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A B S T R A C T   

In this paper, we report the synthesis and characterization of new nanocomposite materials based on hydroxy-
apatite (HAP) and polyethylene glycol (PEG) with two different ratios (80/20 and 60/20). The structural 
properties of the synthesized nanocomposite (HAP/PEG) compound based on chemical composition and mor-
phological features of the surface were analyzed using advanced techniques including X-ray diffraction (XRD), 
Fourier transform infrared (FT-IR) spectroscopy, Raman spectroscopy and scanning electron microscopy-Energy 
dispersive spectroscopy (SEM-EDS), which all confirmed the formation of the composite. Furthermore, density 
functional theory (DFT) computational codes are used, in practice, to predict the structural, optoelectronic 
properties and quantum chemical parameters of the synthesized nanocomposite compounds. Our results revealed 
that the nanostructured composite materials containing the fragile HAP (with a weak hardness value) and the 
rigid PEG (with a strong hardness value) led to the development of a novel nanocomposite material exhibiting 
improved hardness compared to pure HAP. Moreover, the HAP/PEG nanocomposite exhibited a high level of 
molecular stability.   

1. Introduction 

Hydroxyapatite (HAP) has a chemical formula Ca10(PO4)6(OH)2 [1] 
and belongs to the crystallographic family of apatite, which has a gen-
eral formula of Me10(XO4)6(Y)2. This family consists of isomorphic 
inorganic compounds with the same hexagonal structure. Me typically 
represents a bivalent cation (such as Ca2+, Mg2+, or Zn2+), XO4 is a 
trivalent anionic group (such as PO4

3-, VO4
3-, or AsO4

3-), and Y can be an 
anion or a monovalent ionic group (such as OH–, Cl-, or F-) [2,3]. HAP is 
a natural ceramic material with numerous advantages, including high 
biocompatibility [4], non-toxicity [5], bioactivity, bioresorbability 
[6,7], and osteoinductivity, osteoconductivity, and osteointegration[8]. 
Fig. 1 reports the structure of Hydroxyapatite (a) and the structure of 
polyethyelene glycol (b). 

Recently, researchers have attempted to improve and develop spe-
cific materials and properties using various types of molecules (such as 
polymers, acids, and organic matter) that have great potential for 
various medical applications. These applications include repairing bone 
defects in orthopedic sites, immediate tooth replacement, augmentation 
of alveolar ridges, pulp capping materials, and maxillofacial recon-
struction [9]. HAP can be integrated with polymers to form composites, 
which can enhance the expected compatibility by aggregating nano-
particles [10]. 

The incorporation of organic and/or polymer molecules into the 
inorganic structure makes it possible to obtain hybrid and multifunc-
tional materials exhibiting synergistic interactions between the two 
inorganic–organic domains. Recently, research has highlighted the 
benefits and applications of novel inorganic/polymeric materials, 
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particularly in tissue engineering and regenerative medicine. In this 
context, hydroxyapatite (HAP) can be functionalized by organic and/or 
polymeric molecules to improve these properties such as its mechanical 
strength, its biocompatibility, or its drug release capacity. Similarly, 
hybrid hydroxyapatite materials can be used to create surface coatings 
that promote bone regeneration. HAP-polymers are used in the manu-
facture of bone implants, surface coatings for prosthetics, matrices for 
bone regeneration, and carriers for controlled drug release [11]. These 
hybrid materials provide better integration with surrounding tissues, 
promote bone growth, and reduce the risk of rejection or inflammation 
[12]. In recent years, the modification of hydroxyapatite surface by 
polymers has been increasing and still been under exploration for 
selected polymers with very advanced biomedical applications [13]. 

Polyethylene glycol (PEG) is a linear polymer of ethylene oxide with 
a terminal hydroxyl group that belongs to the family of polyethers. PEG 
is a water-soluble, non-ionic, neutral, and well-known biocompatible 
polymer [14]. It is also a biodegradable polymer [15], a hydrophilic 
polymer, flexible, and nontoxic [16]. PEG is also widely used in 
numerous fields such as biomedical applications, due to its desirable 
properties [17]. 

HAP can be combined with biopolymers, such as Polyethylene Glycol 
(PEG), due to the action of the polymer aggregating nanoparticles [18]. 
The combination of PEG with hydroxyapatite can improve the me-
chanical properties and biocompatibility of the material, making it 
useful for a variety of biomedical applications. 

In this study, HAP/PEG nanocomposites were synthesized using a 
simple and low-cost method. These nanocomposites were characterized 
by XRD, ATR-FTIR, Raman Scattering and SEM analysis. Thus, density 
functional theory (DFT) studies can complement experimental in-
vestigations. Herein, the molecular geometry, optimized parameters and 
vibrational frequencies are computed and the accuracy of the compu-
tational methods for DFT//B3LYP/6–31 g(d,p) and ab initio (HF) with 3- 
21G basis set, are compared. 

2. Materials and methods 

2.1. Materials 

Diammonium hydrogen phosphate ((NH4)2HPO4, 98% purity) and 
calcium nitrate tetrahydrate (Ca (NO3)2⋅4H2O, 99% purity) were pur-
chased from Fluka and Sigma, respectively. Ammonia solution 
(NH3⋅H2O, 35% purity) was obtained from Prolabo. Polyethylene glycol 
(PEG, MW = 600) was purchased from Aldrich-Chemie. 

2.2. Preparation of hydroxyapatite (HAP) and HAP/PEG compounds 

The pure hydroxyapatite was prepared using the co-precipitation 
method. In nitrogen flux described by Bouazzi et al. [19], under nitro-
gen flux, an aqueous solution containing 1.67 mol of Ca (NO3)2⋅4H2O 
was added a one mole of (NH4)2HPO4. The pH value of the solution was 

maintained at 11 by addition of ammonia. The mixture was stirred and 
heated under reflux at 80 ◦C. After 3 h, the precipitate was filtered and 
thoroughly washed with deionized water. The solid was dried at 100 ◦C 
overnight. 

The synthesis of hydroxyapatite/polyethylene glycol nano-
composites (HAP/PEG) was performed using two weight ratios 80/20 
and 60/40 referring to HAP. Firstly, hydroxyapatite (HAP) and poly-
ethylene glycol (PEG) were mixed and dissolved in aqueous solution in a 
beaker. The mixture was then stirred at 700 rpm for 3 h. After 24 h, the 
obtained solution was filtered and washed with deionized water until pH 
7. Finally, drying at 80 ◦C was carried out for 24 h. 

2.3. Techniques 

The structure of the samples was analyzed by X-ray diffraction (XRD) 
using a Bruker AXS (D 76,187 Karlsruhe, Germany) with Cu-Kα1 radi-
ation (λ = 1.54 Å). The ATR-FTIR technique and Raman spectroscopy 
were both used in conjunction to characterize the vibrational behavior 
of the samples. HAP and HAP/PEG nanocomposite were characterized 
using a Bruker Optics Vertex 80 V FTIR spectrometer in the range of 
4000–400 cm− 1. Data processing was carried out using the OPUS/ 
Mentor software interface. Raman spectral measurements were carried 
out on synthesized samples using a HORIBA Jobin-Yvon T64000 spec-
trometer. He-Ne laser (power: 60 mW; wavelength: 632.8 nm) served as 
the source. The investigated spectral range was 400–3200 cm− 1 with 
varying resolution (from 0.2 to 4 cm− 1). The samples were exposed to 
the laser for 30 s. All experiments were performed at room temperature. 
The morphology of the samples was analyzed by means of scanning 
electron microscopy with energy-dispersive X-ray spectroscopy (SEM- 
EDS) using an INSPECT S instrument (Product version 3.1.2, Build 
number 843). 

2.4. Modelling of the HAP/PEG nanocomposite 

Apart from the diverse experimental analysis methods employed to 
examine the novel HAP/PEG composite and related properties, a com-
plement theoretical calculations based on density functional theory 
(DFT) [20] using the Becke three-parameter Lee-Yang-Parr (B3LYP) 
functional [21,22] with basis set 6-31G (d,p) were conducted in this 
study. This is to predict the structural and vibrational available mea-
surements, as well as to understand the structure–property relationships 
of the formed nanocomposite including optoelectronic properties and 
quantum chemical parameters related to its chemical reactivity. 
Through this analysis, we were also able to determine the geometric 
properties, specifically the bond lengths and dihedral angles. For the 
sake of comparison, calculations were performed at the ab-initio Hartree 
Fock level [22] with the 3-21G basis set. 

Fig. 1. (a) Structure of Hydroxyapatite (HAP), (b) structure of polyethylene glycol (PEG).  
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3. Result and discussion 

3.1. Structural and vibrational properties of studied samples 

The XRD patterns of HAP and HAP/PEG materials are shown in 
Fig. 2. It shows the characteristic peaks of the apatite structure without 
secondary phase. The average size of the crystallites was determined by 
assessing the (002) and (300) prominent peaks, employing Scherer’s 
formula Dhkl = Kλ/β1/2cosθ, where θ is the diffraction angle, λ is the 
wavelength, K a crystal-dependent constant (K = 0.89 for apatite crys-
tallites) and β½ is to the full width at half maximum (FWHM). 

Increasing amounts of ethylene glycol decreased crystallinity, which 
suggested a decrease in the size of the crystallites. The empirical rela-
tionship χc =

̅̅̅̅̅̅
KA
β1/2

3
√

was used to determine the degree of crystallinity 

(χc), where KA is a constant (KA = 0.24) and β½ represents the FWHM of 
the (002) reflection. The obtained results have been documented in 
Table 1. 

It should be highlighted that the incorporation of ethylene glycol 
slightly broadened the diffraction lines and significantly reduced the 
crystallinity in comparison with HAP. This occurrence can be elucidated 
by the existence of preferential interactions between the PEG groups and 
the HAP surface Ca2+. These interactions, usually electrostatic type, are 
established between Ca2+ ions and the hydroxyl (HO–) groups of PEFG 
(Ca2+——–OH). This phenomenon was observed in similar research’s 
[19]. 

Fig. 3 illustrates the FTIR spectrums of pure HAP, PEG and HAP/PEG 
mixtures with ratios of 80/20 and 60/40. The characteristic phosphate 
groups are observed in all samples, appearing between 900 and 1100 
cm− 1 and 550–600 cm− 1. Notably, the intensity of the phosphate peaks 
decreases in the HAP/PEG composites, suggesting a composite structure 
consisting of β-sheet crystallites embedded within an amorphous matrix 
[23]. In addition, bands with low vibrational intensities at approxi-
mately 3563 cm− 1 and 630 cm− 1 can be attributed to the presence of OH 
groups. Both the 80/20 and 60/40 samples exhibit new bands at 1457 
cm− 1 after HAP has been functionalized; these bands correspond to the 
stretching vibration of C–H in PEG [24]. Two additional weak peaks at 
1714 cm− 1 and 1757 cm− 1 indicate the presence of the carbonyl (C = O) 

group and the (C-O) stretching band of PEG, respectively. These peaks 
probably arise from the strong electrostatic attraction between the 
negatively charged C-O-C groups of PEG, which promotes covalent 
bonds formation with abundant Ca2+ ions. The structural characteriza-
tion conducted through ATR-FTIR was further validated using Raman 
spectroscopy, an effective analytical technique that provides insights 
into the molecular structure of materials. Fig. 4 illustrates the Raman 
spectrum, wherein the prominent peak at approximately 961 cm− 1 

corresponds to the skeletal stretching mode of PO4
3-. Notably, this peak 

represents a perfectly symmetric stretching mode (v1: P-O) of the PO4 
tetrahedral group [25]. Additionally, lower intensity peaks can be 
observed, indicating the symmetric bending (v2: O-P-O) around 
430–450 cm− 1, antisymmetric bending (v4: O-P-O) around 580–610 
cm− 1, and antisymmetric stretching (v3: P-O)) of the phosphate ions at 
approximately 1030–1070 cm− 1 [26]. 

In terms of polyethylene glycol (PEG), its distinctive peak arises from 
the symmetric stretching vibrations of the methylene group, observed at 
2887 cm− 1. The antisymmetric stretching vibration of the methylene 
group is observed at 2949 cm− 1. The band at 1469 cm− 1 corresponds to 
the symmetric bending mode of the CH2-CH2 group, while the bands at 
1241 and 1296 cm− 1 represent CH2 twisting vibrations. Furthermore, 
the C-O stretching and CH2 rocking vibrations are evident at 1138 and 
1047 cm− 1, respectively, and the skeletal vibrations of PEG are observed 
at 836 and 886 cm− 1 [27]. 

Raman spectroscopy of the HAP/PEG composite affirms the preser-
vation of phosphate groups within the HAP structure, despite the 
emergence of a new peak at 1296 cm− 1 upon the addition of PEG. This 
new peak suggests the formation of a new chemical species, potentially 
associated with the vibrational mode of the CH2 stretching in PEG, 
indicating the presence of PEG on the surface of hydroxyapatite. This 

Fig. 2. X-ray diffractograms of HAP and HAP/PEG.  

Table1 
Crystallite size and crystallinity for HAP and HAP/PEG.   

β(002) D (0 0 2) (Å) β(310) D (3 1 0) (Å) χc 

HAP  0.197 412  0.305 276  1.793 
80/20  0.239 341  0.576 146  1.012 
60/40  0.274 297  0.637 132  0.671  
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indicates that PEG molecules have adsorbed onto the hydroxyapatite 
surface, forming a new complex. 

The SEM analysis was used to investigate the surface morphology of 

the samples, as illustrated in Fig. 5-a. The SEM images reveal that both 
HAP and HAP/PEG particles exhibit a nearly spherical shape, with an 
average diameter of approximately 50 nm. Upon the addition of PEG, 

Fig. 3. ATR-FTIR spectra of HAP, PEG and mixed HAP/PEG (80/20 and 60/40).  

Fig. 4. Raman scattering spectra of pure HAP, pure PEG, and composite HAP/PEG (80/20 and 60/40).  
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the formation of PEG groups on the particle surfaces resulted in a steric 
effect that effectively prevented particle agglomeration. This can be 
attributed to the strong affinity between the inorganic crystals and the 
PEG polymer matrix, leading to an indistinguishable interface between 
the inorganic and organic phases. Notably, the SEM images demonstrate 
a transformation of the HAP particles into highly dispersed particles 
following the surface modification process. Furthermore, the elemental 
composition of the nanocomposite particles was investigated using en-
ergy dispersive spectroscopy (EDS), as shown in Fig. 5-b. The analysis 
confirmed the presence of calcium (Ca), phosphorus (P), and oxygen (O) 
elements in the obtained powder, aligning with the expected composi-
tion of HAP. Moreover, the elemental analysis of the HAP/PEG com-
posite revealed the presence of carbon (C) because of the successful 
adhesion of PEG onto the HAP surface. 

3.2. DFT calculation of the HAP/PEG nanocomposite 

In addition to employing various experimental characterization 
techniques, this study incorporates a complementary theoretical inves-
tigation using density functional theory (DFT). The primary aim is to 
predict the precise structural model of the newly developed HAP/PEG 
hybrid material and comprehensively analyze its properties, including 
structural, optoelectronic, and chemical reactivity descriptors. This 
comprehensive investigation not only provides valuable insights into the 
nanocomposite’s geometric characteristics, such as bond lengths and 
dihedral angles between atoms, but also enhances our understanding of 
its fundamental properties and potential applications. By combining 
experimental and theoretical approaches, this research contributes to 
advancing our knowledge of this exciting new material and its diverse 

range of properties. 

3.2.1. Structural properties 
Gaussian 09 software [28] was employed to optimize the molecular 

structure of the under investigated compound and the Gauss View (6) 
program [29] was used to generate the output files. Fig. 6 shown opti-
mized geometry of the studied compound with the atom numbering. The 
main structural parameters of the compounds studied were determined 
through the DFT/B3LYP/6-31G (d, p) and ab-intio HF/3-21G methods, 
as outlined in Table 2. 

The structural parameters of hydroxyapatite/polyethylene glycol 
hybrid material (HAP/PEG) were investigated in water solvent using the 
DFT calculation by the B3LYP method with the 6-31G (d, p) set and ab- 
intio Hartree Fock method with 3-21G basis set, in order to find the most 
stable geometry in the most suitable method and basis set. The choice of 
the suitable method and the basis set for this investigation were based 
mainly on the value of the calculated total energy. These values were 
evaluated in water solvent and gas phase using the CPCM model [30] in 
the different methods; DFT/B3LYP/6–31 G(d,p), and HF/3–21 (see 
Table 2). It is obviously noted that the highest value was found with 
water as the solvent at both methods. In this section, all calculations 
were performed in solvent water with DFT/B3LYP/6-31G (d, p) level of 
theory. The structure of HAP/PEG compound with the atomic 
numbering schema is shown in Fig. 6. Its correspondent energy and its 
dipole moment at the DFT / B3LYP / 6-31G (d, p) and HF/3–21 levels of 
theory were found to be ¡12859.83113/-12762.83113 Hartree, and 
34.404134/26.984561 Debye, respectively. 

Fig. 6 depicts the HAP/PEG hybrid material’s optimized structure 
along with atomic labels and symbols. Table 3 lists the optimal bond 

Fig. 5. SEM and EDS images of HAP, 80:20 and 60:40 composite.  
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lengths, bond angles, and dihedral angles. 
As clearly shown from the optimized structure, that there is a for-

mation of new chemical liaison between the calcium atom (Ca6) of 
hydroxyapatite and the oxygen atom (O137) of polyethylene glycol, 
which can interpret as a chemical reaction between the two substances. 
It is well-known that the HAP has a high affinity for calcium ions and can 
form strong ionic bonds with them [31]. Therefore, in this case of HAP 
and PEG, the interaction is more likely to be dominated by ionic bonding 
between the calcium cation of HAP and the oxygen anion of PEG. This is 
because calcium and oxygen have significantly different electro-
nigativities, which results in a large difference in their electron densities 
and strong attraction between them. 

The bond lengths between calcium ions of HAP and oxygen of PEG 
are approximately equal to the sum of van der Waals radii of these 
atoms. As shown in Table 3, these bond lengths are in the range of 2.272 
Å and 3.694 Å and correlated toto the theoretical bond lengths of the 
new chemical liaison Ca6–O137 (2.459 A) and the short contacts 
Ca42–O36, Ca 17–O33, Ca42–O 38, Ca and Ca17–O42which have bond 
lengths 2.560 Å, 2.562 Å, 2.566 Å, 2.601 Å, 2.704 Å, 2.898 Å and 3.694 
Å respectively. As a result, the formation of calcium-oxygen bonds has 
been identified as an important driving force on the stabilization of the 
studied HAP/PEG hybrid material [32]. The hydroxyl radicals O2–H3 
and O137–H138 linked to the Ca2 + ions undergo an ionic dissociation 
resulting in the production of OH − ions. The bond length values for 
these dissociated ions are 0.964 Å and 0.967 Å, respectively. These 
values presented herein are similar to the experimental structural data 
for hydroxyl radicals, which is about 0.970 Å [33]. In addition, the bond 
angle between Ca 6 -O 137 -H 138 is 119.22◦, which is closely correlated 
with the bond angle between 110◦ and 180◦ on the electronic state of Ca- 
O–H [34]. The band angles O5-Ca6-O137, O38-Ca43-O88 and O2-Ca14- 
O81 are 125.72◦, 122.49◦ and 124.70◦ respectively, which indicate that 

there is a deviation from the ideal bond angle for a trigonal planar ge-
ometry (120◦). 

The study and characterization of dihedral angles is a critical aspect 
of in understanding the properties and behavior of organic, bioorganic, 
nanoparticles, and hybrid materials [35]. The dihedral angles O15- 
Ca17-Ca29-O123, O7-Ca9-Ca14-O81, O33-Ca28-Ca43-O88, O2-Ca14- 
O81-C82, P24-o27-Ca29-O123, and O15-Ca9-Ca14-O81 are 177.85◦, 
164.41◦, 163.66◦, 179.76, − 173.25◦, − 125. 63◦ respectively correspond 
to an anti-periplanar conformation with a shifted arrangement of the 
elements while the angles O15-Ca28-O123-C124, Ca35-Ca42-O88-C89, 
O12-Ca42-O88-Ca43 and O34-Ca35-Ca2-O32 are 7.07◦, 5.79◦, − 3.93◦

and − 2.78◦ respectively, which shows the synperplanar conformations. 

3.2.2. Frontier molecular orbitals (FMOs) and global chemical reactivity 
descriptors properties 

Frontier molecular orbitals (FMOs) and global chemical reactivity 
descriptors are important properties to consider when characterizing a 
hybrid material. FMOs are associated with the highest occupied mo-
lecular orbital (HOMO) and the lowest unoccupied molecular orbital 
(LUMO) and play an important role in determining the electronic and 
chemical properties of a materials. The HOMO is involved in electron- 
donating reactions, while the LUMO is involved in electron-accepting 
reactions. Therefore, the energy difference between the HOMO and 
LUMO, known as the band gap, plays a crucial role in establishing the 
optoelectronic characteristics of the studied materials, including its 
optical properties and conductivity [36]. Besides, Global chemical 
reactivity descriptors such as the electronegativity, chemical potential, 
and hardness of the material are also important in characterizing its 
properties [37]. The electronegativity represents the tendency of an 
atom to attract electrons, while the chemical potential describes the 
ability of the material to donate or accept electrons. Hardness represents 

Fig. 6. Optimized ball-and-stick structural representation of the HAP/PEG hybrid material.  

Table 2 
Calculated total energy and dipole moments of hybrid material at DFT/B3LYP/ 6–31 g (d, p) and HF/3–21 methods in water in gas phase.   

DFT/B3LYP/6–31 G (d, p) HF/3–21 

Water Gas Water Gas 

Total Energy (Hartree)  ¡12859.83113  − 12859.63243  ¡12762.83113  − 12759.92724 
Dipole Moment (Debye)  34.404134  29.39271  26.984561  20.715635  
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the resistance of the material to chemical changes [38]. These de-
scriptors can provide valuable insight into the chemical reactivity of the 
hybrid material, including its ability to undergo chemical reactions, its 
stability, and its potential applications. Overall, the characterization of 
FMOs and global chemical reactivity descriptors of a HAP/PEG hybrid 
material can provide crucial information for understanding its electronic 
and chemical properties, as well as for optimizing its performance for 
specific applications. 

Table 4 lists the simulated values of frontier molecular orbitals 
(FMOs) energies and Global chemical reactivity descriptors of PEG, HAP 
and HAP/PEG hybrid materiel in the DFT/B3LYP/6–31 G (d, p) level of 
theory. Fig. 7 illustrates the FMOs of the nanocomposite under investi-
gation, with particular emphasis on the HOMO orbital. This orbital is 
highlighted in red over the oxygen atoms in the –OH group of PEG, 
which are electronegative in nature. The HOMO orbital has an energy of 
− 5.09 eV and the LUMO orbital with an energy of − 0.47 eV. The highest 
value of the HOMO orbital is attributed to the oxygen electron donating 
groups, while the drop in LUMO value is due to the calcium atom 

Table 3 
Selected optimized bond lengths, bond angles and dihedral angles of the investigated compound.  

Bond length  Bond Angle  Dihedral Angle  

O2-H3  0.964 P1-Ca6-O137  147.86 O8-Ca9-Ca14-O81  − 108.5401 
P1-Ca6  2.977 O4-Ca6-O137  121.38 O15-Ca9-Ca14-O81  − 125.63 
O4-Ca6  2.377 O5-Ca6-O137  125.72 Ca17-Ca9-Ca14-O81  − 121.00 
O5-Ca6  2.374 Ca9-Ca17-Ca42  111.37 Ca14-Ca9-O15-Ca28  − 83.26 
Ca6-O137  2.459 O12-Ca17-Ca28  79.46 O7-Ca9-Ca17-O32  152.80 
Ca14-O19  2.476 O33-Ca17-Ca42  78.09 P11-O13-Ca43-O88  157.14 
Ca14-O21  2.423 O21-P18-Ca22  138.07 Ca14-O13-Ca43-O88  43.54 
Ca14-O81  2.704 Ca14-O19-Ca28  106.80 O81-Ca14-O19-P18  − 107.70 
Ca9-Ca14  3.875 P18-Ca22-O23  123.26 O81-Ca14-O19-Ca28  156.27 
O4-H44  0.968 P18-Ca22-O28  53.41 O81-Ca14-O19-Ca43  63.17 
O15-Ca28  2.515 O38-Ca42-O39  78.79 O81-Ca14-O21-P18  115.98 
Ca17-Ca28  3.586 O13-Ca43-Ca38  90.53 O2-Ca14-O81-C82  179.76 
Ca17-O33  2.562 O13-Ca43-Ca88  112.30 O13-Ca14-O81-C76  − 73.65 
Ca17-O42  3.694 O19-Ca43-Ca42  114.45 O13-Ca14-O81-C82  62.38 
P18-Ca22  3.011 O19-Ca43-O88  77.15 O19-Ca14-O81-C76  − 149.38 
O19-Ca28  2.571 Ca28-Ca43-O38  115.38 O19-Ca14-O81-C82  − 13.33 
O137-H138  0.967 Ca28-Ca43-O88  121.36 O21-Ca14-O81-C76  148.13 
Ca28-Ca29  3.767 O38-Ca43-O88  122.49 O21-Ca14-O81-C82  − 75.81 
Ca28-O33  2.468 O39-Ca43-O88  147.99 O4-Ca17-Ca29-O123  − 81.87 
Ca28-O39  2.272 Ca14-O81-C76  114.98 O8-Ca17-Ca29-O123  − 107.94 
Ca28-Ca43  3.543 Ca14-O81-C82  118.49 Ca9-Ca17-Ca29-O123  − 151.27 
Ca29-O33  2.572 Ca43-O88-C83  112.86 O12-Ca17-Ca29-O123  121.26 
Ca29-O123  2.601 Ca43-O88-C89  108.41 O15-Ca17-Ca29-O123  177.85 
O32-Ca42  2.401 Ca29-O123-C118  114.00 O32-Ca17-Ca29-O123  62.66 
Ca35- Ca40  2.713 Ca29-O123-C124  124.923 Ca22-O26-Ca29-O123  79.27 
Ca35- Ca42  3.477 O7-Ca9-Ca14  132.08 P24-O27-Ca29-O123  − 173.25 
O36- Ca42  2.560 C118-O123-C124  112.75 O15-Ca28-Ca43-O88  − 111.81 
O38- Ca42  2.566 Ca6-O137-C132  127.01 O16-Ca28-Ca43-O88  − 14.52 
O39-Ca43  2.261 Ca6-O137-H138  119.22 CA22-Ca28-Ca43-O88  25.17 
Ca43-O88  2.893 O2-Ca14-O81  124.70 O26-Ca28-Ca43-O88  67.32   

Ca9-Ca14-O81  139.14 Ca29-Ca28-Ca43-O88  109.56   
O13-Ca14-O81  93.07 O33-Ca28-Ca43-O88  163.66   
O19-Ca14-O81  104.01 O15-Ca28-O123-C118  − 129.71   
O21-Ca14-O81  99.36 O15-Ca28-O123-C124  7.07   
Ca9-O15-Ca28  144.64 O16-Ca28-O123-C118  107.46   
O4-Ca17-Ca42  163.19 O16-Ca28-O123-C124  − 115.73   
O8-Ca17-O12  93.52 Ca17-Ca28-O123-C118  − 121.73   
O8-Ca17-O15  79.34 Ca17-Ca28-O123-C124  15.05   
O8-Ca17-O28  118.36 O19-Ca28-O123-C118  36.29   
Ca9-Ca17-O12  76.72 O19-Ca28-O123-C124  173.09   
Ca9-Ca17-Ca28  80.52 Ca22-Ca28-O123-C118  84.39   
Ca9-Ca17-O32  150.61 Ca22-Ca28-O123-C124  − 138.81   
Ca9-Ca17-O33  116.37 O39-Ca28-O123-C118  − 37.07     

O39-Ca28-O123-C124  99.71     
Ca43-Ca28-O123-C118  − 19.62     
Ca43-Ca28-O123-C124  117.16     
O33-Ca28-Ca43-O88  163.6641     
O123-Ca29-P31-O32  163.2469     
O5-Ca6-O137-H138  86.3672     
P1-O8-Ca17-Ca42  164.5527     
O7-Ca9-Ca14-O81  164.4172        

Table 4 
Energy levels of frontier molecular orbitals (FMOs) and quantum chemical pa-
rameters global chemical reactivity descriptors obtained at DFT/B3LYP//6–31 g 
(d,p) for HAP, PEG and their corresponding HAP/PEG nanocomposite materiel.   

PEG600 HAP HAP/PEG 

εHOMO (eV)  − 6.87  − 5.55  − 5.09 
εLUMO (eV)  1.68  − 4.24  − 0.47 
Energy band gap: Eg = ΔH-L (eV)  8.56  1.30  4.61 
Ionization potential: IP = - εHOMO (eV)  6.87  5.55  5.09 
Electron affinity: EA = - εLUMO (eV)  − 1.68  4.24  0.47 
Chemical potential: μ = 1/2 (εH + εL) (eV)  − 2.59  − 4.89  − 2.78 
Global hardness: η = 1/2 (εL - εH) (eV)  4.28  0.65  2.30 
Global softness: S = 1/ (2η) (eV− 1)  0.11  0.76  0.21 
Electronegativity: χ = -1/2 (εH + εL)  − 4.28  4.89  2.78 
Global electrophilicity index:ω = μ2/2 η (eV)  0.78  18.41  1.68 
Maximum charge transfer index:ΔNMax = -μ/η  0.60  7.51  1.20 

Molecular stability: 
εH

εL   

− 4.08  1.30  10.62  
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electron withdrawing groups. 
The energy band gap plays a significant role in defining the elec-

tronic and optical characteristics of a studied system. As clearly seen in 
Table 4, the calculated bad energy gap of HAP/PEG hybrid materiel 
equal to 4.61 eV suggests that this material is a “Wide-band gap” 
semiconductor with potential applications in optoelectronics devices 
[39]. Compared to the individual components, the HAP/PEG nano-
composite has a larger band energy gap than HAP (1.30 eV) and a 
smaller band energy gap than PEG (8.56 eV). This implies that the 
electronic properties of the nanocomposite are different from those of its 
constituent materials. The composite material’s band energy gap is 
increased by the addition of PEG to HAP, as seen by the higher band 
energy gap compared to HAP. This may be due to changes in the elec-
tronic structure and intermolecular interactions within the composite. 

The global hardness parameter is an important descriptor of hybrid 
materiel’s reactivity and stability. The computed global hardness (η) of 
the HAP/PEG hybrid material in our example is 2.30 eV, which is higher 
than that of HAP (0.65 eV) and lower than that of PEG (4.28 eV). This 
suggests that the nanocomposite is between the individual components 
in terms of reactivity and stability, and that it may have special chemical 
properties. The higher hardness value compared to HAP suggests that 
the hybrid materiel is more resistant to deformation and less likely to 
undergo chemical reactions. On the other hand, the lower hardness 
value compared to PEG suggests that the nanocomposite may have 
increased reactivity towards certain chemical species. These results 
indicate that the mixture between the fragile HAP (with a weak hardness 
value) and the rigid PEG (with a strong hardness value) results in a new 
nanocomposite with a good stiffness. The stability of a molecule depends 
on the energy gap between the HOMO and LUMO orbitals [40]. For the 
HAP/PEG nanocomposite, the EHOMO/ELUMO value of 10.62 indicates a 
relatively high level of molecular stability. Additionally, we observe that 
the investigated compound possesses a significant intermolecular charge 
transfer ability as indicated by the maximal charge transfer index, 
ΔNMax = 1.20 eV. All of these observations point to the potential for 
intramolecular interactions within our molecule, including Van der 
Waals and hydrogen-bonding interactions [41]. This value is a result of 
the HOMO and LUMO energy levels being relatively far apart, 

suggesting that the compound is less prone to undergo unwanted re-
actions or degradation processes. Overall, a high molecular stability is a 
desirable property for a nanocomposite, as it can lead to improved 
durability and longer functional lifetimes [42]. 

4. Conclusion 

In conclusion, we successfully synthesized and characterized Hy-
droxyapatite/Polyethylene glycol (HAP/PEG) nanocomposite materials 
with two different ratios (80/20 and 60/20). The characterization 
techniques confirmed the formation of hybrid apatite materials. 
Through a combination of experimental and theoretical studies, we 
gained valuable insights into the properties of the HAP/PEG composite. 

Our results revealed that the incorporation of t PEG with the fragile 
HAP led to the development of a nanocomposite material with enhanced 
hardness compared to pure HAP. This finding highlights the synergistic 
effect achieved by combining different materials, resulting in improved 
mechanical properties. Additionally, the HAP/PEG nanocomposite 
exhibited a high level of molecular stability, which further enhances its 
potential for various applications. 

The integration of experimental characterization techniques and 
density functional theory (DFT) computational study provided a 
comprehensive understanding of the structural and mechanical aspects 
of the nanocomposite. This multidisciplinary approach not only allowed 
us to confirm the experimental observations but also provided valuable 
theoretical insights into the underlying mechanisms governing the 
properties of the composite. 

CRediT authorship contribution statement 

Dorsaf Bouazzi: Conceptualization, Methodology, Investigation, 
Writing – original draft. Imen Chérif: Conceptualization, Software, 
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