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STRUCTURAL AND ELECTRICAL PROPERTIES OF THE Ca (PO7,), COMPOUND

ABSTRACT
The use of biomaterials i1s increasing today and some of the most
challenging materials are Calcium compounds. This computational study
on calcium compound provides a framework for new materials design and
selection for biomaterials used in many areas. The reason of that
Ca (PO7,), compound studied for this work. All the calculations are
carried out on the Gaussian 09.Cl program using Density Functional
Theory with the B3LYP hybrid functional method, GEN basis set (we
used for phosphorus and oxygen 6-31++G(d, p), for calcium cc-pVDZ).
The low HOMO-LUMO gap (1.64eV for DFT at B3LYP/GEN basis level, 0.93eV
for TD-DFT at B3LYP/GEN basis level) for the molecule explains the
chemical reactivity.
Keywords: Calcium Compounds, Density Functional Theory, B3LYP
Hybrid Function, Structural Parameters,
Electronic Properties

Ca(PO7,), BILESIGININ YAPISAL VE ELEKRIKSEL OZELLIKLERIi

0oz
Gunumiizde nano-biyomalzeme kullanimi her gecen giin artmakta ve
hidroksiapatit bu alanda ©O6nemli bir yer tutmaktadir. Hidroksiapatit
ile ilgili c¢alismalar bircok alanda kullanilan biyomalzeme tasarimi ve
secimi ig¢in genis bir c¢ergeve sunmaktadir. Bu c¢alismada ise nano-
hidroksiapatit yapilsina benzer olarak tasarladigimiz kalsiyum
bilesiginin (Ca(PO-4),) vyapisal ve elektronik parametreleri, yogunluk
fonksiyonel teorisi (YFT), etkilesim alani B3LYP hibrid islevsel
yontemi, GEN (fosfor ve oksijen atomlari etkilesimi ig¢in 6-31++G(d,p),
kalsiyum ig¢in cc-pVDZ) baz seti kullanilarak Gaussian 09.Cl paket
programi ile hesaplanmistir. Spektroskopik verileri, molekilin
kimyasal olarak reaktif oldugunun gbstergesi olan alg¢ak HOMO-LUMO
enerji aralidi (B3LYP/GEN temel seviyesinde DFT ic¢in) 1.64eV ve
(B3LYP/GEN temel seviyesinde TD-DFT ig¢in) 0.93eV olarak elde
edilmistir.
Anahtar Kelimeler: Kalsiyum Bilesikleri, Yodunluk Fonksiyonel
Teorisi, B3LYP Hibrit Fonksiyon, Yapisal
Parameterler, Elektronik Ozellikler
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1. INTRODUCTION

In the recent years there 1is an increasing attention to the
Calcium (Ca) compounds. For this reason, in this study, we tried to
investigate the Ca (P07,), compound Ca complex theoretically because
Ca (PO7y) » compound 1s partially similar with hydroxyapatite (HAp)
structure. Ca 1is the principal inorganic component of cortical bone
like teeth enamel with hydroxyapatite (Cas(PO4)3(0OH)) application [1].
Hydroxyapatite (HAp) 1is the naturally occurring calcium phosphate and
member of apatite mineral family. HAp has Dbeen recently stood out
because of its highest quality in the context of osteocompatibility
and high absorbability, and has subsequently been used as a Dbio-
material for unnatural bone [l and 2]. HAp has been studied and used
as environmentally benign functional material with adsorbent materials
through changing cations or adsorbing invariable ones on the crystal
surface. HAp can be derived from both synthetic and natural origins

[3]. Furthermore, nano-hydroxyapatite (nano-HAp) has larger specific
surface area, better mechanical properties and excellent
osteoconductivity compared to conventional hydroxyapatite [4]. As a

result of the fundamental function executed by HAp, Ca(P074), compound
great importance has supposed the knowledge of its structure at atomic
level in addition to its lattice dynamics since this compound is
similar to the HAp.

Several experimental techniques, such as X-ray diffraction [5
and 6], IR and RAMAN spectroscopy [7 and 9], NMR [10] and many
others, have been performed for pure material and after mersion in
simulated body fluid (SBF) so that clear up the HAp structure.
However, because of the difficulties in the rendition of the
experimental results and the demands of the acknowledgement of the
dynamical properties of the lattice, various computational studies
have also been performed and new materials have Dbeen designed, both
with molecular mechanics [11 and 12] and gquantum mechanical methods
[13 and 14]. Recently, DFT methods are generally used to determine the
molecular structures and vibrational spectra for the molecules at low
computational time [15 and 24]. The experimental studies and the
theoretical calculations on the structural properties of the HAp are
scarcity in the literature but there is no information about Ca (PO07),
compound. Clearly to understand the experimental studies, it is needed
to be executed moreover the theoretical studies pointing to describe
the fundamental properties of the compound DFT computations based on
the quantum mechanics are generally used to study a few physical and
chemical properties of the materials and chemical compounds [25 and
267 .

2. RESEARCH SIGNIFICANCE

In this study, we 1ndicated identification and molecular
structure of the molecule of the Ca(PO07,), compound theoretically. In
addition, DFT calculations are performed for predicting the

structural, vibrational, NMR, UV-Visible spectrums and electronic
parameters of the Ca(PO74), compound. For adding a molecule group or
atoms to the Ca(PO7,), compound in the future calculations oxygens were
taken into account in the reduced state.

3. MATERIALS AND METHODS

Density functional theory (DFT) and time-dependent (TD)-DFT were
used to perform the quantum mechanical calculations of the Ca compound
in gas phase. All the calculations were carried out with the Gaussian
09.C1 [27] package program and GaussView 5.0.9 [28] was used for the
visualization of the structure and simulated vibrational
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spectra.Vibrational assignments were carried out by the VEDA 4 program
[29] (Vibrational EnergyDistribution Analysis) . Becke3-Parameter
method for calculating the part of the molecular energy due to
overlapping orbitals plus the Lee-Yang-Parr method of accounting for
correlation B3LYP [30] hybrid functional was employed for all DFT and
TD-DFT calculations along with Pople’s split-valence double-( ©6-
31++G (d,p) basis set [31 and 32] for all atoms except for calcium for
which Dunning’s double-{ correlation basis set cc-pVDZ [33 and 34].

4. RESULTS AND DISCUSSION (SONUCLAR VE TARTISMA)

4.1 Structural properties

This structure consists of 11 atoms and has 27 fundamental
vibrational modes. The optimized structural parameters such as bond
length, bond angle and dihedral angle of the title compound are
presented in Table 1. The molecular structure of the title compound
comprise of 10 bond lengths, 19 bond angles and 10 dihedral angles.
These bond lengths, bond angles and dihedral angles are given in Table
1.

Table 1. Bond lengths and bond angles of single molecule of Ca(PO7y),

Bond (A) Exp. 1 | Exp. 2 [36 | Exp. 3 | Exp. 4 Bond (°)
length [35] and 37] [38] [39] angles
P1-01 1.570 1.551 1.536 1.541 1.533 02-P1-03 112,73
P1-02 1.570 1.551 1.536 1.554 1.544 02-P1-04 112,75
P1-03 1.570 1.551 1.536 1.545 1.514 02-P1-07 105,95
P1-07 1.580 1.551 1.536 - - 03-P1-04 112,75
Ca5-07 | 2.080 2.441 2.400 2.425 2.416 03-P1-07 105,97
Ca5-08 | 2.080 2.428 2.437 2.468 2.449 04-P1-07 105,95
P2-08 1.580 1.551 1.536 - - 08-P6-09 105,97
P2-09 1.570 1.551 1.536 - - 08-P6-010 | 105,95
P2-010 | 1.570 1.551 1.536 - - 08-P6-011 | 105,96
P2-011 | 1.570 1.551 1.536 - - 09-P6-010 | 112,75
09-P6-011 | 112,73
010-P6-011 | 112,75

Our theoretical results of the bond lengths and bond angles with
the attainable corresponding experimental values given in literature.
The calculated bond lengths and bond angles, as shown in Table 1, help
us to realize the molecular structure of the title compound. For
example, the 1length of the P1-02 is measured as 1.5334A [39]. 1In
additon to example the length of the P1-02 is measured 1.541A [38]
while it is computed as 1.570A by using the DFT/B3LYP levels by using
with Pople’s split-valence double-( 6-31++G(d, p) basis set,
respectively. The bond angle of the 02-P1-S4 is calculated as 117.7523
by using DFT methods, respectively. The dihedral angles shown in Table
1 are coherent with each other. All the theoretical bond lengths and
bond angles describing the title compound computed at B3LYP/6-
31++G(d,p) level 1is given 1in Table 1. The vibrational spectroscopy
analysis has been verified to be an important contributor in the study
of various fields of science because of the remarkable flexibility of
sampling methods. Since, the vibrational frequency analysis is one of
the most useful tools for describing the chemical compounds in terms
of both theoretical <calculations and experimental studies. The
investigation of the vibrational frequencies via ab initio
computational methods is becoming spreadingly important tools 1in the
area of chemistry. Theoretically predicted frequencies can serve one
to determine the chemical compounds. In the present work, we have
figured out a frequency calculation analysis to obtain the
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spectroscopic value of the title compound. It includes one atom,
therefore they have 27 fundamental vibrational normal modes computed
by DFT method are given 1in Table 2, along with the assignments of
fundamental vibration modes. The experimental results consistent with
the theoretical results are also given 1in the same table. The
calculated IR intensities from the DFT/B3LYP given in the table afford

us to identified the fundamentals modes more exactly. That is, the
calculated infrared intensity (relative intensity) determination of
the strength of the transition. The computations of vibrational

IR intensity and the assignments of IR vibration modes of
all the atoms in the compound are provided. So that, to analyze the
chemical bonding in more detail, we have performed density functional
theory electronic structure calculations for title compund of Ca. The
narrow band in the total density of states [40] as seen Figure 1
around 8eV signifies the O 2s states followed by the 5p states of P at
around 7eV and Ca at states around the 4eV with essentially no
contribution from oxygen, phosphor and calcium. The bands in the
energy range from 7 to 8eV originate from the PO, anion (mainly O 2p
mixed with In 5s states) as indicated by the MO scheme based on
Extended Hiickel calculations for the highest occupied states of a
discrete calcium compound entity.

wavenumbers,

Table 2. TED analysis, frequency, IR and raman of the title compound
Frequency IR Raman TED Analyses
Modes Unscaled Scaled Intensity Theor. Assignment [TED] 10 % a
1 5.75 5.52 0.0023 0.0000 o POCa %83
2 26.16 25.14 2.0694 0.0001 T OPOCa %67
3 27.25 26.19 2.0802 0.0001 o 0CaO %25+5 POCa %57
4 32.70 31.42 0.0001 0.6500 T OPOCa %14+t POCaO %70
5 33.47 32.16 0.0001 0.6509 T OPOCa %86 + 1 POCaO %13
6 91.67 88.09 91.2514 0.0002 d 0Cal0 %69+ & POCa %27
7 91.74 88.16 91.2531 0.0000 T POCaO %92
8 165.65 159.19 0.0001 10.3192 v Ca0 %52 + v PO %36
9 326.52 313.78 226.8208 0.0000 d OPO %112
10 354.79 340.95 0.0002 1.5671 B OOOP %38
11 354.96 341.12 0.0006 1.5563 5 OPO %90
12 357.11 343.18 0.4391 0.0000 B OO0P %34
13 357.28 343.35 0.4295 0.0000 d OPO %$20+v CaO %28+ v PO %34
14 501.35 481.79 0.1140 0.1140 > OPO %36
15 501.71 482.14 0.0001 0.1077 B O00P %106
16 503.34 483.71 59.3877 0.0000 5 OPO %36
17 503.70 484.05 59.5739 0.0001 B O00P %90
18 547.65 526.29 0.0001 36.4400 > OPO %64+ B OOOP %$20+v CaO%13
19 568.12 545.96 101.1496 0.0001 d OPO %$32+v CaO %18+v PO %18
20 758.04 728.47 2160.0931 0.0000 v Ca0 %$35+v PO %65
21 827.04 794.78 0.0001 24.4262 v CaO %$31+v PO %62
22 871.24 837.26 81.8980 0.0001 v PO $94
23 874.21 840.11 0.0001 54.4641 v CaO %$18+v PO %72
24 985.11 946.69 0.0105 39.6601 v PO %95
25 985.43 946.99 0.0097 39.5895 v PO $95
26 987.05 948.55 873.6062 0.0007 v PO %94
27 987.37 948.86 873.4318 0.0012 v PO $94

Spectroscopic methods the main tools of modern
used to figure out and established molecular structures, to watch over
the reactions and to check the purity of compounds. Most essential
methods for the organic chemistry are the infrared and the Raman
spectroscopy. The calculated IR intensities given in the Table 2
provide us to distinguish and assign the fundamental modes more
precisely. That 1is, the calculated infrared intensity allows the

chemistry are
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strength of the transition. The infrared intensities predicted at the
levels of DFT for the main molecule calculated may be founded in Table
2. Note that experimental IR spectra are generally reported in either
percent transmission or absorbance unit for hydroxyapatite molecules
[40-42]. Explicitly, the theoretical calculations of FT-IR spectra
computed from DFT/B3LYP by utilizing using with Pople’s split-valence
double-¢ 6-31++G(d,p) basis set of the title compound are plotted in
Figure 2.
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Figure 1. TDOS of calcium compound
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Figure 2. Theoretical IR spectrum of the Ca(P07y),
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b. The Experimental Raman spectrum of the title compound

Figure 3. Theoretical and Experimental Raman spectrum of the Calcium
compound

The most prominent Dbands in the calcium compound, the Raman
spectrum 1is from the structure, with the most intense band arising
from the phosphate vl symmetric stretching (P-O stretching) at ~996cm”
1, 0-0 stretching at 1007cm™ and Ca effects are around 500cm™.
Explicitly, the Raman activities of the title compound can be seen in
Figure 3 both theoretically and experimentally with Ca (PO7,;), compound.

4.2. Electronic Properties

HOMO and LUMO represent the ability to donate and obtain an
electron [43]. The gap between HOMO-LUMO energies plays important role
in the molecule chemical stability and also represents the chemical
hardness-softness of the molecule, electronegativity and chemical
reactivity. A molecule with small HOMO-LUMO energy gap 1is called a
soft molecule; it is more polarizable and has high chemical reactivity
and low kinetic stability, [44]. An electronic system with a larger
HOMO-LUMO gap is should be less reactive than one having a smaller gap
[45] also called hard molecule. As seen from the Table 3; the HOMO and
LUMO energies are calculated as 8.01 and 9.65eV at the B3LYP/Gen
level, 8.11 and 9.04eV at the TD-B3LYP/Gen level.

13
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Table 3. The electronic parameters of the calcium compound

Electronic Parameters B3LYP | TD-DFT B3LYP
Epomo  (eV) 8.01 8.11
Ermo (V) 9.65 9.04
AE=Ey gm0 — Enomo (eV) 1.64 0.93
I (eVv) -8.01 -8.11
A (eV) -9.65 -9.04
x_ (eV) -8.83 -8.58
n (ev) 0.82 0.47
o (eV) 0.61 1.08

As seen from the Figure 4, the LUMOs are located around the Ca
atom while the HOMOs are located around the P atoms. The energy gap
values between HOMO and LUMO of the title compound is 1.64 and 0.93eV.
These small values are the evidence of the high probability of the
charge transfer 1in the molecule [467]. The theoretical optical
properties of the biomolecules generally determine by the time-
dependent density functional theory (TD-DFT) approach. The transition
energies, the oscillator strengths as well as the molecular orbital
(MO) compositions point out to each excited-state obtained from the
TD-DFT calculations [47]. The predicting TD-DFT HOMO-LUMO gaps useful
for simulation of molecular electronics and for understanding charge
transfer in photoexcitation and redox chemistry [48].

“ Emm= 9.65 eV
®

AE= 1.64 eV

Egomo= 8.01 eV

© © o

Figure 4. The atomic orbital compositions of the calcium compound by
B3LYP/Gen level

TD-DFT calculations were performed on title compund by using the
B3LYP/GEN basis set (we used for phosphorus and oxygen 6-31++G(d,p),
for calcium cc-pVDZ). The geometry of the singlet ground and excited
states were optimized in the gas phase. From these calculations the
absorption Dbands are calculated at 4046.55, 4045.22, 1839.70nm;
absorption energies are 0.3064eV, 0.3064eV and 0.6739eV, respectively.
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4.3. Molecular Electrostatic Potential

The molecular electrostatic potential has been used to foretell
the reactive sides of the molecule and hydrogen bonding interactions
as well as their potential use in biological recognition studies [49
ve 50]. MEP was modeled at the B3LYP/Gen level to predict reactive
sites and hydrogen bonding interactions. As can easily be seen in
Figure 5, the potential changes from -0.47 a.u. to +0.474 a.u..

Figure 5. Molecular electrostatic potential (MEP) surface of calcium
compound calculated at B3LYP/Gen level

The nano-HAp molecule has two possible sides for nucleophilic
attack. The molecule has no positive region while the most of the
molecule has negative regions; otherside the molecule has same
behavior oppositly. The negative regions are mainly over PO, protons.
These negative red colored regions represent where the molecule can
interact with another molecule or a group.

4.4. NBO Analysis
The efficient method to study intra and intermolecular bonding
and charge transfer or conjugative interaction in molecular systems is

the NBO analysis [51]. In the NBO analysis the second order Fock
matrix was performed to evaluate the donor—acceptor interactions [52].
For each donor and acceptor (j), the stabilization energy E®©

associated with the delocalization i-j is estimated as,
E® = AE; = q;[F(i,)? /(g — €)]

where q; 1s the donor orbital occupancy, are e; and e; diagonal
elements and F(i,j) 1s the off diagonal NBO Fock matrix element [53-
54]. The larger the E‘ value, the more intensive is the interaction
between electron donors and electron acceptors, i.e. the more donating
inclination from electron donors to electron acceptors and the greater
the extent of conjugation of the whole system. The hyperconjugative
interaction energy was derived from the second-order perturbation
approach [55 and 56].
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Table 4. Second-order perturbation theory analysis of Fock matrix in
NBO Basis for the calcium compound
Donor ED Acceptor ED E@ E(J)-E(1) | F(i,3)
(1) (1) (e) | T¥Pe (3) TYPe | (§) (e) | (kI/mol) (a.u) (a.u)
P1-02 1.96937 o P1-03 o* 0.16013 10.38 0.87 0.043
P1-04 o* 0.16013 10.38 0.87 0.043
P1-03 1.96937 o P1-02 o* 0.16013 10.38 0.87 0.043
P1-04 o* 0.16013 10.38 0.87 0.043
P1-07 o* 0.12570 5.95 1.15 0.037
P1-04 1.96937 o P1-07 o* 0.12570 5.95 1.15 0.037
Cab5-07 o* 0.01608 2.55 0.61 0.017
Cab-07 | 1.90107 o P1-02 o* 0.16013 20.26 0.62 0.049
P1-03 o* 0.16013 19.93 0.62 0.049
P1-04 o* 0.16013 80.39 0.62 0.099
Cab5-07 | 1.90107 I P1-02 o* 0.16013 60.12 0.62 0.085
P1-03 o* 0.16013 60.46 0.62 0.085
Cab-08 | 1.90107 o P6-09 o* 0.16013 19.93 0.62 0.085
P6-010 o* 0.16013 80.39 0.62 0.049
P6-011 o* 0.16013 20.26 0.62 0.049
Cab5-08 | 1.90107 I P6-09 o* 0.16013 60.46 0.62 0.085
P6-011 o* 0.16013 60.13 0.62 0.085
P6-08 1.99174 o P6-010 o* 0.16013 6.74 1.46 0.045
P6-09 1.96937 o P6-08 o* 0.12570 5.95 1.15 0.037
P6-010 o* 0.16013 10.38 0.87 0.043
P6-011 o* 0.16013 10.38 0.87 0.043
P6-010 | 1.96937 o Cab-08 o* 0.01609 2.55 0.61 0.017
P6-08 o* 0.12570 5.95 1.15 0.017
P6-09 o* 0.16013 10.38 0.87 0.043
P6-010 o* 0.16013 4.438 0.87 0.028
P6-011 o* 0.16013 10.38 0.87 0.043
P6-011 | 1.96937 o P6-08 o* 0.12570 5.95 1.15 0.037
P6-09 o* 0.16013 10.38 0.87 0.043
P6-010 o* 0.16013 10.38 0.87 0.043
03 1.91657 LP2 P1-02 o* 0.16013 11.36 0.46 0.032
P1-04 o* 0.16013 11.43 0.46 0.032
P6-010 o* 0.16013 38.73 0.75 0.075
04 1.91659 LP2 P1-02 o* 0.16013 11.39 0.46 0.032
P1-03 o* 0.16013 11.39 0.46 0.032
o7 1.94050 LP1 Cab LP1* 0.07109 72.77 0.89 0.011
Cab LP2* 0.03360 32.28 0.81 0.071
Ccab LP3* 0.02354 3.22 0.61 0.019
08 1.94050 LP1 Cab LP1* 0.07109 72.77 0.89 0.011
LP1 Ccab LP2* 0.03360 32.28 0.81 0.071
Cab LP3* 0.02354 3.23 0.61 0.019
09 1.91657 LP2 P1-07 o* 0.12570 38.73 0.75 0.075
P6-08 o* 0.12570 38.73 0.75 0.075
P6-010 o* 0.16013 11.43 0.46 0.032
P6-011 o* 0.16013 11.35 0.46 0.032
The NBO analysis point out remarkable donor-acceptor type
delocalization from lone-pair (LP) of oxygen orbitals with anti-lone-

pair (LP*) of metal orbital. The delocalization effects because of the
LP-LP* interactions in title compound play an extremely significant
role on the coordination environments of the ca*® ion. The
hyperconjugative o-c* interactions represent the weak departures from
a strictly localized natural Lewis structure that compose the primary
“noncovalent” effects [57]. As seen from the Table 4, the strongest
stabilization energy calculated as 72.77 kcal/mol between LP(1) 07 and
LP* (1) Ca5 and LP(l1) 08 and LP*(1l) Cab. The interactions between
0(Cab5-07)—»o* (P1-04) has 80.39 kcal/mol, o(Cab5-07)-0* (P6-010) has 80.39
kcal/mol, m(Ca5-07)-c* (P1-02) has 60.12 kcal/mol, n(Ca5-07)-0* (P1-03)
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has 60.46 kcal/mol, m(Ca5-08)-0c* (P6-09) has 60.12 kcal/mol, and m(Cab-
08)-0* (P6-011) has 60.13 kcal/mol give the structure a strong
stabilization. The orbital overlap between bonding (n) and anti-
bonding (o*) orbitals caused the charge transfer interactions bring
about the stabilization of the system.

5. CONCLUSION (SONUC)

A classical interatomic force field for calcium compound Ca (PO7y),
compound has been derived from density functional theory calculations
based on a hybrid B3LYP Hamiltonian and 6-31++G(d,p) basis set of
double-zeta polarized quality. The scope of such a derivation is to
apply it in further computationally demanding studies related to the
comprehension of the geometric, spectroscopic and electronic features
of the nano-HAp. The results of study show that studied of title
compound is relatively similar with the nano hydroxyapatite and also
can applied to a variety of Dbiomolecules related hydroxyapatite
without apatite parts and can enhance our understanding biomaterials
nature and behavior used in many areas.
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