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Abstract

The enhancement of mechanical properties of polymeric materials by the addition of strong nanomaterials is currently
among the most appealing routes for the application of polymers in structural components and nanoelectronics.
Carbon-nitride nanomembranes have attracted remarkable attention due to their outstanding physical properties in
recent years. In this study, the role of graphene (GN) and various carbon-nitride (CxNy) nanosheets on the mechanical
reinforcement of P3HT polymer nanocomposites is systematically investigated by conducting extensive molecular
dynamics (MD) simulations. We first elaborately examine the mechanical responses of pristine nanosheets. Next, we
construct large atomistic models of polymer nanocomposites to examine the effective mechanical properties as a
function of nanofillers content. To this end, the interfacial strength and cohesive zone properties between various
nanosheets and the polymer are investigated. With the aid of constructed models, we explore the underlying
mechanisms of mechanical reinforcement and formation of initial crack and its correlation with interface strength
between nanosheets and polymer. Furthermore, the effects of nanoporosity in the nanomembranes lattice and the
resulting interfacial strength and mechanical response are discussed. Acquired findings provide a useful vision for
understanding the mechanical/failure responses of polymer nanocomposites reinforced with carbon-nitride
nanosheets.

Keywords: Mechanical Properties; Molecular Dynamics; Graphitic Carbon Nitride Nanosheet; Material modeling;
Failure Behavior; Polymer-matrix composites (PMCs); Computational modeling.

1. Introduction

Organic semiconductor polymers play an important role in the development of various components and devices
through the years due to their flexibility, portability, and lower possible manufacturing costs [1,2]. Among several
polymeric semiconductors, poly(3-octylthiophene) (P3HT) is one of the most prevalent semiconducting polymers in
research [3—7] and optoelectronic devices development [8]. Compared to conventional electric and thermal insulating
polymers, P3HT has good electric properties, and conversion efficiency [9—11]. Recently, a work by Yanfei et al
indicates that P3HT has not only a good electrical property but also an excellent thermal conductivity while conjugated
with other polymers [12]. However, the mechanical property of the P3HT is more brittle compared to the conventional
polymer, since the rupture of the material occurs at a deformation of 9£1.2% [13] during the tensile. In this regard,
P30T, P3DDT are from the same family polymers with a strain of 65.24+2.5%, 47+3.1% for an initial fracture in tensile,
respectively [14]. This poor mechanical property restricted the development and application of P3HT in many fields.
To address such an issue, the conventional method is to disperse conductive or mechanical reinforced particles in
an elastic matrix [15] and maximize the interaction area between filler and matrix by using smaller size particle fillers
[16]. So that the material physical properties can be improved. On behalf of this, the physical properties and the
topology of reinforcements play a key role in enhancing the nanocomposite's mechanical and thermal properties.
Consequently, materials with excellent mechanical and thermal conductivity properties like graphene or carbon nitride
monolayers were considered as reinforcements, as outlined in [17,18]. Since those monolayers possess not only

1 Corresponding author: aldakheel@ikm.uni-hannover.de
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extraordinary mechanical properties but also the most efficient interaction areas for enhancement constitution among
several topologies.

Recently, numerous reports have shown that some carbonates and nitrides monolayers possess high mechanical
and thermal conductivity. Two-dimensional (like graphene and carbon-nitride) nanomaterials are regarded as one of
the most attractive research topics in a wide field by using a numerical simulation combined with experiments [19—
24]. Graphene possesses high electrical [25], thermal conductivity [26], and mechanical properties since the
exploration from 2004. A work from Lee et al. reveals that the intrinsic strength of GN can be investigated 130+10
GPa in the experiment [27]. With the consideration of such extraordinary properties, graphene has been used as a
reinforcement in many polymeric matrices to improve rigidity or thermal conductivity [28]. In the industries, GN has
been widely used for development of energy storage devices [29,30], thermal management [31,32], supercapacitor
[33,34], sensor [35,36], and stiffening [37,38]. Several mechanical and thermal conductivity of the graphene
reinforced composites indicates that graphene is a unique nanofiber for materials physical properties enhancement
[39].

On the other hand, CsN carbon nitride as a new semiconductor has excellent mechanical properties. The pristine
CsN tensile strength can reach 35.2 GPa.nm which is much close to defect-free graphene as outlined in [40]. From
the perspective of stability, the CsN was found to be stable at 550°C, which is regarded as more stable than GN with
stability to 480°C [41]. Recently, Weiming et al reveal that CsN possesses better property for load transfer dues to a
higher capacity of hydrogen bonding of the nanosheet at the interface [42]. From the experiments' point of view, the
novel two-dimensional CsNs semiconductor was successfully realized by two s-heptazine units connected with azo-
linkage [43] after a few theoretical investigations by molecular dynamics. This enables theoretical carbon nitride
materials to be fabricated. It also demonstrates that the exploration of hanomaterials by molecular dynamics is
reliable in nanomaterials investigation. All above superior reinforcing properties of carbon-nitride and GN exhibit a
big potential to satisfy various requirements from the aerospace and electric vehicle industry by enhancing
conventional materials' fundamental and functional properties. However, few reports are related to the exploration of
the mechanical properties of carbon nitride (CxNy) as reinforcement inside an impressive semiconductor matrix
(P3HT). From the perspective of reinforced composite, several works indicate that GN reinforced P3HT composite
possesses 36 times enhancement mobility [44], and MoS2/P3HT composite exhibits extraordinary high cycle stability
in [3]. But an effective method to explore mechanical properties between types of GN, CxNy, and matrix with the
experiment is very hard. Moreover, the experiment is hard to carry out for such tiny scale-like 2D materials with only
a few-layer thicknesses. Additionally, the non-bond interaction of the interface is difficult to measure through
experiments, especially smaller than microscale. For those issues, the MD method provides an access to investigate
those enhanced materials by the numeric method in theory implementation [4]. MD can save a great deal of time and
cost in research, also get good convergence in wide fields. From the perspective of material designing, the
conventional composite mechanical properties study focuses heavily on enhancement comparison rather than the
design to fracture mechanism investigation. In this contribution, we provide a multi-dimension composite mechanical
properties investigation base on molecular dynamics. Moreover, by fracture analysis of the composite and
reinforcements, we proposed two types of enhancements named active and passive enhancement for carbon-nitride
reinforcements. Then the interfacial strength between reinforcement and matrix was investigated by the cohesive
model. By further studying the interaction of interfaces, this study could significantly explain the root of the initial crack
occurring during composite uniaxial tensile.

Therefore, to better understand the mechanical properties and the fracture mechanism of the Graphene (GN),
carbon-nitride (CxNy) reinforced P3HT nanocomposite, the basic mechanical properties of fillers and matrices need
to be explored and valid. Firstly, the uniaxial tensile of the two-dimensional reinforcement was performed to obtain
the fundamental mechanical response of the filler (Graphene, CxNy) at different strain rates and deformation
orientations. Second, the basic mechanical property and stability of the matrices were tested to find out the most
stable matrix. Then, 5%, 10%, and 15% reinforced volumetric fractions composite will be constructed by Amorphous
Cell modules of Materials Studio (MS) and evaluated by LAMMPS. Finally, the interface between the reinforcements
and the matrix will be explored by the cohesive model to predict the relationship between traction and separation for
the monolayer.
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2. Computational methods

As depicted in Fig.1, the reinforcement atomic structure of the 2D nanosheet consists of GN, C2N, C3N, C3Na4, CsNs,
and C7Ne. From Fig.1 (a) to (f), it was shown that the brown atoms represent carbon atoms; the gray atoms represent
nitrogen atoms. In Fig.1 (g), a basic monomer of the P3HT matrix was illustrated the branched-chain is -CeH13. In this
study, a pure P3HT model was built with a cubic size 69.5x69.5x69.5 A and a predefined density of 1.1 g/cm?. Every
chain has 45 monomers. This polymer cubic cell has 22700 atoms and 100 polymer chains, as shown in Fig.1 (g), a
geometry optimization was taken for the model under fine quality, within the control of the SMART algorithm. The van
der Waals (vdW) interaction is formulated by Lennard-Jones 9-6 potential with a predefined cutoff of 15.5 A (very
fine), and the Columbic interaction can be described by the Ewald simulation method with an accuracy of 1.0e-4
kcal/mol. The COMPASS forcefield was carried out for the atomic interaction potential [45]. Moreover, the feasibility
of COMPASS forcefield for modeling carbon-based composites has been well proven in [46].

(a) Graphene

(g) P3HT

Fig.1, Atomic structure of Graphene(GN), carbon nitride monolayers, and P3HT structures in VESTA [47]; (g) is the pure
P3HT polymer and zoom of part of a polymer chain from the polymer matrix illustrated using the OVITO [48] package.

In this section, Tersoff potential was used for formulating atomic interactions of graphene [49,50]. The optimized
Tersoff potential was used to describe the bond interaction which was proposed by Lindsay and Broido for the
formulation of the carbon-carbon atom interactions [51]. The potential parameters of the carbon-nitrogen interactions
were used from the work of Kinacl [52]. The accuracy of the predictions derived from the MD simulations strongly
correlates to the appropriate selection of the potential to define the atomic interactions, since the potential plays a
key role in the accuracy calculation during the simulation. Besides, the optimized Tersoff potential is the most
accurate potential for molecular dynamics simulation of the mechanical and thermal transport along with sp2 carbon
structure, as documented in [53]. Since the phonon dispersion curves of graphite were reproduced by employing
Tersoff potential which is in close agreement with experimental measurements. Nevertheless, as discussed in our
earlier study, the cutoff distance between C-C atoms was changed to 0.20 and 0.21 nm to remove the unphysical
strain hardening in the stress-strain relation of graphene [54].

During uniaxial tensile of the polymer matrix (P3HT) and enhanced nanocomposite, a second-generation force field
was used to describe the bond interaction [55]. It is worth mentioning that a hybrid potential was used to define the
pair style. During the uniaxial tensile of Cx<Ny/P3HT composite, an interaction of reinforcement can be formulated by
Tersoff potential file which was created by Cem Sevik et al [52]. In terms of the interaction between the reinforcements
(GN, CxNy) and the matrix, a conventional Lennard-Jones 9-6 potential was adopted to characterize the interatomic
interaction among several atoms. From the perspective of classic molecular dynamics, the total energy consists of
composite energy (Ecomposite), Matrix energy (Epmqaeyi), reinforcement energy (Eyeinforcement)- 1he relationship is

presented in formula (1).

Ecomposite = Ereinforcement + Ematrix + Einterface (1 )

During the uniaxial tensile of the 2D nanosheet, a rectangular super-cell (about 146.0x71.8 A) with 3822 atoms was
constructed (see Fig.2(a)). It is worthwhile to mention that the output data will fluctuate much stronger when the
construction with few numbers of atoms. Besides, Graphene and CxNy are presented with two major orientations,
named armchair and zigzag directions as depicted in Fig.2(a). In this study, we explored the mechanical properties
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of Graphene and CxNy monolayer with both armchair and zigzag orientations. A molecular dynamics method was
carried in the simulation by LAMMPS (Large-scale Atomic/Molecular Massively Parallel Simulator) open-source
package [56]. Reinforcements uniaxial tensile were taken place in a non-periodic boundary condition along the Z
normal direction. Moreover, to ensure accurate uniaxial loading conditions, the automatically adjusted stress along
with the perpendicular loading direction will be negligible by the NPT ensemble [40]. To avoid the dramatic stretching
or void caused by loading, the atomic positions were rescaled as the applied loading changes in the simulation box
length [40]. And the time increment and pair style were defined as 0.5 fs with metal unit and Tersoff, respectively.
Next, a Gaussian distributed initial velocity was used to initialize the structure before the simulation. Then a cooling
procedure was carried out for the structure from 500K to 300K by Nose Hoover barostat and thermostat (NPT)
method for 30 ps. Besides, an equilibrium process should be taken for the structure within the target temperature
(300K) for 30 ps in an NPT ensemble. Next, several constant strain rates (2.0x10%s™, 6.0x108s™", 2.0x10%", and
6.0x10%") were carried out during the reinforcement uniaxial test in NPT ensemble. Every 1 ps, the virial stress
[57,58] was averaged 2 times to output the engineering stress-strain response. The virial stress (o,::) iS bridging
the atomic scale to the continuum scale by calculating the local or atomic level stress in molecular dynamics
calculations, as indicated in [59], which can be formulated as follows:
Girial = %Z (—mi 1, @ i, + %Z X; ® Fi]->
i€n i#j
where @ is the total volume; m;, u;, and X; represents mass, position, and displacement of atom i, respectively;
u, = du;/dt is the velocity; X;; = X; — X;; ® represents the dyadic product of two tensors; F;; is the interatomic
force between two atoms. When the stress is evaluated by the surface volume without considering the thickness of
the monolayer, the stress unit will be attached by thickness as GPa.nm.
¥ ox; x
Here, x;; = |X,-]-|, it is the distance between two atoms; ¢(x;) is the interatomic potential that can be found in detailed
parameters in tersoff potential file for the monolayer; the COMPASS or PCFF [55] force field for the polymer; the non-
bond potential (van der Waals) for the interface zone.

146.0 A

w);cjc;j (b)

Graphene

Vel

L 4345494344540949434450494234535, e

a m ) Nitrogen @ Carbon

Fig.2, (a) C3N4 reinforcement uniaxial tensile model with 3822 atoms, with cell size 146.0x71.8 A in VESTA [47], here is
one of the reinforcements monolayer among several monolayers; the zoom figure is the basic lattice structure; (b)
schematic illustration of the structure of 15% graphene 85% P3HT nanocomposite, the left zoomed graph is part of

polymer chains and the unit, the right graph is the reinforcement monolayer and unit, others are the amorphous P3HT

polymer.

During the P3HT uniaxial tensile, the calculation accuracy was defined with 1.0e-4 kcal/mol by the Ewald method;
the cutoff was defined as 15.5 A in 300K. After a geometry optimization was taken for the model in MS, the basic
coordinates and force field parameters were converted to generalize data file in LAMMPS. 5 heating rates (1.41,
2.83, 5.67, 11.34, and 22.68 K/ps) were carried out for the density test. Furthermore, to get the most stable matrix
for our composites, we have also compared different polymers (PT, P3OT). Finally, with the consideration of many
application fields and excellent physical properties of P3HT, it was chosen as a composite matrix to tensile at 300K
for 4 constant strain rates (2.0x10%", 4.0x10%, 2.0x10'%", 4.0x10'%"). Different from uniaxial tensile of reinforcements,
this test was taken on the periodic boundary condition along three Cartesian directions. The time increment was
defined as 0.3 femtoseconds (fs). Then an initial velocity with Gaussian distribution was loaded for the structure in
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the initialization. We have equilibrated the structure in 500K for 50 ps by NPT ensemble. Cooling the system from
500K to 300K within 200 ps to make sure it fully relaxed in three Cartesian directions. Later the system was
equilibrated again in 300K by NPT ensemble for 50 ps to make the structure more stable at the initial state. Then the
tensile was taken to the structure in NVT ensemble under a controlling of target temperature 300K. During the tensile
in NVT ensemble, the cubic structure is uniformly expanded along with the tensile orientation by stretching the double
side in the X orientation. The virial stress was averaged 1 time per picosecond to print the engineering stress-strain
response.

After the mechanical properties of reinforcement and matrix were fully explored by uniaxial tensile, an investigation
of GN/P3HT and carbon-nitride (CxNy)/P3HT nanocomposites was carried out to check the enhancement of the
reinforced composite. Here, several structures with Graphene and CxNy were packaged as reinforcement inside the
P3HT matrix (Fig.2(b)). In this study, a rectangular nanosheet was constructed with a size of width 40.0+2.0 A, height
20.0+2.0 A to keep the integrity of the lattice and the adaptability among different GN and CxNy nanosheets. Since
the integrity of the lattice influences the mechanical response rather than size (see Appendix.C). Those
reinforcements were randomly distributed into the matrix. In this study, 5%, 10%, and 15% volume fractions of
reinforcement were packaged into a cell size 60.9x60.9x60.9 A (XxYxZ) with a predefined density of 1.1 g/cm? for
each nanocomposite (Fig.3). The objective of this procedure is to do a comparison for each structure with 5%, 10%,
and 15% reinforcement volume fractions. Then compare stress-strain response for each model with different
reinforcements by classic Molecular Dynamics (MD) simulation. During the uniaxial test of the nanocomposite, the
periodic boundary conditions were carried out to avoid the free-atoms effect on edges of three Cartesian orientations.
A kspace style with Ewald was defined as 1.0e-4 kcal/mol in the GN/P3HT, CxNy/P3HT nanocomposite uniaxial tensile;
the simulation time increment was chosen with 0.3 fs. Pair style and bond style were formulated by the second
generation force field named class2 [55]. Then the amorphous structure equilibrated in 500K with the controls of NPT
ensemble for 50 ps. Later, the system was cooled down from 500K to 300K for 50 ps in NPT ensemble. Then we
equilibrated the system in 300K by NPT for 50 ps to make the structure fully relaxed. Finally, a constant tensile rate
of 6.0x10%"" was used to elongate the structure in X-direction within the controls of the NVT ensemble at 300K.

20A 20A
5% C¢Ng 95% P3HT 10% CeNg 90% P3HT 15% CgNg 85% P3HT
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Fig.3, Graphene, and CsNs carbon-nitride nanosheets polymer composites structure (Graphene/P3HT, CxNy/P3HT) with
5%, 10%, and 15% volume fractions. The green area is P3HT polymer, the blue, and red atoms are the GN and Ce¢Ns
nanosheet.

Next, a cohesive model was proposed here to explore the interfacial strength between nanosheets (GN, carbon-
nitride) and P3HT. In this section, a non-equilibrium molecular dynamics (NEMD) simulation was used to investigate
the interfacial strength between carbon-nitride nanosheet and the P3HT bond force of predicted interfacial
mechanical properties. In Fig.4, a velocity with 1.0 A/ps was loaded in the top sheet and the bottom side was fixed
in three Cartesian directions. The simulation was taken in non-periodic boundary conditions along the Z-direction
since the top carbon-nitride sheet was defined to be separated to 10 nm during the test. And the bottom side which
bellows from 20 A in the orientation of Z was fixed. Here a hybrid potential was used to describe the interaction
between sheet materials and matrix. For GN and CxNy nanosheet, the bond interaction is described by tersoff
potential. Moreover, the non-bonded interaction between reinforcement (GN, CxNy,) and P3HT has been formulated

in van der Waals (vdW) formulation (formula (2)) [55].

V(ry) = €; [z (:_Z>9 _3 <:_Z)6] (2)

Where eijj represents equilibrium depth, oj represents the distance between two atoms promoted by i and j without
bond connection, rj describes the current distance. However, a covalent bond for the interface between polymer and
fillers will not be considered in this study, since the interface break bond potential is not available. In Fig.4, a cubic
cell indicates the basic structure of CsN4/P3HT composite with 23806 atoms and 60.2x60.2x65.9 A length. The
structure is topologically optimized and dynamically equilibrated following the same procedures as mentioned above.
Fig.13 illustrates the traction evolutions of the normal interface separation. The nanosheet is normally separated.
The middle part (from 20 to 60 A in Z orientation) and other parts are in 300K with NVT ensemble. The system
temperature and pressure are controlled by employing the NVT and NPT ensemble, respectively. Other steps are
the same as the previous setting in section 2.

65.9A

C,N4 monolayer

Fig.4, A cubic cell size 60.2x60.2x65.9 A3 with a single nanosheet on the top to examine the interface mechanical

properties. The depicted composite belongs to C3N4/P3HT with 23806 individual atoms.

3. Results and discussion

We first explore the mechanical properties of the target nanosheets by performing fundamental uniaxial tensile results.
The schematic view of stress-strain response to linear relation is shown in Fig.5; followed by a nonlinear response
up to the maximum tensile strength, where the maximum load-bearing of the sheet is reached. By further increasing
the deformation after the maximum strength point, the stress decreases dramatically, indicating that the damage
occurred in the specimen due to the fracture of the bond. This rupture propagation can be found in Fig.8. To evaluate
the monolayer anisotropy properties, a uniaxial tensile test was performed along two perpendicular planar
orientations called armchair and zigzag, see Fig.2(a). The predicted stress-strain response of graphene and carbon
nitride nanomembranes is compared in Fig.6. It is similar to the mechanical response of the conventional
nanomembrane that the slope of the stress-strain curve within linear response represents the elastic modulus. It is
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evident from Fig.6 that graphene and other carbon nitride monolayers exhibit an anisotropic strength as depicted
stress-strain curve. The armchair tensile strength of GN, C2N, C3N, C3N4, CeNs, and C7Ns can be evaluated at 110.60,
66.88, 117.50, 46.78, 44.03, 57.78 GPa, respectively. Compared with armchair direction, zigzag strengths were
estimated to be 119.31, 91.97, 119.94, 48.13, 68.84, 62.22 GPa, respectively (Table.1). It is worth mentioning that
the stress-strain curves calculated by the classic MD at 300K show a non-physical deformation hardening at a high
strain response. A similar response was also found by using AIREBO and REBO potentials as outlined in [60]. To
address the non-physical strain hardening issue, the conventional way is to modify the cutoff for the potential. Such
work was investigated by AIREBO potential by defining a 2.0 A [61]. However, the calculated result of the modified
cutoff potential with AIREBO potential is not consistent with the finds from the experiment. Therefore, we chose the
same method, but a more precise Tersoff potential file with the aforementioned cutoff distance to 2.0 and 2.1 A [62].
It should be mentioned that the thickness of monolayers is not negligible. The thickness of GN and carbon-nitride are
3,35 A [60], 3,20 A [30], respectively. So the maximum tensile strength of GN along zigzag can be evaluated as
119.31 GPa (39.97 GPa.nm) which is very close to the previous experiment from Lee et al (13010 GPa) [27]. The
armchair loading direction shows that the maximum tensile strength was evaluated at 110.60 GPa (37.05 GPa.nm)
which makes very well agreement with the DFT result at 110 GPa [62].

As expected, the monolayers have an elastic module property since many porosities are made up of GN and CxNy
structures. To in-depth understand the mechanical property, the armchair elastic modulus of GN, C2N, C3sN, C3Na,
CsNe, to C7Ns were estimated at 100K with 1009.41, 357.03, 1000.24, 559.32, 341.06, and 295.50 GPa, respectively
by linear fitting with Origin75 [63] within a linear response of 0.01. In C7Ns nanosheet, due to the existence of
nanoporosity in the lattice and irregular and non-hexagonal bonding configurations, after equilibration at 300K the
structure shows considerable out-of-plane deflection and wrinkling. In this monolayer, at the initial stages of the
loading by applying the strain, first the wrinkling suppresses and the sheet becomes more flat, resulting in a smooth
increase of the stress. Such that only by further increase of the strain levels starts the bond elongation to evolve
resulting in the linear increase of the stress values (see Fig.5 (f)). Therefore, we strongly believe the modulus should
be fitted around 0.05. In addition to the evaluation of monolayer anisotropy, material tensile strength with different
strain rates was performed to explore the maximum strength that plays a critical role in material prediction. The
assessment of maximum stress with different strain rates defines the extensibility of the material's ability to bear
loads before fracture. In Fig.5, the maximum strength increases as the strain rates increase. Except for Graphene,
CsN achieved the highest maximum tensile strength with 119.63 GPa (38.28 GPa.nm) across several carbon nitride
materials. In this contribution, we confirmed that the stress response of C3N along the zigzag direction is almost close
to the defect-free graphene [40]. Our consequence is only 4.3% different from the reported strength of 36.70 GPa.nm
by Liu et al [64]. The overestimated strength can be attributed to the significant large time increment in the loading
state. In terms of reinforcement, CsN exhibits excellent mechanical properties in both armchair and zigzag orientation
among several two-dimensional carbon-nitride materials and various reinforcement applications. It can be observed
from Fig.5 (d) that the yielding part of C3N4 is much more sensitive for the strain rate, and CsNe exhibits also a slightly
like C3sN4 for the mechanical response. This stress fluctuation is around the strain of 0.1. Such a mechanical response
is not predictable as the case of the monolayer in C2N (Fig.5 (b)) or CsN (Fig.5 (c)) of the other exactly fitted stress-
strain curve in the yield zone. By strain state around 0.09, a few nitride atoms will distribute in the normal direction
due to C-N debonding. This reduces the bond strength, leads to stress fluctuating in the yield zone. This is why the
stress distribution in Fig.7 (d) and (e) is not unified around the crack edge like Fig.7 (a) and (c). Interestingly, the C7Ne
stress-strain curve shows a remarkably ultrahigh linear response curve as the strain reaching the debonding point of
0.15. This indicates that C7Ne has the potential to be a sensor to explore the stress response since it has not only a
good linear stress-strain response within a specific domain (strain 0.05-0.15) but also isotropic elasticity, which means
that the elastic modulus along armchair and zigzag is the same.
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Fig.5, Uniaxial stress-strain relations of different nanosheets elongated at 300K along armchair directions with different
strain rates (2.0x10%s"", 6.0x108s™, 2.0x10%s, and 6.0x10%s™"). Inserts depict the single lattice structure of the studied

monolayers.

By further investigation, C2N exhibits the biggest strength difference along with armchair and zigzag, in which the
ultimate strength difference reaches 25.09 GPa for C2N (Table.2). C2N and CeNs monolayers exhibit an obvious
anisotropic strength which can be attributed to strong strain hardening in zigzag orientation after the yield zone.
Hereby, the maximum strength along the armchair and zigzag is larger compared with other monolayers at the same

boundary condition (see Fig.6). These findings indicate that the mechanical response of C2N and CsNe is much more
sensitive to the load value and orientation.
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Fig.6, Stress-strain response of different nanosheets elongated along with the armchair and zigzag directions at 300 K

with a constant strain rate 2.0x10%s". Insets show the atomic lattices and red crosses represent the place at which the

first failure occurs for the loading along the armchair direction.
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Structure 5=2.0x108s"" 5=6.0x108s"1 5=2.0x10%" 5=6.0x10%"1

C2N 61.66 63.75 66.88 70.25
CsN 113.22 115.94 117.50 119.63
CaN4 43.03 45.00 46.78 53.50
CeNs 43.13 44.44 44.03 47.78
C7Ne 55.31 55.69 57.78 61.09
Graphene 110.48 110.57 110.60 110.51

Table.1, Maximum tensile strength comparing for graphene and CxNy under different loading strain rates (5) elongated
along the armchair at 300 K, units are in GPa.

Structure O Armchair €Armchair OZigzag €Zigzag
CaN 66.88 0.26 91.97 0.42
CsN 117.50 0.19 119.94 0.19
CsN4 46.78 0.14 48.13 0.18
CsNs 44.03 0.20 68.84 0.42
C7Ns 57.78 0.15 62.22 0.16

Graphene 110.60 0.19 119.31 0.21

Table.2, Comparison of tensile strength of nanosheets along the armchair and zigzag directions at 300 K with a strain

rate of 2.0x10%", units are in GPa.

Failure analysis plays an important role in mechanical properties investigation. The strain at the failure point predicts
the allowed material stretch before crack initiation in the lattice, which is also an important parameter for the new
materials exploration and designing [40]. During the deformation, the bond and the structure are elongated along
with the load orientation, which contributes directly to the maintenance and transfer of the load for the structure.

In this section, the focus is put on the crack propagation analysis as well as the debonding analysis during
deformation. The 2D nanosheet stress distribution is shown in Fig.7. The crack of the C2N monolayer appears first
at the C-N bond at the strain of 0.294 in Fig.7 (b). The result of the homogeneous stress distribution demonstrates
that the C2N is very stable before the initial crack occurring. In this regard, it is important to achieve a stable material
response as the instability leads to material failure at low stress [40]. Moreover, the crack takes place around the top
and bottom edge in Fig.7 (c). As the crack tip is blunt, oxx is almost zero as the surface is traction-free. The brittle
failure of CsN grows in a straight crack path rather than a crooked pattern by the propagation of a sharp crack at a
strain of 0.204 in Fig.8(b). This demonstrates a higher brittleness fracture with the comparison of other CxNy
nanosheets. Comparing with atomic metal materials, whether a porosity 2D material (e.g.C3N) exhibits a brittle or
ductile fracture is related much to the bond strength and the intensity of the atom rather than a porosity for nanoscale
cavitation in the region ahead of the crack tip [65]. From Fig.8 (c) to Fig.8 (d), the crack is located on the side of the

edge close to the load area. One can observe from the fracture evolution of C3N in Fig.8 that the rupture of carbon-
nitride nanosheets does not appear at the maximum strength immediately (¢=0.190). Instead, the initial fracture
occurs at the strain of 0.204 (Fig.8 (b)). It demonstrates that the brittle failure around the crack tip through extensive
bonds stretching within a short strain domain, indicative of tiny ductile deformation for CsN monolayer. One should
notice that this tiny ductile deformation is not because of the dissipated energy inside the shear band which could
give rise to localized melting [65]. Such rapid crack propagation can be attributed to the CsN monolayer strain energy
release rate exceeds the crack surface energy release rate. Moreover, the fracture occurs initially on the edge and
extends to the middle field. It can be confirmed as the previous work [40] that the fracture will take place much more
possible around the edge for the fundamental plane stress case. Since the generalized stress intensity defector
(GSIF) around the edge is larger than the internal for the same initial crack. Additionally, it is observed that the first
debonding of C7Ne is the C-C bond. In contrast, the first debonded part of C2N, C3sN, C3N4, CeNe are C-N bonds,
which were confirmed from previous DFT work for CaN4 [66], C3sN [40]. In other words, those C-N and C-C bonds
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limit not only the maximum tensile strength of C2N, CsN, CsNa, CsNe, and C7Ns, respectively but also influence the
analogous deformation. Furthermore, as depicted in Fig.5, the linear elastic response of carbon-nitride nanoporous
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Fig.7, Schematic illustration of the tensile stress (oxx) distribution for six different monolayers deformed at a

constant strain rate of 6.0x10%s"! at 300K.
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Fig.8, Schematic illustration of CsN nanosheet deformation during the uniaxial tensile along an armchair direction at
300 K with the constant strain rate of 6.0x10%". The right side is an overview of the C3sN nanosheet at a tensile strain of

0.225.

behaves likely to the defect-free and densely constructed two-dimensional materials, where the deformation of the
nanosheet was formed mainly depends on the bond elongation. This can be demonstrated in Fig.7 and Fig.8.
Moreover, it is noticed that the deformation was driven mostly by C-C bond elongation at the initial stretching of the
monolayer rather than structure deflection. Having this structure deflection at hand can result in higher stretchability
than pristine nanosheets [67].

After elaborately analyzing the mechanical properties of nanosheets, we now study the polymer's mechanical
response. To validate our P3HT model, the model characterization study was performed by evaluating the P3HT
density and elastic modulus. The predicted P3HT density of 1.025 g/cm?® (pexp=1.1 g/cm?® [68,69]) at the heating rate
of 5.56 K/ps. The slight density discrepancy could be attributed to the short equilibrium time domain at 300K. It should
be noticed that the tensile stress was processed with Gaussian SMOOTDATA via MATLAB to reduce the noise from
the test data, as depicted in Fig.9 (a). The maximum and minimal peak stress are 122.91, 73.83 MPa at the strain of
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0.15 with a constant strain rate of 4.0x10"9s™", 2.0x10%™, respectively. With the point of the elastic modulus, our
calculated tensile modulus is E=1.238 GPa (strain rate 4.0x10'%™", 300K), this result confirmed that our MD model
is valid with the comparison of previous experiments 1.09 + 0.15 GPa [70].
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Fig.9, (a) stress-strain relationship of different strain rates comparison for pristine P3HT polymer elongated along X-
direction. The inset shows the evolution of density during the heating and cooling rate of 5.56K/ps; (b) the elastic
modulus and the enhancements of the GN, CxNy/P3HT composites with the volume fraction from 5% to 15% at 300K,

compared to pristine P3HT.

Next, the maximum strength of the reinforced nanocomposites for various volume fractions during the uniaxial tensile
and the composite elastic modulus is presented in Fig.9 (b) and Fig.10, respectively. From Fig.9 (b), we find out that
15%GN/85% P3HT composite possesses the maximum elastic modulus (3.386 GPa) which can enhance the elastic
modulus more than 3 times compared to the pure matrix. Apart from this, 10% GN and 5% C:2N can also enhance

the elastic modulus over 3.0 GPa, GN/P3HT modulus get increases as graphene volume fraction increases. However,
the C2N/P3HT elastic modulus presents an opposing, for more detailed the interested reader is referred to Appendix
B. The tensile result in Fig.10 reveals that the GN/P3HT nanocomposite has the highest maximum strength among
many nanocomposites. The maximum strength can be gotten in 15% GN/85%P3HT composite, omax=182.65 MPa
(¢=0.11). It can be observed from the mechanical response of the C2N/P3HT composite that such a nanocomposite
strength decreases parallel to the filler ratios increasing from 5% to 15% in Fig.10 (b). This phenomenon attributes
to the percolation threshold of the composite [16] and the enhancing threshold domain. Since the composite
strengthening effect can be valid when the filler ratio reaches such a threshold value and domain that the stiffening
mechanism can dominate the objective behavior of the composites. For the same boundary condition, the peak
strength from GN/P3HT stress-strain curve exhibits the opposite mechanical response with respect to the within filler
ratio of the threshold value (see Fig.10 (a)). Consequently, we conclude that enhancement can be improved only
within a certain threshold domain of filler ratio in this study. This ratio could lead to the composite mechanical
response difference since nanocomposite tensile strength can increase only in one specific domain (e.g. within 2-
5%). When the inclusion ratio exceeds the maximum strengthening threshold, the composite tensile strength might
decrease by further increasing of the nanofillers. For higher volume fractions, the mobility of the nanofillers might be
restricted by adjacent particles as compared with the sample with a lower ratio of nanofillers [16]. Furthermore, adding
more nanofillers may increase the stress concentration and facilitate crack formation and growth. In that case, the
higher possibility of the crack formation will play the main role in decreasing the tensile strength rather than the
enhanced interaction between reinforcement and matrix. Additionally, there is a filler ratio convergence effect for the
carbon-nitride composite mechanical response; in which the peak strength of the composite will not be changed
much as the filler volume fraction reaches the mechanical saturation. That is the reason why the maximum strength
of the C7Ne/P3HT is around 140 MPa at different filler ratios. This can be shown significantly in Fig.10 (f) of the strain-
strain curve. Next, comparing with a pure P3HT matrix with a strength of 88.34 MPa at a constant strain rate of
6.0x10%" test, the strength of 10%, 15% Graphene; 5%, 10% C2N; 10%, 15% CeNs; 10% C7Ns can reach over 150
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MPa, which can enhance the composite’s maximum tensile strength to 70 %. Surprisingly, the volume fraction of 15%
GN can enhance strength to around 106.76% (Table.3). By observing the deformation behavior, the reinforced
nanocomposite stress did not drop dramatically after achieving the peak stress. As the reinforcement was mixed into
the P3HT matrix, the traction between reinforcement and polymatrix increases the yield stress by the cavitation or
energy dissipation of composite damage. This strengthen can be shown in a mechanical response that the reinforced
nanocomposite (15% C2N/85%P3HT) can be elongated more even though the stress reaches the yield point. Such
a volume fraction of C2N can efficiently overcome the shortage of pristine P3HT with low stretchability. Furthermore,
the randomly distributed GN with 10% and 15% exhibit stronger mechanical response with over 170 MPa strength,
which can be attributed to the remarkable mechanical properties of GN and strong interface non-bond interaction.
The stronger non-bonded interaction contributes to a higher strength density of P3HT at the interface of reinforcement
and polymer matrix. For analyzing the non-bond interaction, the normal interface strength will be discussed in the

following section.
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Fig.10, Schematic illustration of stress-strain response of (Graphene, CxNy) / P3HT composite with different volume

fraction (5%, 10%, 15%) at the constant strain rate of 6.0x10%" at a fixed temperature of 300K.

Volume fraction 5%CxNy 95P3HT 10%CxNy 90%P3HT 15%CxNy 85%P3HT
C2N/P3HT 158.51 155.21 130.12
CsN/P3HT 105.88 74.32 127.23
C3aN4/P3HT 118.61 144.07 112.68
CeNe/P3HT 137.50 152.02 155.99
C7Ne/P3HT 147.82 150.49 147.50
GN/P3HT 89.94 172.42 182.65

Table.3, Maximum strength of the reinforcement nanocomposite with different volume fractions during the uniaxial
tensile, unit (MPa).

After careful examination of the mechanical properties of nanosheets and polymer, we are now prepared to study the
effective mechanical properties of nanocomposites. Two typical nanocomposites were selected for failure analysis.
In Fig.11, the initial crack occurs when the strain reaches 0.259 at the cubic top and the crack surface was highlighted
with a red curve based on the cavitation in the composite. When the strain reaches 0.338, the GN/P3HT crack
extends further from the edge to the middle. As the model was elongated further distances, the crack became larger
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until the cubic model was completely damaged. Meanwhile, most damage occurs inside the matrix, instead of the
interface area. In this study, this result indicates that the interaction of the GN and P3HT has a stronger interaction
strength than the strength of the matrix itself. Therefore, the crack occurs in the matrix rather than in the interface
zone. This description can be traced back to a contribution from Yuan et al. [71] in his damage test of Graphene/PE
composite. Our investigation is also intended for this explanation. Also, during the 15% GN/85% P3HT
nanocomposite uniaxial test, the crack appears in the matrix. It should be emphasized that the 15% CeNes/85% P3HT
composite has a higher capability for fracture resistance. Because the initial crack of 15% CeNs/85% P3HT composite
appears at the strain of €=0.295 (Fig.12), compared to the 15% GN/85% P3HT crack strain of 0.259. One should
recognize that the fracture mechanism between GN/P3HT and CsNe/P3HT has a significant difference. The graphene
plays as a barrier in front of the crack growth from the matrix since the filler topology is much bigger than the crack
tip and the bond and atoms of GN topology are stable. Such integrity and stability of the GN lattice will keep high
mechanical performance for a filler (see Appendix.C). This performance from GN can enhance the mechanical
response of the composite during the uniaxial tensile somehow. However, this enhancement can only be regarded
as passive mechanical property improvement. In contrast, the filler of CeNe/P3HT is almost dissolved in the matrix as
well as the bond and atoms are connected together with the numerous atoms of the matrix. This will lead to sufficient
interaction between filler and matrix which will also enhance the mechanical property effectively. This sufficient
interaction is due to the enhancement network by the percolation of C, N atom from filler rather than the single-phase
enhancement mechanism of the filler. Therefore, when damage evolves around the filler, this will resist the crack

propagation in an active way which sufficient interaction will play a key role to prevent damage. That is also the

reason why did the initial crack of CeNs/P3HT appearing at a higher level strain. As the extended distance increases,

the crack first appears inside and extends to the edge. It can be concluded that CsNe/P3HT nanocomposite is tougher

than GN/P3HT composite at the same filler volume fraction concerning the initial crack occurring from Fig.11 to Fig.12.
Crack

strain = 0.338 strain = 0.421

15% GN / 85% P3HT
overview

strain=0 strain = 0.259

Fig.11, Mechanical deformation of 15% graphene, 85% P3HT nanocomposite at different strains.

Crack

strain=0 strain = 0.373 strain = 0.454 15% CeNe / 8_5% P3HT
overview

Fig.12, Mechanical deformation of 15% CeNs, 85% P3HT nanocomposite at different strains.

The interface strength between reinforcement (GN, CxNy) and P3HT polymer influences the not only crack
propagation but also the strength of nanocomposites [72]. It has been demonstrated that bond and non-bond
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interaction formed inside the polymer play a crucial role in the mechanical properties enhancements [73-75]. In this
section, we find out that C2N/P3HT interface possesses the highest non-bond during interfacial strength comparisons
as depicted in Fig.13. The traction separation graph shows that the maximum traction was achieved at 331.94 MPa
(0.55 nm). The CeNe/P3HT composite has the lowest interfacial strength of 184.24 MPa at the same separating
distance. Moreover, the normal traction of GN, C3N4, and C7Ns is nearly identical with approximately 300 MPa. By
observing from Fig.13, the peak traction of the CoN/P3HT interface is over 1.5 times the lowest (CeNes/P3HT).
Moreover, all the interfacial strengths are larger than the strength of the pure P3HT matrix (maximum strength 122.91
MPa).
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Fig.13, Traction-separation comparing on GN and CxNy nanosheet from P3HT polymer matrix with the increase of the
separation distance; the internal graphs are the initial and fixing state.

Based on the test, we can conclude that the interfacial strength between the reinforcement (graphene, CxNy) and
P3HT matrix is larger than the pure P3HT tensile strength. A rupture result from Fig.11 to Fig.12 also reveals that the
initial crack takes place in the matrix rather than the interface zone. Because the interfacial non-bond interaction can
bear a much bigger load than the matrix. Therefore, a crack will firstly take place in the weakest strength area. Even
though stronger traction was constructed in the interface area, the van der Waals (vdW) and Columbic potential
depend heavily on the distance between two atoms. Such a distance is the cutoff in which the sheet atoms are
beyond the cutoff, the strong interaction will drop dramatically to zero. The higher interface interaction can only
function correctly within a valid cutoff for the interaction among the elements of C, H, O, N, etc. The non-bond energy
consists of vdW and electrostatic energy which can be formulated as
Eonbond = Evanderwaats T+ Eelectrostatic 3)

The non-bond interaction potential relies more on vdW, since the electrostatic energy is much lower for a polymer
case, as outlined in [42]. Therefore, we believe that the crack will occur in the interface during the separation of the
nanosheets from the matrix in our case (our results support these assumptions). Such a perspective of enhancement
is understandable from the interface strength for the GN and carbon-nitride composites. It is known that the non-
bond interaction between reinforcements and matrix is valid within a cutoff following the van der Waals energy.
However, a previous test reported that a crack occurred in the matrix phase instead of the interface region of the
graphene/PE separation [76]. This result represents that there is a stronger non-bond interaction between GN and
PE interface. It is expected that this interaction will be greater than the covalent bonds of the polymer. However, we
observed an alternative response in our results, summarized next. When the crack takes place inside the polymer,
the maximum strength will be limited by the polymer's maximum strength. This is due to failure appearance which
always takes place at the weakest part of the materials. Therefore, it is difficult to achieve a maximum tensile strength
that is higher than the matrix. It should be also noted that there is the possibility of covalent bond formation between
nanosheets and polymer, provided that nancfillers are surface functionalized. In the current study we however only
consider pristine sheets, without functionalization groups over their surfaces and such that evolution of chemical
bonds between nanofillers and polymer are negligible.
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For a vacuum interface area, there is no bonded interaction, there should not be any hardening of bonded material.
Furthermore, when the separated distance is beyond the cutoff, the non-bond potential is no longer valid, the traction
should be almost zero. As a result, it can be observed that the traction drops significantly once the separation reaches
4 nm. Therefore, a crack will appear in the interface zone for the cohesive model. Another work from Zeshuai et al
[71] reveals that whether a crack taking place in the matrix or the interface part will depend much on the ratio of the
maximum interface strength and matrix strength. The fracture of composite is complicated, non-bond interaction is
one of the key criteria for the initial crack appearing. The criterion for the initial crack appearing inside the matrix or
the interface needs to be further studied especially for more complicated materials. Our study investigated one of the
important factors for the crack appearing and the conclusion fits well in our case. For a more complicated case, more
conditions need to be considered during the crack investigation.

3. Conclusions

In this study, we systematically studied the role of graphene and carbon nitride nanosheets in improving the
mechanical properties of P3HT polymer by conducting extensive molecular dynamics simulations. We first studied
the mechanical/failure responses of carbon-based nanofillers. Graphene as expected yields the highest elastic
modulus and tensile strength among the considered nanosheets. Analysis of the mechanical properties of the carbon-
nitride sheet reveals that CsN nanosheet exhibits the highest strength owing to its graphene-like lattice. C3sN4
monolayer on the other hand yields the lowest tensile strength due to its low-density and porous structure. During
the tensile deformation for C2N, CsN, CsN4, CsNe monolayers, the first debonding occurs C-N bonds. We next
elaborately compared the effective mechanical properties of various nanocomposites with different content of
nanosheets. Moreover, the traction and separation relations between various nanofillers and polymer matrices were
examined to investigate the formed interfacial strength. Our results confirm that the excellent reinforcing performance
of graphene and carbon-nitride nanosheet is not only attributed to the outstanding stiffness of these covalent networks
but also due to considerable interfacial non-bonding interactions between nanomembranes and polymer matrix.
Taking into account that unlike graphene, carbon-nitride nanosheets are mostly intrinsic semiconductors, our findings
can be useful to design novel strong semiconducting polymer nanocomposites.
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Appendix A
A.1 Atomic structures in VASP POSCAR format
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Appendix B
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B.1 Composite elastic modulus tested with strain rate 2.0x10%-" at 300K; the unit is regarded as GPa.

Volume fractions 5% 10% 15%
C2N/P3HT 3.103 2.810 2.469
C3N/P3HT 2.320 1.629 2.164
C3N4/P3HT 1.806 2.209 2.187
CeNe/P3HT 1.657 2.861 2.606
C7Ne/P3HT 2.257 2.476 1.968
Graphene/P3HT 1.579 3.237 3.386

B.2 Reinforced composite elastic modulus enhancement comparing with pure P3HT matrix.

Volume fractions 5% 10% 15%
C2N/P3HT 0.45 2.05 2.1
C3N/P3HT 1.85 1.58 0.49
C3N4/P3HT 1.13 0.49 0.99
CeNe/P3HT 0.66 1.03 1.01
C7Ne/P3HT 0.52 1.62 1.39
Graphene/P3HT 1.07 1.27 0.81

Appendix C

C.1 The size effect test of Graphene and CxNy nanosheet with width and height (20x20, 40x40, 40x20 A),
with a strain rate of 6.0x10%".

[+ GN 20x20 = C,N20x20 120F « C,N20x20 ~
10 80 | 2 3 g -
«  GN 40x40 i *  C,N 40x40 110 + ;N 40x40
100 GN 40x20 ) 70 « C,N40x20 10f ¢+ CNa4ox20 . /
' 60 |- 90 ’ .
g
_ . —_ — 80
= © © e
o . o 50 f a .
o . <} o M -‘f"‘".,
- . . = K, .
@ T, Baof & 60 &
8 -2 £ 50 F
n 030} @
@ " wl @
-’
o 20 30 f ;
~ 20 &
- 10} . v_’,,p-""‘" &
" 10 ?
0 L 1 1 L 1 L h. il 1 L 1 1 L H 0 1 1 1 Il L 1 J
005 010 045 020 025 030 035 005 010 015 020 025 030 035 040 045 005 010 045 020 025 030 035
Strain Strain Strain
50 - -
+ CgNg 20x20 - . o a7 v ra
el ° CaNi20x20 /.f 6 70k C,N; 20x20 P S ,- i )
© CNdo0 “ ., * GgNg 40x40 © €N 40x40 s a3
© CNjaox20 J#7 e 7 awf ° CiNsd0x20 sl ° CNg40x20 ‘,.-(‘.‘-« . o
50 . -~ L
- .
_-:':‘. N K 50 y - <,
- & —_ _ 7 .
a4 J &30 S : . ‘.J
g - ) S F o ~
@ 3 s w 0 i g *
» 30 = ' @ . 0 & . Pt
[ & . o - o ; p
£ s . - E2} Sl g PP,
7] P & ~" 0 . 0 ¥ Ll
0F o e ~ P A
o . o~ Y 20 F w
{:} qﬂ J‘" . 10} - -
10 i Lad 10
t;-' 3
0 . . L S N . . L e s con 0 P S S S S S T S
005 010 045 020 025 030 035 005 0410 015 020 025 030 035 005 0410 045 020 025 030 035 040 0.45
Strain Strain Strain

22/23



N o o AW =

The target reinforcement size mainly comes from the extending of a single lattice by 5x5 in the X and Y-direction. To keep the
integrity of the lattice and the adaptability among different CxNy, around 40x20 A reinforcement size was chosen. The test shows
that the size effect influence for 20x20, 40x40, 40x20 A in X-direction loading is so small. That means the choice of such a size
will not influence much for the mechanical properties of the monolayer. Moreover, while cutting the lattice to achieve target size,
if the lattice integrity can be kept well, then the mechanical properties will not be influenced much by size. Otherwise, the

mechanical properties will decrease due to destroying the lattice.
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