-like crystallites
and parallel to (1 00) CDHA with a width of 0.82 nm. It
was suggested that the HA crystals tend to grow along
the [000 1] direction and the fastest growth direction
results in needle-like morphology [16]. Under TEM
analysis, it was found that the nano-size CDHA crystal
is susceptible to electronic beam bombardment that is
likely due to the conversion of hydrogen ions into
hydrogen gas and may lead to such a transformation or
shape change [16-17,19-20].

3.3. X-ray absorption analysis

In an attempt to interpret the difference between
CDHA nano-crystals with different Ca/P ratios, the
crystallographic viewpoint can be considered. If any
defects such as calcium vacancies exist in the structure of
CDHA and the same structure is maintained, the bond
length and bond angle should be rearranged within
localization positions. XAS can be employed to
correlate fine structure changes with variations in the
Ca/P ratios of calcium-deficient apatites because XAS,
including extended X-ray absorption fine structure
(EXAFS) and X-ray absorption near-edge structure
(XANES) is an element-specific local probe which is
sensitive to local structure change [21].

Fourier transforms (FT) of the k3-weighted Ca K-
edge EXAFS oscillation for CDHA nano-crystals with
different Ca/P ratios from 1.5 to 1.67 are shown in
Fig. 5(a), respectively. The peak height of the FT is
related to the backscattering of the photoelectrons by
the coordinated and damped atoms due to disorder in
the scattering shell. These spectra are almost indis-
tinguishable from each other, suggesting that they all
correspond to the same characteristic spectrum of the
stoichiometric HA. The main difference between the
spectra is the amplitude at the first peak around 0.25 nm
and magnified and illustrated in Fig. 5(b). It was known
that the first peak of the FT spectrum in the HA crystal
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Fig. 3. TEM micrographs of calcium-deficient apatites with different Ca/P ratios: (a) Ca/P=1.5, (b) Ca/P=1.55, (c) Ca/P=1.6 and (d) Ca/P=1.67.

corresponds to the first coordination sphere of six
oxygen atoms [22]. The variation in the FT amplitude
seems to indicate that the local structure change exists in
the first coordination shell with different Ca/P ratios.
According to the chemical formula of CDHA
[Cajg_(HPO4)(PO4)s_(OH),_,], the calcium vacan-
cies probably form localized short-range disorder in the
CDHA structure and therefore decrease the amplitude
in the FT spectrum. The degree of disorder increases
with the decrease of the Ca/P ratio from 1.67 to 1.5, but
the FT amplitude shown in Fig. 5 follows
1.67>1.5>1.6>1.55. It seems to imply that the concept
of structural disorder cannot fully elucidate the differ-
ence of FT amplitude. One possible explanation is
proposed to interpret the difference of FT amplitude in
the CDHA with different Ca/P ratios by combining the
concept of structure disorder with stoichiometry and
non-stoichiometry.

Based on the crystal chemistry, a non-stoichiometric
compound is defined to have the chemical formula
without a simple integer ratio of atoms and usually
exhibits a range of composition [23,24]. Following this
viewpoint, all the CDHA crystals in our study can be
categorized into two types: one type is stoichiometric
HA, Ca/P value of 1.67, and the other is non-
stoichiometric apatites with Ca/P ratios of 1.5, 1.55,
and 1.6. It should be pointed out that the apatite with
the Ca/P ratio of 1.5 is a special non-stoichiometric
apatite that was called apatite-tricalcium phosphate
(apatite-TCP) [25]. The apatite-TCP [Cay(PO4)s(OH)]

possesses the same Ca/P ratio (1.5) as TCP [Ca3(POy),],
but both have different a crystal structure and chemical
formula. The crystal structure of the apatite-TCP is
identified as similar to HA (apatite crystal structure) but
different from that of TCP (i.e., f-TCP is a rhombohe-
dral structure). Therefore, the FT amplitude of stoichio-
metric HA and apatite-TCP is higher than that of non-
stoichiometric apatites. This result seems to indicate that
the structure disorder plays an important role in the FT
amplitude.

Fig. 6(a) further illustrates the Ca K-edge XANES
spectra of CDHA with Ca/P ratios of 1.5, 1.55, 1.6 and
1.67. The shape of the XANES spectra and the edge
position of all the CDHA crystals are similar, suggesting
that the electronic configuration and site symmetry of
Ca atoms in these CDHA crystals are not significantly
different. A similar observation for Ca/P values of 1.55,
1.59 and 1.68 was also reported by Sugiyama et al., but
no detailed interpretation in the XANES spectra was
clarified in their studied [26-28].

There are two ways to interpret XANES spectra. One
is the fingerprint method in which the XANES of the
material of interest is compared with the XANES of
other materials of known structures to identify structur-
al similarities. The other method is to compare the
XANES of the materials of interest with the results of
molecular orbital density of state calculations since the
XANES spectrum is a reflection on the empty states
above the Fermi energy. Therefore, the fingerprint
method has been used in this study to interpret the
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A

Fig. 4. High-resolution TEM image of the needle-like CDHA nano-
crystals with (a) Ca/P=1.5 and (b) Ca/P=1.67.

XANES spectra of these CDHA crystals with Ca/P
ratios of 1.5, 1.55, 1.6 and 1.67.

The weak pre-peak A in Fig. 6(a) before the rising
absorption edge may be attributed to the 1s—3d
transition, being dipole forbidden (A/ = 2), resulting
from mixing of unoccupied d final states with p-
character final states. The shoulder peak B on the
rapidly rising absorption curve is assigned to the 1s—4s
transition and the principal peak C is assigned to the
allowed 1s—4p transition. The area around peak C is
magnified and illustrated in Fig. 6(b). It was observed
that the Ca K-edge of HA has a higher absorption
coefficient than that of other CDHA nano-crystals with
a Ca/P ratio less than 1.67. If the fluorescence mode is a

FT(x(®-K)

FT(x(K)-K)

(b)

Fig. 5. (a) FT of Ca K-edge EXAFS for CDHA nano-crystals with
different Ca/P ratios and (b) the magnified area around the peak of
0.25nm.

predominant factor, the absorption coefficient is depen-
dent on the concentration of absorbing atom and
higher concentration of the absorbing atom corresponds
to higher absorption coefficient. Although the concen-
tration of Ca atom per volume follows 1.67>1.6>
1.55> 1.5, the order of absorption coefficient is found to
be 1.67>1.5>1.6>1.55 in our results. It seems to imply
that the fluorescence mode is not a predominant factor
affecting the absorption coefficient. As discussed above,
the concept of stoichiometry and non-stoichiometry is
more appropriate for elucidating the difference of
absorption coefficient in the CDHA nano-crystals with
different Ca/P values.

3.4. Electron energy loss analysis

It has been demonstrated that the EELS is a powerful
instrument for analyzing the structural and chemical
environment of the nano-scaled region such as nano-
sized crystals or powders [29]. Therefore, this technique
was performed for all the CDHA nano-crystals with Ca/
P ratios from 1.5 to 1.67. Owing to the problem related
to the monochromating incident beam, the XAS studies
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Fig. 6. (a) XANES spectra near the Ca K-edge of calcium-deficient
apatites with different Ca/P ratios and (b) the magnified area around
peak C.

have concentrated on the calcium K-edge. On the other
hand, EELS is ideally suitable for measuring energy loss
below 2 keV and allows to perform the calcium L-edges.
After background substitution, the electron-energy loss
near-edge structure (ELNES) of Ca L,;-edge and L;-
edge for all the CDHA crystals are seen in the energy-
loss region, as illustrated in Fig. 7(a). The shape of Ca
L, ;-edge displays two split sharp lines (called white-
lines) since they were first observed in X-ray absorption
spectra on a photographic plate [30]. Following the
dipole selection rule, the L; and L, edge spectra
correspond to transitions of 2p*?—3d*?3d>? and
2p'? 5 3d%?2, respectively [31-35]. The L;-edge appear-
ing in the EELS spectrum indicates that the 4p orbitals
are not filled in the CDHA crystals. It was observed that
the ELNES for all the CDHA nano-crystals with Ca/P
values of 1.5, 1.55, 1.6 and 1.67 presents a similar feature
as shown in Fig. 7(a). It seems to imply that the
coordination of Ca atoms has the same charge state and
site symmetry.

The excitation counts of L, ;-edges with energy-loss
ranging from 340 to 360eV can be magnified and
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Fig. 7. (a) ELNES spectra near the Ca L, ;-edge of calcium-deficient
apatites with different Ca/P ratios and (b) the magnified energy-loss
range from 340 to 360eV.

shown in Fig. 7(b), revealing that the magnitude of
excitation count is 1.67>1.5>1.6>1.55. Furthermore,
the excitation count of Ca L,j-edge in the ELNES
exhibits the same trend like XANES of the Ca K-edge.
Consequently, the previous discussion of stoichiometry
and non-stoichiometry from XANES plays a more
important role in explaining the difference in excitation
counts of the CDHA crystals with different Ca/P ratios.
Therefore, the excitation counts of stoichiometric HA
and apatite-TCP is higher than that of non-stoichio-
metric apatites. When the structure disorder was also
considered, the excitation count of the stoichiometric
HA (Ca/P=1.67) is larger than that of apatite-TCP (Ca/
P=1.5) but for the non-stoichiometric apatites, the
CDHA with 1.6 shows a higher excitation count than
that with 1.55.

Based on the above discussion, it is found that
different chemical and biological properties between
CDHA and HA can be further distinguished and
clarified by structure analysis with EXAFS, XANES
and EELS even though their XRD patterns appear
undistinguished.
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4. Conclusion

The synthesis of single-phased needle-like CDHA
nano-crystals with Ca/P ratios from 1.5 to 1.67 can be
performed by a simple coprecipitation method with a
good reproducibility. The amplitude of FT in the
EXAFS spectra indicates that the structural disorder
increases following the sequence of 1.67>1.5>
1.6>1.55, implying that stoichiometry and non-stoi-
chiometry plays a more important role than the
structural order—disorder. This may suggest that differ-
ent biochemical properties between Ca/P=1.5 and 1.67
is mostly due to the effect of stoichiometry and non-
stoichiometry.
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