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Effect of Aliphatic Chain Length on the
Stress-strain Response of Semi-aromatic

Polyamide Crystals

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

Gopinadhan ,*and Ashlie Martini *1

tDepartment of Mechanical Engineering, University of California-Merced, 5200 N.
Lake Road, Merced, California 95343, United States
T Corporate Strategic Research, ExxonMobil Research and Engineering Company, 1545
Route 22 Fast, Annandale, New Jersey 08801, United States
E-mail: amartini@ucmerced.edu

Reactive molecular dynamics simlﬁagisgﬁgcvaere used to model poly(p-phenylene
terephthalamide) and related aromatic-aliphatic polyamides derived from p-phenylene
diamine and aliphatic diacids with different numbers of carbon atoms in the aliphatic
chain (5, 6, 7, or 8). Tensile strain was applied to each polymer crystal in the chain di-
rection and the mechanical response was characterized. All the polymers with aliphatic
segments exhibited strain hardening, transitioning from an initial (low-strain) linear
regime to a second (high-strain) linear regime. The modulus at high strain was similar
for all polymers, but the modulus calculated at low strain decreased with increasing
aliphatic chain length. The decrease in the low-strain modulus with increasing chain
length was explained by the observation that polymers with longer aliphatic chains

were wavier (i.e., deviated more from the fully extended conformation) in the quiescent
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state such that they could accommodate low strain without deforming covalent bonds.
Extension of wavy chains occurred through an intra-chain process for all polymers,
quantified by the bond dihedral angles. In addition, for polymers with an even number
of non-aromatic carbons, the strain response involved slip between chains within the
hydrogen bonded sheets. The ultimate stress of the polymers exhibited an odd-even
effect (even polymers were weaker) which was explained by differences in hydrogen
bonding and ring-ring coplanarity prior to failure; polymers with an even number of
carbon atoms had less favorable H-bonding and poorer ring alignment. The results
revealed direct correlations between aliphatic chain length, intra- and inter-chain in-

teractions, and the mechanical properties of polyamide crystals.

Introduction

Aromatic polyamides (i.e., aramids), the most famous of which is poly(p-phenylene tereph-
thalamide) (PPTA), are well-known for their excellent mechanical properties (superior strength-
to-weight ratio and flexibility),™ thermal stability (thermal decomposition temperature of
500° C),** and chemical resistance (to acid, alkali and organic solvents).”™ These proper-
ties make PPTA ideal for many different uses, including aerospace and military applications
(e.g., bulletproof body armor fabric and ballistic composites) where performance-to-weight
ratio is critical 202

However, there are limitations of PPTA, primarily associated with processability due
to its high melting temperature (~500 °C) and poor solubility (only soluble in aggressive
polar solvents, such as concentrated sulfuric acid). These make the processing of PPTA
challenging, expensive, and environmentally unfriendly, and directly limit its broader appli-
cation 412
Extensive research has been conducted to develop materials with properties comparable

to PPTA but with potentially better processability.“” The high melting temperature of PPTA

is a result of its rigid and extended conformation, which is due to the rigidity of the aramid



backbone and strong intermolecular interactions—hydrogen bonding (H-bonding) and 7-
stacking. M*21"24 A variety of methods have been attempted using chemical modification to
lower the melting temperature, including introducing bulky, packing-disruptive groups into
the polymer chain or as side-groups, incorporating flexible groups into the polymer backbone,

25H32

and using meta-substituted or otherwise asymmetric monomers. One such approach is

to combine the rigidity of aromatic moieties and the flexibility of aliphatic moieties to create
so-called aromatic-aliphatic polyamides.H#20:33758

It is expected that even minor changes in the molecular structure of the aromatic-aliphatic
polyamides might significantly affect the mechanical behavior. For example, longer spacer
lengths for a given aromatic amide system leads to a reduction in hydrogen bond den-
sity which will lower the melting temperature.”! However, experimentally studying this
relationship for polyamide crystals is difficult and time-consuming, and requires sensitive
equipment.®#?4% Obtaining large single crystal materials is challenging (slow evaporation of

solvent is used to get large single crystals for modulus measurements™*4~)

, and the morphol-
ogy of the polymers is complicated due to the presence of amorphous contributions (e.g.,
non-crystalline regions and defects). In addition, it is difficult with experimental techniques
to distinguish the relative contributions of intramolecular (e.g., covalent bonds) interactions
and intermolecular interactions (e.g., H-bonding and m-stacking) to bulk mechanical prop-
erties.**

To overcome these limitations, experimental methods have been complemented by molec-
ular dynamics (MD) simulations to study materials at the atomistic scale.” MD simulations
can help interpret experimental results, guide the development of new experimental methods,
and provide useful information about both the dynamic and static properties of molecular
systems.*™ 4 MD simulations have been successfully applied to study aromatic-aliphatic
polyamide crystals, including the role of aliphatic and aromatic groups on intermolecular in-

teractions, free volume, and glass transition temperature, 4% the origin of melting,** and the

influence of methylene segments on crystal packing and chain conformation.™! Understanding



the relationship between chemical structure and the emergent physical properties will enable
chemists to synthesize polymers with desired thermo-mechanical properties. However, MD
simulations have not been used to understand the effect of the length of flexible aliphatic
moieties on the mechanical properties of semi-aromatic polyamide crystals. In our previous
study,*” we compared PPTA with one PPTA-related aromatic-aliphatic polyamide, PAP5,
where 5 refers to the number of carbon atoms in the diacid monomer used in the reaction
with p-phenylene diamine. The results showed that some mechanical properties (tensile
strength and failure strain) of PAP5 were superior to those of PPTA.

Here, we extended our previous study by modeling PPTA and a homologous set of PPTA-
related aromatic-aliphatic polyamides—PAP5, PAP6, PAP7, and PAP8—with 5, 6, 7 or 8
carbon atoms in the diacid monomer. The goal was to characterize the effect of aliphatic
chain length on mechanical properties and then correlate differences between polymers to
intra- and inter-molecular interactions. Reactive MD simulations showed that the polymer
crystals had lower stiffness in the chain direction at low strain than high strain, and the length
of the aliphatic segment affected both the low-strain elastic modulus and ultimate stress.
The difference between low- and high-strain behavior was attributed to the configurations of
the chains in the quiescent state and the aliphatic chain length effect was found to be caused

by both intra- and intra-chain processes.

Methods

The polymer crystal models were initially constructed using Materials Studio.”® Unit cell
dimensions were initialized based on the models for PPTA and PAP5 derived by Ref. [11
using a combination of X-ray scattering and molecular modeling (albeit with a different
force field than the one used herein). The crystal structures of PAP6 (which is reported
in Ref. [11)) and PAP7 and PAP8 (for which there is no experimental data) were initialized

based on the lattice parameters of PAP5 by simply extending the aliphatic chain length



and the unit cell in the chain direction (c-axis) correspondingly. This approach reproduces
the salient intra- and intermolecular features of the structures elucidated in Ref. 11. All
five polyamide crystals exhibit two-dimensional, alternately sheared H-bonded sheets («
form) with the carbonyls on each diacid oriented in the same direction for the odd polymers
(PAP5 and PAPT) and in opposite directions for the even polymers (PAP6 and PAPS).
Moreover, the c-axis dimensions of PPTA, PAP5, and PAP6 agree quantitatively (within
1 A) and comprise the same number of repeats, indicating that the chain conformation,
particularly those of the aliphatic segments, are consistent with the literature. There are
some differences in the positions of the aromatic rings. Ref. [11] reports an alternating twist
of the phenyl rings and a translation along the c-axis (pseudomonoclinic), which our model
does not include. Nevertheless, both models exhibit -7 registry between neighboring chains.
Having no experimental basis for initializing the crystal structures of PAP7 and PAPS,
we elect to preserve the aforementioned features by using the same scheme for all four
semiaromatic polyamides.

The lattice parameters of the initial unit cells are given in Table S1. The chemical
formulas and atomic-scale models of the PPTA and PAP5-PAPS8 unit cells are shown in
Figure|l] The chain direction was aligned with the x-axis (corresponding to crystallographic
axis ¢), and the H-bonding and 7-stacking directions were aligned with the y- and z-axes,
respectively. The unit cell was then replicated in the x-, y- and z-directions to create larger
simulation boxes (4x4x4) to maintain MD simulation fidelity while maximizing the com-
putational efficiency, as demonstrated in our previous work.“*? Periodic boundary conditions
were applied in all three directions to mimic ideal crystalline polymers with infinite chain
length and without defects or chain ends. Although the models in this study are approx-
imations of realistic crystalline polymers that have finite length chains with defects and
chain ends, the results here represent upper bounds on the mechanical properties and the
simulation methods developed form the basis for more realistic models.

In our previous study,*® two non-reactive force fields (Optimized Potentials for Liq-



uid Simulations, OPLS®! and Consistent Valence Force Field, CVFF?4) and seven different
ReaxFF parameterizations were tested for PPTA and PAP5. The results indicated that the
ReaxFF force field developed by Liu®? was best for studying structure-property relationships
of PPTA and PAP5. Since the structure of PAP6, PAP7, and PAP8 are similar to PPTA
and PAP5, we used ReaxFF with the Liu force field for the simulations here.

All the MD simulations were carried out using the open-source MD simulation package

LAMMPS (Large-scale Atomic/Molecular Massively Parallel Simulator).”* 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 thermostat®®
and barostat® with damping parameters of 25 fs and 250 fs, respectively. Energy mini-
mization was performed after the unit cells were replicated. Then, each polymer crystal
was equilibrated by running simulations 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 unit cell lattice parameters of the equilibrated polymers are shown
in Table S2. The magnitude of the unit cell dimensions, a, b, and ¢, each changed by about
2% on average after NPT equilibration. The largest single change was a 4.5% decrease in
the a dimension of PAP5. The unit cells remain nearly monoclinic but take on some triclinic
character. The lattice angles o and 8 each change by about 4% on average remain between
80° and 90°. The largest change in the unit cell parameters is in v, which decreases by 1%
for PPTA and 14% on average for the four aromatic-aliphatic polyamides. In summary, the
chain packing in the backbone and H-bonded directions are only modestly changed, while
the 7-7 stacking planes are sheared slightly for an average decrease in unit cell volume of 1%
for PPTA and 6% for the aromatic-aliphatic polyamides. Next, the system was stretched in
the chain direction (x-direction) with a strain rate of 1x10? s! until the total strain reached
25% (true strain). The details of the method were reported in our previous paper.*? The

low-strain elastic modulus was calculated by applying a linear fit to the stress-strain data

from 0-2% strain, and the high-strain modulus was calculated from the last 5% strain before



failure. The ultimate stress was the stress at the failure strain. These simulations were
repeated three times independently with different random velocity seeds before the NPT
simulation.

Lastly, a separate set of simulations was run to model the stress-strain response of in-
dividual polyamide chains. All the chains, except the one in the center of the crystal, were
removed from the last trajectory of each 4x4x4 model after equilibration in the NPT ensem-
ble. Then, strain was applied to the single chain in the x-direction using the same approach

as described above for the crystals until 25% true strain was reached.

Results and Discussion

The stress response of each aromatic-aliphatic polyamide crystal to strain in the chain-
direction is shown in Figure 2h. The moduli of the crystals are shown in Figure 2b. All
crystals exhibited strain hardening, transitioning from a low-strain linear regime to a high-
strain linear regime. In Figure [2b, the low-strain and high-strain moduli are plotted as
functions of the number of non-aromatic carbons in the polymer repeating unit. At high-
strain, the modulus is essentially independent of the number of non-aromatic carbon atoms.
This result is consistent with the fact that, at high strain, the modulus is mediated by
deformation of covalent backbone bonds, and the bond stiffnesses are similar in all five
polymers.

In contrast, the low-strain modulus decreases with increasing number of non-aromatic
carbon atoms (Figure [2b). In our previous study of PPTA and PAP5,%? we found that low
strain behavior could be correlated with chain waviness (a simple average metric related to
the departure from fully extended chain conformations) because wavy chains can accommo-
date strain without deformation of covalent bonds. Waviness can be quantified from the
distribution of the atoms in the polymer in the plane transverse to the chain direction, i.e.,

the yz plane. Figure|3j is a representative plot of the positions of the non-aromatic backbone



atoms in PAP7 with respect to the centroid of each chain, from zero strain to failure. At low
strain (darker blue), the atoms are far from the centroid, indicating a wavy structure. Then,
as strain increases (lighter blue), the chain is extended, and the atoms are found closer to
the centroid. Similar behavior was exhibited by the other polymers (see Figure S1)

Waviness was calculated as the radius of a circle that encompasses 90% of the atomic
coordinates closest to the center of the chain such that a larger radius corresponds to atoms
further scattered from the centroid and wavier chain. The results for all polymers are shown
in Figure [Bb, where waviness at 0% strain, Ry, increases with number of non-aromatic
carbons. To confirm the use of a radius to approximate distribution size was reasonable
even for non-circular atom position distributions, we also calculated the area of an oval fit
to the positions of the 90% innermost non-aromatic carbon atoms and nitrogen atoms. Like
the radius, the area of the best-fit oval increased with number of non-aromatic carbons (see
Figure S4). The increasing trend of waviness is due to the methylene groups acting as spacers
between the hydrogen-bonded amide groups, which increases the conformational freedom of
the polymer chains.™ 8 The strong negative correlation between the low-strain modulus and
waviness is shown in Figure [Bp.

In Figure [2| except for PPTA, all of the polymers exhibit a change in slope between
low and high strain in the stress-strain curve. Also, for some polymers, there is a second
inflection or shoulder, after the slope change, in the stress-strain curve. To explore the origin
of this behavior, stress-strain simulations were performed for single chains taken from the end
of the NPT equilibration simulation of each crystal before stretching. Two representative
comparisons between crystals and single chains, for PAP6 and PAP7, are shown in Figure [4]
Both single chains and crystals exhibit lower stiffness at low strain than at high strain, with
the increase in stiffness occurring around 5% strain, indicating that this behavior is due to
intra-chain processes. For PAP6 (Figure [fh) and PAP8 (Figure S2e), the second inflection
or shoulder after the initial slope change in the stress-strain curve is only observed for the

crystals, not the single chains. This indicates that the second transition in the stress-strain



response of the even polymers is due to inter-chain effects.



Figure 1: Initial unit cells of (a) PAP5, (b) PAP6, (c) PAP7, (d) PAPS, and (e-f) PPTA. The
orthogonal directions (x, y, and z) and lattice constants (a, b, and c) are defined with respect
to the perspective view of the PPTA. Atom colors correspond to: oxygen, red; nitrogen, blue;
carbon, gray; and hydrogen, white.
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Figure 2: (a) Stress-strain curves for 4x4x4 polyamide crystals strained from 0 to 25% strain.
The shaded areas reflect standard deviations calculated from three independent simulations.
(b) Low-strain and high-strain modulus as functions of the number of non-aromatic carbons
in the polymer repeating unit. Low-strain modulus is calculated from the slope of stress-
strain curve from 0 to 2% strain. High-strain modulus is calculated from the last 5% strain
before failure. Dotted lines are guides to the eye.
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Figure 3: (a) Positions of atoms in the chains projected on the yz plane for PAP7 as a
function of strain, where the origin corresponds to the centroid of each chain. Similar plots
for the other polymers are shown in Figure S1. Waviness is quantified as the radius Ry of
a circle encompassing the coordinates of 90% of the inner-most non-aromatic carbon atoms
and nitrogen atoms. (b) Low-strain modulus as a function of the waviness at 0% strain. The
error bars reflect the standard deviations calculated from three independent simulations.
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Figure 4: Stress-strain response of single chain (orange) and crystal (black) forms of (a)
PAP6 and (b) PAP7. The single chain is taken from the end of the NPT equilibration
simulation of each crystal before stretching. The force per chain is calculated as the total
stress multiplied by the cross-sectional area of the simulation box (orthogonal to the strain
direction) and then divided by 32 chains for the crystal and 1 for the single chain. Similar
trends for PAP5 and PAP8 are shown in Figure S2. The shaded areas reflect standard
deviations calculated from three independent simulations.
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To understand how inter- and intra-chain interactions affect the stress-strain response of
the crystals, the movement of the atoms and aromatic rings was characterized in terms of
rotation of dihedral angles and inter-chain slip. First, dihedral rotation was quantified as the
dihedral angles (HNCO, NCCC, and OCCC) in the backbones of the chains. The change
of the dihedral angles during stretching relative to the equilibrated state at zero strain is
plotted as a function of strain in Figure f] For PAP5-PAP8, the NCCC dihedral angles
increase and the OCCC angles decrease gradually in the low-strain regime as the energy
barriers for bond rotations are overcome.?* The gradual increase in stiffness at low-strain
exhibited by all polymers, except PPTA, correlates well with changes in the dihedral angles,
indicating that small strains are accommodated by straightening wavy chains, i.e., backbone
bond rotation. Then, the dihedral angles abruptly increase to near 180° or decrease to near
0° , corresponding to full extension of the chains, and remain constant until failure. The
strain at which these rotational modes are exhausted corresponds closely with the transition
out of the low-strain regime for all four aromatic-aliphatic polyamides. In contrast, PPTA
adopts the lowest energy fully extended (all-trans) conformation at zero strain, and thus
does not undergo conformational rearrangements under tensile deformation.

The predominant inter-chain mechanism observed in the simulations is slip between the
chains within each hydrogen-bonded sheet. Inter-chain slip was quantified by the change of
average distance (relative to the zero strain distance) in the x-direction between the centers
of mass of each pair of adjacent aromatic rings stacked in the z-direction. For PPTA, PAP5,
and PAP7, the slip remains at zero until failure. However, for PAP6 and PAP8 (animations
in Movie S1), the chains undergo a discrete slipping event (the magnitude of which is ~0.5
A) at the strain corresponding to the second inflection point in the stress data. After this
slip event, the relative positions of the chains remain stable until failure.

The key morphological difference between the even and odd polyamides is the geometry of
the H-bonding. The even polymers exhibit a parallelogram H-bonding structure that is less

stable than the trapezoid structure of polymers with an odd number of carbon atoms;** ! see
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Figure S5 for representative snapshots of these structures. This so-called odd-even effect??¢=

has been observed in the elastic properties of polymers including a,w-alkanedicarboxylic

0209 The greater stability of the odd polymers manifests in the strain

acids® and polyesters.
dependence of the crystal unit cell lattice parameter in the H-bonding direction, b (see
Figure for lattice parameter assignments). As shown in Figure @a, tension in the chain
direction caused compression of the lattice in the H-bonding direction for all polymers,
corresponding to a gradual decrease of b with strain. This decrease continued for the odd
polymers until failure. However, for the even polymers, the lattice constant b abruptly
increased at the strain at which inter-chain slip was observed, and then decreased again
until failure. The abrupt change of lattice constant b with strain for PAP6 and PAPS is
consistent with the H-bonding trends. A comparison between the average H-bond length
and -7 slip in Figure S6 shows that the H-bond length change occurs immediately before
the 7-m slip for PAP6 and PAPS8. This indicates that the m-7 slip is driven by an abrupt
change in the configuration of the H-bonded sheets.

Odd-even effects have also been observed in ultimate properties.®*%® As shown in Fig-
ure [6b, aromatic-aliphatic polyamides with an even number of carbon atoms have lower
ultimate stresses. In all cases the reactive simulations predict that failure occurs by break-
ing the N-C(O) bond in the amide. Density functional theory (DFT) calculations were used
to probe the bond dissociation energies (BDEs) of the N-C(O) in single repeat units of
PPTA and a representative fragment of an aromatic-aliphatic polyamide (Figure S7). The
DFT results showed that the aliphatic segment does not affect bond strength, suggesting the
observed odd-even trend in ultimate stress is an inter-chain effect.

Figure 4] and Figure S6 clearly implicate intermolecular interactions for the enhanced
strength of the odd polymers. The odd polymer crystals exhibit higher strains and stresses
per chain at failure than their single-chain counterparts; on the contrary, the failure prop-
erties of the crystals and single chains of the even polymers are indistinguishable. The less

stable H-bond structure of the even polymers is one contributing factor. In Figure [6h, prior
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Figure 5: Stress, inter-chain slip, and dihedral angles as functions of strain of (a) PPTA, (b)
PAPS5, (c) PAP6, (d) PAP7, and (e) PAP8. Two of the carbons in the NCCC and OCCC
dihedrals are aliphatic and one is the amide carbonyl. Data is shown only until failure for
each crystal. Illustrations of the ring-ring distance and the dihedral angles are shown in the
lower right corner of the figure. The HNCO dihedral angle distributions are similar for the
different polymers (158 4+ 7°) at low strains. This angle increases slightly with increasing
strain before failure, but the change is very small compared to that exhibited by the other
dihedral angles (see Figure S3).

to failure, the lattice constants b of even polymers are larger than those of the odd polymers,
implying that the H-bonds are correspondingly weaker and thus H-bonding contributes less
to resisting failure in the even polymers.

It has also been shown that ring-ring interactions (m-stacking) affect the ultimate prop-
erties of polyamides, and the strength of these interactions is related to the coplanarity of
the rings.#¥67 The coplanarity of the rings is quantified here by the angle between each pair
of aromatic rings in adjacent chains (see inset to Figure [6b) averaged over the last 2% strain

before failure. Coplanarity is plotted as a function of the number of non-aromatic carbons in
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the polymer repeating unit in Figure [6b, where small ring-ring angles correspond to better
registry between the aromatic rings (high coplanarity). The ultimate stress and coplanarity
of the polymers exhibit consistent trends where polymers with poorer registry (weaker 7-m
interactions) have lower strength. The less stable inter-chain interactions of the even poly-
mers is also seen in Figure S2 where the force per chain and failure strain are significantly
higher in crystals vs. single chains for odd polymers (PAP5 and PAPT), but there is no

statistical difference for even polymers (PAP6 and PAPS).
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Figure 6: (a) Lattice constant in the H-bonding direction, b, for the polymer crystals as
a function of strain in the x-direction (chain direction). Data is shown only until failure
for each crystal. The shaded areas and errors bars reflect standard deviations from three
independent simulations. (b) Ultimate stress and ring-ring angle (averaged over the last 2%
before the stress drop for each polymer) as functions of the number of non-aromatic carbons
in the polymer repeating unit. The inset schematic defines ring-ring angle.

Finally, it is important to note that the stresses in the simulations are higher than those
achievable in experiments.*"5 This is because our model systems have aligned infinite
chains (single crystal) without defects (e.g., no chain ends or impurities) or nucleation sites
for fracture, which maximizes material strength. In addition, higher order structures that are
present in real materials, such as fibrils, amorphous material, as well as chain and/or crystal
misorientation, are expected to negatively affect the mechanical properties. Nonetheless, the

trends reported here reflect limiting behavior and can be used to understand the effect of the
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alkyl chain length. Further, the high strain rates of the simulations are necessitated by the
inherently short timescale of the simulation method,™ "™ and have been reported to result
in higher predicted strength and modulus. This strain rate-dependence has been attributed
to the (in)commensurability between the rate of deformation and the frequency of molecular
processes.” Although only a limited strain rate range could be tested in the simulations due
to the short timescale inherent to reactive force fields, we performed stress-strain simulations
for the crystals at two additional strain rates, 1x10% s* and 1x10'° s!. As shown in Figure
S8, the transitions from low- to high-strain regimes shifted to higher stresses with increasing
strain rate, which is qualitatively consistent with the effect of strain rate on the yield point of
semicrystalline™ and amorphous polymers. ™ However, the trends exhibited by calculated
mechanical properties, shown in Figure S9, were similar at the three strain rates. Specifically,
at all strain rates tested, the low-strain modulus decreased with increasing number of non-
aromatic carbons, the high-strain moduli were insensitive to the number of non-aromatic
carbons and were higher than the low-strain moduli, and the ultimate stress exhibited odd-

even effect.

Conclusions

Molecular dynamics simulations were performed to study the stress-strain response of PPTA
and four related aromatic-aliphatic polyamides with different numbers of non-aromatic car-
bons in the polymer repeating unit. Two distinct linear stress-strain regimes were observed.
It was found that the subtle differences between these polymers lead to distinct elastic
and ultimate properties. The low-strain modulus (calculated from 0-2% strain) decreased
with increasing aliphatic chain length while the high-strain modulus (calculated from the
last 5% strain before failure) was independent of the aliphatic chain length. The trend of
low-strain modulus was explained in terms of the departure from the extended chain con-

formations—waviness—of the polymers at zero strain. Longer aliphatic chains increased the
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conformational freedom of the chains and thus the waviness of the polymers, which finally
decreased the low-strain modulus. The transition from low to high strain behavior was
correlated with changing of dihedral angles as the chains were extended, so this behavior
was due to intra-chain effects. It was also observed that polymers with an even number of
non-aromatic carbon atoms exhibited a discrete inter-chain slip mechanism at the transition
between the wavy and extended conformation, which was explained by the instability of the
H-bonding structure in these polymers. A similar odd-even effect was observed at failure,
where even polymers had lower ultimate stress. Coplanarity of the aromatic rings corre-
lated well with the trend of ultimate stress, i.e., less coplanar rings (larger ring-ring angle)
corresponded to lower ultimate stress.

Generally, the results reported here show that aromatic-aliphatic polyamides can be
designed with mechanical properties comparable to or better than PPTA, yet even subtle
differences in chemical composition can have strong implications for the mechanical response.
Further, the correlations between structure and mechanical properties identified herein, as
well as the simulation-based approach, may be extended to other similar polymers to enable

tuning of mechanical properties through chemical modification.

Supporting Information

Movies including the strain simulations of all polymers shown from the y-direction (H-bond
direction, Movies S1) and x-direction (chain-direction, Movies S2). Tables including the
initial unit cell lattice parameters of the polymers (Table S1) and post-NPT unit cell lattice
parameters of the polymers (Table S2). Figures including positions of the non-aromatic,
backbone atoms in the chains projected on the yz plane (Figure S1); stress-strain response
of single chain and crystal forms (Figure S2); stress and HNCO dihedral angle as functions of
strain (Figure S3); waviness of the polymers calculated as the radius of best fit circle and the

cross-sectional area of the chains calculated from of the best fit oval of the atom distribution
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(Figure S4); representative snapshots of trapezoid and parallelogram structures in the back-
bones of odd and even polymers and corresponding H-bonds (Figure S5); average H-bond
length (N-O distance) and inter-chain slip during stretching (Figure S6); truncated poly-
mer models used to compute the bond dissociation energy (BDE) (Figure S7); stress-strain
curves of the polyamides at three different strain rates (Figure S8); mechanical properties
as functions of the number of non-aromatic carbons in the polymer repeating units at three

different strain rates (Figure S9).
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