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Abstract

Molecular dynamics simulations of the tensile ultimate properties of polymer crys-

tals require use of empirical potentials that model bond dissociation. However, fully

reactive potentials are computationally expensive such that reactive simulations cannot

reach the low strain rates of typical experiments. Here, we present a hybrid approach

that uses the simplicity of a classical, non-reactive potential; information from bond

dissociation energy calculations, and a probabilistic expression that mimics bond break-

ing. The approach is demonstrated for poly(p-phenylene terephthalamide) and, with

one tunable parameter, the calculated tensile ultimate stress matches that obtained us-

ing a fully reactive simulation at high strain rates. Then, the hybrid simulations are run
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at much lower strain rates where the ultimate tensile stress is strain rate independent

and consistent with the expected experimental range.

Introduction

Crystalline polymers are important for various applications due to their combination of high

strength and low weight. The prototypical example is poly(p-phenylene terephthalamide)

(PPTA), which has very high ultimate tensile stress in the range of 2 to 5 GPa1 with a low

density between 1.45 and 1.5 g/cm3.2,3 However, research is still ongoing to further improve

the tensile ultimate properties of PPTA4 or to combine it with other materials to create

composites.5–7

Quantum mechanics and molecular modeling techniques, such as density functional the-

ory (DFT) and molecular dynamics (MD) simulations, are important tools for understanding

the tensile ultimate properties of polymer crystals. For instance, DFT has been used to study

the role of the central N atom of the PPTA monomer in the strength of the polymer un-

der compression8 and the relationship between inter-chain hydrogen bonds (H-bonds) and

PPTA’s ultimate tensile strength.9 MD simulations of PPTA have been conducted to study

stress-strain behavior10–12 and to model bond scission.10,13,14

MD simulations that involve bond scission are of particular interest15,16 because they can

be used to understand and possibly suggest ways to improve polymer strength.17,18 This type

of simulation necessarily has a reactive force field that captures the breaking and formation

of chemical bonds. The most common reactive force field for polymers is ReaxFF,19 which

provides both accuracy and, in some cases, transferability.20,21 However, the number of

equations, parameters, and correction terms in ReaxFF make it a computationally expensive

model. Additionally, the typical time step for ReaxFF is between 0.05 and 0.5 fs, smaller

than the 1-2 fs used in classical potentials for polymers such as OPLS,22 CHARMM,23 and

PCFF.24 This limits ReaxFF simulations of polymer tensile ultimate properties to very high
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strain rates, typically at least 108 s−1.12,21

To overcome this limitation, some attempts have been made to combine the simplicity

of classical force fields with equations that model bond breaking. For example, the interface

force field (IFF)25 was modified to enable bond breaking26 by replacing the harmonic bond

energy term with the Morse potential equation.27 Similarly, several other classical poten-

tials have been modified with the Morse potential to enable bond breaking in stress-strain

simulations, including modified versions of PCCF to model tensile failure of PPTA,26 OPLS

to model fracture in nanocomposites of silica and polybutadiene,28 and the GAFF229,30 po-

tential to model the plastic properties of polymeric resins.31 Such hybrid approaches have

speeds up to 50 times that of ReaxFF simulations and have been used to model polymer

stress-strain behavior at strain rates as low as 2 × 107 s−1,26 but are still several orders of

magnitude higher than the strain rates accessible in experiments (in the range of 10−4 − 101

s−1).1,32–35 As observed in our previous study,10 stress-strain behaviors of polyamides are

highly strain rate dependent in simulations performed at such high strain rates. Thus, to

faithfully reproduce stress-strain behaviors of polyamides, employing force fields that are

fast and that can model bond scission in stress-strain simulations are highly desired.28,36

Here, we present a modified simulation workflow for simulating tensile ultimate properties

that uses the classical OPLS437 force field, and a probabilistic modification that uses an

stretched exponential function based on the bond order equation from ReaxFF to model

breaking of the weakest bond in the polymer. We employed MD simulations and DFT

calculations to identify the weakest bond prior the simulations with OPLS4. Our results for

PPTA show that, by using the OPLS4 force field with a modification that allows the weakest

bonds in the polymer to break, it is possible to replicate the ultimate stress and strain from

MD simulations modeled by ReaxFF at high strain rates. Additionally, we show that the

hybrid simulation can be used for longer simulations and to calculate ultimate properties

at orders of magnitude lower strain rates than accessible using ReaxFF that approach the

magnitudes of experimentally reported values.
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Models and Methods

Bond dissociation energy calculations

We created the PPTA monomer structure in Schrödinger38 and computed the bond dissocia-

tion energy (BDE) of the four bonds identified in Fig. 1(a). The system was modeled at the

M06-2X/6-311+G* level of theory,39–41 which has been shown to be effective for aromatic

amide polymers, such as PPTA.13 Here, we define the BDE as the difference in the standard

enthalpy change between the whole molecule and the homolytically cleaved fragments.38,42

Molecular dynamics simulations

A 6 × 6 × 6 simulation cell of PPTA was built as shown in Fig. 1(b). The initial lattice

parameters were obtained from Ref. 43. Two independent sets of simulations with two

different force fields were performed: One set was modeled with ReaxFF44 and the other

with the OPLS4 potential.37 The simulations using ReaxFF were run in LAMMPS45 and

the simulations with OPLS4 in Schrödinger.38 All the cutoffs for ReaxFF were the default

values in LAMMPS and for OPLS4 were the default value in Schrödinger. The time step size

was 0.25 fs for the ReaxFF simulations and 1 fs for OPLS4. With both potentials, the model

systems were minimized, and then equilibrated by running simulations in the NPT ensemble

for 125 ps. In the ReaxFF simulations, the temperature and pressure were kept at 300 K and

1 atm by using the Nosé-Hoover thermostat and barostat with damping parameters of 10 fs

and 100 fs, respectively. In the OPLS4 simulations, the Martyna-Tobias-Klein barostat and

Nosé-Hoover thermostat were used with 2 ps and 1 ps damping parameters, respectively.

The density of the PPTA was averaged over the last 10 ps of the equilibration simu-

lations and calculated to be 1.49 ± 0.07 g/cm3 with OPLS4 and 1.53 ± 0.08 g/cm3 with

ReaxFF, both consistent with reported experimental results.2,3 Then, stress-strain defor-

mation simulations were conducted in the NPT ensemble under ambient conditions in a

step-wise manner, where the simulation boxes were stretched in the c-direction, along the
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polymer backbone, by 0.25% and then relaxed for 2.5 ps to achieve an overall strain rate of

1 × 109 s−1. For each step, the stress of the systems was computed by averaging over the

last 10% of time in the relaxation. This stretch-relax step was repeated until reaching 25%

deformation or until failure. The results of simulations with both potentials were averaged

over three independent simulations, each run with a different random seed number to create

the initial atom velocity distribution. Additional simulations were run with OPLS4 using

the same protocol at lower strain rates by straining the simulation box by a smaller amount

in each step.

Modified classical potential for bond scission

The bond scission implementation in Schrödinger uses the stretched exponential function to

compute the probabilities of the bonds being broken based on their length. In ReaxFF, the

bond order is expressed as a sum of three exponential terms corresponding to the bond order

contributions of σ, single π, and double π bonds, providing the flexibility to change the bond

order during a reaction.19 However, if it is assumed that the bond order only decreases,

as in a bond scission scheme, an equation involving only one exponential term should be

sufficient for the bond order calculation. This assumption is the basis of the bond scission

implementation in Schrödinger.38

Bond types that are allowed to break are considered reactive bonds, and are specified

in Schrödinger using a SMARTS46 pattern. The probability of scission, P , of each reactive

bond is computed using the following stretched exponential equation:

Pi = exp

[
−0.1

(
li
leq

)9
]

(1)

The equilibrium length, leq, is the average of the lengths of the reactive bonds at the beginning

of the simulation, and li is the length of each reactive bond computed at the end of each

strain step i.38 The constants −0.1 and 9 are hard-coded in Schrödinger and are related to
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Ca-N N-Cc

Ca-O
Cc-Ca
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b

c

a
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Figure 1: (a) PPTA monomer with the bonds evaluated in the bond dissociation calculation
labeled. Ca and Cc correspond to apliphatic and cyclic carbon atoms, respectively. (b) 6×6×
6 PPTA simulation box after the NPT equilibration using OPLS4. The solid lines indicate
periodic boundaries in all directions. Strain is applied in the c-direction. In both figures, C,
H, O, and N atoms are represented by grey, white, red and blue spheres, respectively.

parameters in the original ReaxFF implementation.

The bond cutoff is defined as the minimum percentage that a reactive bond must be

elongated from leq to be a candidate for scission. The length associated with the bond cutoff

is designed lbc. The bond cutoff probability, Pbc, is also computed with Eq. 1, by replacing li

6

ststobe
Cross-Out

ststobe
Inserted Text
ReaxFF bond potential



and Pi with lbc and Pbc, respectively. Lastly, the maximum bonds is the maximum number of

reactive bonds allowed to break. This parameter is set to 20, but its magnitude does not affect

our results since the polymer was assumed to have failed after the first bond breaks based on

the observation that. the first bond break corresponds to the drop in stress associated with

failure. At each strain step, li and its probability Pi are computed. If Pi > Pbc, the bond i

is not considered for scission; but if Pi < Pbc × R ∼ ∪([0, 1]), where R is a random number,

then the bond is a candidate to be broken. If the number of candidate bonds is larger than

maximum bonds, the bonds are selected randomly from the list of candidate bonds.

Results and discussion

The BDE results are presented in Table 1. The bond between the aliphatic C and the

N, Ca-N, is the weakest, in agreement with previous results for PPTA from ReaxFF MD

simulations13,14 and BDE calculations.8 The BDE of the other three bonds increases as Cc-

Ca < Ca-O < N-Cc. This too is consistent with ReaxFF MD simulations that showed the

Cc-Ca and Ca-N bonds are among the weakest in the PPTA monomer.11

Table 1: Bond dissociation energies obtained using M06-2X functionals and the 6-311G+*
basis set showing that Ca-N has the lowest BDE energy.

Bond Bond energy [kcal/mol]

Ca-N 79.0
Cc-Ca 93.4
Ca-O 98.3
N-Cc 111.0

The stress-strain results from the ReaxFF simulation run at 1 × 109 s−1 are shown in

Fig. 2a. The ultimate stress and strain are 32.7 GPa and 9.5%, respectively. This ultimate

stress is much higher than experimental values, which are in the range of 2.7− 3.4 GPa,1,33

but is consistent with previous ReaxFF MD simulations run at high strain rate.13,14 The

failure is analyzed in terms of which bonds broke at each strain, as shown in Fig. 2b. The
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first bond type that breaks is Ca-N, in agreement with our BDE results. The strain at

which the Ca-N bonds start to break also corresponds to the onset of failure in the stress-

strain plot. Therefore, this bond type is assigned as the reactive bond for the bond scission

implementation in Schrödinger.

To obtain lbc and the respective bond cutoff, we calculated the bond energy of the

monomer using bond expansion simulations.11 These simulations were run in the NVT en-

semble at 300 K using the ReaxFF potential with the Ca-N bond length fixed at a values

ranging from 1.2 to 2.0 Å. The simulations were run for 400 ps and the bond energy at

each bond length was averaged over the last 100 ps. The energy vs. length data from the

bond expansion simulations was fit to a polynomial to enable an analytical derivative to be

taken. The stiffness of the bond was calculated as the second derivative of the fit bond en-

ergy expression.47 The bond energy from ReaxFF (data and polynomial fit) and the second

derivative of the fit are shown in Fig. 3. The bond length that corresponds to zero stiffness

is 1.54 Å. The percentage difference between this length and the equilibrium length (1.45 Å)

is 5.66%; this value is used as the bond cutoff.

We ran tension simulations in Schrödinger with the bond scission model using bond

cutoff values between 4 and 12%. The ultimate stress and strain were calculated from each

simulation from the point at which the first bond broke. The results are shown in Fig. 4. A

bond cutoff of 5.66% gives ultimate stress consistent with that obtained from the ReaxFF

simulation, shown as a red line in Fig. 4, indicating that the calculation of the bond cutoff

based on the zero bond stiffness length is reasonable

To test the capability of our hybrid approach for modeling strain rates that approach

experimental values, we used the same bond cutoff of 5.66% to run modified OPLS4 simula-

tions at strain rates between 105 and 108 s−1. The results are shown in Fig. 5. At high strain

rates, the ultimate stress increases with strain rate, as seen in previous studies.33,48 Then,

the results are approximately strain rate-independent for strain rates lower than about 107

s−1. This trend implies that 107-109 s−1 is approximately the frequency of relaxation for the
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Figure 2: (a) ReaxFF stress-strain results showing the polymer failed at a strain of 9.5%.
The shaded area is standard deviation of three independent simulations. (b) Bond breaking
profiles obtained during the strain simulation. The initial polymer failure corresponds to the
breaking of Ca-N bonds. In both figures, a vertical black dashed line indicates 9.5% strain.

PPTA polymer.

For strain rates between 105 and 107 s−1, the average simulated ultimate stress was 8.5
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Figure 3: Bond energy and stiffness for the Ca-N bond from the ReaxFF potential. For bond
energy, the symbols are calculated from bond expansion simulations and line is a polynomial
fit to the data. Error bars reflect standard deviations of 4 independent simulations. The
percent difference between the bond length at zero stiffness and the equilibrium length is
the bond cutoff used to mimic bond scission with the OPLS4 potential.

GPa. This value is slightly lower than but on the same order of magnitude as experimental

results measured at strain rates in the range of 10−4−10−3 s−1.1,33–35The difference between

the experimental data and the low-strain simulation results is likely attributable to the ideal

nature of the model PPTA. As mentioned in previous work,13 lack of defect nucleation sites

and the presence of perfectly aligned infinite chains (due the presence of periodic boundary

conditions) decrease the strength of the polymer. Regardless, these results show that our

hybrid approach not only can mimic ReaxFF results at high strain rates, but also can

approach experimental values at low strain rates when an appropriate bond cutoff is used.
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modified OPLS4 with different values of the bond cutoff (black symbols). The minimum
difference between ultimate stress from ReaxFF and OPLS4 is obtained with a bond cutoff
of 5.66% (magenta square).
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Conclusions

We presented a hybrid methodology to model stress-strain behavior and bond scission using

MD simulations that employs the OPLS4 classical force field, bond dissociation energies

computed from DFT simulations, and a probabilistic approach based on ReaxFF bond order

equations. Simulations of tension of a PPTA crystal demonstrate that our methodology can

provide similar ultimate stress to that obtained using ReaxFF. Additionally, we tested our

method with strain rates approaching experimental values and the ultimate tensile stress

obtained was on the same order of magnitude as that measured experimental. We hope that

this approach helps scientists accelerate their research towards a better understanding of the

ultimate properties of polymer crystals and other high performance materials.
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