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Abstract

The adsorption of CO at hydroxyapatite (HA) surfaces has been studied by combining quantum
mechanical modeling with experimental IR results. To model the adsorption, the hybrid B3LYP-
D*, inclusive of dispersive interactions, has been adopted within the periodic boundary
conditions, using the CRYSTALQ9 program and a polarized Gaussian type basis set. Four HA
surfaces have been investigated using slabs of finite thickness: two stoichiometric HA(001) and
HA(010)R surfaces and two non-stoichiometric HA(010) in which the value of the Ca/P ratio
was either higher (HA(010) Ca-rich) or lower (HA(010) P-rich) than the bulk value.
Geometrical, energetic and vibrational features of the adsorption process have been fully
investigated, by considering CO coverage ranging from 1.5 to 6 CO/nm?, respectively. By
combining the results from the modeling study with experimental IR data, it was assessed that
the vibrational features of adsorbed CO can be proposed as a potential tool for the recognition of

types of surface terminations exposed by HA crystalline nanoparticles.
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Introduction

In the last 50 years, the complex and multidisciplinary field, related to the properties of
biomaterials, has raised considerably." The biomaterial class envisages all those organic and
inorganic compounds which elicit and promote an appropriate function or response when
interacting with biological systems. Among these compounds, hydroxyapatite [HA,
Cai0(PO4)s(OH),] has been the subject of many studies, because of its intrinsic biocompatibility
as main constituent of the natural biological bone and teeth tissues.”™*

Indeed, not only natural-derived, but also synthetic HA materials are directly employed
for building prostheses, for coating metallic implants and in repairing/replacing damaged
enamels (pathological calcifications diseases, as tumors or osteoporosis).*” In these applications,
HA is able to stimulate the osteo-integration, enhancing the fixation of the prostheses by
avoiding the undesired immune response of rejection.

Interestingly, HA is not limited to applications in a biomedical context, as it has become a
promising material in heterogeneous catalysis as well. For instance, HA powders are often
employed in the green-chemistry field, as a support for metal nanoparticles deposition. Jaworski
et al.® have recently studied the reactivity of the HA surfaces to support cobalt nanoparticles.
This hybrid system showed very interesting catalytic properties for the production of hydrogen
molecules from the hydrolysis of sodium borohydride (NaBH,). Zahmaktran et al.? showed that
rhodium clusters supported by HA successfully catalyze the hydrogenation of aromatic
compounds in solvent-free conditions.

Remarkably, also HA as such can successfully elicits catalytic behaviors. By modulating
the Ca/P ratio, HA can promote the dehydroxylation reaction of alcohols, such as ethanol or 1-
butanol, or, conversely, the hydroxylation of unsaturated systems, such as the synthesis of phenol
from benzene.'**?

Despite such a variety of applications, most of the which have not been listed here for the

sake of brevity, few studies have focused, at the molecular level, on the HA surface structures,
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which are directly involved in the adsorption processes and govern the chemical activity of HA,
either when contacting biological molecules or as a catalyst. One example focusing on an
atomistic view is the work by the Kandori’s group,** who reported that only two families of
different binding sites, called C and P sites, respectively, are present on well-defined hexagonal
HA crystal planes. The C sites, arranged in a rectangular arrays on ac (or bc) faces and rich in
Ca’* ions, act as adsorbing sites for acidic proteins, whereas the P sites, arranged hexagonally on
ab faces and lacking Ca?* ions, are more inclined to adsorb basic proteins.** Moreover, some of
us™*® have analyzed the morphologies and surface structures of nano-sized HA particles, from
different syntheses, using high-resolution transmission electron microscopy (HR-TEM) and
infrared (IR) spectroscopy, in controlled atmosphere and thermal treatment conditions of the
samples. It was shown that, in these cases, the crystalline order was extended up to the particles
surfaces, whose dominant crystal forms were, in general, of the {010} type. Sato et al.*’
demonstrated also by HR-TEM that the (010) surface exhibits three different terminations, as

also recently remarked by Ospina et al.,*®

even if they did not analyze the detailed features of the
terminations. Nevertheless, a precise HR-TEM recognition of subtle differences in the surface
structure of HA nanoparticles is a really difficult task and requires advanced instruments and
data analysis skills. On the contrary, the study of adsorbed probe molecules, exhibiting features
which are sensitive to the adsorbing sites structure, offers the possibility to obtain information at
a molecular resolution with less effort. Along that line, some of us**?° have characterized the HA
nano-crystals morphology by a joint use of infrared spectroscopy, HR-TEM techniques and
guantum mechanical calculations to monitor the vibrational bands of the adsorbed glycine as a
probe of the specific features of exposed surfaces. The results were unequivocally indicating that
the (010) family of crystal planes is dominating the nano-crystals morphology.

While glycine is a complex probe, as it can interact simultaneously with C and P kinds of

sites, carbon monoxide (CO) has been adopted since long ago due to its simplicity. When

adsorbed on surfaces, it allows for a fine characterization of the Lewis surface acidity, by
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monitoring the response of its stretching mode due to adsorption.”* Recently, some of us™ have
reported IR measurements of CO adsorption at 100K on dehydrated crystalline HA surfaces,
indicating some heterogeneity of Lewis acid sites, also confirmed by other studies based on
adsorption microcalorimetry measurements and quantum mechanical modeling.?? Nonetheless,
the attempt to classify the relative importance of each HA surface in the HA nano-crystals
morphology was partly unsatisfactory. Starting from those preliminary results, in this paper we
have studied in much more details the CO adsorption at the HA surfaces, by means of quantum
mechanical modeling and IR technique. As already done in previous papers dealing with glycine

as a probe,9%°

we have modeled the adsorption of CO, from low to high CO coverages, on
periodic models of the most relevant HA surfaces, within periodic boundary conditions. The
quantum mechanical problem was solved using polarized triple-C all-electron Gaussian basis set,
more extended than those adopted in the past, and the hybrid B3LYP-D* functional, which
guarantees good accuracy in structures, energetic (as it includes dispersion interactions) and
vibrational features. We have considered four slab models which should reproduce the most
important terminations of HA: the stoichiometric HA(001) and HA(010) surfaces and the non-
stoichiometric HA(010)_Ca-rich and HA(010) P-rich surfaces. The stoichiometric HA(010)
surface has been considered in its water-reacted form, being water ubiquitous in all body fluids
and HA synthesized in a watery environment (the stoichiometric HA(010) is the only surface
upon which water dissociates). The theoretical modeling of the two non-stoichiometric (010)
surfaces has already been performed by Astala and Stott with the PBE functional and the
SIESTA program.?® As already mentioned, in a previous paper,?” the adsorption of CO was
limited to very low coverage (one CO molecule per each HA surface), which did not allow for a
complete understanding of the experimental data. In the present paper, we have increased the
loading from 1 up to 4 molecules per unit cell of each considered surface model. We anticipate

that the joint use of IR experimental data and quantum mechanical modeling allowed to reveal

the relative importance of the HA crystal surfaces in dictating the morphology of the HA nano-
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crystals.

Materials
Hydroxyapatite nanocrystals were prepared by dropping a solution of HsPO,4 (1.26 M, 0.6

L) into a Ca(OH), suspension (1.35 M, 1.0 L), to accomplish the reaction:

10 Ca(OH)z + 3 H3PO4 — Calo(PO4)GOH2 + 9 H,O

The reaction mixture was stirred under N, atmosphere for 24 hours at 368 K. The stirring
was then suspended and the mixtures were left standing for 2 hours to allow for deposition of the
inorganic phase. The HA powders were then isolated by filtration of the mother liquor,
repeatedly washed with water and dried at room temperature. The material exhibited a specific
surface area of ca. 70 m*/g, (N, adsorption at T ~77K, BET method, ASAP 2020 Micromeritics)
and a Ca/P ratio of 1.65 (the stoichiometric one being 1.67). Carbon monoxide used for IR
measurements was of the high purity type (Praxair), and dosed onto the sample without any

further purification except liquid nitrogen trapping.

Experimental methods

To prepare for IR study of adsorbed CO, HA powder was pressed in a self-supporting
pellet (“optical thickness” in the 15-20 mg/cm? range) and placed in an home-made IR cell for
the collection of spectra at ca. 100 K,** equipped with KBr. The cell was connected to a
conventional vacuum line (residual pressure: 1x10~> mbar, 1 mbar=102 Pa), allowing all thermal
treatments and adsorption—desorption experiments to be carried out in situ. Before IR
measurements, the sample was outgassed at 433 K, which ensured the best compromise between

a high extent of water removal from surface Ca** ions (ca. 85%) and limited surface modification



(in terms of loss of capability to reabsorb water).*> Measurements were carried out at a resolution
of 4 cm™ using a Vector 22 spectrometer, equipped with a MCT detector. Spectra of adsorbed
CO are reported in Absorbance, after subtraction of the spectra of the samples before CO

admission as the background.

Computational details

The interaction between HA surfaces with CO molecules was simulated using the
CRYSTALO9 periodic code.*% Graphical manipulations have been carried out with the
molecular graphics program MOLDRAW *’ and QUTEMOL.?®
Basis set

The multi-electron wave function was described by a linear combination of crystalline
orbitals expanded in terms of Gaussian-type basis set functions. In the present work, Ca atoms
were described with a triple-{ valence all-electron basis set, 86-811G(3d), with as, = 0.295 bohr™
as the exponent of the most diffuse shell and apo = 0.3191 bohr™ for polarization.” A 85-21G(d)
basis set was used for P atoms, with o, = 0.1350 bohr™ as the most diffuse shell exponent and
opor = 0.7458 bohr for polarization. C atoms were represented with a 511111-411G(d) basis set
(VTZ), with asp, = 0.1008 bohr™ as the most diffuse shell exponent and oo = 0.8000 bohr? for
polarization.®® O atoms were represented with a 511111-411G(d) basis set (VTZ), with Osp =
0.1751 bohr? as the most diffuse shell exponent and apo = 0.1200 bohr? for polal‘ization.30 H
atom was described with a 31G(p) basis set, with o5, = 0.1613 bohr? as the most diffuse shell
exponent and apo = 1.100 bohr for polarization. This basis set has been successfully adopted to
study the adsorption of glycine on the HA surfaces.?
Hamiltonian and geometry optimization

All calculations were performed within the Density Functional Theory (DFT) framework

with the B3LYP hybrid functional. This functional has already proved to provide results in good
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agreement with the experimental data for similar systems.** The Hamiltonian matrix was
diagonalized on 4 k-points. Default values (6 6 6 6 14) of the tolerances controlling the accuracy
of the Coulomb and exchange series were adopted. The SCF was considered converged with a
difference between the energies lower than 107 Hartree. Atomic coordinates optimization was
performed via an analytical gradient method, upgrading the numerical Hessian with the Broyden-
Fletcher-Goldfarb-Shanno algorithm.?®
Adsorption energies

The scheme to compute the adsorption energies is the one described by some us for
similar systems.?* 334 |n essence, the electronic interaction energy per adsorbed CO molecule is
computed using the following formula:

AE =[E(HA_sih CO) - E(HA_s)-nE(CO)] /n

In which E(HA_s/n CO), E(HA _s) and E(CO) are the total electronic energies of: i) the
HA surface with n adsorbed CO molecules in the unit cell; ii) the bare HA s surface unit cell; iii)
the free CO molecule. On the fully optimized B3LYP geometries, a single point evaluation of the
contribution due to dispersion interactions has been computed by means of the revised
parameterization®® (known as B3LYP-D*) of the original Grimme’s one®* available in
CRYSTALO09. This contribution, as well as the correction of the electronic interaction energies
due to basis set superposition error, have been worked out using the same formula as above.
Negative AE values show favorable adsorption. As the dispersion is evaluated on B3LYP
optimized structures, its role is expected to be somewhat underestimated compared to a full
B3LYP-D* optimization as the B3LYP-D* intermolecular distances would be shorter
(increasing the dispersive contribution) than the corresponding B3LYP ones. This effect may be
artificially enhanced by the relatively large BSSE associated with the present basis set, so that
we prefer to avoid full B3LYP-D* optimization.
Phonon frequencies and comparison with experimental IR spectra

The B3LYP vibrational frequencies, restricted to the CO fragment only, were computed
9



at the I' point within the harmonic approximation, by obtaining the eigenvalues from the
diagonalization of the mass-weighted Hessian matrix.*” This strategy has been validated by some
of us in the past®® and already adopted in some previous works.*®. The coordinates of each atom
of the CO molecule were displaced by +0.003 A in order to compute the Hessian matrix,
resulting in 5 low frequency modes associated to frustrated translation and hindered rotation and
one high frequency mode associated to the CO stretching mode. The infrared intensity of each
normal mode were computed using the Berry phase approach.*® The set of frequencies has also
been used to correct the purely electronic interaction energies for the zero point energy and to
arrive to the final enthalpy of adsorption AH at room temperature.

To correct for systematic errors of the B3LYP method and for anharmonicity, the B3LYP

CO stretching frequency was rescaled using the scaling factor s.. computed as the ratio

between the experimental CO stretching frequency value and the corresponding B3LYP one:

Ve (free CO)
Sl’esc = (1)
VesLye(free CO)

For each optimized structure i, the IR spectrum S, (v) in the CO stretching region was

computed as a linear combination of Gaussian functions G(v —v;), each one centered at the "
CO B3LYP rescaled frequency value v, and a 15 cm™ full width at half maximum (FWHM),

weighted by the corresponding IR intensity (1;):
Si(v)=2|j~G(v—vj) @)
i

A linear combination T(v) of all the computed S,(v) spectra represents the resulting

spectrum in which, however, the weights w, of each S, (v) have to be, somehow, determined:
T(v)= ZWi -5, (v) 3)

The criterion adopted to choose the weights w, has been to run a non-linear regression

10



between the experimental IR spectrum and the computed T(v)one, by keeping constant the

relative ratios of the computed I intensities within the same case i, while changing their

]

absolute values.
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Results and discussion
Slab models

The quality of the present basis set is better than the one adopted recently to model bulk
HA structure and vibrational features. The comparison between computed and experimental
features for the bulk have been proved to be very good and the interested reader can found
details in Ref. “*? Previous studies, both theoretical*® and experimental,'® have revealed that the
most important surfaces of hydroxyapatite are the HA(001) and the HA(010) ones. Indeed, from
the experimental side, crystalline HA nanoparticles with platelet morphology, exposing (010)
planes as basal surfaces (with sides in the 40-100 nm range), and (001) and (100) planes (the
latter being isostructural with the (010) one) as lateral terminations (resulting in a particles
thickness of ca. 5 — 10 nm), have been used.™

The HA(001) surface model has already been described in related papers by some of us

(see Ref.®

and references therein). This surface, in which the OH™ ions are aligned
perpendicularly to the slab plane, exhibits a dipolar moment across the slab which should, in
principle, affect the stability with the increasing of the thickness. Nonetheless, we recently
proved that the growth of the dipole moment magnitude with the slab thickness is non-critical in
terms of stability of the electronic structure, at least up to a nanometric scale.** Therefore we
have adopted a dipolar HA(001) model for all simulations, with a thickness of 13.5 A. A top
view of all considered surface is displayed in Figure 1 (top-left panel).

The {010} crystal plane family is composed of a sequence of layers like ...A-B-A-A-B-
A-A-B-A-...., where the A and B layers have the Ca3(PO,),; and Cas(PO4)2(OH), chemical
compositions, respectively. Hence, for a well-defined (010) slab, the most exposed layers result
as ...-A-B-A, ..-A-A-B or ...-B-A-A giving rise to the stoichiometric HA(010) and the non-
stoichiometric HA(010) _Ca-rich and HA(010) P-rich surfaces, respectively (Figure 1, bottom-

left and right panel, respectively). The thickness values of the adopted models for these surfaces

are 17.2 A, 19.2 A and 20.0 A, respectively. We found that the HA(010) stoichiometric surface
12



reacts spontaneously with water, generating new superficial POH and CaOH functionalities. As
HA is experimentally synthesized in a watery environment, we considered the water-reacted
form, HA(010)R (Figure 1, top-right panel), to be more representative of the stoichiometric
termination than the pristine unreacted HA(010) for modeling a real surface.?® ?* ** As all the

20, 22 \ye considered all of them for CO

three terminations have been shown to be important,
adsorption.

These four surfaces have been relaxed, keeping the cell parameters fixed at the HA bulk
values, while allowing the atomic positions to move without symmetry constraints. Through the
analysis of the resulting electric field, we studied the electrostatic behavior of each site of the
surfaces. Then, following the electronic complementarity principle between electrostatic
potential values of adsorbent/adsorbate, already adopted in other similar studied,*® *° the CO
molecules have been adsorbed C-down at the surface Ca®* ions. The adsorption in a O-down
fashion has been long established not to be relevant for CO adsorbed on surfaces of ionic and
semi-ionic oxides.”* We have started adsorbing one CO molecule per surface unit cell, allowing
the atomic internal coordinates to relax. This procedure has been repeated until four CO
molecules per unit cell were adsorbed, which covered all the exposed Ca®* ions. During this step,
we observed that the initial adsorption CO position was, most of the times, changed during the
geometry optimization as CO were seeking the most active Ca®* site available for adsorption for
each particular CO loading.

Energetic analysis

Following the procedure described in the Computational Details section, the energetic
values for each model structure, reported in Table 1, have been computed (more details in the
Electronic Supplementary Information, hereafter ESI). Some trends common to all cases can be
underlined.

Firstly, the electronic adsorption energy (-AE®) exhibits an almost monotonous

decreasing trend with respect to the CO loading, in agreement with what generally found in
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similar calculations.*® This is basically due to the balance between maximizing the electrostatic
attractive interaction with the exposed surface Ca®* ions and reducing the CO/CO lateral
repulsion (both of electrostatic and exchange repulsion nature).

The dispersive contribution to the adsorption energy has been shown to be important also
for the adsorption on surfaces of ionic and semi-ionic oxides, as it is the present case.***® As
expected, the dispersive contribution to the enthalpy (-AEP) increases with the CO loading, as
each adsorbed molecule laterally interacts with an increasing number of adsorbed CO molecules.

Independently on the considered model, the zero-point and thermal corrections reduce the
adsorption energy (it becomes less negative) by ~3.5 kJ/mol. In all cases, the enthalpy calculated
at room temperature, AH(RT), is highest for the adsorption of the first CO molecule (the highest
among all cases is for the 1CO/HA(010)_P-rich model, about -35 kJ-mol™). At increasing CO
loading, AH(RT) becomes less negative reaching a plateau of about -20 kJ/mol for all cases. This
trend is at variance with the decrease of the electronic adsorption energy -AE®: the decrease is,
however, compensated by the attractive dispersive contribution which increases with the CO
loading. This trend is in qualitative agreement with previous experimental microcalorimetric
results, which have highlighted two classes of adsorption sites.?> The first class of sites is
important at very low CO loadings and envisages differential heat of adsorption of about -40
kJ/mol. The second class is relevant for higher CO loading, with the differential heat of
adsorption value decreasing down to -10 kJ/mol.

Among electrostatic and dispersion interactions, also charge transfer within the
surface/adsorbate system can contribute to the final adsorption energy. The Born dynamic
charges, computed during the evaluation of the infrared intensity, have been used to study this
effect. For all considered systems, the electronic charge transfer resulted very small (about 0.03
e), and almost constant for all systems (details available in the ESI). Considering that, by
neglecting the BSSE, the charge transfer will be overestimated, it can be concluded that the

interaction between CO and HA model surfaces is mainly due to electrostatic and dispersive
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interactions.

It is worth to notice that for HA(010)R, HA(010) Ca-rich and HA(010)_P-rich surfaces
the adsorption is characterized by more than one CO per Ca ion (see Figure S1 in the ESI). The
formation of poly-adducts (basically of a di-carbonyl type) mainly driven by electrostatic
interaction with the adsorbing sites, have been reported for CO adsorbed in in zeolites exchanged
with both alkaline®® and alkali-earth cations as charge-balancing species.®® On truly external
surfaces, the co-adsoprtion of two CO molecules on d” cationic sites has been observed on highly
coordinatively unsaturated Mg”* exposed at the corners of MgO cubelets.”* To the best of our
knowledge, such ad-species have not been reported/proposed yet for adsorbing sites exposed by
low index surfaces, as in the present case. This is no surprise, as for the surfaces of common
oxides and halides (MgO, NaCl and alike) the cationic sites (Mg?*, Na*) are tightly packed by
atomic anions (0%, CI), resulting in an efficient charge screening preventing the adsorption of
more than one CO per cationic site. For the present case, the anionic species are phosphate
groups which less efficiently screen-out the Ca®* ions due to a looser packing and a reduced
charge/density ratio compared to small atomic anions. The final affinity for CO of the Ca ions
exposed at the HA surfaces is then a subtle balance of the screening electrostatic effects and the
exchange repulsions dictating the steric repulsion.

Vibrational analysis and comparison with experimental IR spectrum

On the optimized CO/HA structures, the IR vibrational frequencies at I'-point, limited to
the adsorbed CO molecules, have been computed at the B3LYP level, with the purpose to carry
out a detailed comparison with the experimental results (vide infra), All the vibrational data are
listed in Table 2: from the analysis of each specific HA/CO interaction, two classes of surface
interacting sites can be recognized, in agreement with the energetic data reported above. The first
class includes the most acidic Ca?* sites, with Ca**CO distance in the 2.7/2.8 A range and a
bathochromic shift of the CO stretching frequency > +30 cm™. The second class envisages

weaker sites, the Ca>"~CO distance being longer (2.9/3.0 A) and the bathochromic CO shifts
15



smaller (+15 cm™). A different kind of low-acidic site, present in the HA(010)R models, has
been revealed by 2 CO loading per unit cell case, in which also the OH" ion is involved in an
OHCO interaction. This site belongs to the class of weaker acidity, as the corresponding
bathochromic CO shifts are around +15 cm™.

One objective of the present work is to use the IR spectroscopy of the adsorbed CO for
detecting the surface terminations of HA nanoparticles. To that purpose, v(CO) spectra were
simulated on the basis of the B3LYP vibrational features: the spectral profiles obtained for
increasing amount of adsorbed CO on each HA surface are shown in Figure 2. The four
considered HA surfaces appeared almost undistinguishable, if only one CO molecule per surface
unit cell was considered (top-left panel). Only by the co-adsorption of more than one CO
molecule per Ca?* site (i.e. at higher CO loading) the v(CO) spectral profiles start to increase in
complexity. When CO is co-adsorbed on the same Ca?* site, each CO molecule probes the field
of a farther zone around the Ca?* site compared to the case of one CO per Ca ion. This subtle
effect, which increases the complexity of the IR spectrum, has been characterized more clearly
for CO adsorbed on Ni?* ions embedded in an amorphous silica matrix.>*>?

The B3LYP v(CO) spectra have been used to analyze the experimental IR spectra of CO
adsorbed at ca. 100 K on HA nanoparticles, obtained by progressively decreasing the CO
pressure from an initial value of 25 mbar (Figure 3). Higher CO pressure essentially resulted
only in an increase in intensity of the component at 2140 cm™ due to CO adsorbed in a liquid-
like form, indicating that all cationic surface sites available for a specific interaction with probe
molecules were already occupied. The spectrum taken at the highest CO coverage (curve a)
exhibited a main band with maximum at 2168 cm™, a full width at half maximum of ca. 20 cm™
and a weak shoulder at ca. 2145 cm™. This latter component resulted from the superimposition of
the roto-vibrational profile of CO gas in equilibrium with the sample (significantly contributing

to the spectra pco > 4 mbar, curve b) and a partly resolved component due to adsorbed species
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(more clearly appearing for pco < 2 mbar, see curve c in the inset with the zoomed view of the
spectral range indicated as “A”). By decreasing the CO coverage, the band intensity
progressively decreased and the maximum shifted to higher frequency (curves b-j). The
evolution of the main component at 2168 cm™ appeared mirrored by the progressive vanishing of
a very weak component in the 2135-2105 cm™ range (Figure 3, inset). The ratio between the
positions of these two signals (e.g.: 2122/2171 and 2131/2179 = 0.978) corresponds to the
(u(**CO)/n(CO))* ratio, where p is the CO reduced mass. By considering the relative intensity
of the two components, the weakest one can be attributed to **CO molecules present in natural
abundance (ca. 1%). In a previous paper by some of us,' the progressive up-shift of the signal at
2168 cm™ with the decreasing of the CO coverage, has been attributed to the decrease of CO-
CO interactions, both static and dynamic in nature. This is known to occur between arrays of
CO molecules adsorbed on other insulating materials, like NaCl,** MgO®® and Al,05.%* At that
time, not enough care was devoted to check the presence of the v(**CO) weak signal, now
observed at 2122 cm™ (after the disappearance of the contribution due to CO gas, Figure 3, curve
d): the position of this signal is highly informative on the absence of any dipolar (dynamic)
coupling, which would require the presence of parallel **CO vibrating dipoles, among **CO
adsorbed molecules. In brief, when *2CO/**CO mixtures poor in **CO (< 10%) are used, both
molecules experience adsorbate-adsorbate static interactions (mainly through the HA solid),
which induce a decrease of the v(CO) frequency with respect to the singleton (6co—0).
Conversely, dynamic coupling, which induces an increase of the v(CO) frequency with respect
to the singleton, only occurs among arrays of CO adsorbed in a parallel fashion and vibrating
with similar frequency. This is the case of large patches of *2CO molecules, whereas is not
effective for the few *3*CO adsorbed molecules highly dispersed in the *?CO patches. Thus, when
2cO0 and **CO are adsorbed in the form of arrays of parallel mono-carbonylic adducts, a

difference, corresponding to the extent of the dynamic coupling, should occur between the
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position of the observed v(**CO) signal (not affected by the dynamic coupling) and the position
calculated as (n(**CO)/ w(**CO))*? x v(**CO) for an array of **CO molecules, (affected by the
dynamic coupling).”® Moreover, as the effectiveness of the dynamic coupling also depends on
the distance among vibrating CO dipoles, it must be considered that distances among Ca®" ions
exposed by the calculated surfaces (Table 4S of ESI) are similar to those among AI** sites on
(110) facets of 3-Al,O3 nanoparticles, where adsorbed CO molecules were found to experience a
significant dynamic coupling.? Hence, it can be concluded that the coincidence between the
present observed v(**CO) signal at 2122 cm™ and the value resulting from the (n(**CO)/
n(**c0))"? x v(**C0) formula indicates the absence of dynamic coupling between CO molecules
adsorbed on the considered HA nanoparticles, in agreement with the possible occurrence of co-
adsorption of more than one CO molecule per Ca** ion, on which CO oscillators are not parallel
to each other.

Focusing now on the highest CO coverage attained, it is self-evident that none of the B3LYP
v(CO) profiles (Figure 2) fits the experimental one (Figure 3, curve a). Thus, by adopting an
approach similar to the adsorption of glycine on HA,*® a weighted linear combination of the
B3LYP spectra for all separated cases was carried out, seeking for the best match with the
experimental IR spectrum (see Computational section for details). This procedure revealed the
relative importance of the considered cases in an unbiased way, as the procedure was started by
setting to unity all the weights w;. After the refinements, only two models exhibited w; values
significantly different from zero, among all the considered models. These two cases are the
4CO/HA(010) Ca-rich and the 2CO/HA(010) P-rich (Figure 4), with the w(4CO/HA(010) Ca-
rich)/w(2CO/HA(010)_P-rich)=1/3. Figure 5 reports the two resulting B3LYP spectra, whose
sum is in striking correspondence with the experimental spectrum. The evolution of the spectral
pattern by decreasing the CO coverage should then results from the combination between the

components resulting from the conversion of CO poly-adducts in progressively simpler adsorbed
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species.

This result is in good agreement with the HR-TEM evidence of the very limited
contribution of the HA(001) termination to determine the crystalline habit of the HA
nanoparticles used™ and, more importantly, with other theoretical evidence®® as well as with
experimental HRTEM results on other HA nanoparticles'® °” of the role of the HA(010)_P-rich

and HA(010)_Ca-rich crystal faces to dictate the morphology of HA nano-crystals.

Conclusions

In this paper, quantum-mechanical modeling based on the B3LYP-D* method and
experimental IR technique have been adopted to characterize the features of the CO adsorption
on four different slab models mimicking the HA most important surfaces, i.e. the stoichiometric
HA(001) and HA(010)R (the R stands for “water-reacted”) surfaces and the non-stoichiometric
HA(010)_Ca-rich and HA(010) P-rich ones, respectively. The detailed analysis of the computed
adsorption enthalpies revealed that electrostatic, polarization, charge transfer and exchange
repulsion components of the interaction energy are counter balanced by the London dispersive
contribution, resulting in an almost flat enthalpy of adsorption value, peaked at around -20
kJ-mol™?, at almost any CO loading higher than 1 CO per unit cell. As a consequence, no surface
selection, based on energetic criteria, is possible to assess the most relevant surface termination
of nanoparticles. Conversely, if the combined use of B3LYP and experimental vibrational
features of CO adsorbed at high loadings are considered, elements for the recognition of the
surface terminations of HA nanoparticles appeared. Interestingly, the proposed method appear to
be able to distinguish not only between different families of surface facets, i.e. {001} and {010},
but, more importantly, to provide information of the relative contribution to the surface
terminations of the layers resulting from the stoichiometric, Ca-rich and P-rich of the {010}

surfaces, that are usually dictating the morphology of HA nanoparticles.
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Table 1. Energetic features (the apex C means BSSE-corrected value) of the interactions
between CO and HA surfaces. 9 indicates the loading, representing the number of CO per nm?.
AEC is the electronic interaction energy, AE® is the pure dispersive contribution, calculated a
posteriori with the Grimme’s correction; AE®® = AE® + AEP, AH(0) is the enthalpy at 0 K,
AH(RT) is the enthalpy at 293.15 K (i.e. Room Temperature). All data are in kJ mol™.

Structure 9 -AE® -AEP -AE®®  -AH(0) -AH(RT)
HA(001)

1CO 1.3 22.7 8.1 30.8 27.3 23.9
2CO 2.7 16.4 11.4 27.8 24.5 21.0
3CO 4.0 14.0 13.4 27.4 24.1 20.6
4CO 5.3 11.9 14.7 26.6 23.0 19.6
HA(010)R

1CO 1.5 17.0 17.3 34.3 31.0 27.5
2CO 3.0 11.0 12.2 23.2 20.6 16.6
3CO 45 6.9 15.8 22.7 19.6 16.0
4CO 6.0 7.3 17.4 24.7 21.3 17.9
HA(010)_Ca-rich

1CO 1.5 24.7 7.5 32.2 28.7 25.3
2CO 3.0 20.0 12.6 32.6 29.2 25.7
3CO 45 17.3 13.9 31.2 27.8 24.4
4CO 6.0 15.1 15.1 30.2 26.7 23.4
HA(010)_P-rich

1CO 1.5 28.4 13.1 41.5 37.7 34.6
2CO 3.0 19.5 13.0 32,5 28.9 25.7
3CO 45 16.7 14.0 30.7 27.0 23.9
4CO 6.0 13.8 14.7 28.5 25.0 23.5
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Table 2. Scaled B3LYP CO vibrational stretching frequency (cm™) for all considered cases.

v(CO gas) = 2143 cm™.

Structure

HA(001)

1CO 2183

2CO 2188 2155

3CO 2188 2157 2154

4CO 2188 2159 2154 2153
HA(010)R

1CO 2187

2CO 2186 2160

3CO 2173 2158 2157

4CO 2176 2169 2160 2156
HA(010)_Ca-rich

1CO 2185

2CO 2185 2173

3CO 2181 2173 2170

4CO 2178 2172 2172 2147
HA(010)_P-rich

1CO 2183

2CO 2169 2163

3CO 2169 2160 2157

4CO 2170 2165 2156 2151
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Figure 1. Structures of the B3LYP optimized HA slab structures considered in this work. Ca in
grey, oxygen in red, phosphorus in yellow and hydrogen in white. The Ca ions available for CO

interaction are labeled by *. Unit cell borders as yellow lines.
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Figure 2. Scaled B3LYP harmonic infrared spectra computed on the basis of data in Table 2 and
assuming a bandwidth of 15 cm™ for each component. In each panel are the spectra calculated
for 1 (top-left), 2 (top-right), 3(bottom-right) and 4 (bottom-left) CO molecules on the four HA

surfaces considered. The color code for the association spectrum-surface is in the top-Ileft panel.

(001) 1CO 2CO
(010)R
(010)_P-rich
(010)_Ca-rich

4CO 3CO

Intensity (a.u.)

2200 2180 2160 2140 2200 2180 2160 2140
wavenumber (cm™)
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Figure 3. Experimental IR spectra of CO adsorbed at 100 K on HA nanoparticles, from the
presence of 10 mbar CO (curve a) to outgassing for 1 min (curve j). The spectra from 25 to 12
mbar CO are not shown because of the even higher intensity of the additional contribution due to
CO gas. The lettering is in the sense of decreasing CO coverage, from the presence of 10 mbar
CO in equilibrium with the sample to outgassing for 1 min. Insets A and B: zoomed view of the
2150-2125 and 2135-2105 cm™  range, respectively. Note that in inset A the contribution of the
roto-vibrational profile of CO gas in equilibrium with the sample is no longer visible from 5
mbar CO (curve c) towards lower coverage. Conversely, in inset B, where the zoom factor along
the Y axis is ca. 10 times higher (see the difference in the bar scale), traces of the CO gas profile

appeared still contribute to spectrum c.
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Figure 4. Structures of the 4CO/HA(010)_Ca-rich and the 2CO/HA(010)_P-rich models. Left:
balls and sticks side view of the systems. Right: van der Waals top view of the systems. Ca---CO
distances, CO vibrational frequencies and the enthalpy values at room temperature are reported.

Colors coding as in Figure 1 (carbon in light blue).
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Figure 5. Experimental IR spectrum as black solid line (the same as curve c in Figure 3, i.e. the
spectrum collected in the presence of 2 mbar CO in equilibrium with the sample at ca. 100 K);
red-triangles and black-squares as B3LYP 2CO/HA(010)_P-rich and 4CO/HA(010)_Ca-rich

spectra, respectively; black-dot spectrum as sum of B3LYP separated spectra.
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