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Spectroscopic characterisation of hydroxyapatite
and nanocrystalline apatite with grafted
aminopropyltriethoxysilane: nature of silane—surface interaction

Audric Michelot? - Stephanie Sarda- Catherine Audifi® - Eric Deydief~ -
Eric Manoury® - Rinaldo Polf®**- Christian Rey

Abstract Heterogenised homogeneous catalysis is comspecially the influence of the composition and properties
monly performed with molecular catalysts grafted on solidef the apatitic surfaces on the process of silylation.

via adsorption or via a covalent molecular link. Covalent

grafting of organic groups on solid supports is usually

carried out by silylation, using functionalised trialkoxysi- Introduction

lanes. Among these solids supports, very few studies have

been published on apatites. In the present work, amind-he development of supported molecular catalyst is
propyltriethoxysilane (APTES) grafting was performed innowadays a major field in catalysis research. Heteroge-
toluene on different apatitic supports: crystallised stoineous catalysis appears as an alternative method in organic
chiometric hydroxyapatites differing by the drying method.synthesis as it presents several advantages over homoge-
freeze-dried (HAP) and dried at 16 (HAPD), and a neous processes, including simple product isolation as well
nanocrystalline apatite. All materials were fully charac-as catalyst separation and recycling. [Heterogenised
terised, before and after grafting, for better understandingomogeneous catalysis is commonly performed with
of the nature of the alkoxysilane/surface interaction. Thenolecular catalysts grafted on solids via adsorption or via a
data show a clear competition between the covalemovalent molecular link. The interest of supported catalysis
grafting of APTES and its polycondensation reactionjs to combine the activity and selectivity of homogeneous
depending on the nature of the solid support surfaceatalysts with the easy recovery of solids, which is of
Silylation is accompanied by APTES covalent grafting toparticular interest in asymmetric catalysis. The solid sup-
oxygen atom of the hydroxyl groups of the apatitic strucports may be organic (polymers) or inorganic.

ture and/or of the OHspecies that are present on the The most commonly used inorganic solid for supported
surface hydrated layer. This work clarifies the nature ofieterogeneous catalysis is silica, but other inorganic solids
silane grafting onto selected apatitic surfaces anslich as metallic oxides or ceramid$, fand more recently
apatite calcium phosphates (or apatites), have also been
reported as suitable and very promising supports. Among
these different solids, very few studies have been published
on apatites. Apatites constitute the mineral part of calcified
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adsorbents for heavy metals in environmental applicationsomposition and the crystallinity of two calcium phosphate
[8], in chromatography column separations systefijs [ materials (crystallised stoichiometric hydroxyapatite, HAP,
and as supports for heterogeneous cataly§isi[1]. and a nanocrystalline apatite, NCA) and to characterise the
Covalent grafting of organic groups on solid support igrialkoxysilane—solid surface interaction that is still poorly
usually carried out by silylation, using functionalised tri-understood. APTES grafting was performed in toluene on
alkoxysilanes (ORsSiR. R is an alkyl- or aryl-function- both materials. All materials were fully characterised,
alised chain and Si(OR is a hydrolysable function,°R before and after grafting, by different techniques and
being most frequently a methyl or an ethyl group. On thespecially by FTIR, Raman, and NMR spectroscopy.
one hand, the Si(ORRbond is easily hydrolyzed in aqueous
solution with the elimination of alcohol fROH) to form
metastable silanol (-SiOH), which undergoes condensatidaxperimental section
to more stable siloxane (Si—O-Si), forming three-dimen-
sional hyperbranched oligomers2]. On the other hand, Materials
with solids bearing surface OH groups (solid-OH), a
monolayer or covalently grafting solid-OSi(OR)can be The well-crystallised stoichiometric hydroxyapatjew-
achieved in anhydrous media3. This is a well-known ders were synthesised by a double decomposition technique
and efficient strategy for silica-controlled grafting. The useébetween (NH):HPQ; (433.3 mL, 1.54 M in deionised
of non-polar organic solvents during the surface modifiwater) and Ca(Ng€)>-4H,O (1100 mL, 1 M in deionised
cation of silica surfaces with 3-aminopropyltriethoxysilanewater) at 90°C and pH around 10 for about 321]. After
(APTES) leads to the formation of stable surface layers bfjitration and washing, the precipitate was either freeze-
covalent interactionslf, 15]. dried (HAP) or dried at 100C for 5 h in a vacuum to
Among compounds of the apatitic calcium phosphateemove the residual physisorbed water (HAPD). Then the
family, hydroxyapatite (HAP), GgPQu)s(OH),, is a powder was sieved\{25Iim) and stored in a freezer.
widely studied compound. It is the stoichiometric apatitic Nanocrystalline apatite powder (NCA) was prepared by
calcium phosphate (Ca/P atomic ratio of 1.67) which i® double decomposition technique at ambient temperature
characterised by low solubility in water, low cost, and high(pH close to 7) between (N}HPQO; (1500 mL, 0.60 M in
innocuousness. Moreover, thanks to the presence of struteionised water) and Ca(N@-4H:O (750 mL, 0.29 M in
tural hydroxyl groups, HAP is a good candidate for surfaceleionised water) 22]. The precipitate obtained in few
functionalisation using alkoxysilane agers]6]. APTES minutes was filtered, washed, and freeze-dried. Then the
is a widely used reagent for surface functionalisation opowder was sieved\{251m) and stored in a freezer.
inorganic solid 1], bearing both a trialkoxysilane group  (3-Aminopropyl)triethoxysilane (APTES, 98 %, Sigma-
(surface anchor) and an amine function allowing an easfldrich) was used without further purification.
coupling with various organic molecules via nucleophilic
substitution. This reagent has been used with success f@rafting experiments
silica and HAP grafting for immobilisation of a large variety
of molecules or proteinslB]. Recently published papers The grafting of APTES on HAP, HAPD, and NCA was
reported that APTES reacts with HAP via condensation ofarried out according to published methodid P3]. Under
the hydrolyzed ethoxy moieties with the hydroxyl groupsan inert argon atmosphere, anhydrous toluene (20 mL) was
found at the surface of the HAPJ, 16]. Some studies have added to the apatitic particles (1 g) together with APTES
also highlighted the influence of the reaction conditions(2.33 mL). The mixture was refluxed at 190 overnight.
such as time, temperaturgg], or the morphology]7] of The solid products were separated by centrifugation,
apatitic crystals on the interaction between APTES and theashed three times with toluene and twice with ether, and
HAP surface. However, none of these published workdried at 70°C under vacuum overnight. The obtained
reported the effect of the chemical nature and crystallinity BAPTES-grafted apatites were designated as HAP-Si,
the apatitic supports. Moreover, the use of nonstoichiometrid APD-Si, and NCA-Si.
nanocrystalline apatites (NCA, Ga (PQw)sx (HPOy or For each apatitic support, blank experiments were per-
COs)x (OH)>x with 0 B x B 1 and a Ca/P molar ratio formed under the same experimental conditions without
ranging from 1.50 to 1.67), which present a greater surfacgPTES; these blanks were designed as HAPO, HAPDO,
area than HAP and a structured hydrated layer on their suund NCAO.
face, rich in surface labile species able to be exchad@kd [ The same experiments were performed by adding water
has been poorly studiedg, 20]. to the toluene suspension containing HAP and APTES to
The aim of this work is to address these two points: téavor polymerisation of the surface agent. The sample
explore the influence of APTES grafting on the chemicalobtained was designated as HAP-Si-Poly.



Characterisation techniques corresponding to stoichiometry hydroxyapatite Ca
(POy)6(OH)2), whereas NCA displayed a Ca/P ratio of
Elemental analyses were performed with a Perkin-Elmel.40+ 0.02, characteristic of a calcium-deficient apatite.
2400 instrument. The phosphate content of the synthesised The water content was determined by thermogravimetric
apatites was determined by UV-visible spectroscopy of thenalysis (TGA) in the temperature range of 25-1800
phosphovanadomolybdic acid complex and the calciurmGA showed a two-stage weight loss of water between 25
content by complexometry with ethylenediaminetetraacetignd 400°C, attributed to adsorbed and lattice water on
acid [24]. The estimated standard deviations of calciunHAP [26, 27]. As expected, due to its hydrated surface
and phosphate titrations were equivalent to 1 % of th@ayer, NCA presented the highest water content
reading. The specific surface area was measured by t{ie55.00+ 0.20 wt%). It decreased from HAP (4.800.04
Brunauer—-Emmett-Teller (BET) method with a Quanwt%) to HAPD (1.50+ 0.02 wt%) due to the different
tachrome Instruments Monosorb Nova 1000 with an estdrying procedure.
mated standard deviation of 0.5/g The specific surface areas of the stoichiometric apatites
The amount of water in the powders was measured bilAP and HAPD are lower than that of NCA: 58 (£3), 52
thermogravimetric analysis (TGA-DTA) using TA instru- (+3), and 101 (+5) fig, respectively. These results are in
ments Q600 from 23C up to 1000°C at a heating rate of accordance with TEM observations (Figy. Both samples
5 °C/min under an air flux (30.08 0.01 mg of each sample). crystallise as small needles (longer needles for HAP sam-
The solid phases before and after grafting APTES wergles than for NCA) with a thickness of fewer than 100 nm.
characterised by X-ray diffraction (XRD) (BRUKER D8-2  The HAP and HAPD powders exhibited well-defined
diffractometer CuK1 radiation withk = 1.5406 A The XRD patterns (Fig2a) corresponding to well-crystallised
apparent crystallite sizes were calculated from the (3103patitic calcium phosphates, whereas NCA exhibited broad
and (002) lines by applying Scherrer’s formua|[ peaks due to the low crystallinity of the apatitic phd$p [
Transmission electron microscopy (TEM) micrographsNo additional crystalline phase was detected. The apparent
of the powders before and after grafting were recorded imrystallite sizes were calculated from XRD using Scherrer’s
the bright-field imaging on a JEOL JEM 2100F microscopeequation 25] from the (310) and (002) lines, and the results
set at an acceleration tension of 200 kV. are reported in Tablg. All the crystals were elongated
Unmodified and modified particles were characterisedalong thec-axis of the hexagonal structure in accordance
by several spectroscopic techniques. Fourier transforrwith the TEM observations. The crystallites sizes observed
infrared (FTIR) analyses were performed with an Impactfor NCA appear lower than for hydroxyapatites samples, in
400 Nicolet FTIR spectrometer. All adsorption spectreaccordance with TEM observations (Fig.
were obtained by accumulation of 32 scans at a 4 cm The FTIR spectra of HAP and HAPD showed the
resolution covering the 4000-400 ¢mmange (2 mg Characteristic bands of apatitic calcium phosphate
sample/300 mg KBr). (Fig. 3a): apatitic P@ vibration bands at 473 ch{my),
Raman spectroscopy analyses were carried out with 60-630 crit (m4), 962 cnt (mi), and 1000-1100 c
Horiba, Jobin—Yvon Labram HR800 confocal microspec-(ms) and OH bands at 630 and 3560 Groharacteristic of
trometer k =532 nm). The spectral resolution wasan apatitic environmengf]. For HAP and HAPD, a weak
2 cnil, the laser was power 2 mW, integration timesand broad band between 1420 and 147¢ due to the
varied from 30 to 60 s, and spectral accumulations from ®Bw number of carbonate ions and a weak band at
to 30, over a wavenumber range of 100-400¢.cm 875 cm'assigned to both carbonate and possibly HPO
295j, *c, and*'P cross-polarisation magic angle spin-ions were observed, suggesting that the powders could be a
ning (CP-MAS) solid-state NMR spectra were recorded atlightly calcium-deficient hydroxyapatite. As expected,
79.39, 100.49, and 161.74 MHz, respectivély. MAS  these CQ@ and HPQ” vibration bands, as well as the
NMR spectra were recorded at 399.61 MHz. All experifree water vibration bands (1630 and 3400 Emwere
ments were realised with a spinning rate of 8 kHz on guch more intense for the NCA particles. Moreover, the
Bruker Avance 400 spectrometer (9.4 T). FTIR spectrum of NCA exhibited broader apatitic phos-
phate bands, characteristic of a poorly crystalline apatite
[18] with weak carbonate bands. Curve fitting analysis
Results the msPQy domain using the GRAMS/386 software
(Fig. 3b) confirmed the formation of biomimetic
nanocrystalline apatite with non-apatitic environments of
PO (620 cm') and HPG? (530 cnt) ions present in
Chemical analyses of the synthesised solids gave/a C the hydrated surface laye2q. Weak OH vibrations were
ratio of 1.66+ 0.02 for the HAP and HAPD samples detected on the curve-fitted spectrum of NCA suggesting a

Characterisation of the apatitic samples
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Fig. 2 X-ray diffraction diagrams of a HAP, HAPD,caNCA before

af

the m; (960 cm®), m, (430-450 cif), ms (1040-
1074 cm), and m4 (580-608 cif) modes of PG [18].

For NCA (data not shown), phosphate bands were broader
and an additional vibration mode of HBGat 875 crit

was observed3[)].

The CP-MAS*'P solid NMR spectra of the synthesised
HAP are shown in Figha. As expected, the highly crys-
talline HAP presented a relatively sharp signal at 3.0 ppm
corresponding to orthophosphate spectds [For the NCA
sample (data not shown), a characteristic broader asym-
metric signal was observed due to the presence of{APO
species. The broadening of the signal could also be
attributed to the nanoscopic nature of the sangi#g The
MAS *H solid NMR spectrum of HAP (Figb) displayed
a signal at -0.2 ppm attributed to the OH groups of the
apatitic structure and a broader one at 5.1 ppm attributed to
adsorbed water moleculesd 31]. NCA displayed more
complex spectra (data not shown) as this structure contains
a higher concentration of water and hydrogen phosphates
both giving broad signals at around 5 and 14 ppm,
respectively. Several lines were also observed between 2
and 5 ppm; these were also mentioned by other groups, but
their structural origin remains uncle&e].

grafting; b HAP before and after grafting (HAP-Si) and blank Characterisation after silylation

experiments (HAPO)

In order to analyze carefully the structural charigdsiced

very low hydroxide ion content related to the calciumby the silylation process, three blanks were prepared by

deficiency R7].

The Raman spectra of HAP (Fidp), HAPD, and NCA
synthesised powders presented characteristic lines of a;:ﬁi’ld NCAO,

refluxing HAP, HAPD, and NCA solids in toluene over-
night, without grafting agent, giving rise to HAPO, HAPDO,
respectively, after washing and drying.

titic phosphate groups in accordance with the FTIR studieschemical analyses of the blanks showed traces of carbon



Table 1 Chemical composition “gZ-1e o o o . .
and apparent crystallite sizes of P C (wi%) H (wi%) N (wi%) L(002) (+3 A L(310) (+3 A
HAP, HAPD, and NCA before  5p 0.10 0.05 0.09 508 331
and after silane grafting and
blank experiments HAPO, HAPO 0.66 0.00 0.00 1054 733
HAPDO, and NCAO HAP-Si 3.77 0.47 1.23 560 334
HAPD 0.15 0.00 0.00 772 658
HAPDO 0.25 0.21 0.02 1055 746
HAPD-SI 1.81 0.30 0.61 564 319
NCA 0.08 0.52 0.00 238 73
NCAO 1.57 0.58 0.01 294 75
NCA-Si 7.40 1.59 2.30 148 86
Fig. 3 a FTIR spectra of HAP, \
HAPD, and NCA before @
grafting. b Decomposition af H
PO, band in FTIR spectra of I
NCA and HAP
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(Tablel) because of toluene adsorption during the readrom thermogravimetric analysis. Moreover, carbonate
tion. As expected, the carbon, hydrogen, and nitrogetmaces in the initial powders confirmed by carbon analysis
content increased after silylation (grafted APTES), thehow that carbonate species still remain after washing and
maximum amount being observed for NCA-Si due to itshus could also affect the calculated amount of water.
high specific surface area. One can notice that the initial The XRD diagrams of the blanks (HAPO, HAPDO, and
nitrogen content in the HAP sample disappeared in HAPRICAO) displayed better defined diffraction patterns than
and HAPD. This value can be attributed to ammoniahose of the initial samples (HAP, HAPD, and NCA), as
residues from the HAP synthesis. The initial hydrogercan be seen in Fi@b for HAP, in agreement with the
content in NCA (about 0.52 wt%) can be attributed to thencrease of the apparent crystallite sizes L(002) and L(310)
presence of HP§ ions, as observed by FTIR spectrum,(Table1). One can also notice that the crystallite sizes of
which could slightly affect the amount of water calculatedthe samples after silylation decreased compared with the



Fig. 4 Raman spectra of (a)
a HAP, HAPO, HAP-Si, and
HAP-Si-poly and b HAP-Si,
HAPD-Si, and NCA-Si
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blanks, whatever the initial support. However, the changegroup formation by drying. Indeed, OhRlydrogen bonding
observed in the line broadening could also be related tweith adsorbed water on apatitic surfaces has been reported
residual stress and the crystallinity of the crystals. to produce signal broadening4].

The FTIR spectra of the blanks (HAPO, HAPDO, and After silylation, all FTIR spectra (Fig6b) exhibited
NCAO, Fig.6a) were compared with those of the initial broader apatitic phosphate bands without shifting and a
samples (Fig.3a). For all blanks, a decrease of the HPO decrease of the relative intensity of Qlibration bands of
vibration band at 875 cmwhich can be attributed to the apatitic structure (disappearance for NCA). For the
HPQ?® or CQ? species (no band observed for theNCA sample, which exhibited higher silane content,
HAPDO and HAPO blanks) and a splitting of the ;2O specific APTES bands were observed: new broad bands at
vibration bands were observed, characteristic of a bett@950 and 2850 cthascribed to asymmetric and sym-
apatitic environment in agreement with XRD resultsmetric stretching modes of Ghind CH groups of the
Moreover, for the HAPO and NCAO samples, a strongaminopropyl chain, respectivelg][ weak bands at 1460
decrease of the intensity of vibration bands attributed to thgnd 1330 cm corresponding to asymmetric and sym-
carbonate species was observed relative to the HAP angktric C—-H bending deformation bands, respectivaly [
NCA samples, probably attributable to the increase of thend a series of bands related to N-H stretching modes of
apatitic environmentlfg]. At the same time, the decreasethe primary amine in the range of 3500-3000'emd a
of the free water vibration bands could be attributed eithefand owed to the N-H group deformation at 1620",cm
to the effect of the temperature or to the influence ofoth of which can be overlapped by water vibratighd 6,
toluene, which is known to make an azeotrope with watess). The characteristic bands of grafted silane wess |
[33]. For all blank samples, a significant narrowingtioé  intense on the HAP-Si and HAPD-Si spectra than on the
OH vibration bands at 630 and 3560 tifor appearance NCA-Si spectrum because of the lower quantities of graf-
in the case of NCAO) was observed and attributed to Okeed silane. The lower silane content in HAP-Si and HAPD-



Fig. 5 CP-MAS®*P (a) and
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Si was confirmed by microanalysis (Taldle The expected The Raman spectra of the blanks showed the character-
Si—0O-Si, Si-O-C bands (around 1070 9mand Si—-O—P istic vibration bands associated with the orthophosphate,
bands (998 ci) could not be observed as they over-carbonate, and hydroxyl vibrations of the apatitic samples.
lapped with strong orthophosphate bands near 108D cnd he relative intensity of the apatitic Okibration band at
[16]. 3570 crt appeared stronger in the blanks compared with
Curve fitting in thensPQy domain of the FTIR spectrawas the initial samples, as observed in Fig for HAP and
carried out for the blanks and the apatitic supports before aftfAPO (data not shown for HAPD and NCA). In all spectra, a
after silylation using the GRAMS/386 program (Galacticshift of them; (960 cni') andms (1040-1074 ci) modes
Industries, Salem, NH). The band shape was considered @sPQ> and of them; (1073 cm') mode of C@ was
Lorentzian and the baseline linear in all instances. Paramebserved for the samples after silylation and for the blanks
ters such as the position and width of the bands were varieddompared with the initial powders. This can be attributed to
provide the best curve fit. The relative band integratethe adsorption of toluene, as confirmed by the microanalysis
intensities were defined as the ratio between the peak anessults. However, no hydroxyl band was observed for the
and the total area of the phosphate bands. Figueports NCAO samples (data not shown). After silylation, the Raman
the relative band integrated intensity for the apatitic OHspectra of HAP-Si and HAPD-Si (Figlb) showed a
species. The relative intensity of the OH bands increased decrease of the OWibration band intensity at 3570 &m
the blanks which presented the highest level of adsorbédaccordance with the FTIR results. For all apatitic supports,
water, for HAPO and especially for NCAO, in agreement withthe carbonaten; vibration band (1073 ci) decreased with
the increase of the apatitic domains observed by XRDxsilane grafting, and the orthophosphate vibration bands
However, the OHband intensity decreased for the twoappeared broader, which can be attributed to an amorphous
hydroxyapatite samples after silylation, for HAP and espestructure or to the presence of overlapping organic vibration
cially for the HAPD support which presented the lowesbands. This is particularly obvious for HAP as shown in
water content and thus the lowest possibility of polycon¥ig. 4a. In Fig.4b, the spectra of all samples after silylation
densation. These results confirm the possibility of silanehow an additional broad band at 2900 cwhich can be
molecule interaction with Otbn apatites. attributed to the CH stretching modes of the;@Hd CH



small bands between 600 and 650 ' awere owed to the Si—
O-C stretching mode of trialkoxy group36[ 37], easily
j observable in the case of the polymerised silane sample
im HAP-Si-poly obtained by adding water to the toluene.
(a) ; Moreover, a small band appeared at about 1003fonthe
ﬁ lﬁ samples after grafting (Figb). Bands in this region of the
I /’fl uk HAPO spectrum have been attributed in previous studies to the
i H vibrations of the Si—-O-P bonds that can form during the
S S , H L -'L,;JWL HAPDO reaction of surface phosphate hydroxyl groups with
'\ A trimethoxysilane groupsl[]. However, this band is still
U VNeno present in all blanks’ spectra (HAPO in Fita, data not
G shown for HAPDO and NCAO) and thus cannot be attributed
to Si—-O-P vibrations. Rather, it appears to be associated with
the presence of toluene, probably due to CH vibration bands.
Moreover, no hydrolysis was detected by Raman spec-
troscopy: OH stretching modes of unassociated SiOH groups
could not be found in the 3700-3600 tregion, nor Si-O
il bending vibration of the SiOH group at 800-650"dB8].
“—— UHAP-Si The solid-state MASH NMR spectra (Fig5b) of the
different samples present a signal at -0.2 ppm attributed to
Hﬂ _ OH groups. The broader line at 5.1 ppm (adsorbed water
e WHAPD-SI molecules on the surface layer) observed in HAP spectrum
before grafting dramatically decreased upon grafting (HAPD-
T — e/ S\ neas Si, HAP-Si). As the grafting reaction was realised in refluxing
dry toluene, which is known to make an azeotrope with water,
4000 3500 3000 1500 1000 500 we suppose that most of the adsorbed water was removed inthe
initial drying step. For the NCA-Si sample, the NMR spectrum
showed numerous broad signals between 15 and -5 ppmdue to
Fig. 6 FTIR spectra of a blank experiments HAPO, HAPDO, and great variety of protons present in the nanocrystals.
NCAO and b samples after silylation HAP-Si, HAPD-Si, and NCA-Si  The solid-state CP-MASP NMR spectra of the syn-

thesised apatites before and after silane grafting showed no

—

4000 3500 3000 1500 1000 500
Wavenumber (cm™1)

Wavenumber (cm1)

05 significant modification (Fig5a for HAP). Only one signal
was observed at 3.0 ppm due to orthophosphate species of
04 4 = apatites, as the low number of surface phosphates could not
be differentiated from the massive phosphates of the par-
03 - } ticle core.
The solid-state CP-MA$’C NMR spectra of HAP-Si
0.2 - and HAPD-Si samples after silylation are shown in ba.
Three distinct lines observed at 10.4, 22.3, and 43.4 ppm
01 were assigned to carbons C1, C2, and C3: giCHb, and
|_I—‘ ﬂ ’-T-I CH:NH; of the aminopropyl chain, respectivelyg 39].
0- L These signals were more intense in the case of the poly-

Q&Q ng S ‘3‘0 & Q:’-o" & & Vé\ merised silane sample (HAP-Si-poly) obtained by adding
RWEF Xy \,yg v water to the toluene, as the carbon content increased, with a

slight shift to 27.0 and 44.9 for C1 and C2 respectively.

Fig. 7 Relative intensity of FTIR hydroxide bands at 633" ah Moreover, traces of non-hydrolyzed Si-OEt and ethanol

apatitic supports before (HAP, HAPD, and NCA) and after silylatio =
(HAP-Si, HAPD-Si, and NCA-Si) and for blank experiments (HAPOI:\Nere also observed at 58.1 ppm (=OH), 56.3 ppm(

HAPDO, and NCA0) CH.0Si), and 18.6 ppm (CHl in the polymerised silane
sample (HAP-Si-poly). Finally, the signal at around
groups, whereas lower frequency bands between 1300 ah4-2 PPM is attributed to carbonate species present in the
1400 cm* may correspond to CH vibration mode3s| apatitic sampleslg]. These results confirm the presence of
Low-intensity broad bands were observed at about 3300 aAd’ TES on the surface but do not allow conclusions to be
1600 cn related to the presence of amino groups. Othefrawn on the nature of the silane—solid support interaction.



The solid-state CP-MAESi NMR spectra of the solids or lattice water, more important in the case of the
after silylation (Figsd HAPD-Si and NCA-Si) showed nanocrystalline apatite (NCA sample) than for the
signals at-50, -60, and -67 ppm attributed, respectivelytydroxyapatites HAP and HAPD samples (from 4 to 15
to the T, T?, and T®siloxane structures illustrated in wt%) because of the presence of the surface hydrated layer,
Scheméd [16, 4Q]. In the case of the grafted dried HA which participated in the APTES hydrolysis and/or poly-
(HAPD-SI), the signal at-20.3 was attributed to traces afondensation. Even after HA pre-drying (HAPD sample),
polysiloxane grease. As expected, the signal offthe such hydration persisted, not allowing the formation of Si—
structure grew in intensity, relative to thos@b&ndT?,  O-Si related to the polycondensation reaction not to be
on the polymerised sample HAP-Si-poly where this struccompletely avoided, as the Si-O-Si vibration bands
tureis favored. A similar observation can be made forthemained present in all spectra. The silane content
HAPD-Si and NCA-Si samples but with a lower differenceincreased when water content increased in the initial apa-
of relative intensity rati@®/T? compared with the poly- titic sample (from HAPD to NCA). No metastable silanol
merised system. These observations confirm thatthe was detected, with its subsequent consumption leading to
structure is favored by the presence of water as silagéher grafting or oligomerisation to more stable siloxane
hydrolysis allows its polymerisation. This is the reasoifSi-O-Si) probably being immediate.
why alkoxy silane grafting on silica is usually realised The blank experiments, performed under the same
under anhydrous conditions to favor alkoxysilane—surfacexperimental conditions without surface modification
silanol interaction and avoid silane polymerisation. agent, evidence the role of the organic solvent in the silane

grafting. The spectroscopic data show a decrease of water

content and hydrogen bonding for all blank samples rela-
Discussion tive to the initial powders. Indeed, toluene is widely used as

a carrier for the dehydration of alcohol by azeotropic dis-
The data show a clear competition between the covaletitlation [33] and thus could extract water from the apatitic
grafting of APTES and its polycondensation reaction, irsamples. This behavior favors the formation of a silane
spite of the use of anhydrous organic solvent to avoitiyer by covalent grafting instead of polycondensation.
surface polymerisation. The TGA data evidenced th&loreover, a decrease of the line broadening was observed
presence of water in the apatitic samples, adsorbed watdyy XRD in the blanks. This phenomenon, never reported in

R R R R
ro. + H,0 <o 4 + H,0 S|| + H,0 S||
R'O/ \OR. TOROAT Ly NOH TROR E,Cc)y \OH ——=ROH> :g/" ~oH
Trialkoxysilane
R R R
T1-structures , S|| S|| S|| S|| \S|| S||,
aren | (BYT 0T AN AN

T2-structures EL I SL i' z 44

(chain, ring) y \Ro\y -\O/ ( y \H%\\/ ~of

T3-structures Y NOw oy
~ S !
(3D olygomer) / f o \

Scheme 1 Different ways of hydrolysis and oligomerisation of trialkoxysilanes



the literature, could be explained by an increase of thauthors have studied silane covalent grafting with hydroxyl
crystallite sizes and/or a change on the crystallinity androups on the HAP surface without hydrolysis and con-
residual stress in the crystals. These interesting results wilensation reactiomfl]. In the hexagonal structure of HAP
be addressed in a further publication. (P6s/m space group), the Okbns are present inside tun-
Although it appears that APTES polycondensatiomels (3 Aof diameter) with the direction parallel to toe
occurs whatever the nature of the apatitic sample, thaxis; each OHion is coordinated with the three Ca atoms
spectroscopic results evidence at the same time the preghich are arranged in a triangle on the same plane. The OH
ence of covalent grafting. APTES covalent grafting isgroups are either above or below the Ca triangle. Depending
always reported to take place with solid samples througbn the surface crystallographic planes, the binding energies
surface OH groups (Solid-OH). Some authors have praand the planar atomic density differ and have been calcu-
posed silane covalent grafting in HAP samples througlated by Zhang et al4f] using molecular dynamic simu-
HPQ, groups on the basis of spectroscopic reslld. [ Ilations: the (100) and (110) planes exhibit the highest planar
This hypothesis was supported by the model proposed kyH density (atom 0.072A), and the (110) plane displays
Brown for hydroxyapatite structure4]], in which an the highest planar energy for methacryloxypropyl tri-
octacalcium phosphate (OCP, gF0:)s(HPQy)2-5H0)  methoxy silane. In addition, for NCAs, Blumenthal and
layer is present at the surface of the apatitic crystals. Theosner 34] have suggested that some @hs present in
OCP structure can be described as a succession of ‘apatifige solids cannot be observed by FTIR spectroscopy because
and ‘hydrated’ layers, the latter being rich in HP@ns.  of hydrogen bonding with water molecules in the hydrated
OCP could act as a precursor for the formation of HARurface layer. Thus, the results obtained lead to the con-
with acicular morphology in which the (100) type faces arglusion that silylation can be explained at the same time by
dominant because they have low interfacial energy. HOWAPTES polycondensation and covalent grafting to oxygen
ever, in the current study, the IR vibration bands attributedtom of the hydroxyl groups of the apatitic structure and/or

to Si-O—P groups at about 990-1000"'d2, 43] cannot  the OH species that are present on the surface hydrated
be observed, probably because they are overshadowed Riyer according to Ec:

OEt
Apatite] OH + EtO?i(CHz)gNHz ——>» | —0—Si(CHy)sNH, + EtOH a2p
OFEt

Si~0-Si, Si—-O—C (1070 cfy, and PQ* vibration bands It can be noticed that an ion-exchange process cannot be
at 1000-1100 crh(no shift of the P@ vibration bands proposed to explain APTES grafting on the apatitic solids
was observed). Moreover, some authors have associatesl the experiments were performed in toluene without
the appearance of a Raman vibration band at 90Ggueous medium. In order to favor APTES covalent
1000 cnit after silylation with Si—-O—P vibrationd 7], but  grafting, the use of anhydrous solvents and pre-drying of
these bands were already observed in the spectra of tthe apatitic samples are necessary. However, even under
blank samples and thus can be attributed to vibrations @iese conditions it is impossible to avoid silane polymeri-
organic solvent. In addition, the decrease of the APO sation completely on solid surfaces. With the aim of their
FTIR vibration band at 875 chobserved after APTES use in heterogeneous catalysis, further experiments have to
grafting was also observed in the spectra of the blankpe performed on the solids after grafting to study the
correlated with the decrease of £Gpecies according to efficiency of such system and the stability of the layer
the following Eq.1: obtained in catalytical conditions.

2 HPcf-p C032‘ 12 Pd4'|o COzp H20: d1p

Thus, APTES covalent grafting though the hydroxylConclusion
groups of surface HPQroups cannot be confirmed.

On the other hand, a clear positive marker in favor ofAPTES grafting was performed in toluene on different
silylation is the decrease of OHpatitic species. The apatitic supports. Different supports were prepared: crys-
decrease of hydroxyl species appears higher in HAPD aftallised stoichiometric hydroxyapatites differing by the
drying than HAP, presenting the lowest amount of water andrying method, freeze-dried (HAP) and dried at G0
thus the weakest possibility of polycondensation. SOomgHAPD), and an NCA. All materials were fully



characterised, before and after grafting, for better under-
standing of the nature of the alkoxysilane/surface
interaction.

The data show a clear competition between the covalent
grafting of APTES and its polycondensation reaction, 6.
depending on the nature of the solid support surface, in
spite of the use of anhydrous organic solvent to avoid
surface polymerisation. Generally, polycondensation is
favored by a more hydrated surface, whereas covalent.
bonding necessitates dry conditions. In this paper, although
it appears that APTES polycondensation occurs whatever
the nature of the apatitic sample, the spectroscopic results
evidence at the same time the presence of covalent grafs.
ing. Alkoxysilane covalent grafting is always reported to
take place with solid samples through surface OH groups
(Solid-OH). In the current study, the IR vibration bands g
attributed to Si—-O-P groups could not be observed, so

APTES covalent grafting through the hydroxyl groups of10.

surface HP®@groups cannot be confirmed. However, a
clear and positive marker in favor of covalent grafting is
the decrease of Oldpatitic species, highest on the apatitic11.
support presenting the lowest amount of water (HAPD) and
thus the weakest possibility of polycondensation. The
results obtained lead to the conclusion that silylation can bg
explained at the same time by APTES polycondensation
and by APTES covalent grafting to oxygen atom of the
hydroxyl groups of the apatitic structure and/or of the oH™
species that are present on the surface hydrated layer.

This work clarifies the nature of silane grafting onto
selected apatitic surfaces and especially the influence of tAé-
composition and properties of the apatitic surfaces on the
process of silylation. In order to favor covalent grafting of; 5
alkoxysilanes, the use of anhydrous solvents and pre-dry-
ing of the apatitic samples are necessary. However, even
under these conditions it is impossible to avoid silan
polymerisation completely on the solid surfaces. The
understanding of the nature of silane—surface interactions
provides fundamental tools for the development of novel’.
solid supports for heterogenous catalytic applications.
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