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A Step Toward Control of the Surface Structure of 

Biomimetic Hydroxyapatite Nanoparticles:  

Effect of Carboxylates on the  

{010} P-rich/Ca-rich Facets Ratio 

 

Yuriy Sakhno,a* Pavlo Ivanchenko,a Michele Iafisco,b Anna Tampieri,b Gianmario Martra a* 

 

ABSTRACT 

Two types of biomimetic hydroxyapatite (HA) nanoparticles were prepared by acid-base 

neutralization reactions, using Ca(OH)2 or Ca(CH3COO)2 as s calcium source, to evaluate the effect 

of acetate anions on particle formation. High-resolution transmission electron microscopy 

observations provided evidence that in both cases, nanoparticles are elongated along the c-axis, but 

to a more limited extent when prepared in the presence of acetates, and are mainly limited by {010} 

facets. IR spectra of nanoparticles containing adsorbed CO revealed that the actual termination of 

these are both of the {010}_Ca−rich and {010}_P−rich type, the latter being significantly more 

abundant for HA nanoparticles grown in the medium containing CH3COO- species. Moreover, these 

nanoparticles appeared to be more sensitive toward aggregative stacking by thermal treatment, 

resulting in a significant decrease in specific surface area, while retaining the size of primary 

particles. 
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1. INTRODUCTION 

Hydroxyapatite (HA), [Ca10(PO4)6(OH)2], the calcium phosphate phase thermodynamically 

stable in physiological environment, is nowadays considered an important bioactive and 

bioresorbable biomaterial for applications in orthopaedy and dentistry.1-3 In particular, since the 

group of Webster reported about the beneficial effect of hydroxyapatite nanosizing in improving the 

response elicited in osteoblasts4 several research works have been devoted to the disclosure of 

preparation routes for the production of nano-hydroxyapatites. The surface of biomaterials plays a 

significant functional role, further enhanced when they are in a nanosize form, because it is the 

place where the interaction with host biological media occurs, as recognized since the definition of 

the concept of biological/biomedical surface science.5-7 Moreover, nano-HA have raised an 

increasing interest as heterogeneous catalysts,8-9 another functionality mainly ruled by surface 

features. 

Focusing on nano-HA morphology, needle-like10-13a and plate-like,13b,14 nanoparticles can be 

prepared, while in bone tissue only the second type seems to be present.15-17 For both morphologies 

the prevailing surface terminations are of the {010} type, which in the case of needle-like nano-HA 

are the lateral facets of hexagonal nanoparticles elongated along the crystallographic c-axis, whilst 

for plate-like nanoparticles they are the basal facets of nanoparticles preferentially grown along 

both the c- and a- (or b-) axis,14,18 breaking the crystal symmetry through a mechanism still matter 

of investigation.13b,18  

The role of different surface crystal planes when considering the interaction of HA with 

biomolecules has been initially recognized by Kandori et al., who demonstrated that basic proteins 

are mainly adsorbed on HA {001} faces, whereas the acidic ones preferentially interacts with HA 

{010} surfaces.19 This latter type of surfaces can be thought as resulting from the interruption of a 

sequence of layers of the ...A−B−A−A−B−A−A−B−A−... type, where A and B correspond to 

Ca3(PO4)2 and Ca4(PO4)2(OH)2 chemical compositions, respectively. Hence, a {010} surface 

termination of the ... −A−B−A type give origin to stoichiometric HA{010} surfaces, whilst ... 
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−A−A−B, or ... −B−A−A types result in two nonstoichiometric HA{010} facets, labelled as 

(010)_Ca-rich and (010)_P-rich, respectively. The coexistence of these non-stoichiometric surfaces 

on HA particles was reported also by Sato et al.20 and by Ospina et al..21 Moreover, theoretical 

calculations indicated that the HA {010} stoichiometric surface reacts spontaneously with water,22-

23 generating P-OH and new Ca-OH surface hydroxyl groups, resulting in {010} facets labelled as 

{010}R (R=“reacted”). A pictorial overview of all these types of {010} terminations is displayed in 

Scheme 1. 

           

Scheme 1. Upper part: side view of the sequence of A) Ca3(PO4)2 and B) Ca4(PO4)2(OH)2 layers in 
the bulk structure of HA along the cross section perpendicular to the (010) surface. Bottom part: top 
view of the three possible (010) terminations (see text for details). The upper part is a courtesy by 
Dr. F. Chiatti, PhD Thesis, Torino, 2014; the bottom part is adapted from ref.24 

 

Despite experimental evidence of the exposure of these terminations can be provided by HR-

TEM,20-21 the occurrence of proper orientation and stability of HA nanoparticles under the electron 

beam in order to observe so subtle differences is not an obvious task. Conversely, the use of probe 

molecules does not usually suffer of relevant limitations, and IR spectroscopy of adsorbed CO has 

been already used to investigate the Lewis acidity of Ca2+ ions exposed at the surface of HA 

nanoparticles, (14a,b; 25) as well as the influence of Mg2+ substitution on the basic properties of 

HA26 and features of surface hydroxy groups.27 In this respect, Chiatti et al. reported that the spectra 

of adsorbed CO can be exploited to evaluate the relative contribution of (001) and three types of 
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(010) terminations to the surface of HA nanoparticles.24 This was the basis of the present study, 

aimed to the evaluation of the effects of the presence of carboxylate anions in the synthesis medium 

on textural and surface features of HA nanoparticles. In particular, acetates were considered, as 

calcium acetate is among the possible source of Ca2+ ions in HA synthesis. 28-29 The interest towards 

the action of carboxylate groups stems from the increasing awareness of their role in addressing 

chemical, structural and textural properties of hydroxyapatite.30-34 Indeed, this is a bio-inspired 

approach, which aim to mimic the apatite formation mechanisms that occurred in nature, since it is 

well-known that nucleation and/or growth of bone crystals is regulated by acidic functional 

macromolecules, such as bone sialoprotein35-36 and osteopontin37 as well as small acidic molecules, 

such as citrate, which, in particular, was found to stabilize size and morphology of bone apatite 38-39 

Turning to synthetic apatites, citrate were found to inhibit apatite crystal growth by strongly 

interacting with the surface,40 and very recently were proposed to play an important role in driving 

the bio-inspired formation of platy apatite nanocrystals.18 

Furthermore, it was reported that amino acids can bind preferentially to specific HA crystal face and 

inhibit growth in the direction perpendicular to that face.41-42_ENREF_44 Thus, on one hand they 

can be viewed as shape controller of HA nanoparticles, but, on the other hand,  amino acids amino 

acids were also found to increase the bioactivity of synthetic HA.43-45 At the best of our knowledge, 

in all these cases the effects of carboxylates bearing molecules on the structure on HA surfaces 

formed in the presence of these agents was not investigated, including the research works on HA 

prepared by using Ca(CH3COO)2, where, for instance, the attention was focused on the relative 

importance of stoichiometry-non-stoichiometry vs structural order–disorder in determining 

structural feature of nano-HA.28 Hence, this paper is intended as a contribution to the knowledge of 

factor which can affect the structure of the most abundantly exposed surface termination of HA 

nanoparticles. 
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2. EXPERIMENTAL 

2.1. Materials 

Two types of HA nanoparticles were prepared using a similar procedure (i.e. similar Ca/P 

ratio of reactants, pH of reaction medium and temperature), but changing the source of calcium 

ions, namely Ca(OH)2 and Ca(CH3COO)2, resulting in materials hereafter referred to as HA−1 and 

HA−2, respectively. For the preparation of HA−1, an H3PO4 solution (1.26 M, 0.6 L) was dropped 

into a Ca(OH)2 suspension (1.35 M, 1 L) and kept at 310 K, to accomplish the following theoretical 

reaction:  

5Ca(OH)2 + 3H3PO4 → Ca5(PO4)3OH + 9H2O 

HA−2 was prepared by dropping the H3PO4 solution (0.21 M, 0.8 L) into a Ca(CH3COO)2 

solution (0.35 M, 0.8 L), kept at 310 K as in the previous case, and pH of approximately 10 by 

addition of NH4OH solution, resulting in the occurrence of the following theoretical reaction:  

5Ca(CH3COO)2 + 3H3PO4 + 10NH4OH → Ca5(PO4)3OH + 10CH3COOH + 9H2O + 10NH3 

In both cases reaction mixtures were stirred overnight. The stirring was then stopped and 

mixtures were left standing for 2 hours to allow for deposition of the inorganic phase. HA powders 

were then isolated by centrifugation of the mother liquor, repeatedly washed with water and dried at 

213 K under outgassing (residual pressure: 3 mbar) overnight. HA granular fractions having 

dimensions <38 µm (400 mesh) were selected for the study by sieving the powder. For IR 

measurements, H2O and D2O (99.9 atom % D, Aldrich) were admitted onto the samples after 

several freeze-pump-thaw cycles, whereas high-purity CO (Praxair) was employed without any 

additional purification except liquid nitrogen trapping. 

 

 

 



 7 

 

 

2.2. Methods  

Specific surface area (SSA) was measured with a Micromeritics ASAP 2010 by nitrogen 

adsorption at 77 K following the BET model. Before measurements, as-prepared materials were 

outgassed at 300 K for 10 h (allowing for the attainment of a residual pressure of 1·10-3 mbar), 

while samples otherwise treated in vacuum at 433 and 573 K were re-outgassed at this temperature. 

The Ca/P ratio was determined by inductively coupled plasma-optical emission spectrometry 

(ICP-OES, Liberty 200, Varian). Samples were dissolved in 1% wt ultrapure nitric acid. The 

analytical wavelengths chosen were 422 nm for Ca and 213 nm for P. 

The carbonate content was evaluated on dried samples by thermogravimetric analysis (TGA) 

using a Thermal Analysis SDT Q 600 (TA Instruments) according to the weight loss observed 

between 673 and 1223 K.46 Heating was performed under a nitrogen flow (100 ml min−1) using an 

alumina sample holder at a rate of 10 K min−1 up to 1473 K. The weight of the samples was 

approximately 5 mg.  

X-ray diffraction (XRD) patterns of the powders were recorded with an Analytical X’Pert Pro 

equipped with an X’Celerator detector powder diffractometer using Cu Ka radiation generated at 40 

kV and 40 mA. The instrument was configured with 1/2° divergence and receiving slits. A quartz 

sample holder was used. The 2θ range was from 5° to 60° with a step size (°2θ) of 0.05 and a 

counting time of 3 s.  

The degree of HA crystallinity was calculated according to the formula (1):  

Crystallinity (%) = [C/(A+C)]·100    (1) 

where C was the area of the peaks in the diffraction pattern ("the crystalline area") and A was 

the area between the peaks and the background ("the amorphous area"). 
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Crystal domain size along the HA axis directions were calculated applying the Scherrer 

equation (2):  

Lhkl= 0.94λ·[cosθ·(∆r2-∆0
2)1/2]    (2) 

where θ is the diffraction angle for the plane (hkl), ∆r and ∆0 the widths in radians of 

reflection hkl at half height for the synthesized and pure inorganic hydroxyapatite (standard 

reference material, calcium hydroxyapatite, National Institute of Standards & Technology), 

respectively, and λ=1.5405 Å.  

High-resolution transmission electron microscopy (HR−TEM) images of the materials 

(powder grains dispersed on Cu grids coated with a lacey carbon film) were obtained with a JEOL 

3010-UHR operated at an acceleration potential of 300 kV. As apatite samples might evolve under 

the electron beam, potentially leading to further crystallization and/or to a loss of bulk water,47-49 

observations were conducted under feeble illumination conditions to avoid any modification of the 

materials during the analysis. Fourier Transforms of direct images were performed using the Gatan 

Digital Micrograph program software. 

For IR studies, the powders were pressed into self-supporting pellets and placed in quartz IR 

cells designed to perform spectroscopic measurements both at beam temperature (b.t., ca. 323 K; 

cell equipped with CaF2 windows) or at low temperature (ca. 100 K, by cooling with liquid N2; cell 

equipped with KBr windows). The cell was connected to a conventional vacuum line (residual 

pressure = 1 × 10-5 mbar, 1 mbar = 100 Pa) to perform in situ all thermal treatments and adsorption-

desorption experiments. The spectra were collected at a resolution of 4 cm−1 with a Bruker Vector 

22 spectrometer, equipped with a DTGS detector. The number of scans was adjusted from 150 to 

250 to attain a good signal-to-noise ratio.  Each set of measurements was carried out on three 

different samples of each material. The data were normalized to the intensity of a pattern in the 

2200-1900 cm−1 range due to a combination and overtone of vibrational modes of bulk phosphate 

groups in order to render differences in intensity independent of differences in the thickness of the 
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pellets. For comparative analysis of the intensity of surface species, some spectra were also 

normalized with respect to the SSA.  

Spectra of adsorbed CO are reported in Absorbance, after subtraction of the spectra of the 

sample before CO admission.  Moreover, the spectrum of gaseous CO was subtracted from the 

spectra of the samples collected in the presence of CO equilibrium pressures ranging from 25 to 4 

mbar, with a proper adjustment of the intensity using the interactive spectrum subtraction utility of 

the OPUS 5.0 software by Bruker. For lower CO equilibrium pressures, the high SSA of the 

materials (see Table 1) resulted in an overwhelming intensity of the spectral components due to 

adsorbed CO with respect to the roto-vibrational profile of CO molecules in gas phase. A 

comparison between spectra of adsorbed CO before and after subtraction of the contribution of 

gaseous CO in equilibrium with the sample is displayed in the left panel of Figure S7 in the 

Supporting Information, hereafter SI, where all complementary data dealing with experimental IR 

spectra of adsorbed CO are reported. 

IR spectra of adsorbed CO were fitted accordingly to the procedure reported in ref.24  In summary, 

for each structure i of carbonyl adducts (containing from 1 to 4 CO molecules) computed in that 

work, the CO stretching IR spectrum Si(ν) was computed as a linear combination of Gaussian 

functions G(v− vj), each one centered at the jth CO B3LYP rescaled frequency value vj, and a 15 

cm-1 full width at half-maximum (FWHM), weighted by the corresponding calculated IR intensity 

(I j)  

Si(ν)=  

Hence, at this level, the only guess was the FWHM value adopted, which was consistent with the 

FWHM = 15 cm-1 of the νCO band at very low CO coverage, where only monocarbonyls, 

producing a single band, should be overwhelmingly present.  

A linear combination T(ν) of all the computed Si(ν) spectra represents the resulting spectrum in 

which, however, the weights wi of each Si(ν) have to be, somehow, determined  
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T(ν) =  

The criterion adopted to choose the weights wi has been to run a nonlinear regression between the 

experimental IR spectrum and the computed T(ν) one, by keeping constant the relative ratios of the 

computed I j intensities within the same case i, while changing their absolute values. 

The analyses were performed three times on the same synthesis product. Data from SSA, ICP, 

TGA, and XRD are presented as mean value ± standard deviation. 

 

3. RESULTS AND DISCUSSIONS 

3.1. Compositional and textural features  

Codes, composition, and specific surface area (SSA) of the investigated materials are listed in 

Table 1. For both samples, the Ca/P ratio was slightly lower than the stoichiometric one (1.67), and 

a limited amount of carbonate groups, derived from unintentionally dissolved CO2 in the 

preparation media and from CO2 adsorbed onto the surface materials during the storage, was 

present. 

Table 1. Codes, compositional features (Ca/P ratio, carbonate content), specific surface area 
(SSABET), average size of crystal domains along the [002] and [310] directions and degree of 
crystallinity of the two HA materials.  

SSABET 
(m2·g−1) 

Materials Bulk 
Ca/P 
(mol) 

Carbonate 
species 
 (wt%) 

materials as 
prepared 

and 
outgassed 
at 433 K 

materials 
outgassed 
at 573 K 

D002 

(nm)a 
D310 

(nm)a 
Degree of 

crystallinity 
(%) 

HA−1 1.65±0.2 1.0±0.1 130 ±6 120 ± 6 37 ± 5 9 ±3 72% ± 3 

HA−2 1.62±0.2 1.8±0.2 160 ±10 90 ±5 22 ± 4 7 ± 3 60% ± 3 
a obtained by applying the Scherrer equation 
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In the as-prepared form, HA−1 exhibited a ca. 20% lower SSA than HA−2, in agreement with 

the reverse order of nanometric size observed by TEM (see next section), and the same values were 

obtained after outgassing the materials at 433 K. Conversely, in the case of HA−2, thermal 

treatment up to 573 K resulted in a significant decrease (ca. 45%) of SSA, which decreased less 

than 10% for HA−1.  

General structural insights were obtained from the XRD patterns (Figure 1), characterized by 

quite broad diffraction peaks located at 2θ values characteristic of a hydroxyapatite single phase 

(JCPDS 9-432). Using formula (1) reported above, degrees of crystallinity of 72% ± 3 and 60% ± 3 

(difference statistically significant: p-value < 0.0001) for HA−1 and HA−2, respectively, were 

found. Furthermore, in both cases, an elongation of the coherent scattering (crystalline) domains 

along the c−axis of the HA hexagonal structure (data dealing with the [002] direction in Table 1) 

were obtained, although more limited for HA−2. Finally, essentially the same XRD patterns were 

obtained for the material treated at 573 K (see Figure S1 in the SI). The lower degree of crystallinity 

of HA-2 might result from the larger content in carbonate species of this materials, because larger 

amounts of substituent species in the bulk/larger deviation from stoichiometry contribute to the 

shortening of the coherency domains. 

 

Figure 1. XRD patterns of: a) HA–1 and b) HA–2. Diffraction peaks assigned on the basis of 
JCPDS 9-432. 
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3. 2. Structural and morphological characterization  

Complementary structural and dimensional investigations were performed by HR-TEM 

observations. Low magnification images representative of the size and morphology of the particles 

constituting the two materials are displayed in Figure 2. 

 

Figure 2. TEM images representative of the size and morphology of: A) HA–1 and B) HA–2. 

In the case of HA−1, a significant portion of particles appeared projected on the image plane 

(it is worthy to remember that TEM images are 2D representation of 3D objects) as a needle-like 

shape, with sizes (length × width) of ca. 40−70 × 5−10 nm (panel A). Interestingly, a few roundish 

shapes, ca. 10 nm in diameter, were also present, exhibiting a much higher contrast. Taking into 

consideration that at low magnification the only effective contrast mechanism is the mass-thickness 

mechanism,50 such roundish shapes likely resulted from the projection in the image plane of needle-

like particles viewed along their major axis c. Following TEM imaging of HA−2, mainly 

rectangular shapes with sizes (length × width) of ca. 30 × 5−10 nm and 30 × 10−15 nm, were 

observed (panel B), indicating that this material was composed of smaller (in particular, shorter) 

nanoparticles, in agreement with the slightly larger SSA (see Table 1). After outgassing up to 573 K 

(treatment required for the IR study, see below), the primary particles of both materials essentially 

retained their original size and shape (Figure S2 in SI). Hence, the decrease in SSA resulting from 

such treatment (see Table 1) might be ascribed to a stacking-like particle aggregation, occurring to a 

large extent in the case of HA−2. At higher magnifications (Figure 3), lattice fringes were observed, 
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and their orientation with respect to the borders provided insights on the crystallographic features of 

the particles.  

 

Figure 3. HR–TEM images of HA nanoparticles. HA–1 : panel A, side view of a particle, and 
related FT; panel A’, cross-sectional view of a particle. HA–2: panel B, side view of a particle, and 
related FT. 

Indeed, HA−1 nanoparticles were elongated towards the c-axis (Figure 3A), whereas cross-

sectional views (particles oriented with the c-axis parallel to the electron beam/line of observation) 

revealed that facets parallel to such axes are of the (010) type (Figure 3A’). Similar features were 

observed in the case of HA−2 particles, which exhibited the same type of facets, but appeared less 

elongated toward the c-axis (Figure 3B; note that in this figure, the b-axis lies in the image plane, 

whereas a ca. 20° angle exists between the latter and the c-axis: particle view along the [201] zone 

axis). Essentially, it can be inferred that the presence of acetate anions in the preparation medium 

limited the growth of HA−2 nanoparticles along the c-axis, which is in agreement with the findings 

of Puvvada et al.51 

Finally, it must be noted that HR−TEM and XRD data agree in providing evidence of the 

elongation of nanoparticles, whereas particle sizes obtained by TEM appeared to be larger than 

crystal domains observed by XRD (Table 1). Such a discrepancy stems from the fact that i) 
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polycrystalline particles might be present, and ii) TEM allows the determination only of ranges of 

values, whereas by XRD average values are obtained. 

3.3. Surface features of the “as-prepared” materials: hydration state and carbonate groups 

Figure 4 shows the patterns representative of the IR spectra of the materials in contact with 20 

mbar of H2O vapor (curve a), outgassed at beam temperature (b.t.; curve b), and after the final 

outgassing at the end of a series of D2O adsorption/desorption cycles (curve c). In particular, the 

data displayed were obtained for HA−2, while the equivalent data collected for HA−1 are reported 

in Figure S3 in SI. 

 

 
 
Figure 4. IR spectra of HA–2: (a) in the presence of 20 mbar of H2O, (b) after 60 min outgassing at 
b.t., (c) after exchange with D2O and subsequent 60 min outgassing at b.t.. Inset: zoom of the 
carbonate νCO region. 
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Table 2. General assignment of the bands present in the IR spectra (3800-1350 cm−1 range) of 
nano−HA in contact with 20 mbar of H2O, after 60 min outgassing at b.t., and after exchange with 
D2O and subsequent outgassing at b.t..14 

Band position  
(cm−1) 

Assignments 

3800-2500 
(range) 

stretching modes of adsorbed H2O, bulk and surface hydroxy groups 
(e.g. of HPO4

2-) involved in H-bonding  
3570 

(centre of a 
narrow band) 

stretching mode of bulk OH-, occupying the 4e position in the 
hexagonal lattice (“columnar OH”, because aligned in columns 

parallel to the c-axis) 
2750-2000 

(range) 
stretching modes of adsorbed D2O, and surface –OD groups 
involved in H-bonding 

2000-1900  
(weak; range) 

combination modes of fundamental phosphate bulk absorption 
(falling below the limit of transparency of the pellets used for this 

study) 
1640 

(band centre) 
H2O deformation mode (δH2O) 

(shifted at ca. 1200cm−1 for D2O, below the transparency limit of 
the materials pellettized in a self-supporting form) 

1600-1370 
(range) 

antisymmetric stretching modes of carbonate groups 

 

 

The assignment of the various signals is summarized in Table 2. Focusing on Figure 4, it can 

be observed that the  δH2O band (at ca. 1640 cm−1) still exhibited ca. 30% of the original intensity 

after outgassing at b.t. (curve b), witnessing the coordination of water molecules on surface Ca2+ 

ions.14, 23 The stretching modes of such molecules contribute to the broad absorption in the 3700-

2750 cm−1 range, overlapping the sharp peak at 3570 cm−1 typical of bulk columnar OH in a 4e 

lattice position. The shift to lower frequency of the signals due to water molecules after H2O/D2O 

exchange (curve c) reveals the resistance to such exchange not only of the peak at 3570 cm−1 

(expected), but also of a broad νOH band in the 3500-2750 cm−1 range. The absence of a δH2O 

partner indicated that this feature must be assigned to bulk hydroxyl groups involved in H-bonding, 

likely belonging to HPO4
2- species,14 and not to entrapped water molecules.52 

It is important to note that no signals due to acetate species, the antisymmetric νCOO- mode 

which should produce a band in the 1650-1550 cm−1 region53, were detected, indicating that 
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CH3COO- ions were neither entrapped in the bulk nor left adsorbed on the surface of nanoparticles. 

Accordingly, TGA curves did not exhibit peculiar features assignable to acetates (see Figure S4 in 

the SI, and related comment). Thus, the data collected indicated that these species were effectively 

removed during the washing procedure. Likely, they acted as weaker ligands for Ca2+ ions with 

respect to di- and tricarboxylic Ca2+-chelating agents and amino acids, which typically remained 

associated to HA nanoparticles after washing.13,40-45 

Moving to lower frequency, the pattern in the 1550-1370 cm−1 range (expanded as an inset), 

related to the antisymmetric stretching modes of carbonate groups47, 54-56 appeared to be sensitive to 

the amount of adsorbed water (curves a, b), indicating that they were present to some extent on the 

surface of HA nanoparticles. To avoid any additional effect of this spectral evolution, possibly due 

to the low frequency tail of the δH2O band, the response of carbonates to surface hydration was 

evaluated by hydrating and dehydrating the samples with D2O, exhibiting the band due to the 

deformation mode at ca. 1200 cm−1. The results obtained for the two materials are compared in 

Figure 5. 

 

Figure 5. Spectra, in the 1600-1350 cm−1 range, of (A) HA−1 and (B) HA−2. Samples underwent 
D2O adsorption/desorption cycles until invariance of the spectra, and then were outgassed for 60 
min at: a) beam temperature, b) 433, c) 573 K. Spectra a′-c′: spectra collected in the presence of 
D2O vapor (20 mbar) on the samples pre-outgassed at the indicated temperatures. 
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The two patterns exhibit a relative intensity consistent with  the difference in carbonate content 

of the two materials (see Table 1); the assignment of the various components is reported in Table 3, 

based on the voluminous literature on IR spectroscopy of carbonate in the bulk of apatites, ranging 

from pioneering studies 55b,57,58  to the most recent proposals.54 

 

Table 3. General assignment based on refs54,57 of the IR pattern due to antisymmetric stretching 
modes of carbonates in apatites in the 1650-1400 cm−1 range. 

Band position  
(cm−1) 

Assignment 

1600-1500 
(range) 

carbonates substituting columnar OH- : A-type 

1500-1450 
(range) 

both carbonates substituting columnar OH- (A-type) and 
carbonates substituting phosphates (B-type) 

1420-1410 
(centre of a 

narrower band) 

 
carbonates substituting phosphates: B-type 

 

On such a basis, weak and unresolved features in the 1600-1500 cm−1 range monitor the 

scarce content in A-type carbonates, whereas the B-type, characterized by bands in the 1550– 1350 

cm−1, range should be predominant and is expected for precipitated apatites.54,55b,57-58 The removal 

of D2O multilayers from the materials in the “as-prepared” form (curves a, a’ in both panels) 

affected to a larger extent the νCO3
2-

asym spectral pattern of HA−2, indicating that a larger amount 

of carbonate groups should be present on the surface of these nanoparticles. This effect significantly 

decreased for both materials pre-outgassed at 433 K (curves b, b’ in both panels), monitoring the 

removal of most of the surface carbonate groups, and then disappeared following outgassing at 573 

K curves c, c’ in both panels), demonstrating the complete removal of surface carbonate groups. 

Moreover, it can be observed that the relative intensity of the various components in the 1550-1350 

cm−1 range appeared different in the spectra of the two materials in the “as-prepared form” (curves a 

in both panels), and then, by increasing the treatment temperature, the spectral profile of HA−2 

became progressively similar to that of HA−1, indicating the initial presence in HA−2 of B-type 
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carbonate with a different local structure 54 then evolving by thermal treatment towards species 

more similar to those present in HA−1 nanoparticles. 

3.4. Amounts of surface hydroxyl groups and adsorbed H2O molecules 

The next target was the quantitative assessment of adsorbed water molecules and surface 

hydroxyl groups in the two materials. In this respect, spectral patterns containing only signals due to 

such surface species were obtained by subtracting the spectra collected after exchange with D2O 

and subsequent outgassing from those recorded after outgassing at b.t. [curves (c) and (b), 

respectively, in Figure 4 and Figure S3 in SI]. Briefly, spectra obtained along the adopted stepwise 

procedure are displayed in Figure S5 in the SI, while the results of the quantitative analysis of such 

spectra are reported here in Table 4 and in the text below. Before the subtraction, all spectra were 

normalized both to the amount of sample (see the Experimental section) and to the specific surface 

area in order to refer to spectral intensities related to equivalent surface extensions. Hence, 

differences in intensity of the components obtained after the subtraction must only reflect 

differences in the amount of surface hydration between the two materials. The relative integrated 

intensities of the νOH signal (3750-2500 cm−1, due to both surface hydroxyl groups and water 

molecules) and δH2O (1800-1550 cm−1, only due to surface water molecules) for samples outgassed 

at b.t. were then calculated (Table 4). A similar evaluation was performed for materials in 

equilibrium with 20 mbar H2O, but limited to the δH2O band, as the maximum of the νOH signal 

was out of scale. 
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Table 4. Relative integrated intensity (I) of the νOH band in the 3750-2500 cm−1 range (resulting 
from both hydroxy groups and H2O molecules) and δH2O band (1800-1550 cm−1) in the spectra of 
HA−1 and HA−2 outgassed at b.t. for 60 min (spectral data is in Figure S5 of the SI).  

* with respect I δH2O of HA-2 assumed as unity (second row, fifth column) 
**from ref. 14 

 

  Using the conversion factor from the integrated intensity of the δH2O band, the number of 

water molecules per surface unit derived in previous studies14 (Table 4, last row),  the amounts of 

water molecules remaining coordinated to surface cations after outgassing at b.t. were calculated 

(Table 4, columns 4). It is worthwhile to note that the interaction of H2O molecules with the surface 

is governed not only by the coordinative interaction with cationic sites, but also by a strong H-

bonding interaction with oxygen atoms of phosphate groups, as indicated by both theoretical and 

experimental investigations.59-60  The analysis of the broad signal in the 3500-2500 cm−1 range was 

less straightforward because of the superposition of the νOH components due to adsorbed water 

molecules and surface hydroxyl groups involved in H-bonding. Then, the ratio between the 

integrated area of the OH stretching band (I νOH), due to both hydroxyl groups and water 

molecules, and the δH2O band (I δH2O), due to water molecules only, was calculated. The t test 

carried out at a 95% confidence level  on both H2O/nm2 and  I νOH/I δH2O values indicated that, in 

this respect, HA-1 and HA-2 materials are equivalent to another type of HA nanoparticles 

considered in previous studies,14 exhibiting at their surface ca. 4.5 H2O and 1.0 OH per nm2.  

Then, the collection of data resulting from HR−TEM observations and analysis of IR spectra 

of surface hydration species indicate the predominance of {010} surface terminations for both 

 samples outgassed at b.t. 
 I δδδδH2O 

(cm−1/nm2) 

 

conversion 
factor 

H2O 
molecules

/nm2 

relative 
I δδδδH2O 
(cm−1) 

relative* 
I ννννOH 
 (cm−1) 

I ννννOH / 
 I δδδδH2O 

HA−1 3.3±0.3 1.3±0.1 4.3 ± 0.3 1.1± 0.2 26.4± 1.3 24.0± 3.8 
HA−2 3.0±0.3 1.3±0.1 3.9 ± 0.3 1.0± 0.2 25.2± 1.3 25.2±4.1 

HA from 
previous 
studies* 

3.5±0.5 1.3±0.1 4.5± 0.5 1.2± 0.2 33.5± 1.7 27.9± 4.9 
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HA−1 and HA−2 materials, where {010}R  expected to expose 3 OH groups per nm2 should be a 

minor fraction.60 To investigate in more detail the types of facets actually exposed by the two 

materials, IR spectra of adsorbed CO were then acquired. 

 
3.5. Surface structures as revealed by IR spectroscopy of adsorbed CO  
 

To probe surface Ca2+ ions by infrared spectroscopy of adsorbed CO, H2O molecules left 

irreversibly adsorbed on HA nanoparticles by outgassing at b.t. must be removed (as well as 

carbonates, see above) at higher temperatures.14 

 

 

Figure 6. Relative amount of H2O molecules left adsorbed on HA−1 (blue) and HA−2 (red) after 
outgassing at increasing temperature, with respect to the materials outgassed at beam temperature 
(100%). The evaluation was carried out on the basis of the integrated intensities of the δH2O band 
in the IR spectra (see figure S6).  
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As shown in Figure 6, ca. 80% of water was desorbed from both materials by outgassing at 373 K. 

The complete dehydration of HA−2 was then attained by increasing the outgassing temperature to 

433 K, whereas after such treatment HA−1 still retained ca. 10% of the initial amount of H2O 

molecules, which were completely desorbed at 573 K. This outcome suggests several differences in 

the surface structure of the two types of HA nanoparticles. 

The full sets of spectra collected at decreasing CO coverage for HA−1 and HA−2 materials 

pre-outgassed at 433 K are shown in Figure 7 A, B), while those related to materials pre-outgassed 

at 573 K are reported in Figure S7 in the SI). 

 

 

(remaining part of the page left intentionally blank, 

in order Figure 7 and related caption appear in the same page) 
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Figure 7. IR spectra of CO adsorbed at ca. 100 K on A) HA−1 and B) HA−2, both pre-outgassed at 
433 K. The lettering is in the sense of decreasing CO pressure, from (a) 25 mbar to (f) outgassing 
for 1 min. Spectra are reported after subtraction of the spectrum of the material before CO 
adsorption. Panel C: spectra at maximum CO coverage of HA−1 (blue curve) and HA−2 (red-
curve), the same as curves “a” in both A and B panels. In the insets are the original spectra in the 
3680-3625 cm−1 region (left: HA−1, right: HA−2) of: (a) in contact with 25 mbar CO and (f) after 
CO outgassing. 
 Panels C’,C’’: blue and red solid lines are the experimental spectra (the same as in section C), 
while all the other curves represent B3LYP spectra calculated on the basis of the method reported in 
ref.24 Green curves: spectra of 4 CO molecules adsorbed on (010)_Ca-rich surface; solid grey 
spectra: B3LYP spectra of 4 CO molecules adsorbed on (010)_P-rich surface; dotted grey spectra: 
B3LYP spectra of 2 CO molecules adsorbed on (010)_P-rich; in each panel, the sum of the B3LYP 
spectra resulted in the black-dotted spectrum. 
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In both cases, a broad band, initially located at ca. 2168/2169 cm−1 and then shifting, while 

decreasing in intensity, to ca. 2180 cm−1, was observed, which was related to CO molecules 

adsorbed on surface Ca2+ cations.14, 25 Recent findings indicated that the evolution of the νCO band 

by changing the CO coverage is not simply due to a change in the amount of adsorbed 

monocarbonyls per Casurf
2+, but to the conversion among Casurf

2+-(CO)n adducts, with “n” ranging 

from 1 to 4.24 Noticeably, Casurf
2+-CO monocarbonyls exhibited almost the same calculated νCO 

frequency for {001} and (010)R, (010)_Ca-rich and (010)_P-rich terminations (see Figure S8), 

whereas differences appeared among the calculated νCO patterns of Casurf
2+−(CO)n carbonyls on 

such surfaces for n=2−4 (ref.24 and Figure S8 in the SI). Indeed, the spectra collected at maximum 

CO coverage for both HA materials exhibited some difference in position and shape. In addition to 

calcium cations, surface P-OH can also act as adsorption centers for CO, producing an IR band at 

ca. 2170 cm−1.61 Indeed, a weak band at ca. 3680 cm−1 monitored the presence of such P-OH groups 

at the surface of both HA−1 and HA−2 (curves f in the insets of panel C). This signal decreased in 

intensity when CO was admitted to the sample (curves a in the insets of panel C), indicating their 

interaction with probe molecules. As a consequence of this interaction, the νOH signal due to P-OH 

was downshifted to 3590 cm−1 (Figure S9 in the SI), with a ∆ν = 90 cm−1 probing that these groups 

should exhibit a weak acidity._ENREF_3027 Nevertheless, an evaluation based on literature data61 

of the ratio between the integrated intensity of the νOH band of unperturbed P-OH and that 

expected for the stretching band of CO adsorbed on them suggested that the latter should contribute 

for a negligible part of the νCO signal observed when dosing the probe molecules on both HA−1 

and HA−2 (displayed in panel C as the simulated shadowed components). However, it must be 

considered that the relative amount of hydroxyl groups with respect to surface cations, as revealed 

by CO adsorption, can change significantly depending on the preparation method.62 

To understand the nature of the difference in the νCO profiles, the method established in ref.24 

was exploited, fitting the spectrum at high CO coverage with a weighted linear combination of the 
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calculated B3LYP spectra for all Casurf
2+-(CO)n adducts (n=1-4) on (001), (010)R, (010)_Ca-rich 

and (010)_P-rich surfaces which are shown in  Figure S8. To elucidate the relative importance of 

the considered cases in an unbiased manner, the procedure was initiated by setting all the weights to 

unity. After the refinement, only the spectra of Casurf
2+−(CO)n adducts on {010}_Ca−rich with n=3, 

4 and on {010}_P−rich surfaces with n=4, 2 exhibited a ratio of different weights significantly 

different from zero (C’,C’’). The values of the ratio between {010}_Ca−rich and {010}_P−rich 

surfaces found for the two materials are listed in Table 5. The most striking feature is the difference 

in the Ca-rich: P-rich ratio exhibited by HA−1 and HA−2 pre-outgassed at 433 K (ca. 1:1.4 and 

1:5.0, respectively). This result indicated that the presence of acetate anions during the preparation 

of HA nanoparticles affects the formation of {010} facets, favoring the terminations of 

{010}_P−rich type. Moreover, the {010}_Ca−rich:{010}_P−rich ratio exhibited a significant 

evolution for HA−2 pre-outgassed at 573 K, becoming equivalent to what obtained for HA−1 (ca. 

1:1.7 and 1: 1.8, respectively), which, conversely, exhibited a limited modification after such 

treatment. This evolution exhibited the same trend as the SSA of the materials when outgassed at 

573 K, which decreased significantly in the case of HA−2 and only to a slight extent for HA−1 (see 

Table 1). Considering that TEM observations indicated that such a decrease should result from an 

agglomeration of HA−2 nanoparticles, the combination of SSA and IR spectra of adsorbed CO 

suggests that the treatment at 573 K of these HA nanoparticles resulted in a preferential stacking 

among {010}_P−rich facets.  

Table 5. Relative ratio of (010)_Ca-rich surfaces towards (010)_P-rich as revealed by the analysis 
of the IR spectra of adsorbed CO 

 (010)_Ca-rich : (010)_P-rich 
 Pre-outgassing temperature: 
 433 K 573 K 

HA−1 1.00±0.04 : 1.40±0.06 1.00±0.09 : 1.80±0.13 

HA−2      1.00±0.05 : 5.05±0.18 1.00±0.03 : 1.74±0.04 

 



 25 

 

4. CONCLUSIONS 

The collection of data obtained in this work allows us to conclude that the presence of acetate 

ions in the reaction media significantly influences the formation of hydroxyapatite nanoparticles, in 

terms of size and surface structure. Indeed, nanoparticles appeared shorter along the c-axis with 

respect to HA nanoparticles produced in the absence of CH3COO-, indicating that these species 

might stabilize {001} facets during particle growth. Moreover, {010} facets remained the most 

abundant for HA nanoparticles prepared in the presence of acetates, but, once synthesized in the 

absence of CH3COO- groups, their surfaces appeared to be definitely enriched in {010}_P−rich 

terminations with respect to the {010}_Ca−rich. Apparently, such terminations are preferential 

surfaces for stacking during particle aggregation promoted by thermal treatment. Hence, this work 

indicated that the use of calcium chelating agents during the synthesis of HA nanoparticles for 

different biomedical applications is an effective approach to tailor size and surface structural 

features. 

Finally, from a methodological point of view, it is notable that the synergy between the use of 

HR-TEM and IR spectra of adsorbed CO resulted in a significant added value, allowing the 

recognition of differences in the actual terminations of nanoparticle facets of the same 

crystallographic type. 
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