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Abstract

Two alternative methods to prepare organically modified porous hydroxyapatites following a ““one pot’ approach were compared.
The partial substitution of inorganic phosphates by alkylphosphonates leads to mesoporous materials with high specific surface area
(>200m?g~"). The incorporation of the organic moieties within the hydroxyapatite structure is confirmed by Infra-red and solid-state
NMR spectroscopy and depends on the nature of the alkyl chain. However, it induces a significant loss of the material crystallinity. In
contrast, the introduction of citrate, a calcium-chelating agent, to the precursor solution does not improve the material specific surface
area but allows a better control of the hydroxyapatite structure, both in terms of crystallinity and pore size distribution.

© 2008 Published by Elsevier Inc.
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1. Introduction

The elaboration of porous hydroxyapatite Ca;o(POy4)s
(OH), (HAp) is highly desirable to design biomaterials,
adsorbents or catalysts [1-8]. In the case of bone repair
materials, a macroporous network with inter-connected
cavities is often necessary to ensure osteogenic cells
colonization of the HAp implant. In contrast, adsorption
of pollutants or toxic ions is favored for materials
presenting 2—-50 nm pores and a high specific surface area,
i.e. mesoporous materials. In addition, the crystallinity and
surface chemistry of HAp have a large influence on its
adsorption properties [9—12].

Different structure and surface properties of synthetic
HAp can be obtained by varying the method and
conditions of HAp formation [13—-16]. The nature of the

*Corresponding author at: UPMC Univ Paris 06, UMR 7574, Chimie
de la Matiére Condensée de Paris, F-75005 Paris, France.
Fax: +33144274769.
E-mail address: Thibaud.Coradin@courriel.upme.fr (T. Coradin).

0022-4596/$ - see front matter © 2008 Published by Elsevier Inc.
doi:10.1016/j.jssc.2008.01.030

calcium (calcium nitrate, hydrated lime, calcium alkoxides)
and phosphate (phosphoric acid, ammonium phosphate,
phosphorus alkoxide) precursors, the reaction pH and
temperature as the presence of an additional solvent are
key parameters for the control of the material porosity
[14,17]. In parallel the modification of the surface proper-
ties of pre-formed HAp materials was widely studied,
including pyrophosphoric acid, alkyl phosphates, bis-
phosphonates [18-21] and long-chain carboxylic acids
[22-25].

In contrast to these post-grafting approaches, very few
studies have been devoted to the “one pot” grafting of
organic functions within HAp materials [26,27]. In such
procedures, part of the inorganic phosphate precursor is
replaced by an organophosphate molecule. These ap-
proaches not only allow the homogeneous grafting of the
organic function over the whole material volume but,
because the organophosphates can inhibit the growth of
calcium phosphate particles, they significantly modify the
HAp porous structure. Another possibility to perform
simultaneous surface functionalization and structure
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control is to use calcium-chelating agents. In this context,
several groups studied the influence of citric acid on HAp
precipitation demonstrating that the organic ligand con-
trols the calcium phosphate particle size and crystallinity,
and is present in the final material [28,29]. However, no
detailed information on the HAp porous structure is
available so far.

With the aim of comparing these two approaches, we
have prepared and characterized organically modified
mesoporous HAps formed in the presence of organopho-
sphate grafting agents (methyl- and terbutylphosphonic
acids) and by addition of a calcium-chelating ligand (citric
acid).

2. Experimental
2.1. Material preparation

The pure HAp was prepared by a modified chemical wet
method previously reported [13]: 1.67 mol of Ca(OH), and
1 mol of NH4H,POy, corresponding to the HAp stoichio-
metric ratio of Ca/P = 1.67, were independently dissolved
in deionized water at room temperature. The phosphorus-
containing solution was quickly added to the calcium
solution and the mixture stirred for 1h at 25 °C. The final
suspensions were aged for 48h at room temperature,
filtered and thoroughly washed with deionized water. The
recovered precipitate was dried overnight at 100 °C in an
oven.

Grafted HAp (MPOH/TPOH-HAp) were obtained
following a similar procedure except for the phosphorus-
containing solutions that were prepared by mixing (1—x)
moles of NH4H,PO,4 with x mol (x = 0.05, 0.1 and 0.2) of
methylphosphonic acid CH;PO(OH), (MPOH) or terbu-
tylphosphonic acid (CH3);CPO(OH), (TPOH).

Citrate-modified HAp (c-HAp) was obtained following a
similar procedure as for pure HAp except for the calcium-
containing solutions that were prepared by adding 0.25 mol
of citric acid to the Ca(OH), solution.

2.2. Characterization techniques

The resulting solids were characterized using X-ray
powder diffraction (XRD) (Philips PW131 diffractometer,
CuKua radiation). Infra-red spectra were recorded with a
2cm™! resolution on a Bruker IFS 66v FT-IR spectro-
photometer using KBr pellets. Nitrogen sorption isotherms
were recorded at 77 K using a Micromeretics ASAP 2010
instrument. The specific surface areas (Sggr) and C
constant were calculated according to the Brunauer—
Emmet-Teller (BET) method, using a value of 16.2 A2
for the cross-section area of nitrogen. The porous volume
(Vp) and pore size (D)) distribution were estimated
using the Barret—Joyner—Halenda (BJH) approximation.
When possible, the microporous volume was evaluated
using the o-plot method, using a LiChrospher Si-1000
reference. Chemical analyses were performed by AES-ICP

(for Ca and P) and by the CNRS micro-analysis center
(for C and H).

Grafted HAps were also investigated using *'P and '*C
magic angle spinning (MAS) nuclear magnetic resonance
(NMR). MAS NMR spectra were recorded on a Bruker
Avance 300 (7T) spectrometer operating at 121.5 and
75.7MHz for *'P and '*C, respectively. *'P spectra were
acquired on a 4mm diameter probe with a MAS rate of
14kHz. Cross polarization (CP) was used with 3s of
relaxation delay and 2 ms of contact time. '*C spectra were
acquired on a 7mm diameter probe with a MAS rate of
S5kHz. CP was used with 1s of relaxation delay and 3 ms of
contact time. *'P and '*C chemical shift are referenced to
H;PO4 85% and tetrametylsilane, respectively.

Scanning electron microscopy was performed on gold-
coated samples using a Cambridge Stereoscan 120 instru-
ment at an accelerating voltage of 10kV.

3. Results and discussion
3.1. Phosphonic acid-grafted apatites

X-ray powder diffraction analysis of HAp samples
obtained in the presence of MOPH and TPOH after
heating at 100°C overnight are shown in Fig. 1 and
compared with the pure HAp sample. For MPOH, all
samples exhibit the typical diffraction peaks of the apatite
structure including 20 = 26° (002), 31° (211) and 33° (300),
with a similar poor crystallinity, as indicated by the broad
half-peak width (Fig. 1). In contrast, a loss of sample
crystallinity with increasing amount of TPOH is observed.

Infra-red spectra of these samples display the vibration
mode of PO, and OH groups (Fig. 2). The vibrations
characteristic of the PO, groups are seen at 1090, 1030,
962, 603 and 565cm~" for pure and organically modified
HAp. The fine peaks found at 3560 and 630cm™'
corresponding to the OH group of the crystalline apatite
structure that are clearly visible for the HAp powder are

c-HAp
A l J h " ﬁ 20%TPOH

10%TPOH

20%MPOH

10%MPOH

Fig. 1. X-ray diffraction patterns of pure, phosphonic acid-grafted and
citrate-modified apatites.
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Fig. 2. Infra-red spectra of pure, 20% phosphonic acid-grafted and
citrate-modified apatites.

absent from the 20% MPOH/TPOH-HAp samples. In
parallel, the broad vibration band at 3500cm™' and the
band at 1610cm ™", corresponding, respectively, to the OH
stretching mode of adsorbed water and the deformation
band of water molecule, indicate the high hydration state
of recovered powders. Additionally, vibration bands
attributed to carboxylates and carbonate groups are
observed at 1460, 1430 and 875cm~'. The presence of
the organic groups could be detected by the C—H vibration
bands of MPOH, and more significantly TPOH, at
29002800 cm ™.

The results of chemical analysis and TGA are gathered
on Table 1. The Ca/P ratio are slightly lower than the 1.60
value found for the pure HAp, except for the 20% TPOH-
HAp sample, where a Ca/P = 1.54 ratio is found. As
expected, the carbon and hydrogen content are seen to
increase with the amount of incorporated alkylphospho-
nate species. This result is confirmed by TGA analysis (not
shown) where the weight loss in the 350-700 °C tempera-
ture domain, corresponding to organic matter degradation,
is also observed to increase with MPOH and TPOH initial
content. However, whereas the initial ratio of carbon
atoms for MPOH over TPOH is 4, the carbon contents
found for 20% MPOH and 20% TPOH lead to a carbon
ratio <3 within the HAp material, indicating a more
limited incorporation of the terbutylphosphonate when
compared to the methylphosphonate. A more careful
examination of the material composition was performed
after calculation of C/Ca and C/P molar ratio (Table 1).
Neglecting carbonates and atmospheric carbon pollution,
it is found that the TPOH/P molar ratio is similar in the
initial solution and final material whereas the MPOH/P
ratio in the material is twice as high as in the precursor
solution. This suggests that, in the latter case, the
phosphonic acid incorporation occurred at the detriment

Table 1
Chemical composition of pure, phosphonic acid-grafted and citrate-
modified apatites

Samples Ca/P % C % H C/Ca CP Am (%)
HAp 1.60 0.13 1.25 0.01 0.02 <1
10% MPOH 1.60 1.27 1.74 0.11 0.19 1.5
20% MPOH 1.58 2.17 2.02 0.21 0.34 2.0
10% TPOH 1.59 2.93 2.07 0.26 0.41 3.5
20% TPOH 1.54 5.86 2.25 0.60 0.89 5.5
c-HAp 1.61 4.7 - 0.44 0.70 7.0

The calcium-to-phosphorus ratios (Ca/P) were obtained from ICP-AES
data, the carbon (%C) and hydrogen (%H) contents from microanalysis
and the weight loss in the 350-700 °C temperature domain (Am) from
TGA. Carbon-to-calcium (C/Ca) and carbon-to-phosphorus (C/P) molar
ratios were obtained from calculation.

of inorganic phosphates. Although this hypothesis requires
further analysis to be confirmed, it appears in good
agreement with literature data indicating specific interac-
tions between Ca®" and MPOH [32].

The presence of organics within the apatite structure is
also checked by '*C MAS NMR (Fig. 3(b)). All samples
contain carbonate groups (156 ppm), in agreement with IR
data. The 10% MPOH-HAp material shows an additional
resonance at 13 ppm corresponding to the C atom of the
CHj; group of methylphosphonic acid. In the presence of
TPOH, resonances are observed between 25 and 30 ppm
corresponding to the carbon atoms of the terbutyl group.
In order to get more information on the nature of
organophosphate environment within the apatite structure,
the samples were investigated using *'P MAS NMR. The
3'P MAS NMR spectra of pure HAp and 10% MPOH/
TPOH-HAp materials are shown in Fig. 3(a). The pure
apatite sample shows a unique peak at 2.5 ppm, in good
agreement with previous data [13,30,31]. In the presence of
MPOH, two additional bands are found at ca. 25 and
31 ppm whereas a weak broad signal in the 25-45ppm
range observed for TPOH. As MPOH and TPOH both
show a unique resonance at ca. 25 ppm in solution [33],
these data indicate that part of the organophosphates is
weakly adsorbed on the apatite surface. The appearance of
additional signals down-field shifted by ca. 6-10ppm
suggest the existence of stronger interactions. However, it
is worth noticing that the post-grafting of phosphonic acid
on HAp surface usually leads to an up-field shift of the *>'P
signal [34]. However, the here-observed reverse effect was
previously reported for MPOH in solution in the presence
of Ca®* [32], suggesting that the “one pot” approach
developed here allows a more intimate mixing of the
organophosphonates with the apatite precursors. It is
worth noting that these NMR data alone do not allow to
fully ascertain the incorporation of phosphonic acid in the
apatite structure, this assumption is supported by the fact
that no other phase are observed on the XRD pattern. In
addition, SEM images of the different materials indicate
that they have a homogenous structure (Fig. 4), another
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argument against a possible precipitation of a phase-
separated phosphonic acid calcium salt.

The porous structure of the materials was investigated by
nitrogen sorption. Corresponding isotherms are shown on
Fig. 5. All materials exhibit similar type IV isotherms

a
10%TPOH
10%MPOH
HAp
f T T T 1
100 50 0 -50 -100
%'p chemical shift (ppm)
b
10%TPOH
_A J ‘ 10%MPOH
HAp
I T T T T 1
200 150 100 50 0 -50

B¢ chemical shift (ppm)

Fig. 3. 3P MAS NMR (a) and '>C MAS NMR (b) spectra of pure and
10% phosphonic acid-grafted apatites.

typical of mesoporous materials. However, it worth noting
that for all grafted materials, the (P/P,), relative pressure,
corresponding to the onset of the hysteresis, is shifted to
lower values when compared to the pure HAp sample.
Remarkably, a shift from (P/Py), =0.65 for HAp to
(P/Py)p, = 0.45 is observed for 10% TPOH and remain un-
modified for 20% TPOH whereas a progressive decrease in
(P/Py), 1s observed in the presence of MPOH from a 0.60
value for 10% MPOH to 0.45 for 20% MPOH. These
observations suggest that incorporation of organopho-
sphates can efficiently modulate the average size of the
mesopores. This is confirmed by the calculated Sggr,
V, and average D, gathered in Table 2. All grafted
samples have a similar specific surface area Sggr of ca.
240-250m*g~", significantly higher than the pure HAp
sample (Sgpr = 140m? g~ "). In the presence of TPOH, the
porous volume progressively increases from V,=
0.42cm*g~! for HAp to 0.51cm®g™!' for 10% TPOH-
HAp and 0.59cm’g™! for 20% TPOH-HAp. The calcu-
lated pore size distribution (Fig. 6) indicates that the pure
HAp exhibit a pore population distributed around a
maximum diameter value of ca. 80A whereas, in the
presence of 10% TPOH, a narrow population centered at
ca.35A appears together with a broad population of larger
pores. This results in a significant decrease of the average
pore size, from D, = 120 A for HAp to D, = 80 A for 10%
TPOH-HAp. With 20% TPOH, a similar distribution
profile is observed but the broad population is now shifted
to larger pore size, resulting in an increase of the average
pore size to ca. 100 A. For 10% MPOH, the porous volume
is significantly higher than for the pure HAp
(Vp=0.73 em®g™!) but the pore size distribution and
average pore size D, =110A are very similar to the
reference sample. In contrast, as already suggested by
isotherm profiles, the 20% MPOH sample porous structure
is very similar to the TPOH-containing samples, in terms of
pore size distribution, average pore size D, = 90 A and
porous volume V, = 0.55 em’g™!.

Calculation of the C constant of the BET equation
indicates a significant decrease of the surface adsorption
energy from the pure HAp to the organically modified
apatites and a limited decrease with grafting amount
and number of carbons of the phosphonic acid molecule
(Table 2). This is in good agreement with the increased
hydrophobicity of these surfaces with organic modification.
In addition, analysis of the microporosity of the samples

Fig. 4. SEM micrographs of (a) pure, (b) 10% MPOH-grafted and (c) 10% TPOH-grafted apatites (scale bar = 10 um).



852 L. El-Hammari et al. | Journal of Solid State Chemistry 181 (2008) 848-854

c-HAp

20%TPOH

10%TPOH _

20%MPOH

Adsorbed volume (arb. units)

10%MPOH

T T T T 1
0 g.2 0.4 0.6
PP,

Fig. 5. Ny-sorption isotherms of pure, phosphonic acid-grafted and
citrate-modified apatites. Upwards and downwards arrows are for
adsorption and desorption data, respectively.

Table 2
Porous characteristics of pure, phosphonic acid-grafted and citrate-
modified apatites

Samples Sper (m*g™) ¥V, (em’g™) D, (A) C (P/Po)n
HAp 140 0.42 120 130 0.65
10% MPOH 255 0.73 110 45 0.60
20% MPOH 255 0.55 90 40 045
10% TPOH 240 0.51 80 30 045
20% TPOH 240 0.59 100 25 045
c-HAp 155 0.18 60 80 0.65

Specific surface area (Sggt), porous volume (V},), average pore size (Dp),C
constant and relative pressure at the onset of hysteresis ((P/Py),) were
calculated from the N,-sorption isotherms.

was performed using the o-plot approach using a hydro-
philic macroporous silica reference. A limited microporous
volume (~0.01cm’®g™") was found for HAp whereas a
more significant value was calculated for 10% MPOH
(~0.11cm®g ™). In the latter case, the BET method leads
to an over-estimation of the specific surface area that was
recalculated to be ca. 205m”g~'. For the other samples,
the obtained a-values could not be interpreted, due to the
hydrophobic nature of the surfaces, but the shape of the

a
0.008
0.007 B HAp
A 10%MPOH
0.006 | ® 20%MPOH

10 100 1000
pore diameter (A)
b
0.008
0.007 — ® 10%TPOH
A 20%TPOH
0.006 B c-HAp
';'<_ 0.005 —
o
™
£ 0.004
L
Q
§ 0.003
<
0.002
0.001 —
0 T T
10 100 1000

pore diameter (A)

Fig. 6. Pore size distribution (3V/3D) of (a) pure and MPOH-grafted
apatites and (b) TPOH-grafted and citrate-modified apatites.

isotherms also suggests the presence of a significant
microporosity.

3.2. Comparison with citrate-modified apatites

The XRD diffractogram of c-HAp is very similar to one
of the pure HAp, suggesting that the presence of citrate has
a limited impact on the apatite crystallinity (Fig. 1). The IR
spectra confirm the presence of phosphate and carbonate
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groups, as well as adsorbed water (Fig. 2). As far as apatite
hydroxyl groups are concerned, the band located at
3560cm ™! is clearly visible, in contrast with previous
phosphonic acid-grafted materials. Moreover, two bands
are found in the 3000-3500cm ™' region and a change in
the intensity of the bands at 1400 and 1600cm™! is
observed, corresponding, respectively, to the OH and
C=0 vibration mode of carboxyl groups, as already
observed for apatite grown in the presence of citrate
[35,36].

This is confirmed by chemical analysis and TGA data
(Table 1) that indicate a 4.7% carbon content in the c-HAp
sample and a ca. 7% organic matter content. In the same
time, the Ca/P ratio is the same as for HAp, suggesting that
the presence of citrate did not inhibit the growth of the
apatite structure or favor the formation of other calcium
phosphate phases. In addition, *'P MAS NMR spectrum
of c-HAp is found similar to the spectra of pure HAp (not
shown), suggesting no significant perturbation of the
apatite structure by the citrate ligand.

The nitrogen sorption isotherm of c-HAp is shown in
Fig. 5 and exhibits again a typical type IV shape. No
significant shift in the (P/Py), relative pressure value is
observed. However, in the high P/P, pressure domain, the
c-HAp isotherm is characterized by a well-defined plateau
indicating a closed mesoporosity whereas the reference
sample does not exhibit such a plateau, suggesting the
presence of an open mesoporosity. In parallel, the c-HAp
SgeT specific surface area is very close to the one of HAp
but this material possesses a much lower porous volume
(Table 2). In the same time, the pore size distribution of
c-HAp is narrow and centered around ca. 60 A (Fig. 6).

It therefore appears that the presence of citrate
influences the apatite formation in a very different way
than organophosphates. In the first case, the ligand was
suggested to interact with the formed calcium phosphate
nuclei during the growth phase, resulting in smaller apatite
particles. As a result, inter-particle aggregation leads to
smaller pores when compared to pure HAp, as observed
here. However, the c-HAp material exhibits the same
specific surface area but smaller porous volume than the
un-modified HAp, meaning that fewer pores are accessible,
which may result from porosity filling by citrate molecules.
The fact that Ca/P ratio is not modified by citrate addition
also supports the hypothesis that the ligand does not
interfere with the nucleation of the HAp phase but only
with the growth process. In contrast, organophosphates
appear to have a much profound influence on HAp
formation. Several evidences, including the loss of crystal-
linity, the decrease of the Ca/P ratio and of the intensity of
IR vibration band of the HAp OH group with increasing
MPOH and TPOH and the *'P NMR data, suggest that
these organic molecules may play a role on both the
nucleation and growth of the calcium phosphate phase, i.e.
on the chemical composition and crystallite size. In
parallel, the aggregation of such disorganized particles
leads to the modification of the pore size distribution.

Interestingly, the resulting porous structure appears as a
mixture of the HAp network exhibiting widely distributed
large pores and c-HAp structure consisting of narrowly
distributed smaller pores. One explanation would be that
two populations of apatite particles are present, with the
smallest ones formed under organophosphate control and
the largest ones consisting of pure HAp crystallites. This
hypothesis is supported by the comparison of pore size
distribution in 10% TPOH-HAp and 20% TPOH-HAp
where the increase in phosphonic acid content is correlated
with an increase of the smallest pore population to the
detriment of much larger ones.

Finally, it is worth noting that TPOH appears more
efficient than MPOH in influencing the HAp formation,
although its rate of incorporation within the mineral
structure is lower. It suggests that the steric hindrance
introduced by the alkyl chain of the phosphonic acid has a
two-side effect as it may limit the incorporation of the
organic phosphate within the apatite structure while its
adsorption on the calcium phosphate nuclei surface may
more efficiently inhibit further particle growth.

4. Conclusions

Two approaches were evaluated to obtain organically
modified mesoporous HAps. The addition of alkylpho-
sphonates is efficient in increasing the apatite porosity by
influencing the calcium phosphate nucleation and growth.
However, this enhancement of the material porosity occurs
at the detriment of its crystallinity, as already observed for
phenylphosphate additives. In contrast, the introduction of
a calcium-chelating agent, citrate, leads to an apatite
structure with a low specific area but with a well-defined
porous structure and minor loss of crystallinity. Further
investigations are now in progress to evaluate the effect of
other carboxylic acids with the hope of increasing the
material porous volume, in order to design more efficient
HAp-based adsorbents.
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