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Phase development and structural
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room temperature in water-methanol mixtures
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Calcium phosphate ceramics (CPCs) were prepared via an in-situ formation in the presence
of polyacrylic acid (PAA) polymer under water-methanol (WM) mixture at room
temperature. The PAA polymer was employed as both structure-directing agent and
crystallization retardant to manipulate the development of resulting CPCs nano-crystallites
which are observed to show a core-shell configuration with a thin layer of PAA molecules.
A resulting phase evolution map with respect to the developing phases of calcium-deficient
hydroxyapatite (CDHA), g-tricalcium phosphate (8-TCP), and an intermediate amorphous
calcium phoshate (ACP) that were structurally and spectroscopically identified, was
constructed in terms of fractions of water-to-methanol proportions and concentration of
PAA. It is found that for the solutions in both water-rich and methanol-rich regions, pure
CDHA and B-TCP instead of intermediate ACP phase can be developed irrespective of the
concentration of PAA, respectively. For conditions in between, i.e., with methanol fractions
of 15%—-90%, ACP appeared only when the PAA fell in a limited concentration range.
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1. Introduction

Calcium phosphate ceramics (CPCs) have long been re-
ceived a great deal of attention as prime candidates for a
number of biomedical applications such as orthopedics,
dentistry and drug delivery, simply because they exhibit
considerably improved biological affinity and activity,
compared to currently existing synthetic materials, to
surrounding host tissues when implanted. Among those
CPCs, particular attention has been placed to hydrox-
yapatite Cajo(PO4)s(OH), (HA) and beta-tricalcium
phosphate B8-Caz(PO4), (B-TCP) due to their out-
standing biological responses to physiological environ-
ments [1]. On the other hand, the calcium-deficient ap-
atites [Cajg_,(PO4)s—(HPO4),(OH)_,, 0 < x < 1,
CDHA] are of greater biological interest than both
HA and B-TCP because of chemically and structurally
closer to natural bones [2].

Natural biomaterials exhibit nanostructured with a
needle-like or rod-like shape well arranged within
the polymeric matrix, e.g., collagen, to form natural
bone. Most critically, biomaterials exhibit excellent
metabolic activity even when subject to subtle environ-
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mental changes, compared to those synthetic biomate-
rials [1]. Recently, it is more advanced to use different
methodologies to form nano-crystal-contained com-
posites (or termed nanocomposites) at ambient temper-
ature, for a variety of biomedical applications [3-5].
Among those existing methodologies, in-situ forma-
tion of the nanocomposites by forming the nano-CPCs
crystals in the presence of polymers is one of most
attractive routes, since it avoids extensive particle ag-
glomeration if a mechanical mixing between nanopow-
der and selected polymer was adapted. Although the
in-situ formation of the HA-polymer nanocomposites
in water has been described in the literature [3-5], no
detailed nanostructure and phase evolution were an-
alyzed. Furthermore, in-situ formation CPCs-polymer
nanocomposites in the water-alcohol mixtures has been
never systematically studied and reported in view of the
literature.

Water-alcohol mixtures have frequently been con-
sidered as interesting media due to their anomalous
behavior in terms of such as a spectrum of viscosity-
composition profile and negatively relative partial
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volume, and this is often explained in terms of competi-
tion between different hydration effects. Of the aqueous
alcohols, methanol has been the most thoroughly stud-
ied because it has a very signification effect on water
structure due to hydrophobic hydration effects. Thus it
is plausible to expect that it may change in solvent struc-
ture [6]. In an attempt to understand the hydrophobic ef-
fect on the synthesis of CPCs [7], Lerner et al. reported
that different crystalline degree of HA powders, from
amorphous to well-crystallized structure, can be syn-
thesized with various ethanol/water ratios [8]. However,
the role of polymer addition in the phase evolution of
CPCs has not been investigated in the water-methanol
mixtures.

In the integral part of whole project to be eluci-
dated in this present, we focus on the in-situ syn-
thesis of composite-type nanocrystal calcium phos-
phate bioceramics, instead of pure inorganic crystals
as frequently reported, in water-methanol mixtures at
ambient temperature. The phase evolution and mi-
crostructure analysis will be also studied to clarify the
importance of polyacrylic acid (PAA) addition in the
nanocomposites.

2. Experimental procedure

The starting materials used in this investigation are
analytical-grade (CH3COO),Ca-xH,0 (99%, Aldrich
Chemical company, Inc., USA) which is used as
the Ca source, and H3PO4 (85%, Riedel-deHaen,
Seelze, Germany) as the P source. After dissolving
0.015 mole (CH3COO),Ca-xH,O in different deion-
ized water/anhydrous methanol (Merck) volume ratio,
Poly (acrylic acid) (Mw 2000) (PAA, Aldrich Chem-
ical company, Inc., USA) was added to the solution
and adjusted the solution to the pH value of 9 using
5 M NaOH solution. Phosphoric acid (0.01 mole) was
then dropped into the above solution and at the same
time, the sodium hydroxide solution was used to keep
the solution at pre-determined pH value throughout the
entire synthesis process. All the procedures were pro-
cessed at room temperature (25 °C) and following an
ageing time period of 16 h. After filtering and washing
with deionized water several times, white precipitated
powder, having a Ca/P ratio of 1.5 as spectroscopically
determined, was finally obtained after drying overnight
at 80°C.

X-ray diffractometry (M18XHF, MAC Science,
Tokyo, Japan) was used for identifying the crystalline
phase of the synthesized compounds at a 4° 26/min
from 20 to 60 °. Fourier transform Infrared ray (FT-IR)
spectra were performed using KBr pellets (2 mg per
300 mg KBr) on a spectrometer (Model 580, Perkin-
Elmer) with a resolution of 4.00 cm~!. Infrared spectra
were recorded in the range of 4000-400 cm™! to eval-
uate the molecular structure and phase clarification of
the resulting powders.

The powder sample was ultrasonically dispersed
in acetone to form very dilute suspensions and a
few droplets were then dropped on copper grids
with carbon film coated. Microstructure observa-
tions were performed in Philips Tecnai 20 (Hol-
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land, The Nertherlands) microscope operating at
200 keV.

3. Results and discussion

3.1. Phase identification and evolution

The XRD patterns in Fig. 1 show a poorly-crystalline
calcium-deficient apatite (CDHA) phase according to
ICDD No. 9-432 as the synthetic CPCs powders with
different concentrations of PAA were formed in pure
water. Furthermore, it is interesting to note that with
increasing PAA concentration, the diffraction intensity
decreases, revealing that the crystallization of apatitic
crystals was highly retarded in the presence of PAA
[5].

Fig. 2 shows the XRD patterns of the synthetic pow-
ders in the 50-50% water-methanol (WM) solution
at different PAA concentrations. It was observed that
when the PAA concentration is less than 0.01 wt% or
more than 0.1 wt%, the synthetic powders were identi-
fied as the CDHA phase. However, as the added PAA
concentration is in the range of 0.01-0.1 wt%, a broad
peak as calibrated by external standard of Si powder
was found near 31° instead of 32° (a characteristic
reflection position of stoichiometry HA). Similar peak
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Figure 1 X-ray diffraction patterns of the calcium phosphate powders
with different PAA concentrations in pure water.
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Figure 2 X-ray diffraction patterns of the calcium phosphate pow-
ders with different PAA concentrations in the 50-50% water-methanol
mixture.
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Figure 3 X-ray diffraction patterns of the calcium phosphate powders
with different PAA concentrations in pure methanol.

was also observed by Lerner et al. and considered as
an amorphous phase Caz(PO4),-xH,0 in the water-
ethanol mixtures [8].

If pure anhydrous methanol was used as solvent to
study the phase evolution of the resulting CPCs crys-
tals, Fig. 3 shows that with different PAA concentra-
tions, the resulting crystalline phase can be identified
as B-tricalcium phosphate (8-TCP) according to ICDD
No. 9-169. Furthermore, the diffraction intensity of the
B-TCP decreases with an increase of PAA concentra-
tion in anhydrous methanol, which is similar to that of
Fig. 1 in pure water.

In order to identify the molecular arrangement of the
precipitate powders, Fourier Transform Infrared Ray
(FT-IR) analysis was performed. Fig. 4 illustrates that
the FT-IR spectra of CDHA, ACP and B-TCP pow-
ders. It was observed that no apparent differences in
the absorption peaks among CDHA, -TCP and ACP
can be detected. It clearly shows the presence of two
characteristic v4 PO4 bands at around 563 cm~! and
600 cm™', and v3 PO, band in the range of 1100—
1000 cm™! in all the cases, which are characteristic
of molecular structure in the apatitic lattice [9]. The
presence of bands at 1115, 1096, 1007 and 944 cm~!
can be assigned to groups of S-TCP [10]. The bands in
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Figure 4 FT-IR spectra of the CDHA, ACP and B-TCP powders.

the range of 1750 cm~! —1450 cm~! are assigned to
the characteristic absorption peaks of PAA molecules.
Those aforementioned absorption peaks indicate that
the powders prepared in this study were virtually a mix-
ture of CDHA or B-TCP crystals together with PAA.
These broad, featureless POi_ stretching and bending
modes (v3 and v4 bands) between 1092—1040 cm ™" and
462-474 cm~! also suggest that the resulting crystals
exhibit amorphous structure, in agreement with XRD
results. The splitting of the degenerate POi_ v3 and
v4 bands at 462—474 cm~! and 1092-1040 cm~! grad-
ually appears in the CDHA and B-TCP crystal. This
observation appears to be a result of site-symmetry
splitting of the degenerate modes as the environment
of the POZ_ groups becomes more structurally [8, 11].
Molecular and adsorbed water bands are also discerned
at 1640 cm~! and 3400 cm~!. Furthermore, compari-
son of the FT-IR spectra of ACP with CDHA and B-
TCP demonstrates that ACP contains a higher amount
of water at 3400 cm™!. It seems to indicate that there
are numerous hydroxyl group molecules in the ACP
structure in the WM mixtures.

3.2. Phase evolution map

The PAA concentration on the phase formation of the
synthetic powders with various WM ratios investigated
in this work is summarized in Fig. 5. It seems to re-
veal that the presence of methanol does influence the
phase evolution of CDHA over a wide range of concen-
tration from 15 to 100%. The map of phase evolution
can generally be interpreted from the following three
aspects: (1) pure water, (2) pure methanol and (3) water-
methanol mixture.

3.2.1. Pure water

In previous study, the CDHA can be easily obtained
in pure water with or without the presence of PAA [5,
9]. It is concluded from the current and previous work
that the role of polyelectrolyte, PAA, is likely identi-
cal regardless of the molecular weight on phase evo-
lution in pure water. Accordingly, an increase in the
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Figure 5 Phase evolution map of the calcium phosphate powders with
various WM ratios and PAA concentrations.
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PAA concentration indicates an increase in amount of
dissociated PAA anions, i.e., carboxylic ion (COO)~,
in water that may be described as Equation 1 [3-5, 12,
13].

PAA < PAA(COO)™ +H™" (1)

Since the solutions remain optically clear after Ca ions
were mixed with PAA polymer solution and no sign
of precipitate or visible colloidal complex can be op-
tically detected, a further association of PAA(COO)~
and Ca™™ results in a Ca-PAA(COOQ) complex can be
described by Equation 2.

PAA(COO)™ + Ca’t < PAA(COO)Ca™ (2

As reported in the literature [3], a Ca-PAA(COO) com-
plex was rapidly formed in aqueous solution which in-
hibits further reaction between available Ca ions and
phosphate ions to form crystalline apatite. Therefore,
the nucleation and growth of the CDHA crystals will be
retarded and CDHA can be only observed in the studied
range. However, the crystallinity of CDHA is getting
poor with increasing PAA concentration.

3.2.2. Pure methanol

Fig. 6 illustrates the XRD patterns of the CPC syn-
thesized in methanol containing 0.01 wt% PAA. The
developing crystals evolve with a phase change from
CaHPO,4, ACP1 (Cag(PO4)s-like structure), ACP2
(TCP-like structure) to B-TCP with increasing time
of aging in the solution as reported in our previously
results [11]. The B-TCP will finally become a stable
phase at the end of synthesis. Furthermore, it is ascer-
tained that the resulting powders are virtually a mixture
of inorganic B-TCP crystals and organic PAA in the
pure methanol, as evidenced from the FT-IR analysis
depicted in Fig. 4. It seems to imply that an interac-
tion exists between PAA molecules and methanol. The
PAA molecules can be dissolved in methanol termed
as alcoholyzation. In contrast to pure water, the vis-
ible colloidal complex appears in the solutions and
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Figure 6 X-ray diffraction patterns for the phase development of cal-

cium phosphate powders with aging time in methanol containing 0.01
wt% PAA.
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can be visually detected after the Ca-methanol solu-
tion was mixed with the PAA-methanol solution. The
interaction between PAA molecules and Ca ions re-
sults in an amorphous Ca-PAA complex that further
suppresses the desired reaction between Ca and P to
form crystalline phase such as §-TCP, and this is evi-
denced with the XRD results (Fig. 3). Therefore, it can
be concluded that the PAA polymer is likely to play
the same role in retarding the nucleation and growth
of the corresponding crystals in methanol as well as in
water.

3.2.3. Water-methanol mixtures

According to above discussion, PAA polymer plays the
same role in retarding the nucleation and growth of
crystalline particles such as CDHA or §-TCP in both
water and methanol. However, in water-methanol mix-
tures, a greater tendency of the formation of ACP phase
is observed over a certain range PAA concentration
with methanol fractions ranging from 15 to 90%. It
seems to imply that some interactions exist between
water and methanol where exerts higher interference on
phase evolution than the PAA effect alone. In the litera-
ture, it has been reported that the hydrophobic hydration
structure such as clathrate-like cage will be constructed
around the alcohol group in the water-alcohol mixtures
[8, 14, 15]. By applying the same concept in this work,
if this hydrophobic hydration structure does exist in
the water-alcohol mixtures, it will retard the nucleation
of crystalline phase. At low fractions of methanol, e.g.
25%, the hydrophobic hydration causes strong hydra-
tion sphere around Ca ions and it becomes difficult to
overcome the energy barrier of dehydration to form the
stable crystalline phase. Furthermore, the dissolution
rate of PAA in methanol is faster than that in water (as
experimentally observed) and thus, this hydrophobic
hydration structure may sustain even at a low PAA con-
centration. However, with higher PAA concentration,
the effect of hydrophobic hydration in the WM solution
becomes smaller. Consequently, the ACP was formed
when the added PAA concentration is lying between
0.005 and 0.01 wt% at a low fraction of methanol. With
further increasing methanol up to 50%, most of the PAA
molecules tend to react with methanol. Therefore, the
hydrophobic hydration structure was constructed again
for PAA concentration between 0.005 and 0.1 wt%, and
thus, ACP was formed. On the other hand, for PAA con-
centration <0.005 wt%, the CDHA crystals can be eas-
ily developed because the retardation of PAA molecules
on the nucleation and growth of CDHA crystals is re-
duced. However, for PAA concentration >0.1 wt%,
the CDHA was formed again because of no available
methanol molecules present to form hydrophobic hy-
dration structure. Therefore, the CDHA crystals with
different aspect ratio can be developed from the differ-
ent PAA regions (not shown here). If further increasing
methanol over 75%, the hydrophobic hydration struc-
ture becomes unstable and tends to be broken down.
Therefore, it is difficult to form ACP structure in the
media with small fraction of water. As shown in Fig. 5,
when 90% methanol was used, only CDHA phase was
detected and the ACP phase then disappeared.



3.3. Phase morphology and analysis

Fig. 7(a) and (b) shows the TEM bright-field (BF) im-
age of the synthetic CDHA powders in pure water with
PAA concentrations of 0.01 and 1 wt%, respectively.
With PAA concentration of 0.01 wt%, the CDHA crys-
tal has dimensions of 2-5 nm in diameter and 50-70 nm
in length. Furthermore, the needle-shape CDHA was
surrounding with a thin amorphous layer as shown in
the inset of Fig. 7(a) to form core-shell structure. How-
ever, as increasing PAA concentration to 1 wt%, the
CDHA morphology changes from needle-like shape to
spherical shape with 40 nm in diameter. The spherical
CDHA nanocrystals, marked with arrows, were sur-
rounded in the PAA matrix. It seems to imply that the
PAA molecular suppresses the CDHA growth direc-
tion and modifies its shape from needle to sphere if the
added PAA concentration is more than 1 wt% in the
solution.

Figure 7 TEM bright-field (BF) image of CDHA in pure water: (a)
0.01 wt% PAA and (b) 1 wt% PAA.

(b)

Figure 8 High resolution TEM image of ACP.

Two different microstructures of ACP were observed
in this investigation. One is composed of agglomerates
with the primary particles of 2-5 nm in diameter as
marked with the arrows (Fig. 8(a)), and the other is a
continuous random network structure (Fig. 8(b)). How-
ever, with these structures, it shows a higher specific
surface area and the hydroxyl group is easily trapped
on the surface of ACP as demonstrated by FT-IR spec-
tra. It seems to reveal that adsorbed alcohol molecules
stabilize ACP although the ACP, precipitated in aque-
ous slurries, becomes spontaneously to transform into
poorly HA [16]. As reported in the literature, the struc-
ture of ACP presents the form of either Cag(PO4)¢-H,O
clusters [17, 18] or Ca3(POy4)-H,0, i.e., (TCP)-like [8,
19-21] with bound water.

The TEM micrographs of 8-TCP obtained in pure
methanol are shown in Fig. 9. It clearly reveals that
the dimension of the spherical S-TCP crystal is near
50 nm in diameter (Fig. 9(a)). Furthermore, a high-
resolution image of B-TCP oriented along [ —1 0]
zone -axis in Fig. 9(b) clearly displays the regular lattice
array. Beside the lattice array region, a thin amorphous
region with thickness of about 5-10 nm surrounding
the B-TCP crystals was observed. It was believed that
the amorphous layer is the PAA, which encapsulates the
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Figure 9 TEM micrographs of 8-TCP: (a) low magnification image and
(b) lattice image along [1 —1 0] zone-axis.

nano-crystals by either physical or chemical interaction
during synthesis to form a core-shell nanostructured
composite.

The amount of water plays an important role on the
phase development of calcium phosphate ceramics in
the water-methanol mixtures. In other words, as water
contained below 10%, ACP easily transforms into 8-
TCP because of similar crystal structure. On the other
hand, above 10% fractional water, both CDHA and ACP
phases can be produced as a result of hydrolysis, but
the formed phase depends on the fractional methanol
and PAA concentrations.

4, Conclusion

In-situ formation of calcium-deficient apatitic
(CDHA), amorphous calcium phosphate (ACP) and
B-tricalcium phosphate (8-TCP) nanocrystals with
a core-shell composite structure were synthesized in
the presence of low-molecular-weight poly(acrylic
acid) (PAA) and water-methanol (WM) mixtures. The
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CDHA and B-TCP phases can be well developed in
pure water and methanol environment, respectively.
However, the crystallinity of both the CDHA and
B-TCP decreases with increasing PAA concentrations,
indicating the retarding effect of the-PAA molecules on
crystal growth. On the other hand, in water-methanol
mixtures, low fractional methanol favors the formation
of ACP phase at low PAA concentrations, and remains
structurally stable with increasing concentration
of both methanol and PAA. With more than 50%
methanol used, especially between 75 and 90%, the
ACP seems hard to develop instead, the CDHA is
easily formed particularly with the mixtures of higher
fractions of methanol.
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