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Recently, apatite minerals have gained much attention because of their
biological importance. Hydroxyapatite is the major constituent of mammalian
bones and tooth enamel. In addition to bone mineral and organic matrix, water is
an abundant component of bone, accounting for up to 25% by weight. Attempts
have been made to define and understand the role of water present in pore
spaces of bones. Simultaneous derivative thermogravimetric analysis and variable
temperature X-ray diffraction studies revealed the presence of structural water on
carbonated apatite, a synthetic apatite used as a model of bone mineral that con-
tains carbonate ions and is deficient in hydroxide, phosphate, and calcium ions.
The unraveling of the ensemble of surface processes and phenomena actually
occurring in vivo is still a challenge, but there is a general consensus in setting the
causal sequence: (i) biomaterial surface structure, (ii) states of adsorbed water
molecules, and (iii) states of adsorbed proteins, as one of the main factors ruling
the fate of the interaction of the implant (then actually occurring through a hybrid
synthetic/proteic interface) with cells [1,2].

Among bioceramic, hydroxyapatite-based materials play a quite relevant
role, as they can be considered the synthetic version of the mineral part of bone
tissue and enamel, and, indeed, the possibility to prepare them in a nanometric/
nanostructured form is considered one of the requisites to fulfill for a “biomimetic”
approach to the preparation of optimized materials .

Our target has been to determine the nature of the complex structure of
particles IR spectroscopy, augmented by the use of H,O, D0, and CO as probe
molecules.

Hydroxyapatite powder, HA (BET specific surface area ) 78 m?/g), was syn-
thesized through an aqueous medium procedure, dropping in a Ca(OH), suspen-
sion a 1.3 M solution of H3PO4, to accomplish the reaction 5Ca(OH),; + 3Hs3- PO4 f
Cas(P04)30H+9H,0. The system was continuously stirred at 40 °C; a ripening
time of 2 h was used. The precipitate was then washed, filtered, and dried in air
at room temperature. For IR measurements, high purity CO (Praxair) was em-
ployed without any additional purification except liquid nitrogen trapping, while
H,O and D,O (99.9 atom % D, Aldrich) were admitted onto the samples after
several freeze-pump-thaw cycles. FTIR spectra were obtained using a Bruker
Vector 22 spectrometer (resolution: 4 cm™) equipped with DTGS or MCT detector,
for ATR and transmission mode, respectively. Infrared spectra for the analysis of
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surface features were performed in transmission on HA powders pressed in self-
supporting pellets. The samples were placed in a quartz IR cell equipped with KBr
windows designed to carry out spectroscopic measurements both at beam tem-
perature (ca. 50 °C) and low temperature (ca. -170 °C, by cooling with liquid
nitrogen). The cell was connected to a conventional vacuum line (residual pres-
sure: 1 x 107 mbar, 1 mbar ) 102 Pa) allowing all thermal treatments and ad-
sorption-desorption experiments to be carried out in situ. The spectra of adsorbed
CO are reported in absorbance, after subtraction of the spectra of the samples
before adsorption as background.

Figure 1. IR spectra of HA: (a) in contact with H,O vapor (23.5 mbar) and
then outgassed at beam temperature (ca. 50 °C) for (b) 0.5, (c) 2, (d) 15, and (e) 120
min. Curve f is the spectrum obtained after 4 cycles of H,O/D,0 exchange and sub-
sequent outgassing at beam temperature for 120 min. Insets: zoom of the 3755-
3600 cm™ (left) and 1780-1580 cm™ ranges; lettering as in the main frame.

Figure 1 reports
the spectra, in the 3750-
1350 cm range, re-
corded during progressive
outgassing at room
temperature (curves a-e),
together with the spec-
trum obtained at the end
of an equivalent
outgassing process after
contact with D>O (curve
f). The region at lower
frequency was not ob-
servable, because of the
lack of transparency due
to the fundamental
absorptions of lattice phos-
phate groups. In the range shown in the figure other absorption bands due to bulk spe-
cies are present, namely the sharp peak at 3570 cm™, due to the stretching of OH
aligned in columns (occupying the 4e position in the hexagonal lattice, hereafter
referred to as “columnar” hydroxy groups), a set of weak components in the 2200-
1900 cm™ region, related to overtone and combination modes of the fundamental
vibration of phosphate groups absorbing below 1350 cm™, and bands in the 1550-
1350 cm™, with two main components at 1420 and 1454 cm™, produced by the
stretching modes of carbonate groups. Besides these signals, the spectrum of HA
in equilibrium with the water vapor pressure (Figure 1, curve a) exhibits, as main
component, a broad band spread over the 3700-2500 cm™ range, with maximum
at ca. 3350 cm™ and a shoulder at ca. 3100 cm™, that results from the superposi-
tion of the absorption due to the stretching mode of surface hydroxy groups and
adsorbed water molecules; these latter are also responsible for the band at 1642
cm (6H,0) and the very weak and ill-resolved component at 3695 cm™, due to
the stretching of dangling -OH of water molecules at the end of (H,0-H,0), poly-
meric surface chains.

By progressive outgassing at beam temperature (ca. 50°C), the component
at 3695 cm™ disappears, and the bands in the 3600-2500 cm™ range and at 1642
cm’! decrease in intensity, monitoring the depletion of physisorbed H,O liquid-like
multilayers (Figure 1, curves b-e). The lower intensity of the broad absorption at
high frequency allows the detection of a component at 3490 cm™. A signal in a
similar position has been observed for both geological and synthetic apatites and
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assigned to columnar hydroxy groups interacting via H-bond with CI". As such a
kind of anion is absent in the material investigated, we propose that the signal at
3490 cm™ could be due to bulk OH™ perturbed by carbonate anions, distorting the
structure locally. Some change in shape and relative intensity of the bands of the
carbonate groups occurs also, fully reversible by re-admission of water (not
shown); such a sensitivity to hydration indicates that some of the carbonate
groups are exposed at the surface.

Remarkably, even after prolonged outgassing at beam temperature, a
component at 1644 cm™ is still present (Figure 1, curve e), with an integrated
intensity of ca. 25% of the initial one (Figure 1, curve a), indicating that the sam-
ple retains a significant amount of water molecules (also contributing with their
stretching modes to the broad 3600-2500 cm™ band). Several studies on syn-
thetic hydroxyapatites reported that this kind of material can contain H,O mole-
cules occluded in the bulk. To assess the actual location of the retained water, the
outgassed sample was put in contact with the vapor pressure of D,O at beam
temperature, to selectively replace surface OH groups and H,O molecules with OD
and D0 species, respectively; a deuteration of the subsurface layers and/or the
bulk occurs at a significant extent at temperatures g150 °C. Several DO ad-
soprtion/outgassing cycles were performed, until a constant intensity of the Ow20
band was attained (Figure 4, curve f), corresponding to ca. 10% of that before
isotopic exchange (Figure 1, curve e). Also the broad absorption in the 3600-2500
cm’® range appeared decreased in intensity, in particular, on the low-frequency
side, while a broad new component appears in the 2750-1800 cm™ range, due to
the superposition of the stretching bands of surface deuteroxy groups and still
adsorbed D0 molecules. The band due to the deformation mode of these latter,
expected at ca. 1200 cm’?, was not observed, because below the transparency
cutoff of the material. The sample was then back-exchanged with H,O and out-
gassed at beam temperature, and the same spectrum that before contact with
D,0 was obtained (not shown).

A second significant insight results from the lower effect of the H/D ex-
change on the intensity of the vOH component spread on the 3450-2500 cm™
range with respect the &uxo band at 1642 cm™. This behavior could be due to a
higher extinction coefficient of the stretching absorptions of occluded water with
respect to that on the surface, or to the presence in the bulk of hydroxy groups
involved in hydrogen bonding, responsible for the broadness of the signal. The
first hypothesis can be ruled out because of the position at higher frequency of
the maximum of the vOH band left after H/D exchange (Figure 1, curve f), that
indicates the presence of OH oscillators involved in weaker hydrogen bonds, and
then with a lower vOH extinction coefficient. It can be then concluded that hy-
droxy groups chemically and/or structurally different from bulk columnar OH are
present in the material.

The behavior of the dn20 band will be described first, as this signal is spe-
cific for water molecules, and then the evolution of the complex von signal in the
3700-2500 cm™ region, related to the presence of both water and hydroxy
groups, will be considered.

Finally, bulk phosphate and carbonate groups, responsible for the sets of
signals in the 2200-1900 and 1600-1350 cm™ ranges, respectively, appeared essen-
tially stable up to outgassing at 300 °C. In contrast, such bands and the signals re-
lated to columnar OH™ (3570 cm™ and 3490 cm™) progressively decreased in intensity
and changed in shape by raising the outgassing temperature up to 800 °C, indicating
the occurrence of a transformation of the bulk structure.

The vco band observed must be then essentially attributed to CO molecules
adsorbed on surface Ca?* sites by electrostatic/ polarization interaction that re-
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sults in an upward shift of the stretching frequency of adsorbed CO, increasing as
the Lewis acid strength of the adsorbing center increases. The two components at
2170 and 2180 cm™ monitor the presence of two families of Lewis acid centers,
the stronger ones constituting a minor fraction.

For the sake of completeness, IR spectra of CO adsorbed on HA pre-
outgassed at 300 °C were also recorded, as this treatment resulted in the com-
plete desorption of water molecules from the surface accompanied by a severe
modification of the surface itself. Surprisingly, the spectra of adsorbed CO at
decreasing coverage were not so markedly different form those obtained for the
sample pre-outgassed at 130 °C: the component at high frequency appeared
more intense and slightly up-shifted, but the overall intensity of the spectral pat-
tern at high coverage was essentially equivalent to the previous case. By assum-
ing that the molar extinction coefficient of adsorbed CO species is independent of
frequency changes in the 2185-2165 cm™ interval, such spectral pattern indicated
that the amount of surface Ca?* probed by CO was essentially unaffected by the
pre-outgassing at higher temperature, while a change in the local structure of a
significant part of them occurred, resulting in an increase of their Lewis acid
strength.

There is then a relevant discrepancy between the indication on the effect of
outgassing at 300 °C on the surface structure provided by the rehydration test,
i.e., by H,O as probe molecules, and the adsorption of CO. However, it can be
proposed that a part of surface Ca?* dehydrated by outgassing at 130 °C relaxed
inward the surface, in an extent large enough to render them unable to adsorb a
weak probe molecule as CO, that then can monitor the Ca’* ions remained more
exposed at the surface. However, the relaxation can be reversed by interaction
with H,O, definitely stronger as ligand, and then in rehydration tests water mole-
cules probed the presence of a larger amount of surface Ca?* sites. By increasing
the outgassing temperature up to 300 °C, a more severe modifications of the
surface structure could have occurred, resulting in an inward relaxation, irreversi-
ble by rehydration, of ca. 60% of surface cations, that then cannot be longer
probed neither by CO nor H>O.

The use of IR spectroscopy and the control of the atmosphere surrounding
the samples in both kind of experiments was useful for a quantitative estimation
of the amount of hydroxyl groups and water constituting the first surface hydra-
tion layer. Such a layer, for the as-prepared material, appeared mainly consti-
tuted by H,O molecules coordinated to surface Ca?* ions, approximately in a 1:1
ratio. Removal of water by outgassing at increasing temperature produced a pro-
gressive modification of the surface structure, with an increased level of irreversi-
bility as the temperature increased, resulting in the loss of sites able to coordinate
H>O molecules by subsequent rehydration. In turn, such changes in the first hy-
dration layer resulted in the decrease of the extension of water overlayers. This
result indicated that it can be possible to modify in a controlled way the behavior
toward water of synthetic HA materials, one of the main aspects ruling their inter-
action with the biological media.
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NOoAroTOBKY YYUTEJIEN - HA YPOBEHb COBPEMEHHbIX
TPEBOBAHMUMN

AcagynnanH P.M. (Y¢a, Poccusi)

MpuHUMNNanbHble U3MEHEHUs, MPOUCXOAsLMe B HacToslee BpeMs B Poc-
CUN B COLMANBLHOM M 3KOHOMUYECKOW cdepax, B HaCTHOCTU BXOXAEHME CTpaHbl BO
BceMupHyto TOproByl opraHuMsaumio, CTaBaT 3ajady MoAepHU3auun cUCTeMbl 06-
pa3oBaHus BO BCEX e€e 3BEHbsX.

OuyeBMAHO, YTO MHTErpauns B MMPOBYIO NPaKTUKy 06pasoBaHns — 3TO Npo-
6nema, nocraBneHHas XU3HbIO, @ He BblayMKa pedopMaTopoB. Bonpoc «bbiTb Mnu
He 6bITb» COCTOUT He B TOM, MPUCOEAMHSTLCS MNKN HeT K BonoHckoMy cornaiwe-
HUIO, @ B BblbOpe cTpaTernun, Kotopasi He NO3BOJIMT OTCTaTb OT SKCNpecca UCTOpuUK,
CTpeMuTenbHO yxoasuero B 6yayuee. [py 3TOM, 04HAK0O, BaXHO COXPaHUTb «0CO-
6yto cTaTb» Hawen chopMUPOBABLLEACS CUCTEMbl 06pa3oBaHus.

CoBpeMeHHasi cuTyauust B o6pa3oBaHUn CKaabliBaeTcs TakuMm obpasomM, 4To
pedopMbl cnefyloT oAHa 3a ApPYrow, 04HAKO HW OAHO U3 BblibpaHHbIX HanpasieHnn
He AOBOAWTCS A0 KOHLA, MO3TOMY W pe3ysbTaTbl He SBNsAOTCS 62301, Ha KOTOPYHO
MOXHO 6bI/10 6bI ONMpaTbCs, NPOrHO3npys HoByl pedopMy. CerogHs Henb3s no-
AX0AuTb K pedopMaM C TpaaULMOHHBIX NO3UUMIA. B HacTosilee BpeMs 3aKa3yumKoM
o6pa3oBaHusa ABNSETCA He TOJIbKO rocyAapCTBO, HO WM JIMYHOCTb, U paboTogaTenb,
a obpasoBaHMe MOXeT paccMaTpuBaTbCs Kak obpasoBaTtenibHas ycnyra. OTcyTcT-
BWE Tpaguuuii B 3TOM BOMPOCE, NMOMHOXEHHOE Ha MEHTa/lUTET POCCUSH U Tpaau-
LMOHHO CKyAHOe (PMHaHCMPOBAHMWE, MOXET MPUBECTU K YACTUYHOMY, yCEYEHHOMY
peweHunto obpaszoBaTefibHbIX 3aday. [03ToMy 4ype3Bbl4alHO BaxHO, pedopMupys
cucteMy obpasoBaHus, He CrewnTb, pa3obpaTbCs B Kax Aol AeTanu. 3anyTaBlnCb
B CTpaTermsx, MOXHO BMECTO OXWAAeMbIX CBET/bIX MepeMeH Mony4YnTb yapy4daio-
lwme pesynbTaThl. [epBble warn pedopM, B TOM YMUC/e peannsaumns HauMoHanbHO-
ro npoekTa, Kak CcrnpaBeanvBO OTMETUS MUHUCTP obpa3oBaHuMs M Hayku PO
A.A.DypCeHKO.BCEro N1ib CTapT CUCTEMHbIM U3MEHEHUSIM BO BCEX 3BEHbSIX pOC-
cuiickoro obpasoBaHus. B aTUX ycnoBusX COBpEMEHHbI Negarornyeckuii yHmsep-
CUTET [OMXKEH paccMaTpuMBaTbCs KakK MCTOYHUMK o06pasoBaTesibHbIX WHHOBaUWM,
cnocobcTBoBaTb Pa3BUTUIO HOBbIX O6pa3oBaTefibHbIX MPOEKTOB, CTaTb LEHTPOM
MHTerpaumMm C pervoHanbHou obpasoBaTenbHON cuctemoil. OCHOBHOE Hampasie-
HUE WMHHOBAUMWW, onpeaeneHHbIX CTaHAapTamMu BTOPOro M OCOH6EHHO 0XWMAAaeMoro
TpeTbero MOKONIEHUS roCyAapCTBEHHbIX 0bpa3oBaTefibHbIX CTaHAApToB B obnactu
npodeccrmoHanbHoro obpasoBaHus, 6yaeT CBA3aHO C nNepeopueHTaumel obpasosa-
TeNbHOro npouecca ¢ npeaMeToueHTpusMa Ha MYHKUMOHaNbHYO NOAFOTOBKY cne-
umManucToB. Bysam npeanaraetcs coxpaHuTb NpeuMmyluecTsa B dyHAAMEHTasrbHON
M TeopeTMYecKoW MOAroTOBKe CTYAEHTOB M OAHOBPeMeHHO ¢hopMMpoBaTb KOMMe-
TEHTHOro, T.e. CNOCO6HOro K npodeccMoHanbHOW AesTeNbHOCTM crneunanucra.
PasymeeTcsl, 4TO 3TO BO3MOXHO NMLb NpU 06HOBNEHUN codepkaHua obpasoBaHus
1 BblbOpe afeKBaTHbIX pellaeMbiM 3agadvyamM obpasoBaTe/lbHbIX TEXHOOMMNIA.

Kak n3BecTtHO, cuctema Bbiclwero npodeccmoHanbHoro obpasosaHuns B Poc-
CUW 3aHMMaeT OAHO U3 NUAMPYOLWNX MecT B Mupe. OgHako, HECMOTPS Ha 3To, el
npucyL psa cepbe3HblX HeJ0CTaTKOB, @ MMEHHO:

— TexHonormyeckas HeobecneyeHHOCTb GOpPMUPOBaAHUS NMpodeccuoHanb-
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