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Abstract

We performed an investigation on urea interacting with hydroxyapatite (HA). The oxygen atoms on
HA are either left alone or added with hydrogen to create hydroxyl to resemble the HA surface. Using
B3LYP and 3 different basis sets, it was found that urea was able to interact positively with either hydroxyl
or non-hydroxyl surface of HA. The Gaussian 09 and Multiwfn software were employed to conduct the
calculations. The most favorable interaction has interaction energy of —1.36 eV, which was obtained with
the 2 largest basis sets considered, on the pure hydroxyl surface. From the topology analysis on electron
density and the non-covalent interaction analysis, it was found that the main attractions between urea and
HA were due to the carbonyl oxygen and hydrogen of urea, and hydrogen, oxygen, and calcium on the HA
surface. The bond length of newly bonded atoms ranges from 1.62 to 5.18 A, whereas the energy gap has
range between 0.46 to 1.14 eV. All the analysis performed in this study agreed with the results obtained in
the formation of favorable interactions and complement previous experimental results that HA can bond
with urea molecule.
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Introduction

Phosphorus and nitrogen are two of the essential macronutrients that necessary for plants growth
[1,2]. The most common source of nitrogen is urea, which are used as synthetic fertilizer. Phosphorus is
typically provided via hydroxyapatite (HA) nanoparticles, which have excellent biocompatibility and large
surface area that may help in the binding of a large amount of urea [3]. Furthermore, since nanoparticles
can easily be diffused or migrated into soil and reach the plants through the transpiration process, the
potential use of HA nanoparticles as a source of phosphorus fertilizer has been proven in enhancing
phosphorus efficiency [4,5]. However, due to several factors, these 2 macronutrients are easily washed
away. For example, environmental factors cause the loss of nutrients under conditions of high valorization
and humidity, even before they reach the plants [1,6-10]. For ecological systems, excessive use of nitrate
and phosphate fertilizers can cause eutrophication effect to the aquatic ecosystem. For human health, too
much exposure, ingestion of nitrate and nitrite can cause acute toxic response that prevents the
transportation of oxygen to the blood and contributes to the development of digestive tract [11-15].
Economically, using too much fertilizers can results in financial losses of farmers by having to buy more
fertilizers for their crops and treating disease that caused by excessive exposure to hazardous chemicals
from the fertilizers [11-14].

To address these problems, slow-release fertilizers were developed to assist the delivery of the
nutrients to the crops in slow manner, hence enhancing macronutrients consumption [9]. This slow-release
method has been proven to reduce the suspension [16], and the volatilization rate of urea while preventing
phosphate immobilization in soil [1]. The efficiency of slow-release fertilizer by using urea-HA
nanoparticle have been verified experimentally. For example, even with a 50 % reduction in urea
concentration, significant increment in the tea yields have been achieved [17]. In another research,
improved rice crops have been obtained while maintaining the quantity yields [3].
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Experimental works have been previously performed on the interactions between components of the
urea-HA nanohybrids. In the work focused on the delivery of nutrients to rice crops by slow-release
fertilizer of urea-HA nanohybrids, X-Ray photoelectron spectroscopy (XPS) showed the formation of a
new connection between urea and HA through the nitrogen atom of urea. On HA, the binding energy of
phosphorus 2p is found to increase to the higher level, implying that the electron density around phosphorus
has been influenced and that a new hydrogen bonding between phosphate group in HA and urea may have
formed. Binding energy in calcium ions has also increased, probably due to the chemical environment that
has changed when urea was introduced to the HA [3]. In another study, Fourier transform infrared
spectroscopy (FTIR) analysis on urea-modified HA encapsulated into soft-wood cavities [2], shows the
presence of hydrogen bonding between hydroxyl group in HA with N-H group in urea. Comparison made
between pure urea and urea-HA indicates changes in electron density that may have been influenced by
new hydrogen bonding of N-H in HA [2]. Besides, the N-H stretching showed marked shift in urea-HA and
the shifted energy in Ca 2p core level for HA suggested that the chemical environment near calcium ions
is affected by the presence of urea on HA surface. Energy core level of phosphorus 2p in HA also changed
to higher binding energy after binding to urea that implies a new interaction happened between oxygen
atom in phosphate group on HA and hydrogen atom of amide in urea [18]. In addition, many previous
studies were using HA as binding site for other molecules to attach. For instance, the hexagonal structure
of HA binds with lysine, water and collagen [19-21]. On HA surfaces, calcium atoms, hydrogen and oxygen
atoms are responsible for creating a new bonding with foreign molecules. These atoms have been noted in
creating the HA cluster and placing the urea molecule. The results indicate that HA is flexible in binding
molecules into its surface.

Urea-HA is to be used as a slow-release fertilizer [2,3], in which the application of the said compound
has also been performed, in the field trial in rice paddy [3]. With the success in the previous experimental
study of urea-HA [1-4,17,18,22-26], we set out to investigate, theoretically, the behavior of the urea
attached to HA. This article focused on the interaction between urea-HA in identifying the strength of this
combination, the functional groups involved in IR spectra, the reactive side on HA surfaces and the
interactions involved in the bonding.

Materials and methods

Computational details

In this study, DFT based calculations, in the form of B3LYP hybrid functional and 6-31G(d,p) basis
set has been implemented by using the Gaussian 09 suite of program [27]. B3LYP/6-31G(d,p) has been
used in a number of previous studies, including detecting interaction between ions in gas phase of ionic
liquid and on large set of organic molecules [28]. Single point calculations were also performed at the
optimized geometries with higher basis sets, namely DEF2-TZVP and 6-311++G(2df,2pd). These 2 basis
sets acted as a comparison to the values obtained at level 6-31G(d,p).

Monoclinic crystal structure of HA as reported by Elliot ef al. [29], was referred and used to create
the structure of HA for the deposition of urea. The obtained structure is as shown in Figure 1. Three
different clusters were obtained by truncating the crystal structure of HA as to model 3 different surface
terminations: Viz., the first cluster with present of hydroxyl group (labeled as HA1), the second cluster
structure without the hydroxyl group (HA2) and the third cluster structure (HA3) that combines the first
and second clusters. These 3 types of HA structure are considered as there is no experimental evidence that
confirmed the existence of specific arrangement. Hydrogenation method [30], was used to create the
hydroxyl groups. This type of termination of hydrogen has been used many past studies. For example,
oxygen atoms in kaolinite cluster, montrillonite clay and molybdenum trioxide were set as boundary and
saturated it with hydrogen atoms [31-33]. According to Bystrov [34], and Bystrov et al. [30], if the oxygen
atoms or any hydroxyl group molecules are attached on HA surface, a negative charge will occurs and the
electrostatic field around the HA surface will be more negative. This will eventually help in enhancing the
attachment of other molecules on it. Figure 2 shows the initial structure of HA1, HA2 and HA3 before and
after been truncated with hydrogen, prior to the addition of urea molecule.
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Figure 1 Structure of monoclinic HA as viewed by using mercury software [35]. The red spheres are
oxygen, the orange spheres are phosphorus, and green spheres are calcium.

A urea molecule was placed on HA surfaces based on chemical intuition of electrostatic potential
(ESP). Urea atom was placed on the HA surface which shown electrophilic characters. Figure 3 shows the
initial placement of urea on HA1, HA2 and HA3 surfaces.

Cluster Before termination with hydrogen After termination with hydrogen
Structures

Figure 2 The initial structure of HA1, HA2 and HA3 before and after termination with hydrogen. The
green, white and red ball-and-stick corresponds to calcium, hydrogen and oxygen.
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Figure 3 The initial placement of urea on HA1, HA2 and HA3 surfaces. The blue represents nitrogen atom,
the red represents oxygen atom, the green represents calcium atom and grey represent carbon atom. The
atoms distant from urea, represented with wireframe scheme, are fixed, while the ball-and-stick atoms are
relaxed. For clarity, the hydrogen atoms on the surface of HA are represented in tube form.

Eini= Exa+Urea — (EHA+EUrea) (1)

Eq. (1) was used to determine the relative stability of urea-HA. This equation has been used in many
past studies in finding and calculating the interaction energy, adsorption energy or binding energy involving
2 components related to HA [19-21,36]. Ejis the interaction energy between urea-HA, Eyp-1yyeq 1S the total
energy of urea-HA after geometry optimization, Ey, is the energy of HA and Ey,, is the total energy of
urea. All the energies values are expressed in eV. According to Eq. (1), the more negative the interaction
energy (Ein), the stronger the bonding between urea and HA.

Multiwfn program [37], is used to perform the electron density topology analysis for newly formed
bond, non-covalent interaction (NCI) and electron localization function (ELF). The topology analysis is
performed to find new bond form by searching the critical points (CPs). Meanwhile, NCI is usually applied
in determining the type of weak interaction based on reduced density gradient (RDG) at the low densities
[38]. RDG is color-filled that has been mapped on isosurfaces of all combinations with different color scale.
Figure 4 shows the RDG isosurface of color scale with the type of bonding involved. According to the
color scale, the blue indicates a greater attractive interaction, green or light brown indicates a low electron
density or van der Waals interaction, and red indicates a steric effect interaction.

p >0 sign(d,)p decrease p =0 sign(i,)pincrease p >0
2,<0 " A =0 " 1,0

B A T

Strong attraction: Van der Waals Strong repulsion:
H-bond, halogen-bond... interaction Steric effect in ring
and cage...

Figure 4 The color scale of reduced density gradient isosurface (RDG), according to Lu and Chen [37].
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Results and discussion

Geometries of the combinations

ESP was used for the initial placements of the urea molecule on the clusters. Figure 5 shows the ESP
surface that was mapped on HA1, HA2 and HA3 clusters, before addition of urea. On the ESP surfaces of
HA structures, the minimum points Vs min and maximum points ¥ max have been identified. The Vmin and
Vsmax were denoted by the red and blue regions, respectively. The minima points in HA1, HA2 and HA3
were located near to the hydrogen atoms that are attached to the oxygen atoms. These surfaces have a lot
of electrons and are vulnerable to the electrophilic attack. The maxima points were located near oxygen
and calcium atoms. These surfaces are referred to as electron deficient regions, and they are vulnerable to
nucleophile attack. Based on these ESP results of HA clusters, urea molecule were placed horizontally on
negative or slightly negative charge region.

Vimin=—2.3058 &V

HAI1

- Vemin = ~2.9003 eV
j‘A 2
Vimax=34448 eV &——— % a @,

_ ‘i‘- )‘*‘{? ‘J <

Vimax=3.0180 eV

Viin =—2.4951 eV

HA3

Figure 5 The ESP surface mapped on HA1, HA2 and HA3. Oxygen atoms are red, calcium atoms are green
and hydrogen atoms are white in ball-and-stick schemes.

Figure 6 shows the final arrangement of combination urea with HA1, HA2 and HA3. The final
position of urea-HA1, urea-HA2 and urea-HA3 were changed to vertical positions from the horizontal
positions. These urea molecules were initially placed on the yellow or red region on HA surfaces, however
the urea molecules in HA1, HA2 and HA3 were moved to blue region on HA surface accordingly to the
chemical behavior of the atoms.

Based on the ESP obtained, the hydrogen atoms in urea acted as electrophilic sites while oxygen and
nitrogen atoms acted as nucleophile sites. Nucleophile atoms of urea were attracted to the electrophilic sites
on HA, which was the positive site of blue color region based on the color scale of ESP, and the electrophilic
sites of urea were attracted to the nucleophile sites of red color region on HA surfaces.
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Figure 6 The final arrangements of combinations of urea with HA1, HA2 and HA3. The red, green, blue
and grey ball-and-stick schemes represent oxygen, calcium, nitrogen and carbon atoms respectively. The
tube type present hydrogen atoms. The distant atoms are presented in wireframe form.

Table 1 shows the bond lengths of new bond formed before and after optimization for urea
combinations with HA1, HA2 and HA3. The newly bonded atoms in Table 1 are labeled and shown Figure
6. All the combinations had formed new chemical bonds of oxygen-calcium and hydrogen-oxygen. Their
bond lengths become shorter after optimized, which indicates there are strong attraction and interaction
happened between urea and HA. The interaction of hydrogen atom in urea or HA with oxygen atom in urea
or HA had previously been studied experimentally, where revealed N-H stretching has shifted to a lower
wavenumber in urea-HA spectrum and carbonyl group wavenumber also has shifted to low value which
may been affected by the new bonding formed [2]. In addition, XPS analysis shows that the chemical
environmental of calcium atoms had changed after urea molecule was introduced to the HA surface [3].

Table 1 Bond length of new bond formed for urea-HA1, urea-HA2 and urea-HA3 before and after
optimization.

Bond length (A)

Combinations Interested atom pairs
Before optimization After optimization
Urea-HA1 080...Ca39 2.9102 2.3280
H87...031 1.8840 1.7445
Urea-HA2 055...Ca8 4.5399 2.5715
055...H41 3.0197 2.0647
He62...013 4.2578 1.6176
Urea-HA3 O71...Ca35 5.1764 2.3579
H74...032 4.2500 1.7600

Frontier molecular orbitals

From the values tabulated in Table 2, it can be seen that HA2 has larger HOMO-LUMO energy gap,
compared to the other 2 structures, where HA1 and HA3 have lesser than half the HOMO-LUMO energy
gap of HA2. Larger energy gap is related to higher kinetic stability [39,40], hence, the non-hydrogen
terminated surface of HA2 has higher kinetic stability than HA1 and HA3. On the other hand, HA3 has
higher stability than HA1, as HA3 is the combination of bare and hydroxyl surfaces.
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Table 2 The HOMO, LUMO and calculated energy gap of HA1, HA2 and HA3 energies. All energy values
are in eV.

Structures Euomo (eV) Evumo (eV) Egap (eV)
HA1 =2.1902 -1.7317 0.4585
HA2 -2.6147 —1.4708 1.1439
HA3 —1.8626 —2.3445 0.4819

The HOMO and LUMO orbitals for HA1, HA2 and HA3 clusters are shown in Figures 7. As shown
in the figure, the HOMO and LUMO lobes were found near the calcium atoms and hydroxyl molecules.
The orbitals of the HOMO and LUMO lobes of HA cluster structures also coincide with the previous
studies, in which both the orbitals were delocalized on calcium-oxygen molecules [41].

(@) (1) (a) (ii)
9

(b) (i)
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(c) (i)

Figure 7 (i) HOMO and (ii)) LUMO orbitals of (a) HA1, (b) HA2, and (c) HA3.

Topology analysis on electron density

Figure 8 shows the topology bond path for all combinations of urea-HA1, urea-HA2 and urea-HA3,
respectively. The new bond path between oxygen and calcium is overlapped with the green bond, which
are stronger connected pair than those without. The orange spheres correspond to bond critical points (3,-
1), while yellow spheres correspond to ring critical points (3,+1).
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Figure 8 (a) The topology bond path of combination urea-HA1, (b) urea-HA2, and (c) urea-HA3, showing
the newly formed bond paths between urea and HA. The new bond path between oxygen and calcium is
overlapped with the green bond, which are stronger connected pair than those without. The regions of
interest are highlighted in the solid-line boxes.

Interaction energies

Table 3 shows the interaction energies of urea-HA combinations. The strength of order for 6-31G(d,p)
is, in increasing order, urea-HA1 > urea-HA2 > urea-HA3, while the trend for DEF2-TZVP and 6-
311++G(2df,2pd) is urea-HA2 > urea-HA3 > urea > HA1. The trend in larger basis sets agrees with the
results from Egqp, as HA1 has lower kinetic stability, hence higher tendency to interact with the molecules,
in this case, adsorption of urea. As the geometries were optimized at 6-31G(d,p), and energy-related
evaluations are using triple-zeta basis sets, the observation points to the use of triple-zeta basis sets to
produce reliable results in the interaction energies. The observation agrees with the work from Nabil et al.
[42].

Table 3 The calculated interaction energies of urea-HA1, urea-HA2 and urea-HA3 after optimization at
level 6-31G(d,p), DEF2-TZVP and 6-311G++(2df,2pd).

Interaction energies (eV)

Structures

6-31G(d,p) DEF2-TZVP 6-311++G(2df,2pd)
Urea-HA1 -1.5915 —1.3586 —1.3642
Urea-HA2 —1.6413 -0.9914 —1.2569
Urea-HA3 —1.6897 —1.3350 -1.3202

Non-covalent interaction (NCI)

Figure 9 shows the NCI isosurface for urea-HA1, urea-HA?2 and urea-HA3. For urea-HA1 and urea-
HA3, blue slab discs exist between oxygen-calcium and hydrogen-oxygen interaction. These blue
isosurface slabs indicated strong attraction had occurred between the atoms in urea and HA. For urea-HA2,
the same oxygen atom in urea had interacted with calcium and hydrogen atoms, but with light blue and mix
blue greenish slabs between them. This observation agrees with the strength of the interaction energies (of
larger basis sets), in which urea absorbed on HA1 and HA3 have higher strength, compared to on HA2, and
the bond critical points in the topology analysis.
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Figure 9 The NCI isosurface formed between urea and (a) HA1, (b) HA2, and (c) HA3. Oxygen is
represented by red spheres; hydrogen white; nitrogen blue; calcium turquoise.

Conclusions

In this work, the urea-HA interactions are elucidated. Three different surfaces of HA are modeled:
With and without hydroxyl groups (HA1, HA2), and a mixture of them (HA3). Urea molecules were
positioned horizontally on negative or slightly negative charge based on the ESP results of HA. It was found
that, urea is able to get adsorbed on the surfaces of these models, through the carbonyl oxygen and hydrogen
of urea, and hydrogen, oxygen, and calcium on the HA surface. They have shorter bond length values after
optimization compared to before. HA is found to be the most kinetically stable from the HOMO-LUMO
gap, the results from this work agree with the observation in the experimental that urea is able to combine
on the surface of HA, where hydroxyl termination have higher tendency to interact with urea. The analysis
on the interaction indicated that the surface with hydroxyl has the highest strength. As for urea-HA1 has
the highest interaction energy, at —1.36 eV for basis sets of 6-311++G(2df,2pd) and DEF2-TZVP. The urea-
HA has been previously reported to have been successfully synthesized by incorporating urea molecules
into HA matrix [3]. Thus, this report is considered as providing evidence from a theoretical point of view.
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