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Abstract

Polymerehydroxyapatite (HAP) composites are widely studied as potential bone replacement materials. The HAPepolymer interfacial mo-
lecular interactions have significant role on the mechanical response of composite systems. We have used molecular dynamics (MD) simulations
to evaluate the nature of these interfaces in polyacrylic acidehydroxyapatite composites. We have obtained the parameters for monoclinic
hydroxyapatite in CVFF (consistent valence force field) from the known potential energy function of apatites. Our simulations indicate that
potential sites for chelation and hydrogen bond formation between HAP and polyacrylic acid (PAAc) exist. Earlier, we have synthesized in situ
HAPepolymer composites wherein intimate interaction between HAP and polymer is enabled through participation of polymer during HAP
mineralization. Our simulations indicate that for in situ HAP, the most favorable orientation of PAAc for attachment with HAP is along the
c-axis of HAP aligned parallel to polymer chains. Also, binding energy for ex situ HAP composites is found to be lower as compared to
that of in situ HAP.
� 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Hydroxyapatite (HAP) is the most stable calcium phos-
phate mineral in the human body and mineralizes easily at
specific sites in bones and teeth [1,2]. These specific crystallo-
graphic locations are influenced by various proteins [3e5]. In
general, bones and teeth are complex composite structures [6].
The commonly used advanced biomaterials for bone replace-
ment for both implant and tissue engineering applications
are often HAPepolymer nanocomposites [7e9]. Other cal-
cium phosphates have also been investigated [7]. In order to
replace bone, the mechanical properties of these nanocompo-
sites should match with that of natural bone. The resultant me-
chanical properties of these nanocomposite systems depend
upon several factors, e.g., selection of polymer, synthesis
routes, interfacial behavior, etc. It is also known that molecular
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phenomenon at interfaces of these nanocomposites may well
remarkably influence the resultant mechanical properties
[10e12]. The interfaces between HAP and polymer could be
dependent upon the synthesis route employed for HAP. Ear-
lier, we have synthesized HAP in two different ways which
referred to as in situ and ex situ HAP [8,9]. In situ HAP
referred to the HAP mineralized in the presence of polymer,
whereas ex situ HAP referred to HAP mineralized in the ab-
sence of polymer. Earlier we have reported that the composites
fabricated with identical compositions but made using in situ
or ex situ HAP have distinctly different mechanical properties
[8,9] due to altered interfacial behavior. Thus, it is important
to study these interfaces at molecular level for both ex situ and
in situ composites which would give a better understanding of
the physical properties of the nanocomposite systems. It has
been observed from FTIR experiments that chelation occurs
in HAPePolyacrylic acid composites [9]. Chelation is also
known as calcium bridge formation which occurs between
surface calcium atoms of HAP and carboxylate groups of
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polyacrylic acid (PAAc). However, in order to get more funda-
mental understanding of the molecular behavior of interfaces,
simulations of these interfaces are required. We have used mo-
lecular dynamics (MD) simulations to study the interfaces of
HAPePAAc composites. MD is a widely used technique for
studying the molecular behavior of different species [13e17].

MD is based on Newtonian classical mechanics and uses a
potential function, often called force field, to calculate the
energy of a system. In order to simulate interactions between
dissimilar molecular entities such as polymer and HAP, it is
computationally useful to define parameters for the interacting
molecular entities in a common force field. The force field is of-
ten typical to the nature of the molecule. For different atom(s)
the parameters of a force field are obtained either by experimen-
tal methods such as nuclear magnetic resonance (NMR) spec-
troscopy or from rigorous ab initio quantum mechanics based
calculations. Some of the commonly used force fields are
CFF91 (consistent force field) [18e20], CVFF (consistent
valence force field) [21,22], ESFF (extensible systematic force
field) [23], etc. Force fields such as Amber [24,25], CHARMm
[26,27], OPLS [28], and CFF91 [18e20] were optimized for
simulating different proteins and/or polymers. Attempts have
been made to parameterize these force fields for ioneprotein/
polymer interactions [29e33]. Also, efforts have been made
to parameterize the above force fields for inorganic materials,
e.g., Katti et al. obtained parameters for simulating clay min-
erals in CHARMm force field [34e36], Teppen et al. have ob-
tained parameters for different clay minerals in CFF91 force
field [37], etc. However, neither of the above force fields (or
any commonly used force fields) has been parameterized for
simulating HAP or interaction between HAP and polymers/pro-
teins. Recently, a few force fields have been proposed that are
applicable to HAP and that predict the structure of HAP reason-
ably well [38e40]. Also, it has been shown that the parameters
developed for these newly proposed force fields have been used
to study the interaction of HAP with water [41] and incorpora-
tion of fluoride ions in HAP [42]. On the other hand, a force
field such as CVFF has parameters available for many material
systems and predicts polymer structures well. To study the
interactions between mineral phase and polymer phase, we
have derived the parameters for the CVFF potential function
(force field) from the Hauptmann potential function of apatites
for monoclinic HAP [38]. Details of the procedures for deriving
the force field parameters are described in our previous work on
molecular interactions in clayewater system [34e36]. This po-
tential function (Hauptmann potential) has been used recently
to simulate the diffusion of (OH�) defects in hydroxyapatite
[43]. The same group has also evaluated the monoclinic to hex-
agonal phase transformation in hydroxyapatite using the same
potential field [44].

Often vibrational spectra are derived from the molecular
models. Vibrational spectra are calculated by first taking
a Fourier transform of the velocity autocorrelation function
(VACF) [45,46]. The VACF is calculated as follows:

hVðtÞVð0Þi ¼ 1

N

XN

i¼1

Viðtþ t0ÞViðt0Þ ð1Þ
where Vi(t) is the velocity of ith atom, N is the total number of
atoms used in VACF calculations.

The vibrational spectra obtained after MD simulations are
approximately comparable to infrared spectra. The experimen-
tally obtained infrared intensity is absorbance, which is a product
of density of states (DOS) and molar absorbtivity [47], whereas
the intensity obtained after molecular dynamics simulations
represents DOS [48]. Molar absorbtivity is directly proportional
to the square of the first derivative of dipole moment ((dmd/dx)2).
In real molecular species, the charges on atoms are continuously
changing due to which dmd/dx becomes a variable and depends
upon the distribution of electron clouds. In classical MD
simulations, the charges on each atom of a molecular species
are constant, as a result of which dmd/dx becomes a constant
quantity. Therefore, the intensity obtained after MD simulations
is different from experimentally obtained infrared intensity.

The normal modes of vibration may be obtained by describ-
ing the potential energy of a system as a Taylor series [49,50],
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where E0 is constant and qi* are mass weighted coordinates,
the energy scale is chosen in such a way that E0¼ 0. For the
structure to be in equilibrium, it is necessary that force on each
atom is zero, which causes second term in Eq. (2) to be zero,
and leaving the following second order approximation:
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The above equation with Newton’s equation of motion
yields the following set of algebraic equations:
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where dij is the Kronecker delta, l01/2 is proportional to vibra-
tional frequency, and Ai are related to relative amplitudes.
Wave numbers are calculated from l0.

The intensity obtained during vibrational calculations is
directly proportional to the change in dipole moment,
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where, md is the dipole moment between two charges and x is
the displacement from equilibrium.

In this work, we report interactions between polyacrylic
acid (PAAc), a nondegradable polymer used in bone biomate-
rials for hip implants [7] and HAP. Interaction study between
HAP and PAAc was performed using the obtained parameters
of HAP and available parameters of PAAc in CVFF.

2. Model construction

All the calculations were performed using the Discover_3
module of InsightII (Accelrys Software Inc.) [50] except
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velocity autocorrelation function (VACF) and vibrational calcu-
lations after molecular dynamics simulation. These were done
on Cerius2 (Accelrys Software Inc.) [50]. The Discover_3
module of InsightII includes force fields CVFF, CFF91,
ESFF, etc. Parameters for monoclinic HAP are not available
for these force fields.

The structural analysis of the mineral phase, HAP indicates
that its stoichiometric form is monoclinic with space group
P21/b [51]. The structure of the monoclinic form of HAP
is as follows: OH ions are located slightly above the b-glide
planes, and the direction of OeH axis is parallel to the
c-axis. The two positions of OH ions are alternately occupied.
The periodicity along the b-axis is twice as along the
a-axis.

For the monoclinic structure of HAP, initially two simulation
cells were constructed: simulation cell_1 and simulation cell_2
for determination and validation of parameters. Here simulation
cells were constructed in such a way that all the phosphate and
hydroxyl ions inside the cell remain intact (Fig. 1).

The specific reasons for choice of simulation cells are
described in Section 4.1.1. In order to obtain the parameters
for different groups in monoclinic HAP, simulation cell_1 was
used. This cell has dimensions a¼ 9.421 Å, b¼ 18.84 Å,
c¼ 6.881 Å with a¼ 90�, b¼ 90�, g¼ 120� and consists of
88 atoms. Simulation cell_2 is similar to simulation cell_1
with dimensions a¼ 18.842 Å, b¼ 37.68 Å, c¼ 13.762 Åwith
a¼ 90�, b¼ 90�, g¼ 120�. In simulation cell_2, 704 atoms
are used to perform molecular dynamics simulations.

3. Hydroxyapatite force field parameters

3.1. Theoretical considerations

The Hauptmann potential energy function of apatites [38] is
composed of an intra-atomic and an inter-atomic term,

E¼ EINTRAþEINTER ð7Þ
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Fig. 1. Simulation cell used to get the parameters for HAP in CVFF: (a) sim-

ulation cell shown in bulk HAP; (b) simulation cell_1 (Ca¼ dark gray,

O¼ black, P¼ light gray, H¼white).
EINTER includes a BorneMayereHuggins (BMH) [52,53]
term where rij is the distance between the ith and jth particles
with charges qi and qj, 30 is the vacuum dielectric constant, ri,
Ri, Ci are the BMH parameters and w¼ 1.1552� 10�19 J Å�1

is the standard force [54]. The intra-molecular phosphate
potential EINTRA is given by
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where, kr, kq and kUB are the force constants, r0 is the equilib-
rium distance, q0 is the equilibrium angle, rij is the distance
between the sites i and j, rik is the distance between the sites
i and k, r0 is the equilibrium distance between sites i and k,
and qijk is the angle between the sites i, j and k. The third
term in Eq. (9) denotes the UreyeBradley term.

The CVFF potential energy function is given by Maple
et al. [22]. We used a reduced form of CVFF potential function
using a harmonic form for bond stretching term, which is use-
ful for simulating structures consisting of organic and inor-
ganic phases [55]. In this reduced form, the CVFF potential
function is described as,
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where Kb, Kq and Kf are force constants, b0, q0 and f are equi-
librium bond length, equilibrium bond angle and dihedral
angle, respectively, b and q are the bond length and bond an-
gle, rij is the distance between the ith and jth particles with
charges qi and qj, respectively. The terms 3ij and rij* determine
the minimum and zero of the van der Waals term, respectively.
An equivalent representation of van der Waals term (fourth
term in Eq. (10)) is as follows:
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where

Aij ¼ 3ijr
�12
ij ð12Þ

Bij ¼ 23ijr
�6
ij ð13Þ

In order to obtain the van der Waals parameters for CVFF
from Hauptmann potential energy function, regression analy-
sis was performed on the values obtained from BMH term of
EINTER for the van der Waals interactions of CVFF. In the re-
gression analysis, energy vs. distance plot of a pair of atoms is
obtained by using BMH equation which is fitted to van der
Waals term of CVFF. van der Waals parameters thus obtained



667R. Bhowmik et al. / Polymer 48 (2007) 664e674
are for homonuclear interactions (Table 1). The heteronuclear
interactions are computed from geometric averages given by:

Aij ¼
ffiffiffiffiffiffiffiffiffiffi
AiiAjj

p
ð14Þ

Bij ¼
ffiffiffiffiffiffiffiffiffiffi
BiiBjj

p
ð15Þ

A new restrain ‘‘tether’’ type term is introduced in the
CVFF. This term effectively forces all the selected atoms in
their original positions. The Hauptmann potential uses Ureye
Bradley term between neighboring oxygens bonded to phos-
phorous in phosphate tetrahedron. Thus the restrain term may
be considered as a way to compensate for UreyeBradley term
since we have used restrain term on oxygens bonded to phos-
phorous atom. The tether term is given by (used in Discover_3
module [50]):
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where k is the force constant, X0 is the initial internal (bond
length, angle, etc.), a is the scaling factor and Xij is the final
internal. We used a scaling factor of 1 in our calculations
and bond length was used for initial and final internal. The
final potential energy function for CVFF is thus given by,
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Bonded parameters are the parameters for the bond stretch-
ing term, angle bending term and the dihedral term. According
to Eq. (17), the bonded parameters for the bond stretching
term are Kb and b0, the bonded parameters for the angle bend-
ing term are Kq and q0, and the bonded parameters for the di-
hedral term are Kf, f, and n. In monoclinic HAP, the PeO
bond length and OePeO bond angle of phosphate tetrahedron
ranges from 1.53 Å to 1.54 Å and 106.68�e112.05�, respec-
tively [56]. From the parameters for CVFF database, it is ob-
served that equilibrium bond length between a phosphorous
atom and ‘‘carbonyl oxygen’’ atom is 1.53 Å (here the car-
bonyl oxygen used is of the atom type, i.e., the name of oxy-
gen atom given for a particular chemical environment) and the
equilibrium bond angle corresponding to OePeO is 109.5�.
This equilibrium bond length and bond angle is close to that

Table 1

Parameters of van der Waals term in CVFF

Aii Bii

Ca 198968.2288 307.2698

H 0.0023 0.0003

O(H) 358704.8809 409.7767

O(P) 609768.2770 784.0094

P 12532927.1400 6987.9390
observed in monoclinic HAP. For this reason, this equilibrium
length and angle is used in all calculations. Similarly, oxygen
and hydrogen atom types in OH group of monoclinic HAP are
taken as oxygen and hydrogen in hydroxyl group, respectively,
with equilibrium bond length of 0.96 Å.

The second derivative of potential energy is often called as
the force constant between sites i and j. It is clear from Eq. (4)
that the band obtained at a particular wave number during vi-
brational calculations depends upon force constants between
sites i and j. Hence, the bending force constant and stretching
force constant of OePeO and PeO were chosen in such
a way that the vibrational mode of PeO results at
1050 cm�1 as observed experimentally [55]. Similarly, stretch-
ing force constant value for OeH was chosen so that the
stretching vibrational mode results at 3672 cm�1 [57]. Also,
the values of force constants were chosen so that the ratio of
these two intensities is equal to 2.8, since the experimentally
obtained ratio of intensities of PeO stretching and OeH
stretching is 2.8 [58]. With this methodology, the values of
stretching force constants for PeO and OeH are found to
be 254.00 kcal mol�1 Å�2 and 524.34 kcal mol�1 Å�2, respec-
tively, and the bending force constant for OePeO to be
6.83 kcal mol�1 deg�2. The above values are obtained by
using simulation cell_1. Simulation cell_1 was first minimized
until the values of energy derivatives were less than
0.001 kcal mol�1 Å�1. The minimized cell was used for vibra-
tional calculations. Further details of the simulation cells are
described in the following section.

3.2. Simulation details

Simulation cell_1 and simulation cell_2 were first mini-
mized using periodic boundary conditions. The periodic
boundary conditions used for simulation cell_1 and simulation
cell_2 were 9.421 Å� 18.843 Å� 6.881 Å with a¼ 90�,
b¼ 90� and g¼ 120� and 18.842 Å� 37.686 Å� 13.762 Å
with a¼ 90�, b¼ 90� and g¼ 120�, respectively. The non-
bonded interactions were calculated by Ewald summation
method [59]. For simulation cell_1 minimization was done
using steepest descent method followed by conjugate gradient
method and finally with truncated NewtoneRaphson method
with convergence from initial 1000 kcal mol�1 Å�1 to
0.001 kcal mol�1 Å�1. Steepest descent method followed by
conjugate gradient method with convergence from
1000 kcal mol�1 Å�1 to 0.001 kcal mol�1 Å�1 was used for
simulation cell_2. Lattice constants and different atomic
distances were compared with experiments after conducting
molecular dynamics simulations for simulation cell_2 in iso-
thermaleisobaric (NPT) ensemble for a total time of 50 ps in
the temperature range from 73 K to 1273 K at 1 bar of pressure
using Andersen method [60]. Canonical (NVT) ensemble was
used to obtain vibrational spectra at 300 K. The vibrational
spectra after MD simulation were obtained by Fourier trans-
form of velocity autocorrelation function. The Newton’s
atomic equations of motions during MD simulations were inte-
grated numerically using the Verlet leapfrog algorithm.
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3.3. Parameter validation

The interaction energy between HAP and PAAc can be
represented as follows:

Eint; HAPePAAc ¼ EHAP þEPAAc�EHAPePAAc ð6Þ

where EHAPePAAc is the energy after minimizing the compos-
ite structure, EHAP is the energy of the same composite struc-
ture after removing PAAc molecule and EPAAc is the energy of
composite structure after removing HAP molecule. Further,
EHAP and EPAAc are the energies of HAP and PAAc, respec-
tively, without minimizing the composite structure. The bind-
ing energy, Ebind, HAPePAAc is negative of interaction energy,
Eint, HAPePAAc. Higher value of binding energy implies stron-
ger interactions or attachments.

The van der Waals parameters obtained using regression
analysis on the values obtained from BMH term of EINTER for
the van der Waals interactions of CVFF are shown in Table 1.
The bonded parameters and the charges which were used
for the simulations are shown in Tables 2 and 3, respectively.
Minimization of the simulation cell of monoclinic HAP
was performed. It was found that force constant value of
500 kcal mol�1 Å�2 in restrain energy term, results in a good

Table 2

Bonded parameters of CVFF

Bonded atoms Bonded parameters

PeO Kb¼ 254.00 kcal mol�1 Å�2, b0¼ 1.53 Å

OePeO Kb¼ 6.83 kcal mol�1 deg�2, q0¼ 109.5�

OeH Kb¼ 524.34 kcal mol�1 Å�2, b0¼ 0.96 Å

As the interactions between PO4
�3 and Caþ2 ions are mainly non-bonded type

[62] (electrostatic and van der Waals), therefore the dihedral term is not con-

sidered for the present model. Same applies for the pairs OH�, Caþ2 and OH�,

PO4
�3.

Table 3

Partial atomic charges of different atoms of HAP used for the calculations

(adapted from the Ref. [38])

Atom Charge

Ca þ2.0

H þ0.6

O(H) �1.6

O(P) �1.4

P þ2.6
agreement with experiments in terms of lattice constants,
atomic distances and the vibrational spectrum.

Molecular dynamics simulations were performed at differ-
ent temperatures in a range between 73 K and 1273 K. The
unit cell parameters were compared with experimental results
[61] at different temperatures and are shown in Table 4 (the
experimental results are the unit cell parameters at different
temperatures obtained from XRD and thermal coefficient
data). The observed deviations of unit cell parameters from ex-
periments are from 0.14% to 1.90%. The deviations are less at
room and at low temperatures. However, the deviations are
more at high temperature (particularly at 1273 K) (in the range
of 1.9%). The simulated bond lengths and angles at 300 K are
also compared with experiments and are shown in Table 5 and
Fig. 2. These show that different bond lengths and angles
at 300 K agree well with experiments. These comparison of
simulated model with experiments shows that the proposed
model is good in predicting the properties of HAP and its in-
teractions with various molecules at room temperature. How-
ever, more accurate representation of parameters is needed
in order to predict the different phenomena of HAP at high
temperature.

Table 5

Comparison of inter-atomic distances (Å) between experimental [58] and

simulated model

Experimental Simulated

Ca(3)eCa(4) 3.99 4.09

Ca(3)eCa(5) 4.12 4.14

Ca(4)eCa(5) 4.07 3.98

Ca(3)eO(4) 2.32 2.33

Ca(4)eO(4) 2.48 2.48

Ca(5)eO(4) 2.37 2.34

Fig. 2. Comparison of distances between hydroxyl H and O(3)s of (a) exper-

imental [56] and (b) simulated models (O¼ black, H¼white).
Table 4

Unit cell parameters of experimental [61] and simulation at different temperatures (% difference in lattice constant as compared to that obtained from experiments)

a (Å) b (Å) c (Å) a (�) b (�) g (�) T (K)

Expt. 9.377 18.754 6.881 90.0 90.0 120.0 73

Sim. 9.363 (þ0.14) 18.727 (þ0.14) 6.838 (þ0.62) 90.0 90.0 120.0

Expt. 9.404 18.808 6.901 90.0 90.0 120.0 300

Sim. 9.368 (þ0.38) 18.737 (þ0.37) 6.842 (þ0.85) 90.0 90.0 120.0

Expt. 9.441 18.882 6.928 90.0 90.0 120.0 600

Sim. 9.372 (þ0.73) 18.746 (þ0.72) 6.845 (þ1.19) 90.0 90.0 120.0

Expt. 9.556 19.111 6.940 90.0 90.0 120.0 1273

Sim. 9.374 (þ1.90) 18.750 (þ1.88) 6.847 (þ1.34) 90.0 90.0 120.0



669R. Bhowmik et al. / Polymer 48 (2007) 664e674
3200 2800 2400 2000 1600 1200 80036004000

Simulated (a)

A
bs

or
ba

nc
e

Wavenumber (cm-1)

160024004000 1200 800

Experimental

2000280032003600

(b)

D
O

S

Wavenumber (cm-1)

Fig. 3. (a) Computationally obtained vibrational spectra of monoclinic

hydroxyapatite at 300 K. (b) Experimentally obtained vibrational spectra

(adapted from Ref. [58]).
Vibration calculations were performed after doing MD sim-
ulation at 300 K using NVT ensemble. Simulated spectra show
good agreement with experiments in terms of band position as
shown in Fig. 3.

4. HAPepolyacrylic acid interaction study

4.1. HAPepolyacrylic acid model building

4.1.1. HAP model for interaction study
The phosphate and hydroxyl ions in HAP act as polyanions

[62], therefore in simulation cells, the phosphate tetrahedron
and hydroxyl ions were kept intact, as shown in Fig. 1. Surface
simulations were done by creating surfaces by increasing any
one of the axes a, b or c of the simulation cell (in this way, all
the surfaces will have intact phosphate and/or hydroxyl ions).
The surface generated with simulation cell_1 is dipolar. It has
been shown that for such surfaces (dipolar) energy diverges
with increasing crystal size [63]. The surfaces (100), (010)
and (001) were made non-dipolar by removing half of the sur-
face calcium atoms from one surface to its opposite surface re-
sulting in 50% vacancies (as shown in Fig. 4(b), (d), and (f)).
This procedure was done in accordance with Tasker et al. [64],
wherein it was shown that dipolar surface can be made non-di-
polar by removing half of the surface ions from a surface layer
to its bottom, creating a surface with partial vacancies of ions.

4.1.2. PAAc model and charge calculations
Ab initio calculations were performed to determine the

charges on each atom of PAAc using a four monomer model
of PAAc. This model was first minimized using HF/6-31
Fig. 4. Simulation cells of HAP whose surfaces were made non-dipolar by removing 50% calcium atoms from one surface to its opposite surface: (a) dipolar (100)

surface (b) non-dipolar (100) surface (c) dipolar (010) surface (d) non-dipolar (010) surface (e) dipolar (001) surface (f) non-dipolar (001) surface (Ca¼ dark gray,

O¼ black, P¼ light gray, H¼white).
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G**, then the atom centered charges were calculated by
MerzeSingheKollman method [65] using B3LYP/cc-pVQZ
electric potential. All the ab initio calculations were performed
using Gaussian 03 [66]. It was found that the charges on equiv-
alent atoms (e.g., ‘‘carbonyl carbon’’) have approximately
same charges. Hence we used average charges on these atoms,
since in MD calculations equivalent atoms should have same
charges that are constant with respect to conformational
changes [67]. All other parameters for PAAc used were default
values from CVFF potential function.

For interaction study with different HAP surfaces, 14
monomers of PAAc were used (Fig. 5(b)). Ten different
models of PAAc were constructed each with 14 monomers.
Each of the models were first minimized and then MD simu-
lations were performed for 50 ps at 300 K. Temperature was
increased from 300 K to 500 K in steps of 50 K. For each step
of temperature increment, MD simulations were performed.
Finally, each of PAAc chains was minimized. The PAAc chain
with lowest energy was used for interaction study. Here, min-
imization was done using conjugate gradient method with a
gradient of 0.001 kcal mol�1 Å�1. Canonical (NVT) ensemble
was used in MD simulations where Verlet leapfrog algorithm
was used for integrating the Newton equations.

4.1.3. Building surfaces of HAP and composite structures
Three simulation cells, simulation cell_3, simulation cell_4

and simulation cell_5 of HAP were used for surface simula-
tions and interaction study. Dimensions of simulation cell_3

Fig. 5. (a) Structure of polyacrylic acid (where n is the number of monomers)

and (b) model of PAAc used for interaction study. Here the numbering of

COOH group is shown (C¼ light gray, H¼white, O¼ dark gray).
and simulation cell_4 were a¼ 37.684 Å, b¼ 56.52 Å,
c¼ 20.643 Å with a¼ 90�, b¼ 90�, g¼ 120�. Both the simu-
lation cells were taken as 36 cells of simulation cell_1
(4a� 3b� 3c). The dimensions of simulation cell_5 were
a¼ 18.842 Å, b¼ 56.52 Å, c¼ 41.286 Å with a¼ 90�,
b¼ 90�, g¼ 120�, also made using 36 cells of simulation
cell_1 (2a� 3b� 6c). For surface simulation, a-, b-, and
c-axes of simulation cell_3, simulation cell_4, and simulation
cell_5 were increased to 137.684 Å, 172 Å, and 141.286 Å, re-
spectively. The surface of simulation cell_3, simulation cell_4,
and simulation cell_5 is polar equivalent to surfaces shown in
Fig. 4(c), (d), and (f). Thus the ‘thick slabs’ of HAP with
dimensions 37.684 Å, 48.947 Å and, 41.286 Å were created for
simulation cell_3, simulation cell_4, and simulation cell_5, re-
spectively, with 3D periodic boundary conditions. In all these
cases, the surfaces were separated from its image by 100 Å. A
similar type of approach has been taken in literature [16,68,69]
where pseudo 2D boundary conditions were constructed from
3D boundary conditions.

For interaction study with PAAc, 14 monomers were placed
at all the six locations, two for each simulation cell (e.g., for

Fig. 6. (a) Unrelaxed and (b) relaxed model of HAP (simulation cell_3) where

relaxed (100) and ð100Þ surfaces have been used for interaction with PAAc

(Ca¼ dark gray, O¼ black, P¼ light gray, H¼white).
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simulation cell_3, with planes (100) and ð100Þ). Before doing
the interaction study by MD simulations, first all the models
and subsequently their surfaces were relaxed and lastly all
the composite structures were minimized with 14 monomers
of PAAc. Further, MD simulations were performed for 50 ps
with time step of 1 fs in canonical (NVT) ensemble. Here,
again Verlet leapfrog algorithm was used for integration of
Newton’s atomic equations. All the minimizations were done
using conjugate gradient method with final convergence of
0.001 kcal mol�1 Å�1. For electrostatic interactions, Ewald
summation method was used. Cut off distance of 10 Å was
used for van der Waals energy.

4.1.4. Interaction parameters for HAPepolymer
The CVFF also has van der Waals parameters for ion/poly-

mer interactions. To validate our parameters for ionepolymer
interactions, we compared the van der Waals interaction
energy first with the obtained parameters and then with the
default parameters in CVFF. This is performed by comparing
each pair of atoms involving atoms of hydroxyapatite and
atoms of polymer. The parameters Aij and Bij in Eqs. (14)

Fig. 7. (a) Unrelaxed and (b) relaxed model of HAP (simulation cell_4) where

relaxed (010) and ð010Þ surfaces have been used for interaction with PAAc

(Ca¼ dark gray, O¼ black, P¼ light gray, H¼white).
and (15) are obtained by referring to ‘i’ as atoms of HAP
and ‘j’ as atoms of polymer. The Aij and Bij are thus obtained.
On comparing the van der Waals energy for each pairs of
atoms we find that a good match is obtained for the interac-
tions between various ions of hydroxyapatite and atoms of
polyacrylic acid.

5. Results and discussion

Figs. 6e8 show the unrelaxed and relaxed surfaces of
simulation cell_3, simulation cell_4 and simulation cell_5, re-
spectively. These figures also show the thickness of HAP used
in the interaction study. As seen, the relaxed surfaces termi-
nated with OH� ions (surfaces (100) and (010)) are more

Fig. 8. (a) Unrelaxed and (b) relaxed model of HAP (simulation cell_5) where

relaxed (001) and ð001Þ surfaces have been used for interaction with PAAc

(Ca¼ dark gray, O¼ black, P¼ light gray, H¼white).
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[100] [100]

(a) (b)

(c) (d)

(e) (f)

[010] [010]

[001]
[001]

Fig. 9. Models of composite structures after MD simulations in which PAAc (shown in Fig. 5(b)) is interacting with different non-dipolar HAP surfaces. Here the

relaxed HAP surfaces, which are shown in Figs. 6e8 were used. (HAP is shown in ‘‘ball and stick’’ model whereas PAAc is shown as ‘‘stick’’ model.)
distorted as compared to surfaces terminated only with Caþ2

or oxygen atoms of PO4
�3 (surface (001)) (Fig. 9).

For interaction study, PAAc chain comprising of 14 mono-
mers was placed at six different locations around HAP sepa-
rately, two for each simulation cell, e.g., PAAc was kept in
the close proximity of surfaces (100) and ð100Þ for simulation
cell_3. For each location, the composite structure was first
minimized. The binding energy obtained for all the locations
after minimization is shown in Table 6. It can be observed
that the binding energy is highest when the polymer is at-
tached to the (100) or ð100Þ surface, i.e., interactions of PAAc
with these surfaces are the highest as compared to rest of the
surfaces. Thus, if the surfaces which were analyzed here were
available then PAAc molecules would prefer to attach to (100)
or ð100Þ surface of HAP. It was previously observed that the
most dominant surface in apatite is (001) [70,71], thus if com-
posites are made with HAP (ex situ HAP composites) then the
most probable surface on which PAAc molecules attach would
be (001) or ð001Þ surface. But in the case of in situ HAP,
where HAP mineralizes on specific sites of PAAc, (100) or
ð100Þ surfaces of HAP are more likely to form over those
specific sites of PAAc.

MD simulations were performed on all the simulation cells
with PAAc. After MD simulations, all the surfaces show some
potential sites for hydrogen bond (H-bond) and chelation (cal-
cium bridge) formation. Schematic representation of H-bond

Table 6

Binding energies between HAP and PAAc at different surfaces

Surface Ebind,HAPePAAc (kcal mol�1)

(100) 969.58

ð100Þ 1051.23

(010) 792.87

ð010Þ 604.16

(001) 666.53

ð001Þ 661.62
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and chelation is shown in Fig. 10. Here, H1 is defined as the
H-bond between surface oxygen atoms of PO4

�3 of HAP with
hydrogen atoms of COOH group of PAAc, H2 is defined as the
H-bond between oxygen atoms of OH� of HAP with hydrogen
atoms of COOH group of PAAc, and C is the chelation be-
tween surface calcium atoms of HAP with carbonyl oxygen
atoms of COOH group of PAAc.

All the analyzed surfaces (Table 7) have potential sites for
H1 and C formation. As oxygen or hydrogen atoms of surface
OH� ion in HAP are favorable sites for H-bond formation with
hydrogen or carbonyl oxygen atoms of COOH group of PAAc,
however, after simulations we have observed that only one H2
has been formed for each of the surfaces (100) and (010). This
has happened because the surface OH� ions are partially
shielded by calcium atoms, as shown in relaxed model in
Figs. 6 and 7, which prevents them from forming H-bond.
Also, for all the above mentioned cases, unidentate (chelation)
is formed between surface calcium atoms and oxygen atoms of
COOH group (Fig. 10). In the case of ex situ HAP composites
with PAAc, the polymer chain will interact with (001) or ð001Þ
surface of HAP as discussed earlier. The hydrogen bond for-
mation is shown in Table 5, where all the hydrogen bonds
are formed between oxygen atom of PO4

�3 and hydrogen

Table 7

Hydrogen bond and chelation formation by different carboxylate groups of

PAAc with different surfaces of HAP

(100)

surface

ð100Þ
surface

(010)

surface

ð010Þ
surface

(001)

surface

ð001Þ
surface

1st monomer H1, C

2nd monomer H1, C H1, C

3rd monomer H2, C

4th monomer H1, C

5th monomer H1, C H1 H1

6th monomer C

7th monomer H1, C H1, C C H1

8th monomer H1

9th monomer H1, C H1 H1 H1, C H1, C

10th monomer H1 H1 H1 H1, C H1, C

11th monomer H1, C H1, C H1 H1, C H1 H1, C

12th monomer

13th monomer H1, C H1 H1 C H1

14th monomer H1, C H2 H1, C

C = Chelation 

H1 = Hydrogen bond 
H2 = Hydrogen bond 

Ca

C
O

O

H
C

O

O O

O

P

C
O

O

H
H1

O

H

C
O

O

H
H2

HAP 

PAAc

Fig. 10. Schematic representation of the formation of hydrogen bond and

chelation. The notations used to represent hydrogen bond and chelation in

Table 7 are shown.
atom of COOH group (H1). Hydrogen bond is not observed
in these surfaces involving OH� ions of HAP (H2). This re-
sults because on these surfaces, COOH groups first come
across oxygen atoms of PO4

�3 and/or calcium atoms, and
due to this, they form H-bond and/or chelation (unidentate)
with these surface atoms and become unable to come close
to OH� ions for H-bond formation.

As it is discussed above all the surfaces, which were stud-
ied, have potential sites for H-bond and chelation (unidentate)
formation which shows that significant interactions take place
between HAP and PAAc, and carboxylate groups play a major
role in these interactions as COOH is responsible for H-bond
and/or chelation formation. Thus it appears that these compos-
ites have improved interface properties.

6. Conclusions

In this work, we have evaluated parameters of HAP in
CVFF from a known potential function. Using these parame-
ters both the obtained structure and also the vibrational spectra
after MD simulations agree well with experiments. Using the
obtained parameters of HAP and available parameters of
PAAc in CVFF, an interaction study was performed. Binding
energy calculations showed that there are preferred surfaces
for PAAc attachment if all the surfaces investigated are indeed
available. From these simulations, it appears that during in situ
HAP preparation, there are some preferred surfaces which will
form first. Also it can be inferred from these preferred surfaces
that the c-axis of HAP aligns parallel to polymer chains with
(100) surface is being most likely the one to form first. In
ex situ HAP composites with PAAc, the binding energy is
less as compared to surface (100). It was also observed that
there were potential sites for H-bond and chelation formation,
depending upon the surface. It was observed that surface OH�

ions in (001) surface do not form any H-bond with PAAc, but
some surface OH� ions in (100) and (010) surfaces do form H-
bond with PAAc. The results obtained here show that interac-
tions between HAP and PAAc are significant. Also, interac-
tions in in situ HAP are more significant in comparison to
ex situ HAP composites.

Evaluation of the nature of interactions at mineralepolymer
interfaces is significant due to large impact of these interactions
on overall mechanical behavior of the composite biomaterial.
In composite systems, especially nanocomposite systems, in-
terfaces may have significant role on mechanical properties
[7,8,10]. Our simulations indicate that there are significant
interactions at mineralepolymer interface which are due to
functional group present in polymer and can be further modi-
fied by taking polymer with specific functional groups. Modi-
fication of these interfaces is particularly relevant for the
designing of new biomaterial systems. As a result of this work,
force field parameters are available for HAP in a commonly
used CVFF. The CVFF is commonly used for the study of many
polymers and biopolymers. Using the parameters described
in this work, interactions of many polymers and biopolymers
with HAP may be investigated for the designing of new
biomaterials.
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