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Nowadays, the uses of nanobiomaterials are increasing and one of the most concerning biomaterial is the
hydroxyapatite (HAp). In this study, the electronic properties of the nano hydroxyapatite were studied theoretically
using density functional theory. Calculations were carried out on Gaussian 09 package program using the B3LYP
functional method, 6-31G(d,p) basis set. We determined the fitting geometry, highest occupied molecular and
lowest unoccupied molecular orbital energy, molecular electrostatic potential, electrostatic surface potential, and
electronic properties of the nano hydroxyapatite from the calculations. The spectroscopic values of the nano-HAp
were also obtained using ab initio computational method. Infrared and Raman spectroscopic data acquired via this
method were compared with the literature results. These computational studies on nano hydroxyapatite provide a
framework for materials design and selection for biomaterials used in many areas.
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1. Introduction

Calcium hydroxyapatite [HAp, Caio(PO4)s(OH)s| is
the initial inorganic component of the teeth enamel [1].
Hydroxyapatite (HAp) is the naturally occurring cal-
cium phosphate and member of apatite mineral fam-
ily.  HAp has recently attracted attention because it
has been used as a biomaterial for unnatural bone since
it has perfect features in the context of osteocompat-
ibility and high absorbability [1, 2]. HAp has been
studied and used as an environmentally benign func-
tional material with adsorbent materials through chang-
ing cations or adsorbing immutable ones on the crystal
surface. HAp can be created from both artificial and gen-
uine homelands [3]. Furthermore, nano hydroxyapatite
(nano-HAp) has wider unique surface area, better me-
chanical properties and advance osteoconductivity com-
pared to conventional hydroxyapatite [4].

In consequence of the fundamental function fulfilled by
HAp, great significance has been supposed from its lat-
tice dynamics to get information about its structure at
atomic level. Various experimental methods, like X-ray
diffraction [5, 6], IR and Raman spectroscopy [7-9] and
nuclear magnetic resonance (NMR) [10] have been per-
formed for unadulterated substance and after submerge
in simulated body fluid (SBF) to clarify HAp molecule.
However, different computational studies using molecu-
lar mechanics [11, 12] and quantum mechanical meth-
ods [13, 14] have been carried out because of the problems
related to explaining the experimental results, dynamical
properties of the lattice and electronic properties.

Recently, density functional theory (DFT) methods are
widely used to determine the large sized molecules at
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low computational cost [15-24]. In the literature, exper-
imental and theoretical studies on the characteristic of
the HAp are rare. Quantum mechanical calculations us-
ing DFT methods are generally utilized to investigate the
characterization of the materials and compounds [25, 26].

In this paper, we declared the synthesis, properties and
molecular structure of the nano-HAp. Structural, spec-
troscopic and electronic parameters of the HAp were de-
termined through the DFT methods. In addition, the
Fourier transform infrared spectroscopy (FTIR) and Ra-
man spectroscopy were studied to compare with theoret-
ical calculations. Consequently, debates on the empirical
and computational studies of this structure spearhead
a better knowledge of the biomaterial of HAp.

2. Materials and methods

All the chemicals and reagents used for the experi-
ments and the analysis in this study were of analyti-
cal grade and used without further purification. Cal-
cium nitrate tetrahydrate Ca(NOs3)g-4H20 and diammo-
nium hydrogen phosphate (NH4)o,HPO,4 was used for the
preparation of hydroxyapatite. An amount of 25 ml of
10 mmol (NH4)oHPO, solution was dropwise added to
hydroxyapatite mixture. The mixture was aged for 3 h
at room temperature, after mechanical stirring for 1 h at
50°C. pH of the solution during stirring was maintained
above 10. Then, the precipitate was separated by filtra-
tion. The resulting precipitate was rinsed with distilled
water until the wash water was neutral. Finally, nano-
hydroxyapatite materials were dried at 105°C for 3 h.

FTIR spectrum was recorded by a Perkin-Elmer
spectrum  one model FTIR  spectrophotometer
(3700-400 cm~!) and the Raman spectrum was recorded
by BTC665N-785S-SYS model Raman spectrometer for
the characterization of HAp.
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Density functional theory was used to perform the
quantum mechanical calculations of the HAp molecule
in gas phase. All the calculations were carried out
via the Gaussian 09.C1 [27] package program using the
B3LYP functional method, 6-31g(d,p) basis set [28, 29|
and GaussView 5.0.9 [30] was used for the visualization
of the structure, simulated vibrational spectra, and elec-
tronic properties.

3. Results

3.1. Molecular properties

The chemical formula of the nano-HAp is shown in
Fig. 1a. The optimized geometry at B3LYP/6-31G(d,p)
level and the atom numbering scheme of the nano-HAp
is presented in Fig. 1b, respectively.

3.2. Structural properties

The optimization results like bond distance, bond an-
gle and dihedral angle of the nano-Hap were determined
from B3LYP level by using 6-31G(d,p) basis set for all
atoms. The molecular formula of the nano-HAp has
44 bond distances, 19 bond angles and 10 dihedral angles.
These bond distances and bond angles are presented in
Table I. Our theoretical results such as bond distances
and bond angles correspond with the empirical and cal-
culated values given in the literature. As presented in
Table I, determined bond distances and bond angles
help us know the molecular structure of the nano-HAp.
The length of the P1-02 is reported to be 1.541 A [31]
while it is computed as 1.54 A at B3LYP level by using
6-31G(d,p) basis set. 02-P1-O3 bond angle is calcu-
lated as 104.02 by using DFT methods. For all molecule
specific and similar structural parameters, determined
bond distances and bond angles featuring the nano-HAp
molecule were calculated at B3LYP/6-31G(d,p) level.

Today, for the identification of molecular structures,
spectroscopic procedures are generally utilized to inves-
tigate the structures of the molecule, to follow the reac-
tions and to control the pureness of the compounds. The
necessary methods for the chemical characterization are
the infrared and the Raman spectroscopy. One of the

CayPO4)(OH);

(a)

Fig. 1. The crystal structure of the nano-HAp.
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Bond distances and bond angles of nano-HAp. TABLE I

Bond Distances [A] Lit. values [A]
P1-02 1.54 1.54 [31]
P1-03 1.66 1.63 [31]
P1-04 1.57 1.54 [31]
P1-020 1.56 1.54 [31]
Ca5-09 2.50 2.31-2.41 [32]
Ca5-011 2.37 2.31-2.41 [32]
Ca5-012 2.33 2.31-2.41 [32]
Ca5-013 2.41 2.31-2.41 [32]
014-Ca35 2.55 2.31-2.41 [32]
015-Ca33 2.32 2.31-2.41 [32]
041-H42 0.96 0.97 [31]
043-H44 0.96 0.97 [31]

Bond Angles [°] Lit. values [°]
02 P1-03 104.02 135.28 [33]
03-P1-04 102.05 135.28 [33]
04-P1-020 113.26 135.28 [33]
03-P1-020 103.21 135.28 [33]
09-Ca5-011 75.06 84-132 [32]
09-Ca5-012 125.72 84-132 [32]
09-Ca5-013 80.82 84-132 [32]
011-Ca5-012 90.72 84-132 [32]
014-Ca35-027 143.55 84-132 [32]
015-Ca33-018 134.75 84-132 [32]
039-041-H42 117.69 104.29 [34]
037-043-H44 104.53 104.29 [34]

most practical instruments for the chemical compounds
in terms of both theoretical calculations and experimen-
tal working is the analysis of vibrational spectroscopy.
In recent years, the vibrational frequencies calculated
via ab initio computational methods are becoming sig-
nificant instruments. In order to get the spectroscopic
values of the nano-HAp, we executed frequency calcula-
tions. The analysis of the calculations of vibrational wave
numbers and groups of the molecules are illustrated in
Table II. It enables us to assign the fundamental vibra-
tions. The empirical results are also given in the same
table to compare them with the calculated corresponding
results. The literature data given in Tables IT and IIT are
consistent with the values obtained in our experimental
studies.

The significant intense band arises from the phosphate
v1 symmetric stretching (P—O stretching) at ~ 996 cm !
in the Raman spectrum of the structure. O-O stretch-
ing at 1007 em™! and Ca effects are around 500 cm™!.
The theoretical and experimental Raman activities of the
nano-HAp can clearly be seen in Table III.

3.83. FElectronic properties

In order to analyze the chemical bonding in more
details, we performed density functional theory elec-
tronic structure calculations for nano-HAp. Highest oc-
cupied molecular orbital (HOMO) is defined as the abil-
ity to give an electron while lowest unoccupied molecu-
lar orbital (LUMO) is described as the ability to obtain
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Theoretical and experimental values of vibration energies. TABLE II
=1
Wag:pl.numbefric;;lr' ] Groups Experimental

3570 2900 |-O-H~ groups Refs. [35-37]

3432 2600  |stretching vibrations of structural -O-H Refs. [35-37]
3200-3600 2500 |free hydrogen bands and free -O—-H groups Refs. [38-40]
2800-2900 | 18002700 |-P—O groups bending vibrations Refs. [38—41]

1642 vibrational mode of planes bending of O-H Ref. [40]

1384 1500 |PO®~ groups Refs. [38-40]
1033-1095| 900-1200 |stretching vibrations of phosphate groups (PO3~, P-0) Refs. [35, 38—41]

600-400 | 290614 |bending vibrations and translational mode of phosphate groups (PO3~, O-P-O) |Refs. [38, 40, 42, 43|
Theoretical and experimental Raman shifts. TABLE III
: =1
TIEZZ?H shift [om E])xp. Groups Experimental
2434.96-2506.23 2500-3000 —O-H™ groups Refs. [44-46]

911.28-894.96 960 bending vibration of —P-O groups Refs. [40, 44, 45, 47]
953.23-934.66 PO, ? groups Refs. [35, 46-48]

600400 405 bending vibrations of (PO3~, O-P-0) Refs. [40, 44, 45]

ELUMO: -5,17 eV

AE=1.64 eV

o " J '§
‘e ‘,u; 9 Enomo=-3.53 eV

V. e,
Fig. 2. The atomic orbital compositions of the HAp.

an electron [49]. The gap between HOMO-LUMO ener-
gies plays an important role in the molecule chemical sta-
bility and also represents the chemical hardness-softness
of the molecule, electronegativity and chemical activ-
ity. A molecule with small HOMO-LUMO energy gap
is called a soft molecule, and it is more polarizable and
has high chemical reactivity and low kinetic stability [50].

A larger HOMO-LUMO gap of an electronic system
should be less active than a smaller HOMO-LUMO
gap [51] also called hard molecule. The HOMO and
LUMO energies are determined as —5.17 and —3.53 eV
at the B3LYP/6-31G(d,p) level. As seen from Fig. 2

and electronic parameters represented in Table IV, the
LUMOs are located around the Ca atom while the
HOMOs are located around the P atoms. The energy gap
value between HOMO and LUMO of the HAp molecule
is 1.64 eV. These small values are the proof of the high
probability of the charge transfer in the molecule [52].

The band gap of HAp was measured as 3.95 eV by
photoluminescence measurement. Several individual en-
ergy states were also found in the range (2.6-3.9) eV [53].
In some of these articles, the band gap of HAP was cal-
culated between 4.51 and 5.4 €V [54, 55]. Generally, it
is well known that a DFT calculation underestimates
the value of the energy gap compared with the energy
band gap. Therefore, it is so difficult to comment on
the experimental and theoretical energy gap of the HAp
structure [56].

3.4. Molecular surfaces

Molecular electrostatic potential (MEP) and electro-
static surface potential (ESP) were used to foretell the
active sides of the molecule and the hydrogen bonding
interplay as well as their potential use in biological iden-
tification studies [57, 58]. MEP and ESP were mod-
eled at the B3LYP/6-31G(d,p) level to predict the active
sites and the hydrogen bonding interplays. The poten-
tial changes from —2.617 a.u. to +2.617 a.u. of the HAp
molecule has two possible sides for nucleophilic attack, as
can easily be seen in Fig. 3. The molecule has positive re-
gion while most of the molecule has negative regions. The
negative regions are mainly over the entire molecule espe-
cially in Ca cations. These negative red colored regions
represent the molecule which can interact with another
molecule or a group over the POy.
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TABLE IV

The electronic parameters of the nano-HAp.

Electronic parameters B3LYP/6-31G (d,p)
Enowmo [eV] —5.17
Evrumo [eV] —3.53
AFE = Erumo — Enomo [eV] 1.64
I [eV] 5.17
A [eV] 3.53
X [eV] —4.35
1 [eV] 0.82
S [1/eV] 0.60
w [eV] 4.35
w [eV] 11.53

21%2 [ o e

ESP

Fig. 3. Molecular electrostatic potential (MEP) and
electrostatic surface potential (ESP) surface of HAp ob-
tained from B3LYP/6-31G(d,p).

4. Conclusion

In this paper, a classical interatomic force field for
nano-HAp has been obtained from density functional the-
ory calculations based on a B3LYP and 6-31G(d,p) basis
set quality. Firstly, structural parameters of the nano-
HAp such as bond lengths and bond angles have been

calculated with a good agreement of the experimental
results in the literature. Secondly, it is very important
to know the electronic properties for the determination
of apatite binding properties. It is known from the liter-
ature that if the energy gap is high between the HOMO
and LUMO orbital, chemical stability of molecule will
be highly strong. In this study, the energy difference be-
tween HOMO and LUMO orbitals of the HAp molecule is
1.64 eV. This small value points out the proof of the high
probability of the charge transfer in the molecule. With
this result, the nano-HAp can be called soft molecule ap-
parently. Thirdly, we also have set our results against
the IR and Raman with the convenient similar empiric
FT-IR magnetic nano-HAp values given in the literature
and our measured Raman spectrum data of the nano-
HAp. These results have a good agreement with the other
literature values as shown in Tables II and III, respec-
tively. Finally, the results of ESP calculation indicate
that total charge of this molecule is neutral and total
electron density has located over the molecule. Nega-
tive region has been around the Ca atoms, and positive
region has been over the PO, and free O-H groups. Be-
cause of that, the molecule will be active over the O-H
and O—P. If the biomaterials are desired to be doped in
the molecule, this part of molecule will be active for the
interaction. With the importance of the nano-HAp, the
scope of such a derivation is to apply it in further com-
putationally demanding studies related to the compre-
hension of the geometric and electronic features of HAp.
As a result, this study can be also applied to a variety of
biomolecules related hydroxyapatite and can enhance our
understanding of the nature and behavior of biomaterials
used in many areas.
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