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Abstract

In this paper, we performed quantum mechanical calculations to
determine the best monolayer sheet for preparing polypropylene
nanocomposites. For this purpose, six types of monolayer sheets were
selected (graphene, silicon-carbide monolayers (SiC-m), boron-nitride
monolayers (BN-m), aluminum-nitride monolayers (AIN-m), gallium-
nitride monolayers (GaN-m) and silicene). First, the mechanical
properties of the different monolayers were studied; the results
indicated that the Young's modulus of graphene is six times greater than
that of silicene. Next, the interaction energies between the propylene
monomer and monolayer sheets were calculated. The results indicated
that among the different monolayer sheets, the Young’s modulus of
graphene is higher than that of the other materials but that silicene has

an eightfold stronger interaction with the propylene monomer. Then, we

1



RSC Advances

calculated the interaction energy and equilibrium distance between
polypropylene and silicene in nanocomposites with increasing
propylene monomer contents on the silicene. Finally, Lennard-Jones
parameters (¢ and &) were calculated to model the interaction between

polypropylene and silicene with a linear spring.
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calculations; Mechanical properties; Interaction; Lennard-Jones
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1. Introduction

Polymer nanocomposites, used as nanoscale fillers at low loading, have
been widely investigated in academia and industry because of their
exceptional multifunctional properties compared to customary polymer
composites [1-3]. However, in the composites, maximal mechanical
improvement is obtained when the exterior load is efficiently
transferred from the polymer to the filler via a strong interaction at the
interface between the matrix and nanofiller [4, 5]. Therefore, the choice
of a nanofiller with excellent mechanical properties and strong adhesion
with the matrix is an important issue in the processing of composites.
The study of two-dimensional (2D) nanomaterials with potential for use
in next-generation electronic devices and the application of
nanocomposite materials has seen marvelous progress in the past few
years [6,7]. An example of such nanostructures is graphene, which is
composed of carbons arrayed in a 2D honeycomb monolayer fashion [4,
8]. In 2004, Novoselov et al. [9] found a way to experimentally separate
individual graphene nanoribbon planes. Among 2D nanomaterials, over
20 hexagonal monolayer structures have been theoretically predicted to
be stable analogs of graphene, each of which exhibits a honeycomb

lattice structure [10].
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Other group IV elements, such as silicon (Si), reveal chemistry similar to
that of carbon in certain aspects and have structures with stable
honeycomb monolayers (namely silicene). In recent years, silicene has
been the subject of many experimental and theoretical investigations.
Silicene was first predicted to exist based on ab initio calculations in
1994 and has been recently synthesized over silver (111) and (110)
substrates [11-13]. Silicene is a zero-gap semimetallic material, and the
electronic structure of silicene is quite similar to that of graphene [14,
15]. Unlike graphene, silicene is not stable as a perfectly planar sheet
and has chair-like distortions in the rings that lead to ordered surface
ripples and enhance the reactivity with the surfaces of other materials.
In silicene, sp3 hybridization is energetically more favorable, whereas
sp? hybridization is more stable in graphene due to the smaller ionic
radius of carbon. Although it is difficult to construct stable Silicon
structures in silicene, it is possible to form a single-layered structure by
mixing C and Si. Unlike graphene, silicon-carbide monolayers (SiC-m)
are polar materials and, therefore, may demonstrate unusual physical
properties that graphene may not display. For example, it is well known
that graphene is a zero-band-gap semimetal, whereas SiC-m exhibit

finite band-gap semiconductor properties [16].
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Substituting the C in graphene with group III elements and N atoms has
been shown to be a promising way to improve the semiconductor
properties of graphene [17, 18]. For example, honeycomb boron-nitride
monolayer (BN-m) and graphene have similar 2D lattice structures but
very different physical properties. BN-m is insulator with a direct band
gap of 5.97 eV [19]. Due to the strong covalent sp? bonds within the
plane of BN-m, the in-plane mechanical strength and thermal
conductivity of BN-m have been reported to be close to those of
graphene. BN-m have an even greater chemical stability than graphene;
BN-m can be steady in air up to 1,000 °C (in contrast, for graphene, the
corresponding temperature is 600 °C) [20]. Due to these notable
properties, BN-m have found widespread applications in micro- and
nano-devices, for example, as insulators with high thermal conductivity
in electronic devices, as ultraviolet-light emitters in optoelectronics, and
as nano-fillers in  high-strength and  thermal-conductive
nanocomposites.

The modeling and simulation approaches can be divided into two main
categories: (I) atomistic simulations at the nanoscale; and (II)
continuum and structural mechanics modeling [21]. The atomic

simulations are mainly based on classical molecular dynamics (MD)
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with empirical interatomic potentials, the semi-empirical methods
(tight-biding) and the ab initio quantum mechanics (QM) calculations.
However, due to the challenges involved in devising experiments to
investigate the interfacial interaction mechanisms involved in polymer-
nanofiller composite systems, MD and QM simulations have become
increasingly popular. The QM calculations based on density functional
theory (DFT) can clearly calculate the interactions involving electrons to
provide the most accurate description of the geometry, interaction
mechanism and mechanical behavior of systems [22].

To the best of our knowledge, there have been no published
investigations regarding the properties of the interactions (interaction
energy and Lennard-Jones (L-]) parameters) of carbon- and non-carbon-
based monolayer sheets to which propylene monomers have been
adsorbed. Therefore, in the present study, we used the DFT method to
investigate the interaction energy of propylene monomers with carbon-
and non-carbon-based monolayer sheets (graphene, SiC-m, BN-m,
aluminum-nitride monolayers (AIN-m), gallium-nitride monolayers
(GaN-m) and silicene) to determine a suitable type of monolayer sheet
for constructing polypropylene nanocomposites. Furthermore, the

mechanical properties of the aforementioned monolayer sheets were
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investigated to determine the better choice for a nanofiller. We also
evaluated the effect of the monomer content on the interaction energy
of polypropylene nanocomposites with the best expected monolayer
filler (silicene). Finally, the L-] parameters were determined according
to the L-] 6-12 potential function between polypropylene and silicene,

and the interaction was then modeled as a classical spring.

2. Computational method

The atomic geometry, interaction energy and mechanical properties of
carbon- and non-carbon-based monolayer sheets in the presence and
absence of propylene monomers were calculated within the framework
of the ab initio DFT method [23, 24] and performed by the Spanish
Initiative for Electronic Simulations with Thousands of Atoms (SIESTA)
code [25, 26]. A significant limitation of the LDA is its overbinding of
extended solids. Therefore, the lattice parameters are typically
underpredicted, while the cohesive energies, phonon frequencies, and
elastic moduli are typically overpredicted. Due to this limitation of LDA,
we used the generalized-gradient approximation (GGA) function to treat
the electronic exchange and correlation effects, as described by Perdew-

Burke-Ernzerhof (PBE). In all of the procedures, a split-valence double-(
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basis set of localized numerical atomic orbitals was used, including the
polarization functions (DZP) with an energy shift of 50 meV and a split
norm of 0.25 [26, 27]. This method offers a reasonable balance between
accuracy and computational resources. A5 x 5 x 1 Monkhorst-Pack grid
for the k-point sampling of the Brillouin zone was set, and the atomic
positions were relaxed until the residual forces on each atom were
lower than 0.03 eV/A. An energy cutoff of 120 Ry for the grid

integration was chosen to depict the charge density [26].

3. Results and discussion

3.1. Mechanical properties of monolayer sheets

Due to the role of adhesion in the exterior load transfer from the matrix
to the nanofiller, we first calculate the mechanical properties of
different carbon- and non-carbon-based monolayer sheets (graphene,
SiC-m, BN-m, AIN-m, GaN-m and silicene) and then consider the
interaction between propylene and these monolayer sheets.

In this section, DFT calculations were first performed to obtain the
completely optimized geometry for 50-atom monolayer sheets of
graphene, SiC-m, BN-m, AIN-m, GaN-m and silicene. After full structural

optimization, we found that the bond lengths of graphene, SiC-m, BN-m,

8

Page 8 of 34



Page 9 of 34

RSC Advances

AIN-m, GaN-m and silicene monolayer sheets are approximately 1.42,
1.81, 1.45, 1.83, 1.86, and 2.27 A, respectively; these results are in good
agreement with previous theoretical studies [10, 18, 28-31].The bond
lengths of these monolayers after optimization are listed in Table 1.. As
shown in this table, the Ga-N bond length in the GaN-m monolayer
sheets is approximately 1.86 A that is in good agreement with the result
obtained by Peng et al. (1.85 A) [30].

From a continuum perspective, the elastic properties of a material are
determined from the elastic strain energy density, ®, which is defined

as below [14].

Eg
¢ = (1)

E, = E,, — E, (2)
where Es is the strain energy, E:w: is the total energy of the strained
system, Ep is the total energy of the strain-free system and V is the
volume of the undeformed supercell. Nonlinear elastic constitutive
behavior is established by expanding ® in a Taylor series in terms of
powers of strain 7, as follows [32]:

1 1 1
D = zcijklnijnkl + acijklmnnijnklnmn + ZCijklmnopnijnklnmnnop +

1
ECifklmnozoqrnij77k177mn770p77qr + .- (3)
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where 7);; is the Lagrangian elastic strain. The summation convention is

employed for repeating indices; the lower-case subscripts range from 1
to 3. Herein, C denotes each higher-order elastic modulus tensor; the
rank of each tensor corresponds to the number of subscripts. The
second-order elastic constants, Cju, third-order elastic constants, Cijkimn,
and fourth-order elastic constants, Cikimnop, are given by the components
of the fourth-, sixth-, and eighth-rank tensors, respectively. We
employed the conventional Voigt notation for subscripts: 11-1, 22 -2,
33-3, 234, 31-5, and 12-6 [33]. Furthermore, note that for strain,
we have 1n,=21,3, N5=213,, and ng=21,,. The summation convention for
upper-case subscripts runs from 1 to 6. Eq. (3) can be rewritten as

follows:

1 1 1

1
P = ey + 3 Cyxnmg + 2 CoyrnmenL + ZCI]KLn]nKnL +

1
ECI]KLMn]nKnLnM + - (4)

The symmetric second Piola-Kirchhoff stress tensor, 7; j, 1s

0P 1 1
T = 515 = Cijklnkl + ZCijklmnnklnmn + ;Cijklmnopnklnmnnop +

1
ZCijklmnOpqrnklnmnnoz)nqr 4+ .. -

Using the Voigt notation for subscripts, Eq. (5) can be rewritten as

10
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1 1
= Cyny + ZCI]Kn]nK + gCUKLU]UKUL +

1

ZCUKLMU]UKULUM + - (6)
In this study, we are interested only in the in-plane elasticity. The
second-order elastic constants model the linear elastic response. Thus,

the elasticity can be expressed in a matrix form as Eq. (7).

My Ci1 Crz 0 M
H= Go Cu O H )
e 0 0 % Me

The strains of £0.03 are applied along two directions, x (uniaxial) and xy
(biaxial). The value of the elastic constants can also be calculated based

on the uniaxial /biaxial strain [32]:

1 82%E, .. .
Ci1 = 2 o2 (uniaxial strain) (8)
1 5%Eq .. .
Ci1 +Cip = 1 o (biaxial strain) (9)

where A is the area of the undeformed supercell. Variations in the strain
energies of graphene with respect to the uniaxial/biaxial strain are
presented in Fig. 1. Moreover, the results for the elastic constants for the
monolayer sheets are listed in Table 2. Finally, the in-plane Young’s
modulus (or stiffness), Y5, and Poisson’s ratio, v, may be obtained from

the following relationships [32]:
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¥, = 4 (10)
= G2
o (11)

The values of Ys for graphene, SiC-m, BN-m, AIN-m, GaN-m and silicene
monolayer sheets calculated according to the present method are equal
to 345.1, 159.2, 273.8, 135.5, 99.7, and 58.2 N/m, respectively. In
addition, the calculated Poisson's ratios for graphene, SiC-m, BN-m, AIN-
m, GaN-m and silicene monolayer sheets are 0.161, 0.276, 0.183, 0.393,
0.460, and 0.283, respectively. Our results of Ys and v for the six
monolayer sheets are reported in Table 2. For all of the monolayer
sheets, our calculated elastic parameters are in good agreement with
the experimental values and previous calculations [30, 33, 34]. For
example, our calculated value of Y; for graphene (345.1 N/m) is in good
agreement with the experimental value (340+50 N/m) [33] and the DFT
theoretical predictions (347.2 N/m) [17]. Based on these results, the
order of the stiffness of the monolayer sheets is as follows: graphene >
BN-m > SiC-m > AIN-m > GaN-m > silicene. Furthermore, we found that
the in-plane Young's modulus of graphene (345.1 N/m) is six times

greater than that of silicene.
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3.2. Interaction between monomer and sheets

Now, we consider the interaction between propylene monomer (—CHz-
CH-CH:™) and different types of monolayer sheets. For this purpose, we
first approach the propylene monomer to the surface of the sheets at
different possible sites to find the most favorable configuration of
propylene on the monolayer sheets. The interaction energy between the
propylene monomer and the monolayer sheet was calculated as follows
[35]:

Ee=E,p g —Ey—Epp)/n (12)

where Epp,, is the total energy of the combined system of the

propylene monomer and monolayer sheet, E is the total energy of the

bare sheet, Ep, is the total energy of the free propylene monomer, and n

is the number of monomers. Therefore, a negative binding energy
corresponds to a stable adsorption structure. After a full structural
optimization for all of the systems, we found that the interaction energy
between propylene and graphene (propylene/graphene) s
approximately -0.11 eV in the favorable configuration. The equilibrium
distance between the closest atom of the propylene and monolayer

sheet (req) is measured at approximately 2.94 A. The optimized
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configurations and the geometrical parameters of the propylene
monomer on the surface of graphene in the favorable configuration are
depicted in Fig. 2. From Fig. 2(a), we also found that the propylene
monomer is attached with the small incline (approximately 1°) on the
surface of graphene. Therefore, we can assume that propylene
monomer is parallel to the graphene surface.To evaluate the interaction
energy between propylene monomers and group IIl (B, Al, and Ga)-
nitride monolayer sheets, we placed the monomer at different positions
and orientations above the sheets to find their most favorable
configurations. We first computed the interactions between the
propylene and the BN-m sheets (propylene/BN-m). We found that
interaction energy and the equilibrium distance in this system are equal
to -0.20 eV and 2.76 A, respectively. Fully optimized geometrical
structures and the equilibrium distance for this system in the most
favorable configuration are illustrated in Fig. 3. Comparison of the
calculated binding energy and equilibrium distance for the propylene
monomer on the surface of graphene and BN-m sheet reveals that the
interaction energy for the propylene on the BN-m sheet is higher than
that on graphene, and the equilibrium distance between the monomer

and the BN-m sheet is shorter than the corresponding value determined

14
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for graphene. The above results reveal that the interaction of propylene
with the BN-m sheet is stronger than the interaction with graphene.
Finally, we evaluated the interaction energies between propylene and
AIN-m and GaN-m sheets (propylene/AIN-m and GaN-m) and found that
these values are equal to -0.04 and -0.02 eV, respectively. Therefore,
from the obtained results, we can conclude that the interaction energies
between the propylene and the monolayer sheets are in the following
order: GaN-m < AIN-m < graphene < BN-m. These results indicate that
the adhesion of the propylene monomer is dependent on the type of
monolayer sheet.

We also calculate the interaction energy between propylene and the
other monolayer sheets, namely SiC-m and silicene. The interaction of
propylene with SiC-m (propylene/SiC-m) is found to be equal to 0.11 eV,
which is lower than that of graphene. Finally, using silicene, the
interaction energy between propylene and the monolayer sheet
(propylene/silicene) was calculated to be 0.8 eV, which represents an
increase of approximately eightfold more than that of the
propylene/graphene system. Fig. 4 is a schematic representation of the
optimized geometric structure for the propylene/silicene system. As

seen in this figure, the equilibrium distance in this system, in agreement
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with the calculated interaction energy, is equal to 2.35 A and lower than
the equilibrium distance in the propylene/graphene system. According
to the above results, we calculate that the interaction energy between
the propylene monomer and the silicene sheet is greater than the
propylene monomer interaction energies with the other discussed
sheets. In addition, it is obvious that the adsorption of the propylene
monomer onto the silicene is eight times as strong as the adsorption of
the same monomer onto the graphene. Therefore, we propose that using
silicene as a nanofiller in a polypropylene matrix can lead to an increase
in the mechanical properties of the nanocomposite due to strong
interfacial interactions.

In this section, we study the dependence of the interaction energy on
the number of propylene monomers. For this purpose, isotactic chains
of propylene monomers [(-CH3-CH-CH2-),] with n = 1-7 were placed on
the silicene surface with different possible configurations to find the
most energetically favorable configuration and the interaction energy.
The optimized structures and geometrical parameters of the systems
with three, five and seven monomers of propylene on a silicene sheets
are presented in Fig. 5. According to our results, with an increasing

number of monomers on the surface of silicene, the interaction energy

16
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initially decreases rapidly, then slowly decreases, and finally
approaches a constant value of -0.19 eV/monomer when seven
propylene monomers are adsorbed onto the surface of silicene. The
results obtained for the interaction energy between propylene and
silicene as a function of the amount of monomer are presented in Fig. 6.
Furthermore, as shown in Fig. 5, in agreement with the interaction
energy results, we find that the equilibrium distances increase from
2.35 A for propylene/silicene to 2.85 A for a seven monomer
propylene/silicene interaction. Thus, in modeling the polypropylene
(PP)/silicene nanocomposites, the equilibrium distance between the PP
polymer and silicene can be defined as equal to 2.85 A.

Because the monolayer sheets are modeled at the atomistic scale and
the polymeric matrix is treated as a continuum, the modeling of the
monolayer sheet/polymer interface is rather difficult. According to the
above results, van der Waals interfacial interactions exist between the
silicene and the PP matrix, which can be modeled using the general form

of the L-] potential as below [36]:

U (r) = 4e [(5)12 - (5)6] (13)

T
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where U(7) is the potential energy between a pair of molecules, r is the
distance between the pair of molecules, ¢ is the strength of interaction
between molecules, and ¢ is the van der Waals separation distance.
According to the L-J potential equation, Eq. (13), the equilibrium
distance between two molecules (re;) can occur at the minimum
potential energy. Thus, the first derivative is zero. The expression for
dU(r)/dr is obtained by differentiating the expression for the L-]
potential, and then req is determined by setting the expression to zero

du(r) _ 24e
dr T

2 (%)12 + (%)6] =0 ——> 1,=2Y%  (14)
Thus, we can calculate the value of L-] parameter ¢ according to:

o= 2‘1/6req (15)
Furthermore, the value of L-] parameter € can be calculated by obtaining
the potential energy at the minimum, as below:

U(req) = —¢ (16)
To determine the L-] parameters for the interaction between the silicene
and the PP polymer matrix, the distance between the sheet and the
molecule is varied, and the potential energy between the propylene

monomers and the silicene as a function of the separation is plotted (as

shown in Fig. 7). After curve fitting, the values of ¢ and ¢ are found to be

18
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2.54 A and 33 KkJ/mol, respectively. Recently, Androulidakis et al. [37]
have used MP2 calculations to predict the values of ¢ and ¢ for graphene
and a methyl methacrylate monomer. They found values of ¢ and ¢
equal to 2.81 A and 18.98 k] /mol, respectively.

We are interested in comparing the effect of the L-] interaction with the
classical spring model. We can Taylor-expand the potential Eq. (13)
around re; to find the effective value of the spring constant. For a
sufficiently small displacement, we can neglect the terms beyond the

third term in the power series. Furthermore, because U(r) is a minimum

du : : : :
at re, —| =0.To obtain an expression for the spring constant in

Teq
terms of the potential parameters o and ¢ we take the second

derivative:

__d*u _ 36¢g

T odzr T 2342

(17)

Teq
This result is a potential energy function for a harmonic oscillator with a
spring constant k. Consequently, the spring constant replaced by the van
der Waals interaction between the PP polymer matrix and the silicene
monolayer sheet is equal to 15.72 N/m (94.78 kJ/molA?). In addition,
we calculate the spring constant per unit area and find that this value is

equal to 12.5 Pa/m (0.75 k] /molA%).
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4. Conclusions

In this work, we first calculated the mechanical properties of different
carbon- and non-carbon-based monolayer sheets (graphene, SiC-m, BN-
m, AIN-m, GaN-m and silicene) and then considered the interaction
between a propylene monomer and these monolayer sheets using the
first-principles DFT approach to find the best nanofiller for reinforcing
the polypropylene. We found that silicene has a weaker in-plane
Young’s modulus than the other monolayers (Ys= 58.2 N/m) and that
graphene has the strongest modulus (Ys= 345.1N/m). Furthermore, the
strongest interaction between the propylene monomer and monolayer
sheets occurred with silicene, with the interaction energy of 0.8 eV,
which is eightfold stronger than that of graphene. We also analyzed the
effect of the quantity of propylene monomer on the intermolecular
binding between polypropylene and silicene, which was the best
proposed nanofiller. The interaction energy between propylene
monomers and silicene was found to decrease as the number of
monomers increases and finally reach a constant value. Moreover, the L-
] parameters (o and &) were calculated to model the interaction

between PP and silicene using a linear spring. We found that o, ¢, and

20
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the spring constant per unit area are equal to 0.254 nm, 33 k]J/mol, and

12.5 Pa/m, respectively.
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Tables Captions:

Table 1: Bond lengths of monolayer sheets after optimization,
compared with the literature

Table 2: Elastic constant, in-plane stiffness, and Poisson's ratio of the

monolayer sheets, compared with the literature

Figure Captions:

Fig. 1: Strain energy versus strain for uniaxial and biaxial strain in
graphene

Fig. 2: (a) Side-view and (b) top-View of the optimized structure and
geometrical parameters of a propylene monomer on graphene in the
most stable configuration

Fig. 3: Optimized structures and geometrical parameters of a propylene
monomer on BN-m in the most stable configuration

Fig. 4: Optimized structures and geometrical parameters of a propylene
monomer on silicene in the most stable configuration

Fig. 5: Optimized structures and geometrical parameters of (a) three,
(b) five and (c) seven monomers of propylene on a silicene sheet

Fig. 6: Variation in the interaction energy with the number of

monomers adsorbed onto the silicene surface
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Fig. 7: Potential energy of a PP/silicene system as a function of the

separation distance

27



RSC Advances Page 28 of 34

Table 1: Bond lengths of monolayer sheets after optimization,
compared with literatures.

Sheets | Element | Element Bond length Bond length [Ref]
1 2 (A) (this work) | (A) (in literatures)

graphene C C 1.42 1.41 [10]
SiC-m Si C 1.81 1.79 [28]
BN-m B N 1.45 1.44 [29]
AIN-m Al N 1.83 1.81 [18]
GaN-m Ga N 1.86 1.85 [30]
silicene Si Si 2.27 2.29 [31]

Table 2: Elastic constant, in-plane stiffness, and Poisson’s ratio of
monolayer sheets, compared with literatures

Sheets Cu1 C12 v Ys Ys [Ref]
(N/m) | (N/m) (N/m) (N/m)
(this work) | (in literatures)
graphene | 354.1 57.0 |0.161 345.1 347 [17]
SiC-m 172.3 47.7 10.277 159.2 166 [34]
BN-m 281.0 514 (0.183 273.8 278 [30]
AIN-m 160.3 63.0 |0.393 135.5 136 [18]
GaN-m 126.5 58.1 |0.460 99.7 109 [30]
silicene 63.6 18.0 |0.283 58.2 62 [34]
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Eint =-0.11eV

(b)

Fig. 2
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Eint =-0.20 eV

Fig. 3
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