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Abstract

IR spectroscopy of adsorbed CO is used for the first time to characterize surface cationic centres of pure and magnesium doped hydroxyapatite
(HA and MHA, respectively). In air, water molecules saturate the coordination sphere of exposed surface cations by a strong coordinative
interaction. At first, the materials were outgassed at°8h order to remove water molecules adsorbed on the surface. Following this
treatment, surface sites able to adsorb CO are produced. The vibrational frequency of adsorbed CO is sensitive to the features of the adsorbinc
sites. The IR spectra of CO adsorbed on HA revealed the presence of surfacerGaliffering for the degree of coordinative unsaturation

and of P-OH groups. On MHA, CO was able to monitor the presence of surfacd Mgs, the amount of which increased by aging the
material in air.

© 2005 Published by Elsevier Ltd.
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1. Introduction that reason magnesium concentration is higherin the cartilage
and in young bone and there is growing evidence that it may
Calcium hydroxyapatite (HA) is the structural model for be an important factor in the qualitative changes of the bone
the inorganic phase of the bone tissue. The HA lattice can matrix that determines bone fragility. Magnesium depletion
easily accommodate a variety of substituents both cationic adversely affects all stages of skeletal metabolism, causing
and anionic, inducing modifications of the crystallinity, mor- cessation of bone growth, decrease of osteoblastic and osteo-
phology, lattice parameters and stability of the apatite struc- clastic activities and osteopenia. Consequently, the incorpo-
ture. This feature can be used as a powerful tool to prepareration of magnesium ions into the hydroxyapatite structure
materials with specific characteristics mimicking the biolog- is of great interest for the developing of artificial bché.
ical apatites, which are non-stoichiometric and contain struc- This study would provide a first description of surface mod-
tural imperfections and defects as well as foreign ibfis, ification and ageing stability of magnesium hydroxyapatite,
increasing the level of structural instability. Among substi- subsequent to the incorporation of Kigby mean of IR spec-
tuting cations, magnesium is widely studied due to its biolog- troscopy of adsorbed molecules. Such technique, extensively
ical relevance. It has been verified that in calcified tissues, thedescribed elsewherehas been successfully employed for
amount of magnesium associated with the apatitic phase isevaluating the reactivity and the surface electronic states of
higher (about 5 at.%) at the beginning of the bone remodelling a wide variety of material®,and is very promising also for
process and decreases with increasing calcific&tlors al- biomaterials.
ready known that magnesium increases the nucleation kinetic

of HA contemporary retarding that of its crystallization; for
2. Experimental
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surface area=74%g), MHA, with nominal composition 1642 cn1!, and a complex set of absorptions with two peaks
(Car_Mg,)5(POs)30H, with x=0.15, were synthesized at 1475 and 1415 cmt accompanied by a number of ill-
through an aqueous medium pr(‘)cedure7 Starting from Ca|_defined shoulders. The 3572cMband is assigned to the
cium hydroxide, ortophosphoric acid and magnesium chlo- stretching modeon of structural hydroxyls groups in the
ride (Sigma—Aldrich), whose details are reported elsewhere. bulk of microcrystals and the intense and broad band cover-
The chemical composition of the samples were determineding the range 3700-2500 crh is associated to the stretching
by ICP spectrometer, revea“ng that total amounts of Mg ac- modes of adsorbed water molecules. The band at 3556 cm
tually entered in the HA lattice is 50% in respect to the total IS still unassigned in literature; we propose that it is due to
introduced in the synthesis process, i.e. 8% at. In the nextSome vibrational manifestation of hydroxyls in the bulk of
section we will refer to the fresh Samp|e as MHA-f and to the the material, as it does not shift after deuteration at room
sample stored in air at 2@ for 2 months as MHA-2m. X-ray ~ temperature, likely arising from the coupling of Otdscil-
powder diffractometer (Rigaku—Minifiex) with Cucradia- lators. The band at 1642 cthis assignable to the bending
tion was used at the operating conditions of 33 kV and 25 mA. mode of molecular water adsorbed on the hydroxyapatite sur-
The XRD data were collected ove#é %ange of 160—60° at face. FlnaIIy the bands in the 1360—1560€nnange are due
step size of 0.02 For infrared spectra, in order to enhance the to the stretching modes of groups present as structural car-
absorption by surface species, otherwise too weak, HA andbonates entrapped in the lattice of the hydroxyapatite as a
MHA powders were prepared in form of a self-supporting consequence of dissolution of G@om air during the syn-
pellet. The samples were placed in a quartz IR cell equippedthesis process and/or adsorbed on the surface fromthe air. The
with KBr windows properly designed to carry out spectro- range below 1250 crit, is totally obscured by the intense ab-
scopic measurements both at room temperature (rt) and lig-Sorptions of the phosphate groups. By outgassing atrtfor 1 h
uid nitrogen temperature (77 K). The cell was connected to a (Fig. 1b) molecularly adsorbed water is largely eliminated as
conventional vacuum line (residual pressure: 103 mbar) shown by the decrease of the intensity of the broad absorp-
allowing all thermal treatments and adsorption-desorption tion at 37002500 cm* and of that at 1642 cmt. Residual
experiments to be carried out in situ. FTIR spectra, were ob- water molecules are progressively removed as the outgassing
tained using a Bruker Vector 22 spectrometer (resolution: temperature is increased up to 2@ (Fig. 1c and d) with
4 cm 1) equipped with an MCT detector. The spectra of ad- the last vestiges of the stretching and bending bands disap-
sorbed molecules are reported in absorbance, after subtracpearing at 300C (Fig. le). Following above treatments, the
tion of the background spectra of the samples before adsorp-voH band of structural hydroxyls at 3572 cthand those at
tion. High purity CO was employed without any additional low frequencies due to carbonate groups do not change sig-
purification except liquid nitrogen trapping. Before adsorp- nificantly. Moreover, thanks to the disappearing of the over-
tion of CO, Samp|es were Outgassed at 300dor 1 h. Whelmlngly absorption due to molecular water, three bands
become evident, though weak, on the high frequency side of
the dominant sharp band at 3572t Such bands in the
3. Results and discussion 3700-3600 cmn' range are assigned to the OH stretching vi-
bration of >-OH surface group&?11Considering the overall
Fig. 1a shows the IR spectrum of HA sample in air. This €volution of the spectra iftig. 1the decrease of the broad
sample exhibits a strong and sharp band out of scale atband at 3700-2500cn and water bending band indicates
3572 cnt! emerging from a very broad and intense band that physisorbed multilayered liquid-like water was progres-

at 3700—2500cmt, a band at 3550cnt, a band and at  Sively removed from the system as a consequence of mere
pumping off at room temperature. A fraction of water, asso-

ciated with the residual absorption at 1642 ¢rand with the
broad tail at 3700-2500 cnt experiences a stronger inter-
action with the materialKig. 1b). These water molecules are
progressively removed by increasing the outgassing temper-
1550-1400 ature up to 300C, as shown by the gradual disappearance
1642 of such bandsHig. 1c—e). According to the well known be-
haviour of most oxide$? such strongly held water molecules
are chemisorbed on the surface acidic cationic sites to form
Ca&t...0OH, adducts. Vestiges of molecular water elimi-
nated at the highest outgassing temperatufgs (e) might
well come from the bulk. The slight decrease, if any, of struc-
i . . 7 i tural OH~ band at 3572 cm! upon outgassing at 200 and
3750 3500 325°W 8000 1750 1500 1250 300°C (Fig. 1d and e) indicates that some dehydroxylation
avenumber (cm™) . .
process occurs, resulting from condensation or from proton
Fig. 1. IR spectra of HA: in air (a); outgassed at rt (b) for 1 h; 10dc) for migration. Once surface cationic centres have lost the by wa-
1h; 200°C (d) for 1 h; and 300C (e) for 1 h. ter molecules which saturated their coordination sphere, we
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can have access to atomic information on their local structure at the surface. The lower is the frequency of CO stretching,
studying the modification of vibrational features of adsorbed the lower the polarizing field of the adsorption site and the
molecules. CO is known to be a good probe for cationic cen- strength of its interaction with this probe molecule. As CO
tres, as adsorption occurs on surface Lewis acid sites andadsorbed at 77 K onto the sample simply pre-outgassed at rt
produces IR bands at frequencies higher than the stretching(Fig. 2 dashed line), exposing at its surface basicat¥OPI
frequency of the free molecule in the gas phase (2143%¥m  groups and water hydroxyls, produces an IR band in the
The stretching frequency increases with the polarizing field, range 2145-2170 cni, the components at lower frequencies
which is strongly correlated with coordinative unsaturation (2150-2170 cm?) of carbon monoxide adsorbed on the HA
and with the charge/radius ratio of adsorption site. In the are assignable to the CO adsorbed on the surface hydroxyls,
case of HA and MHA outgassed at 30D, adsorption sites  whereas those at higher frequencies (21602182 have

for CO at 77 K are M§" and C&"; at low temperature, also  to be assigned to CO adsorbed orfCsites exposed at the
P—OH groups can stabilize CO groups. Spectra of CO ad- surface. The latter component arises from adsorption of CO
sorbed at 77 K on the surface of HA pre-outgassed af@00  on a large number of Gaions with heterogeneous chemical
are reported ifrig. 2 At high CO coverage (15 mbar) aband, features difficult to separate in specific sub-components. Two
highly asymmetric on its low frequency side, is observed in main reasons generate such surface heterogeneity for Ca
the CO stretching region. As the coverage decreases by low-ions: one is associated with the presence of ions differing for
ering the pressure of the gas phase down to 0.05 mbar, thehe coordination, the second resulting from the location of
intensity progressively decreases and the maximum shiftssuch ions in different surface structures. The spectra of ad-
from 2170 to 2180 cm!. Below 0.05mbar CO stretching sorbed CO at higher coverage currently could not give defined
band decreases and shifts further to 2182%&nit has to be information on the structure of G4sites, but can provide
noticed that, as a consequence of adsorption of GAQHP “average” information on the strength of the electric field gen-
stretching band is reduced in intensity and, while decreasingerated by surface cationic centres. The crossing of the band at
the pressure of carbon monoxide, it is progressively restoredabout 2180 cm?! with the main band at 2170 cm, observed
(Fig. 2inset). At high coverage, CO interacts with all acidic when decreasing coverage, are due to fadeing away of dy-
surface species and, consequently, the band at 2178ism  namic and static adsorbate—adsorbate interactions among CO
the superimposition of a number of components assignableoscillatord®14 and/or to the transformation of dicarbonylic

to CO interacting with hydroxyls and &acations exposed  adducts C&' - - - (CO),, due to the CO adsorbed on ata
ions coordinatively most, unsatured, in monocarbonylic ones,
as reported in literature for MgO and other oxides Any-

way, the most stable species still present at the lowest cov-
erage, band at 2182 cthin Fig. 2e, are certainly adsorbed
on the surface G4 sites with the largest coordinative unsat-
uration. Spectra of CO adsorbed on the hydroxyapatite con-
taining 8 at.% of magnesium, MHA-f, compared with those
relative to unexchanged HA (same spectréiof. 2) are re-
ported inFig. 3. Though the spectra related to the two sam-
ples appear very similar, it has to be noticed that the stretching
band of CO adsorbed onthe MHA systematically shows weak
components on the high frequency tail (see arrowim 3
section A). Such new components become clearly observable
atvery low coverage (section BBig. 3), atabout 2200 and at
2210 cnt!. These bands can undoubtedly be assigned to CO
adsorbed onto the newly introduced Mgubstituting C&*

in pure hydroxyapatite. Indeed, as Kgons have a higher
charge/radius ratio then the €athe new bands observed

in the case of MHA-f, 2210 and 2200 crh, due to surface
Mg?t ... CO adducts are at higher wave-number. Such high
frequencies are very similar to those of CO adsorbed by sites

2170

—
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e with the lowest coordination in Mg8 (Mgac?*). The low in-
Bt tensity of the bands at 2200-2210chcompared with that
2200 2180 2160 2140 2120 at 2182 cnrl, reflects the low concentration of Mgin this
Wavenumber (cm”) sample is (8 at.%). It is appropriate to recall that XRD data

_ indicate that the presence of magnesium at concentrations up
Fig. 2. IR spectra of adsorbed CO at 77 K on the HA outgassed at rt (dashedt 15 at.% M6+ d tind f ti f dif t
line) and preoutgassed at 300 (solid line) at decreasing coverage: 13 mbar 0 at.”o, 0 not Induces formation ot any di ere_n
(a): 0.5 mbar (b); 0.1 mbar (c); 0.05 mbar (d); and 0.01 mbar (); in the inset Phase than hydroxyapatifdt has been shown above that in-
is reported the 3700—3650 crthrange for HA outgassed at 30G. frared spectra of adsorbed CO are very sensitive to the nature
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Fig. 3. IR spectra of adsorbed CO at 77 K on the HA (dashed line) and MHA-f (solid line) at decreasing coverage: from 13 mbar (a) to 0.04 mbar (d) in section
A and from 0.03 mbar (e) to 0.001 mbar (h) in section B.

of surface sites. We might then expect that modification of tion of magnesium towards the surface; it can be hypoth-
surface composition due to a number of factors might be re- esized that water adsorbed on the surface of such material
vealed by such analysis. Ageing is one of the most relevantand/or occluded in the crystéican play a crucial role in this
processes in biomaterials, and, in the case of hydroxyapatiteProcess.
is believed to be accompanied by migration of cations, and,
possibly, by M@* enrichment to the surfac&ig. 4 com- 2182
pares the spectrum of CO adsorbed (low coverage) on a fresh
MHA sample with the spectrum of CO adsorbed on the same
sample aged for 2 months (MHA-2m) at ambient conditions.
Despite the spectra of adsorbed CO on the two samples are
similar, observable differences, though small, are meaning-
ful. In fact, the intensity of the two components at 2210 and
2200cnT?, is somewhat increased in the case of the sample
MHA-2m, suggesting that the concentration of #Mdons
at the surface is larger on the aged sample. This behaviour
suggests that MHA is not a stable material when exposed at
the air, with a tendency of the Magnesium to gradually seg-
regating on the surface. These data well agree with structural
parameters of aged magnesium substituted hydroxyapatities
obtained by XRD: during the aging at room temperature, ex-
pecially if the powdered samples have high specific surface,
lattice parameters are found to increase gradually up to re-
store the values typical of pure HA, indicating that the Mag-
nesium substituting Calcium in HA structure is progressively
expelled: the phenomenon is completed in 2—3 months with-
out the detectable formation of any new crystalline phase. IR
spectroscopy of adsorbed molecules cannot, alone, provide T T T
a full description of the aggregation state of magnesium at 2220 2200 2180
. . . . wavenumber (cm™)
the surface. Studies are in progress in order to determinate

the aggregation State_' if any, of m?-gneSium at the S_UrfaceFigA. IR spectra of adsorbed CO on the MHA-f (dashed line) and MHA-2m
and to investigate which is the driving force for the migra- (solid line) at 0.001 mbar.
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4. Conclusion 5.

IR. spectroscopy of adsorbed CO is revealed as a pow-
erful technique to recognize cationic centres exposed at the ™
surface of biomimetic apatites and to follow their evolution .
during time. Hydroxyapatite exhibits flat surfaces and a great
heterogeneity of Cd ions exposed at its surface differing for
their local structure. Inclusion of magnesium in the lattice of &
hydroxyapatite enhances the mean electric field at the surface
of the material, likely inducing relevant changes in surface
properties. Moreover, a migration process of¥lgns from 9.
the bulk towards the surface is observed after 2 months, indi-
cating that such material prepared by precipitation in aqueous
solution and stored in air is unstable; this aspect could play a
significant role in synthesis and storage strategy of this type
of biomimetic apatite. 11.
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