UC Merced
UC Merced Previously Published Works

Title
Molecular Dynamics Simulation of the Stress-Strain Behavior of Polyamide Crystals

Permalink
https://escholarship.org/uc/item/6vh45194

Journal
Macromolecules, 54(18)

ISSN
0024-9297

Authors

Yang, Quanpeng
Li, Wenjun
Stober, Spencer T

Publication Date
2021-09-28

DOI
10.1021/acs.macromol.1c00974

Peer reviewed

eScholarship.org Powered by the California Diqital Library

University of California


https://escholarship.org/uc/item/6vh4519z
https://escholarship.org/uc/item/6vh4519z#author
https://escholarship.org
http://www.cdlib.org/

Macromolecules 2021
10.1021/acs.macromol.1c00974

Molecular Dynamics Simulation of the

Stress-strain Behavior of Polyamide Crystals

Quanpeng Yang,T Wenjun Li* Spencer T. Stober,* Adam B. Burns,* Manesh

Gopinadhan,i and Ashlie Martini*f

TDepartment of Mechanical Engineering, University of California-Merced, 5200 N. Lake
Road, Merced, California 95343, United States
TEzzonMobil Research and Engineering Company, 1545 Route 22 Fast, Annandale, New
Jersey 08801, United States

E-mail: amartini@ucmerced.edu

Abstract

Molecular dynamics simulations modeled the aramid poly(p-phenylene terephtha-
lamide) (PPTA) and a related aromatic-aliphatic polyamide derived from a five-carbon
aliphatic diacid (PAP5) with nine different reactive and non-reactive force fields. The
force fields were evaluated based on crystal structures as well as intermolecular H-
bonding and m-molecular interactions. The optimum force field was then used to simu-
late stress-strain behavior in the chain and transverse-to-chain directions. In the chain
direction, PAP5 had higher ultimate stress and failure strain than PPTA; however,
the stiffness of PAP5 was lower than PPTA at low strain (0-2%) while the reverse was
observed at high strain (last 5% before failure). This contrast, and differences in the
transverse direction properties, were explained by the methylene segments of PAPS
that confer conformational freedom, enabling accommodation of low strain without

stretching covalent bonds. The simulation approach demonstrated here for two poly-



mers with distinct chemistry but similar atomic interactions may be extended to other

polyamides.

Introduction

Hydrogen-bonded polymers are widely used in engineering applications due to their excellent
mechanical and thermal properties.? Among the strongest hydrogen-bonded polymer fibers
are aromatic polyamides (i.e., aramids). The most well-known example is poly(p-phenylene
terephthalamide) (PPTA), which is also trademarked as Kevlar® and Twaron®. PPTA is
used in flexible armor and other impact-resistant applications due to its excellent mechani-
cal properties (superior strength-to-weight ratio and flexibility),® thermal stability (thermal
decomposition temperature of 500° C),% and chemical resistance (to acid, alkali and organic
solvent).® " These superior mechanical and thermal properties originate from the structure
of the PPTA fibers. X-ray diffraction (XRD) has shown® that PPTA fibers consist of a
highly crystalline arrangement of extended PPTA chains aligned along the fiber axis with
strong intermolecular hydrogen bonds (H-bonds), which govern chain packing and melting
behavior. 1911

Although PPTA has many advantages, it has limitations as well. One main drawback
is difficulty in processing because it is only soluble in highly aggressive polar solvents, such
as concentrated sulfuric acid, making processing challenging and expensive.!'? Melt process-
ing is intractable because of the inaccessible melting point of the material, so the primary
route is currently solution processing. Regardless, it is desirable to design modified systems
that improve processability without compromising other properties. To identify materials
with properties comparable to PPTA (potentially with better processability), there has been
increasing interest in understanding the effects of the structure and intermolecular forces
within PPTA on its mechanical behavior.® Various experiments have been used to investi-

gate these structure-property relationships for PPTA single fibers, including elastic loop, 134



15,16 axial tension!® and torsion'® tests. These measurements have

transverse compression,
been complemented by material and surface characterization tools including scanning elec-
tron microscopy, transmission electron microscopy!? and XRD.!” These studies revealed
that crystallite orientation, rigidity of the molecular chains, defect density, and degree of
molecular order are the main factors affecting the mechanical properties of PPTA. 4

However, there are challenges associated with studying the mechanical properties of poly-
mer crystals experimentally.® First, measurements on single fibers are difficult and time-
consuming due to the micrometer length scale of the fibers, which necessitates both delicate
handling and sensitive equipment. ! Numerous measurements are also required to obtain
reliable statistics given the unavoidable variability from sample to sample. In addition, ex-
perimental studies of the mechanical properties of PPTA in the directions transverse to the
fiber axis focused only on compressive behavior3'® due to the difficulties associated with
applying tensile strain in the transverse direction.?” Finally, it is challenging to experimen-
tally decouple the effects of fiber morphology (which is a product of processing) from the
inherent molecular attributes.?’ Design of new materials requires insight into the relative
contributions of intramolecular interactions and intermolecular interactions, i.e., hydrogen
bonding (H-bonding) between amide groups and interactions between the m-manifolds of the
aromatic rings (m-stacking or -7 stacking).?!

Molecular dynamics (MD) simulations are a natural complement to experiments since
they provide insight into material properties and behavior at the atomistic scale under con-
trolled conditions.? MD simulations can help not only to interpret complicated experimen-
tal results, but also guide the development of new experimental methods. The ability of
these simulations to accurately describe material properties depends on the empirical model
force field for atomic interactions. There are two general types of force fields, reactive and
non-reactive. With non-reactive force fields, bonds can be stretched and twisted but not
be broken, while reactive force fields can capture the formation and breaking of chemical

bonds. Previous simulations of PPTA have used both reactive and non-reactive force fields,



as discussed below.
The non-reactive Dreiding?? force field was used to reproduce the molecular packing struc-
ture of PPTA polymer crystal.?®> Another non-reactive force field, COMPASS (Condensed-

4 was also used

phase Optimized Molecular Potentials for Atomistic Simulation Studies),?
to study the properties of PPTA crystals.'%25 One of those studies focused on the effects
of microstructural and topological defects, such as chain ends, inorganic-solvent impuri-
ties, chain misalignment and sheet stacking faults on the strength, ductility and stiffness
of PPTA crystals.?® In another COMPASS simulation study,!? the effect of torsion on the
tensile properties of PPTA crystals was investigated.

PPTA has also been modeled using ReaxFF, %0 a reactive force field. The tensile response
of PPTA crystals with defects was studied?” using a ReaxFF parameter set developed by
Budzien et al.?® A ReaxFF parameter set developed by Liu et al.?® was used to study the
mechanical properties of PPTA in the presence of defects,? the influence of strain-rate and
temperature on the mechanical strength,?’ and the effects of axial and transverse compression
on the residual tensile stress of PPTA.3!

These simulation-based studies have revealed important connections between intermolec-
ular and intramolecular interactions and the material properties of PPTA. Simulations have
shown that H-bonds form in the radial plane (parallel to the flat aromatic rings) and repeat

along the chain axis forming “sheet-like” structures.!0:32

The interaction strength between
adjacent PPTA chains is further increased by “inter-sheet” m-stacking.!? This stacking mech-
anism contributes to the long-range, highly ordered structures observed in PPTA fibers.?3
Such simulations support the hypothesis that the excellent mechanical properties of PPTA
fibers originate from the strong intermolecular interactions (H-bonding and m-stacking). In
a study using ReaxFF, the effect of H-bonding on PPTA properties was quantified by nu-
merically “turning off” the H-bond interactions in the force field, and a small decrease (1%)

in tensile modulus was measured in the chain direction, but in the transverse directions,

modulus and strength were reduced significantly (by 40% and 69%, respectively).34



The MD simulations of PPTA summarized above have used many different force fields to
study various aspects of the material. One previous study compared two force fields (PCFF 35
and ReaxFF Liu®) for their ability to model PPTA structure and mechanical response to
strain.” It was found that the PCFF and ReaxFF Liu force fields give similar results, except
that PCFF can only be used for situations where primary bonds are not expected to rupture.
However, there has been no direct comparison of a comprehensive set of force fields, including
multiple reactive and non-reactive models. Further, since intermolecular interactions play an
important role in the mechanical response of PPTA, force field comparisons should include
evaluation of the ability to model H-bonding and m-stacking patterns. Finally, the accuracy
of MD simulations is highly dependent on the suitability of the force field for the specific
material system being studied, so generalizability must be assessed by evaluating homologous
material systems.

Once an accurate force field and suitable methods have been identified, MD simulations
can be used with confidence to investigate the effect of structural features that underlie the
material properties of aromatic polyamides. For example, Deshmukh et al.’ showed that
the length of the methylene segments in aromatic-aliphatic polyamides affects the polymer
conformation and structure. In their work, aromatic-aliphatic polyamides, prepared from
p-phenylene diamine and aliphatic diacids, were referred to as PAPX, where X was the
number of carbon atoms in the diacid monomer. They also showed that methylene units in
PAP5 weakened the H-bonds and altered the topology of the H-bonding sheets relative to
PPTA. However, the effect of these conformational differences between PPTA and PAP5 on
mechanical properties was not explored.

To enable design of materials with mechanical properties comparable to PPTA, it is
necessary to understand the relationships between polymer structure and mechanical behav-
ior. Toward this goal, we used MD simulations to study the molecular scale mechanisms
underlying the mechanical response of PPTA and PAP5. First, several force fields (both

non-reactive and reactive) were compared to identify the most accurate model of the static



structures of PPTA and PAP5. This analysis included both unit cell lattice parameters as
well as H-bonding and m-stacking distances. Different model sizes were also compared to
identify the smallest possible system capable of accurately modeling these material prop-
erties. Then, using the reactive and non-reactive force fields that best captured the static
structures of the materials, simulations were run to characterize the response of the polymer
crystals to tension in the chain and transverse directions. Lastly, the optimum reactive force
field was used to correlate the mechanical response of the materials to changes in H-bonding

and m-stacking patterns, as well as how this behavior differed between PPTA and PAP5.

Methods

Structural Models

The polyamide models were initially constructed using Materials Studio,?® with unit cell
lattice parameters from X-ray diffraction® as listed in Table 1. The atomic positions were then
adjusted manually in Materials Studio to match the model-predicted and experimental XRD
patterns reported in Ref. 1. The initial density of PPTA was 1.50 g/cc, consistent with the
experimentally measured densities in the range of 1.44-1.48 g/cc.®* The chemical formulas
and atomic-scale models of PPTA and PAP5 unit cells are shown in Fig. la and Fig. 1b,
respectively. The chain direction was aligned with the x-axis, and the H-bonding and -

stacking directions were aligned with the y- and z-axes, respectively.

Table 1: Unit cell lattice parameters for PPTA and PAP537

Polymer || a (A) [0 (A) [c(A) [a () [B() [1()
PPTA | 7.87 | 5.8 | 129 | 90 | 90 | 90
PAP5 | 850 | 470 | 248 | 90 | 85 | 90

The foundational element of the crystalline structure is the unit cell. PPTA and PAP5
have orthorhombic and monoclinic (pseudo-orthorhombic) crystal structures, respectively,

but both 82137 with two molecular chains per unit cell, one at the center and the other at



the corner of the cell viewed in the yz plane, see Fig. 1.%%2137 The main differences between
their unit cell structures are: (1) PAP5 has four monomers in its c-axis repeat unit, whereas
PPTA has only two; (2) the terephthalic acid monomer of PPTA is replaced by a diacid
monomer with three methylene groups to form PAP5, so there are five carbon atoms and
two -NH- groups between two adjacent aromatic rings in each PAP5 monomer, while there
is only one carbon and one -NH- group between the two adjacent aromatic rings in each
PPTA monomer; (3) the unit cell length ¢ of PAP5 is almost twice that of PPTA (56 atoms
in PPTA and 108 atoms in PAP5); and (4) there is a slight tilt of 8 in the unit cell of PAP5
while all lattice angles are 90° for PPTA.

After the unit cell was built, it was replicated by N, x N, x N, (1x1x1, 4x4x4, 6x4x4,
8x4x4, 6x6x6, and 8x8x8) in the x-, y- and z-directions to create simulation cells with a
range of sizes. Note that the models with periodic boundary conditions in all three directions
represent ideal crystalline polymers with infinite chain length and no defects or chain ends.
This is an approximation of a physical crystalline polymer that will have finite length chains
with defects and chain ends. However, the simulation methods developed here for an ideal

crystal can be extended in future work to more realistic model structures.



a)

b)

Figure 1: Unit cells of (a) PPTA and (b) PAP5 where lattice dimensions (a, b, and c)
are identified on the PPTA snapshot and lattice angles («, 3, and ) are identified on the
PAPS5 snapshot. The orthogonal directions (x, y, and z) are also defined with respect to the
perspective views of the unit cells. Atom colors correspond to: oxygen, red; nitrogen, blue;
carbon, gray; hydrogen, white. The cross-section views on the far right show the crystals
from the yz plane.

Force Fields

Two non-reactive force fields were tested: OPLS (Optimized Potentials for Liquid Simula-
tions)3® and CVFF (Consistent Valence Force Field ).3? Seven different ReaxFF parameter-
izations were tested as well, chosen because they include all of the elements in our model
systems (oxygen, nitrogen, carbon, and hydrogen). Each ReaxFF parameter set is referred to
subsequently by the last name of the first author of the paper in which it was first reported,
including Zhang,*® Budzien,?® Kamat,*! Mattsson,*? Wood,*® Liu?® and Vashisth.** Each

of these was parameterized for different molecular systems, as summarized in Table 2.



Table 2: ReaxFF parameter sets and the molecular systems for which they were first pa-
rameterized are identified by the last name of the first author of the corresponding paper in
order of publication date.

’ Force Field ‘ Material System for Parameterization ‘

Zhang (2009) Thermal decomposition of hydrazines

Budzien (2009)?® | Thermomechanical properties of pentaerythritol tetranitrate
Kamat (2010)* Laser-induced incandescence of soot

Mattsson (2010)*? | Polyethylene and poly(4-methyl-1-pentene)

Wood (2014)% Decomposition of the high-energy-density material a-HMX
Liu (2014)2 Polyethylene and energetic materials

Vashisth (2018)% | Cross-linking of polymers

Simulation Protocol

All of the MD simulations in this study were carried out using an open source MD simulation
package LAMMPS (Large-scale Atomic/Molecular Massively Parallel Simulator).%® Software
OVITO (Open Visualization Tool)*® was used for model visualization. The MD time step was

0.25 fs for all simulations. Temperature and pressure were controlled using a Nosé-Hoover

t47 t48

thermostat®’ and barostat® with damping parameters of 25 fs and 250 fs, respectively.
The cut-off distance for Lennard-Jones and electrostatic interactions was 1.5 nm for non-
reactive force fields. For the ReaxFF force fields the default cut-offs were used (in LAMMPS,
nbrhood_cutoff was 0.5 nm and hbond_cutoff was 0.75 nm). First, the replicated simulation
cell was energy minimized. Then, simulations were run in the NPT (constant number of
atoms, pressure and temperature) ensemble for 125 ps (until the lattice parameters reached
steady-state) at 300 K and 1 atm. The dimensions of the simulation cell were averaged after
steady-state was reached, i.e., over the last 12.5 ps (50 frames) of the NPT simulation, to
calculate the system lattice parameters.

For a subset of the force fields, simulations were run to calculate stress-strain behavior,
following the method developed in our previous work for crystalline cellulose.?® After equili-

brating the simulation cell in the NPT ensemble, the system was stretched in one direction

(x-, y-, or z-direction) through successive small steps (0.25% strain). After applied deforma-



tion, the simulation cell was equilibrated in an NPT ensemble with the stretching direction
fixed and the perpendicular directions relaxed for 2.5, 0.25 or 0.025 ps. The relaxation time
was determined by the strain step increment (0.25%) divided by the prescribed strain rate.
Therefore, the relaxation times modeled here corresponded to overall strain rates of 1x10?,
1x10% or 1x10* st. This process was repeated until the total strain reached 25%. The
step-wise strain method has been used in previous studies**®® to minimize unphysical me-
chanical response that may arise due to insufficient time for the atoms to respond to rapid
changes in the system size at high strain rates. Note that we also tested a continuous strain
rate approach® and the results were almost the same (Fig. S1).

The stress values at each strain increment were calculated by averaging over the last 10%
of the equilibration with that strain increment applied. The same procedure was performed
in the three orthogonal directions, x (chain), y (H-bonding) and z (w-stacking). The bulk
mechanical properties were then estimated from the resultant stress-strain curves. The elastic
modulus was calculated by applying a linear fit to the stress-strain data from 0-2% strain.
This calculation was performed over different ranges of strain, as discussed later. The failure
strain was the strain where the first polymer chain breaks (the sharp drop of stress-strain
curve), which is only possible for the reactive potentials. The ultimate stress was taken from
the stress at failure strain. These simulations were repeated three times independently with
different random velocity seeds assigned for the atoms in the initial structure before NPT

simulation.
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Results and Discussion

Force Field Evaluation
Lattice Parameters

The average value of each lattice parameter (a, b, ¢, a, 5, v) for the 4x4x4 models of PPTA
and PAP5 was determined for each force field. The error was then calculated from the
difference between the average lattice parameters in our MD simulation and those reported

1
~ 2 bup — Ixrp

where [ is one of the lattice parameters and N is the number of simulation frames averaged.

in the literature measured from XRD reported in Ref. 1. Error =

Y

The error for the six lattice parameters for all force fields tested is summarized in Fig. 2.
The error analysis shows that most of the force fields tested were able to reproduce
the lattice parameters of PPTA with reasonable accuracy (less than 25% cumulative error).
For both PPTA and PAP5, with many of the force fields, the largest error was for the a
parameter. This is likely due to the limitations of those force fields to accurately capture
m-stacking. The exceptions were Liu (largest error for PPTA was «), Wood (largest error for
PAP5 was «), CVFF and OPLS (largest error for PPTA was b and for PAP5 was ). Also,
for most of the force fields, the error was larger for PAP5 than PPTA. Based on this analysis,
the Kamat, Liu, Vashisth and OPLS force fields were identified as the most accurate in terms

of both PPTA and PAPS5 lattice parameters.
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Figure 2: Comparison of the cumulative error in the lattice parameters for PPTA and PAP5
of seven reactive and two non-reactive force fields.

H-bonding and w-stacking

Since H-bonding and 7w-stacking have been found to play important roles in the mechanical

L9-11 an appropriate force field should be able to capture these

properties of polyamides,
non-bonded interactions accurately. To test this, the radial distribution functions (RDF's)
of interatomic distances were calculated for all force fields, except CVFF, which exhibited
the least accurate lattice parameters, and was excluded from subsequent analysis. OPLS is
the sole non-reactive force field considered henceforth. H-bond length was quantified from
RDFs of the non-bonded, nearest-neighbor N-O distance. This definition is widely used °
because the position of the H atom in N-H---O is difficult to determine experimentally. The

reference N-O distances for PPTA and PAP5 were reported to be 3.0 and 2.9 A in Ref. 1 and

8, calculated from experiments and simulations. The reference N-H---O angle (H-bond angle)

12



for PPTA was reported to be 160°,® which is consistent with our results for PPTA (158°) and
PAP5 (161°) after equilibrium. Although H-bond strength is determined by both distance
and angle, here we primarily use the N-O distance to quantify H-bonding. m-stacking was
measured as the distance in the z-direction (7r-stacking-direction) between the centers of two
adjacent aromatic rings. The reference value is 3.9 A for both PPTA and PAP5.!

The H-bonding RDFs (N-O distance) calculated for PPTA and PAP5 with each force
field are shown in Fig. 3. The reference values are identified by vertical dashed lines. The
accuracy of the force fields is evaluated by comparing the reference distance to the position
of the peak of the RDF. For PPTA, the Wood force field is reasonably accurate, albeit with
a wide peak, indicating more variation in atom-atom distances within the model system,
i.e., the effect of cumulative error. Also, Budzien and Mattsson slightly overpredict the
H-bond distance while Zhang, Vashisth and Liu slightly underpredict it. There is a similar
trend in the force fields for PAP5. Based on qualitative analysis of the position of the RDF
peaks (closer to the reference value is more accurate) and width of the peak (narrower peaks
correspond to less variation from bond-to-bond within the polymers), the best force fields in
terms of H-bonding for PAP5 are OPLS, Wood, Zhang, Vashisth and Liu.

The RDFs for w-stacking in PPTA and PAP5 are shown in Fig. 4. The force fields are
again evaluated based on the position and width of RDF peaks. Note that the position of
the m-stacking RDF peak also reflects the accuracy of the lattice parameter a. As such, force
fields that underpredicted the m-7 stacking distance also had large error in their prediction
of a (see Fig. 2). For PPTA, the RDF peaks of Liu and OPLS are the closest to the reference
value. For PAP5, Wood and Liu are the most accurate, with relatively narrow peaks.

Based on the evaluation of the various force fields in terms of their ability to accurately
reproduce the unit cell lattice parameters and preferred H-bonding and m-stacking distances,
the Liu or Vashisth parameter sets within the ReaxFF formalism performed best. Therefore,
the Liu and Vashisth ReaxFF force fields were selected for the stress-strain simulations,

discussed below. Stress-strain simulations were also performed with the commonly employed,

13
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Figure 3: Comparison of H-bonding (non-bonded, nearest-neighbor N-O) radial distribution
functions calculated for (a) PAP5 and (b) PPTA. The reference!’ H-bond lengths (N-O
distances) for PPTA and PAP5 are shown as vertical dashed lines.

non-reactive OPLS force field for comparison.
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Figure 4: Comparison of m-stacking radial distribution functions calculated for (a) PAP5
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Stress-Strain Behavior

First, it is necessary to determine the appropriate system size for these simulations to mini-
mize finite size effects while maintaining computational efficiency. The goal is to identify the
smallest model that can be used (to maximize computational efficiency) without simulation
artifact that may occur if the model is too small due to the unphysical topology of the sim-
ulation, e.g., if the model system is too small, a molecule may interact with its own image
across the periodic boundary. The stress-strain simulations were run for PPTA with system
sizes ranging from 1x1x1 to 8x8x8 with strain applied in the x-, y- and z-directions at a
strain rate of 1x10° st

The results for the OPLS, Liu and Vashisth force fields are shown in Fig. 5. It can be
seen that, for the Liu and Vashisth force fields, the curves start to converge at 4 x 4 x 4,

which suggests that a system size of 4 x 4 x 4 is big enough to minimize finite size effects

15



(this size model was also used in previous mechanical studies of cellulose nanocrystals*?).
However, for OPLS, although the stress-strain curves in the x-direction start to converge
at 1 x 1 x 1, there is no obvious convergence in the data with increasing system size for
strain in the y- and z-directions. The sharp drop in stress for some OPLS systems is due
to the sudden occurrence of inter-chain slip (Fig. S2). The fluctuations in the stress-strain
curve for some Vashisth systems in the z-direction starting is due to the occurrence of chain
buckling (Fig. S3). Regardless, this analysis indicates that a minimum size of 4 x 4 x 4

should be reliable for stress-strain simulations.

a b c
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Figure 5: Evaluation of the stress-strain curves with the (a) OPLS, (b) ReaxFF Vashisth
and (c) ReaxFF Liu force fields for PPTA with simulation box sizes between 1 x 1 x 1 and
8 X 8 X 8 in x-, y- and z-directions.

One obvious difference between the reactive (Liu and Vashisth) and non-reactive (OPLS)
force fields is that, in the simulation of strain in the x-direction (chain-direction) the stress
drops after ~10% strain with the reactive force fields, but not with OPLS. This is because
non-reactive force fields cannot capture breaking covalent bonds.? Therefore it is not possible
to model ultimate properties using OPLS force field, particularly for strain in the polymer
chain direction where material failure must occur through breaking of covalent bonds.

In contrast, ReaxFF utilizes a bond order approach to describe the chemical bonds. Also,

ReaxFF models H-bonding with a specific energy functional term,?¢:5:56 which is particularly

16



important for capturing weak H-bonding that is quite common in organic systems. There-
fore, using ReaxFF, it is possible to study crystallite failure mechanisms involving primary
(covalent) and/or secondary (hydrogen) bond rupture.® This indicates that a reactive force
field should be used to analyze the mechanical properties of PPTA and PAP5.°

Comparing the Liu and Vashisth force fields in Fig. 5, the stress-strain trends in the
y-direction are similar. However, there are fluctuations in the stress response to strain in the
z-direction with some of the larger box sizes with the Vashisth force field, whereas all results
with the Liu are quite stable. Recall also that the cumulative error of lattice parameters in
Fig. 2 was lowest for the Liu force field. Therefore, the 4 x 4 x 4 model and the ReaxFF Liu
force field were used in the subsequent investigation of the stress-strain response of PPTA

and PAPS5.

Structure-Property Relationship
Mechanical Properties

Fig. 6 shows the mechanical properties (elastic modulus, ultimate stress, and failure strain) of
PPTA and PAP5 calculated from simulations of strain in the x-direction (chain-direction) run
at three different strain rates (1x10?, 1x10' and 1x10'" s!) with the ReaxFF Liu force field.
For PPTA, the values obtained from simulations are compared to properties reported from
previous experimental studies. 514195758 I general, the magnitude of strain-rate-dependent
mechanical properties can appear larger when computed by molecular simulation. This is
because the inherently small time scales accessible by molecular simulation lead to very high
strain rates (typically > 108 §1).3:335960 For example, it was reported that chain direction

3:30,59,61,62 onsistent with the results

mechanical properties of PPTA increase with strain rate,
in Fig. 6. This strain-rate-dependence has been attributed to the intermolecular slippage and
plastic flow that occurs at low strain rates, resulting in more energy dissipation.® In addition,

our model systems are infinite chain-length and free of defects (e.g., chain ends, stacking

faults, or impurities), in contrast to physical materials. It has been reported that chain

17



end defects and different defect distribution patterns could reduce the ultimate stress and
failure strain, and that the axial modulus increases with increasing chain length.® Moreover,
in higher order structures such as fibrils, where the morphology is more complicated, chain
and/or crystal misorientation might affect material properties. For all these reasons, the

simulation-predicted mechanical properties are higher than values obtained from physical

experiments.
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Figure 6: (a) Ultimate stress, (b) failure strain and (c) elastic modulus (calculated from 0
to 2% strain) from simulations of PPTA and PAP5 strained in the chain direction at three
different strain rates (1x10%, 1x10'® and 1x10' s!) using the ReaxFF Liu force field. The
error bars reflect the standard deviation calculated from three independent simulations. Also
shown are representative data points for PPTA from experiments. 11:14:19:57,58

Although we do not have experimental data for PAP5, the simulations enable comparison
of PPTA and PAP5 at high strain rates. Like PPTA, the magnitudes of the ultimate stress
and failure strain increase with increasing strain rate. However, at any strain rate, PAP5 has
larger failure strain and ultimate stress than PPTA, but a smaller elastic modulus. Although
the OPLS potential cannot simulate mechanical failure due to bond breakage, it was used
to calculate elastic modulus and showed higher stiffness for PPTA than PAP5 (223+8 GPa
for PPTA and 120+3 GPa for PAP5), confirming the direction and relative magnitude of
the trend observed from ReaxFF. These results indicate that the methylene units in the
PAPS5 reduce stiffness but increase the failure strain. However, as discussed later, the elastic
response of PAP5 is strain dependent, so the stiffness calculation depends on the strain range

for which the linear fit is performed. These trends are investigated next.
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Chain Direction Strain Response

Figs. 7a-b show the stress-strain behavior of PPTA and PAP5 for strain up to 25% in
the x-direction at a strain rate of 1x10° s!. The corresponding mechanical properties are
summarized in Table 3. The mechanical properties of PPTA predicted by our simulations
are similar to the range of results reported in previous MD simulation studies with ReaxFF"

elastic modulus 325-360 GPa, ultimate stress 32-35 GPa, and failure strain ~10%. 273463

Table 3: Mechanical properties calculated from simulations of strain in the x-direction. For
the elastic modulus, low-strain refers to 0-2% strain, high-strain refers to the last 5% strain
prior to failure, and all-strain refers to all strain prior to failure. The errors are the standard
deviation calculated over three independent repeat simulations.

| Properties in the x-direction | PPTA [ PAP5 |

All-strain modulus (GPa) 362+9 31043
Low-strain modulus (GPa) | 293+£18 | 17443
High-strain modulus (GPa) | 375+5 436+10
Failure strain (%) 9.9+0.3 | 14.3£0.3
Ultimate stress (GPa) 34.0+£1.6 | 42.3£1.1

Consistent with Fig. 6, failure stress and strain are larger for PAP5 than PPTA. However,
the elastic modulus comparison is more complicated. The stress-strain curve for PPTA
(Fig. 7a) has only one linear regime from zero strain to its failure strain at ~10%. In
contrast, the stress-strain curve for PAP5 (Fig. 7b) can be separated into two linear regimes:
low-strain (0 to ~4%) and high-strain (~5 to ~14%). Analysis of the lattice parameters
during strain showed that + increased sharply at this inflection point, indicating a structural
transition, specifically, a contraction in the cross-sectional area (yz plane). This contraction
also resulted in a strengthening of the H-bonding, quantified by a small decrease of the
average H-bond length from 2.82 A before the transition to 2.75 A after the transition.
The inflection point between these two regimes does not indicate yield, as confirmed by
simulations in which the system was strained to 7.5% and then allowed to relax in the NPT
ensemble at 300 K and 1 atm without constraints. When the constraint was released, the

stress dropped to zero and the lattice parameters returned to their original pre-strain values
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in approximately 10 ps (Fig. S4). This indicates that the deformation is elastic and PAP5
crystals exhibit two linear elastic regimes before failure. If the two elastic regimes in Fig. 7b
are considered separately, the low-strain modulus is 174 GPa and the high-strain value is
436 GPa. Although PPTA exhibits some strain hardening, there is no sharp inflection point
and the increase of modulus with strain is much lower than that observed for PAP5. As a
result, the modulus of PAP5 is smaller than that of PPTA at low strain but the opposite is

observed at high strain.
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Figure 7: Stress-strain behavior (a and b) and RDF profiles and heat maps for H-bonding
(c, d, e, and f) and m-stacking (g, h, i, and j) for PPTA (c, d, g, and h) and PAP5 (e, {, i,
and j) strained in the x-direction. The RDFs are normalized by the number of bonds per
unit cell. Movies showing the evolution of the stress and RDF distributions as well as the
time evolution of the models are available in the Supplemental Information.

The RDFs for intermolecular H-bonding and w-stacking within PAP5 and PPTA at
different strains are shown in Figs. 7c-j. The H-bonding RDF peak of PPTA (Figs. 7c-d)
shifts to larger radii as the chains are being strained. However, the H-bonding RDF peak
of PAP5 (Figs. Te-f) first shifts to smaller radii at low strains then shifts to larger radii at
higher strains. Regarding the m-stacking RDF's, for PPTA, the peak position changes very

little with strain, but the peak widens. For PAP5, the w-stacking RDF first shifts to the left
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at low strains and then becomes narrower as it is strained.

Snapshots from the simulations of PPTA and PAP5 at the strains identified in Fig. 7
are shown in Fig. 8. The snapshots show that both PPTA and PAP5 respond elastically at
low strain followed by chain breaking at high strain. However, there are differences between
PAP5 and PPTA observed as well. Specifically, it can be seen that, at zero strain, the PPTA
is fully extended and then the chains are stretched as strain is applied. In contrast, the
PAP5 chains have a wavy structure at zero strain. The waves are removed by extension at

low strain and then the covalent bonds themselves begin to stretch at larger strain.
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Figure 8: Snapshots of (a) PPTA and (b) PAP5 while strained in x-direction with a strain
rate of 1x10° st at 0, 5, 7.5, 10, 12.5 and 20% strains with the Liu force field as viewed from
the y-direction. Snapshots correspond to the solid circles on the stress-strain plots in Fig. 7.

The conformations of PPTA and PAP5 reflect two polymer conformations commonly

reported in the literature: 215477 extended and wavy. Note that a variety of different terms
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have been used to describe these two conformation in the literature, but here the terms
extended and wavy will be used. A wavy conformation is due to the methylene groups acting
as spacers between the hydrogen-bonded amide groups, which increases the conformational
freedom of the polymer chains.»™® A previous investigation of twenty-five different polymers
(including polyethylene (PE) and poly tetrafluoroethylene (PTFE)) revealed that, at low
strain, the polymer conformations are closely related to the force required to stretch them. %

It has been shown that polymers with a loose wavy conformation exhibit a much lower
stiffness than polymers with extended conformations because extended conformations have
stronger H-bonds between adjacent chains.® % Another study examined the relationship
between the elastic modulus, molecular conformation and flexibility of the chains of PPTA
and related polymers.?! They found that PPTA chains are fully extended, resulting in a high
elastic modulus. The same study compared the extended and wavy forms of polyethylene
oxybenzoate (PEOB) and found that the former had a much higher elastic modulus due to
its extended conformation.?!

To quantify waviness and its evolution with strain, we identified the positions of the
backbone atoms in each chain in the yz plane. This analysis excluded the H and O atoms,
and the C atoms in the aromatic rings. The results are shown in Fig. 9. In this figure, all
the chains in the crystal are aligned by relocating their centroid to the origin of the yz plane
at each strain.

At zero strain, the size and shape of the distributions of atoms in PPTA and PAP5 are
different. The PPTA atoms fall into two, relatively small circular regions (|y| < 1 A and |z|
< 0.75 A). In contrast, the PAP5 atom distribution is much more spread out (|y| < 0.75 A
and |z| < 1.25 A), showing that the atoms are further from the chain axis, i.e., exhibiting
a wavy conformation. The PAP5 atom distribution is also asymmetric, indicating there is
some rotation of methylene units in the yz plane; this is not observed for the PPTA.

Once strain is applied, the size and shape of the atom distribution for the PPTA changes

little, consistent with its extended conformation which accommodates strain by stretching

22



covalent bonds. However, the distribution of atoms in PAP5 becomes smaller and more
symmetric with increasing strain. This indicates that strain is initially accommodated by

elongation and rotation of the wavy chains.
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Figure 9: Position of atoms in the chains projected on the yz plane for (a) PPTA and (b)
PAP5, where the centroid of each chain is manually moved to the origin of the yz plane.
The hydrogen and oxygen atoms, and the carbon atoms in aromatic rings are excluded in
this calculation.

The initial waviness of the PAP5 explains its smaller low-strain stiffness since less force
is needed to elongate and rotate the methylene segments in PAP5 than to strain the covalent
bonds within the extended chains of PPTA. This can be confirmed by the H-bonding and
m-stacking RDF's in Figs. 7c-j. The H-bonding RDF peak position for PAP5 moves to the left
(indicating stronger intermolecular interactions due to more ordered chains) with increasing
strain as the waviness is removed. In contrast, for PPTA, the H-bonding peak position moves
to the right and broadens (indicating weaker intermolecular interactions due to the loss of
H-bond registry) as the covalent bonds within the chains are strained. A similar trend can
be found in the m-stacking RDF's at low strain in Figs. 7g-j, where the peak for PAP5 shifts
to the left and becomes narrower (strengthening m-stacking interactions) as the wavy chains
are extended.

The difference between the initial conformations of PAP5 and PPTA also explains the
larger failure strain of PAP5 than PPTA. Specifically, the larger failure strain is due to the

initial waviness of PAP5, which enables it to accommodate the initial strain by extension of
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the wavy chains such that stretching of covalent bonds does not begin until higher strains.

After the initial 5% strain, the conformations of PPTA and PAP5 are similar. Therefore,
differences in their high-strain stiffness and ultimate stress, both of which are larger for PAP5
than PPTA, cannot be directly explained by the waviness argument. It has been reported
that amide bonds contribute significantly to the chain direction elastic modulus of materials
such as cellulose and polyamides. ™8 Also, the amide group C-N bond has been identified as
the weakest bond in the polymer chain backbone of PPTA,? consistent with the observation
that failure of both PPTA and PAP5 in the chain direction occurred through breaking of the
C-N bond. Therefore, C-N bond is expected to be the limiting factor of the overall strength
of PPTA and PAP5. The average C-N bond length in PPTA is 1.44 A and is 1.43 A for
PAP5 at failure strain, suggesting that the C-N bonds in PAP5 may be slightly stronger
than those in PPTA.

A higher degree of chain alignment (less conformational freedom) is known to increase
tensile strength and elastic modulus in polymers® and the high degree of alignment of
PPTA has been attributed to intermolecular H-bonding.%'1158582 From the analysis of the
coplanarity of aromatic rings in the PPTA and PAP5 crystals at each strain (Fig. S5), it can
be seen that, before failure, the ring-ring angle increased slightly (less aligned) with strain
in PPTA but decreased (more aligned) in PAP5 as the chains transitioned from wavy to
extended before plateauing in the high-strain regime. This phenomenon contributes to the

sharp increase in the modulus of PAP5 in the high-strain regime.

Response to Strain in the Transverse Directions

The mechanical properties of PPTA and PAP5 exhibit anisotropy, as shown in Fig. 5. The
elastic modulus and ultimate stress in the x-direction (chain-direction) are expected to be
much higher than those in transverse directions since intramolecular covalent bonds resist
strain in the x-direction but do not contribute to material properties in the y- and z-directions

(directions aligned with H-bonding and m-stacking, respectively). Such anisotropy in me-
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chanical properties has been reported for many other high-performance fibers®® and explained
by the high degree of chain orientation in the axial direction.* The mechanical properties
of PPTA and PAP5 calculated from simulations of strain in the transverse directions are
summarized in Table 4. The elastic modulus of PPTA in the transverse directions were
calculated to be 8 GPa and 60 GPa in the y and z directions, respectively, consistent with

the range of 4.1-52 GPa reported in a previous study. %

Table 4: Mechanical properties calculated from simulations of strain in the y- and z-
directions.

’ Properties \ PPTA \ PAP5 ‘
y-direction
Elastic modulus (GPa) | 60 26
Yield strain (%) 30 |65
Yield stress (GPa) 1.21 1.55
Failure strain (%) 24.3 24.8

Ultimate stress (GPa) | 1.31 0.90
z-direction
Elastic modulus (GPa) | 8.4 13.2

Yield strain (%) ~5.5 | ~6.2
Yield stress (GPa) ~0.43 | ~0.68
Failure strain (%) 25 19

Ultimate stress (GPa) | 0.72 0.99

The stress-strain curves and RDF's for strain in the y-direction are shown in Fig. 10, with
corresponding snapshots in Fig. 11. Strain in the y-direction is primarily accommodated by
the H-bonds between the chains. Therefore, as the crystal is strained, the peak of the H-
bonding RDF's decreases in height and shifts to the right in Figs. 10c-f, indicating weakening
and then breaking of H-bonds. The m-stacking RDF peak shifts to the left with increasing
strain, as shown in Figs. 10g-j. This reflects Poisson contraction in the z-direction.

In the y-direction, both the Young’s modulus and ultimate stress are larger for PPTA
than for PAP5. PPTA has stronger H-bonding than PAP5 due to the more favorable chain
conformations of PPTA; this conclusion is also supported by the experimental work of Desh-

mukh et al.! Since y-direction strain is in the direction of the H-bonding, the higher stiffness
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and strength of PPTA are directly attributable to its stronger intermolecular H-bonding.
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Figure 10: Stress-strain behavior (a and b) and RDF profiles and heat maps for H-bonding
(¢, d, e, and f) and m-stacking (g, h, i, and j) for PPTA (a, ¢, d, g, and h) and PAP5 (b, e, f,
i and j) strained in the y-direction. The RDFs are normalized by the number of bonds per
unit cell. Movies showing the evolution of the stress and RDF distributions as well as the
time evolution of the models are available in the Supplemental Information.

Unlike the x-direction behavior, the crystals exhibited a yield point when strained in
the y-direction. Yield occurred at a higher strain and larger stress for PAP5 compared
to PPTA, so this trend could not be explained by H-bonding. However, analysis of the
deformation (see movies in Supplemental Information) indicated that yield occurred through
different mechanisms for these two polymers. For PAP5, yield occurred through breaking of
its relatively weaker H-bonds while, for PPTA, the strong H-bonds resisted breaking and,
instead, inter-sheet slip occurred at the yield point (see Supplemental Information Fig. S6).
Inter-sheet slip resulted in a step-change reduction in the ring-ring angle, which brings the
pi-pi stacking into better registry. No such mechanism is active in PAP5, which instead
yields by H-bond breaking. Hence, the stress at which slip occurs in PPTA is lower than the
stress for H-bond breaking in PAP5.

The stress-strain response and RDF's for strain in the z-direction are shown in Fig. 12,
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Figure 11: Snapshots of (a) PPTA and (b) PAP5 while strained in y-direction with a strain
rate of 1x10° st at 0, 5, 7.5, 10, 12.5 and 20% strains with the Liu force field as viewed from

the x- and z-directions. Snapshots correspond to the solid circles on the stress-strain plots
in Fig. 10.

with simulation snapshots in Fig. 13. The response of the polymers to strain in the z-
direction is dominated by the 7-stacking interactions between adjacent sheets. So, there is
little change in the H-bonding RDFs with strain (Figs. 12¢c-f). In the m-stacking RDFs, the
peak is observed to initially shift to the right (0-5% for PPTA and 0-10% strain for PAP5),

corresponding to increasing distance between the sheets (Figs. 12g-j).

This trend continues until failure for PAP5. However, at about 8% strain, the PPTA
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chains buckle at alternating amide linkages (Fig. 13a). This results in a split of the m-stacking
peak for PPTA into two (Figs. 12h) since the buckling causes some aromatic rings to move
closer together and others farther apart (Fig. S7). In contrast, the sheets move gradually
apart until around 20% strain, at which point they separate in the middle leaving two groups
of sheets with approximately equilibrium rw-stacking distance (Fig. 13b and 12j). These
different behaviors of PPTA and PAP5 in response to z-direction strain can be attributed to
the better coplanarity of the PAP5 (Fig. S8), which corresponds to stronger intermolecular
m-stacking interactions that enable it to resist buckling.

The Young’s moduli in the z-direction of PPTA and PAP5 are the smallest among the
three directions of strain (x, y and z) because m-stacking is weaker than covalent bonding
(that resists strain in x) and H-bonding (that resists strain in y). In the z-direction, the
stiffness of PAP5 (13 GPa) is slightly larger than that of PPTA (8 GPa). This high stiffness
of PAP5 is explained by the fact that its aromatic rings are more coplanar (Fig. S8), which
corresponds to stronger intermolecular m-stacking interactions and increases the modulus in
the z-direction.

As seen in Figs. 12a-b, PAP5 exhibits a failure strain at 20%, but PPTA does not fail
until 25% strain. This is because the buckling in PPTA accommodates some of the strain.
In the m-stacking RDFs of PPTA (Figs. 12g-h), the average distance decreases with strain
but the width of the peak dramatically increases, corresponding to the loss of 77 registry
due to strain-induced buckling (Fig. 13a). This loss of m-7 registry and lower coplanarity
weakens the m-stacking interactions, which results in the smaller ultimate stress of PPTA

(0.72 GPa) than that of PAP5 (0.99 GPa).
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Figure 12: Stress-strain behavior (a and b) and RDF profiles and heat maps for H-bonding
(c, d, e, and f) and w-stacking (g, h, i, and j) for PPTA (a, ¢, d, g, and h) and PAP5 (b,
e, f, i, and j) strained in the z-direction with Liu force field. The RDFs are normalized by
the number of bonds per unit cell. Movies showing the evolution of the stress and RDF
distributions as well as the time evolution of the models are available in the Supplemental

Information.

0.6

29

=)
-

0.5

Stress (GPa)

0.0

0 5 10 15

Strain (%)
e) 0.6 25% strain f) 35
%05 \
E,,0.4
5 0.3
9 0.2
T0.1 |
O.g‘, £ NE
i) o5
S04
go.
203
5 0.2
o1

0%

0.0
25 3.0 35 4.0455.0
Radius (A)

Strain (%)



. B _ - )
g S T TR 0% L gt Lt T s
ettt 5% et v Sirietu oo s NI
-‘W 10% SHRIP OB B r B o
fw "I nalki me'
% 20% R i

e A ey A
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Fig. 12.
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Conclusions

Molecular dynamics simulations were used to study two polyamides, PPTA and PAP5. To
ensure accurate modeling of these materials, seven different reactive and two non-reactive
force fields were evaluated based on their ability to reproduce the unit cell lattice parameters
of the polymer crystals as well as H-bonding and 7w-stacking distances within the crystal
structure. Stress-strain simulations were performed with the force fields that were most
accurate in terms of static properties. The results indicated that the ReaxFF force field
developed by Liu was best for studying structure-property relationships of PPTA and PAP5.
The mechanical properties of the two polymer crystals were calculated, compared to each
other and, for PPTA, compared qualitatively to previously reported experimental data.
For strain in the chain-direction, it was found that the ultimate stress and failure strain
of PAP5 were larger than those of PPTA, but the low-strain elastic modulus of PAP5 was
smaller. These trends were investigated in terms of the waviness at different strains, as well
as intramolecular amide and H-bond densities. One key difference between PPTA and PAP5
was found to be the initial (zero strain) conformation which was extended for PPTA and
wavy for PAP5. The loose conformation of PAP5 gave it an additional degree of freedom that
could accommodate low strain (up to about 4%) without stretching covalent bonds within
the chains. This resulted in a smaller stiffness at low strains and a larger failure strain for
PAP5 than PPTA. However, different mechanisms explained the high strain behavior leading
to a larger high-strain stiffness and ultimate stress for PAP5 than PPTA. This difference
was attributed to better alignment of PAP5 chains in the strained conformation.
Simulations of strain in the transverse directions demonstrated significant anisotropy
of the mechanical properties, reflecting the anisotropic material structure. In both of the
transverse directions, where intermolecular interactions (H-bonding and mw-stacking) were
dominant, the stiffness and ultimate stress of the crystals were much lower than those in
the chain direction which were determined primarily by intramolecular interactions. The

y-direction strain response was dominated by H-bonding between adjacent chains. The
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stronger H-bonding of PPTA resulted in higher stiffness and larger ultimate strength than
PAP5. Both crystals exhibited yield in response to strain in the y-direction. However,
yielding of PPTA was due to inter-sheet slip and the yield strength was lower than that
of PAP5 where yielding was associated with breaking of H-bond interactions. Strain in the
z-direction was accommodated by 7-stacking interactions. In this direction, PPTA had lower
stiffness and ultimate stress than PAP5. This was explained by the coplanarity of the rings
in PAP5 which resulted in stronger m-m interactions, as well as buckling of the PPTA chains
in response to strain in the z-direction.

Overall, this study demonstrated the importance of force field selection for accurate mod-
eling of polyamides. The force field evaluation also emphasized that models that accurately
capture the commonly studied PPTA may not necessarily be suitable for polyamides gener-
ally. However, the fact that one of the force fields was suitable for both PPTA and PAP5
suggests that it may be suitable for other polyamides as well. Further, the comparison of
PPTA to PAP5 reported here highlighted how small changes in the polymer structure, in
this case substituting an aromatic linker for an aliphatic linker, can have dramatic effects on
mechanical properties. Understanding the atomistic mechanisms underlying stress-strain be-
havior can enable identification of polymers with desired and potentially tunable properties

for a variety of emerging applications.
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Supporting Information

Movies showing the evolution of the stress and RDF distributions as well as the time evo-
lution of the PPTA and PAPS5 strained in the x, y, and z-directions (Movies S1-6). Figures
including comparison between step-wise stretching and continuous stretching approaches at
four different strain rates (Figure S1); snapshots of PPTA strained in the z-direction before
and after inter-chain slip occurs with the OPLS potential (Figure S2); snapshots of PPTA
with the Liu and Vashisth potentials at 8% strain in the z-direction (Figure S3); lattice
parameters and stress of PAP5 as functions of time during stretching and relaxation pro-
cesses (Figure S4); stress and ring-ring angle of PPTA and PAP5 as functions of strain in
the x-direction (Figure S5); inter-sheet slip, stress, and ring-ring angle of PPTA and PAP5
as functions of strain in y-direction (Figure S6); snapshots of ring pairs of PAP5 strained in
z-direction at 25% (Figure S7); proximity and coplanarity RDFs of PPTA and PAP5 before

stretching in the z-direction (Figure S8).
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