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Understanding the mechanical behavior of polymer chains at the molecular level is essential for predicting
also their bulk properties, including fracture. Here we investigate the tensile elasticity and failure of single
polyethylene (PE) chains using both molecular dynamics (MD) simulations and quantum chemical calculations.
Simulations were performed on a long PE chain (C,,,H) to assess the differences between four reactive force
fields (AIREBO, MEAM, ci-ReaxFF and ReaxFF), while a shorter chain (C,4H;,4) was used for direct comparison
of the force fields with density functional theory (DFT). Our results indicate that ReaxFF and ci-ReaxFF closely
replicate the DFT predictions and approach the available experimental data for the work of fracture of long
hydrocarbon chain. AIREBO consistently overestimates failure forces in both molecular dynamics and energy
minimization, while the MEAM predictions depend on the computational method: it underestimates failure
forces in molecular dynamics simulations but significantly overestimates them in minimization calculations.
These findings suggest that ReaxFF and ci-ReaxFF are reliable choices for simulating the scission of polymer
chains, and may be used as starting point for more extensive simulations of polymer mechanics and fracture.

1. Introduction

Several recent advances in polymer science have concerned
mechanochemistry, where the chemical response of chain molecules to
mechanical stimuli is analyzed and exploited to produce new materials
with enhanced toughness, as well as force-sensing and self-healing
properties [1-4]. A good deal of activity in the area of polymer
mechanochemistry has centered around the design of new
mechanophores, which could be force-activated more efficiently and
selectively [5-7]. These developments have often been guided by a
combination of chemical intuition and rigorous quantum chemical
calculations [8,9]. The classic problem of the scission of a plain hy-
drocarbon chain under tension may also be considered to be part this
emerging field. Understanding the behavior of single polymer chains
is an important prerequisite for explaining their ultimate mechanical
properties. Chain scission is also crucially important for the mechanical
properties of polymer interfaces, i.e. for adhesion [10,11].

The bulk mechanical properties of polymers depend on single-
chain conformations and energetics, interchain interactions, viscous
dissipation, entanglement density, as well as morphological features
such as the presence of glassy or crystalline domains [12-14]. Mod-
els such as the Gaussian chain and Kratky-Porod models describe

polymer elasticity and can be generalized to include bond deforma-
tion mechanisms, [15,16] while statistical fracture mechanics describes
bulk failure using the weakest link hypothesis [17]. Due to its com-
plexity, there is still no comprehensive model of polymer fracture at
macroscopic scales, which incorporates also detailed molecular mech-
anisms [18]. Similar to other branches of polymer science, this will
require statistical treatments [19] and seamless integration of models at
different length scales [20]. Molecular dynamics (MD) simulations have
and will certainly play an increasingly important role in this area, [21,
22] since they can be used to conduct computational experiments with
complete atomic-scale knowledge about the state and evolution of a
system [23]. However, in order to be comparable to experiments on real
systems, they must be based on accurate interatomic potential energy
functions that include the possibility of bond breaking and formation
(reactive force fields) [24].

This study is a continuation of previous work by our group, where
we simulated by MD the scission of single polyolefin chains (polyethy-
lene, polypropylene and polystyrene) under tension [25]. In turn, this
was motivated by the results of a critical analysis [26] of experimental
data from single-molecule force spectroscopy (SMFS) [27], leading to
new quantitative insights into the Lake-Thomas model for the fracture
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of rubber networks [28]. There, the work of scission per main chain
bond (U) was estimated to be of the order of 60 kJ/mol for typical
hydrocarbon chains. Note that this is much lower than the thermal
dissociation energy of C-C single bonds (about 350 kJ/mol) [29].
We point out that also this “experimental” value is subject to some
uncertainty, originating mainly from the difficulty of controlling chain
length and measuring end-to-end distances accurately in SMFS. In our
simulations, [25] we obtained U ~ 20-45 kJ/mol, depending on the
stereochemistry of the chains (we found that the isotactic polymers
were systematically tougher than the others) and on the effective
viscosity of the surrounding medium. Thus, while the experiments
and the simulations agree on the order of magnitude of the Lake-
Thomas parameter U, there is still a 50% difference between them. One
possible source of this discrepancy is the force field that was used in
those simulations (ci-ReaxFF) [30]. The aim of this work is to test its
reliability, by comparing it with other reactive force fields and ab initio
calculations.

Here present a combination of reactive MD and quantum chem-
ical calculations. Four reactive force fields, namely AIREBO [31],
MEAM [32], ReaxFF [33] and ci-ReaxFF [30], were employed to model
deformation and bond scission during mechanical loading. These force
fields enable the simulation of large systems by MD, capturing essential
features of molecular interactions and thermal motion. Quantum chem-
ical methods, in particular Density Functional Theory (DFT), were used
as a benchmark to evaluate the accuracy of results obtained from these
classical reactive force fields.

Two types of simulations were performed. First, room-temperature
MD simulations were conducted on a polyethylene-like chain with
202 carbon atoms (Cyp,Hyg¢, henceforth C202 for short), subject to
elongation at constant velocity until breakup. Second, DFT-based en-
ergy minimization under a tensile force were performed on shorter
n-hexadecane chain (C;¢Hsy, henceforth C16). The quantum chemical
results were compared with the force field calculations on the same C16
chain. This dual approach provides a comprehensive understanding
of the strengths and limitations of reactive force fields for simulating
polymer mechanics at different scales.

The next section provides further details about the computational
procedures. Next, we present first the results on C202, and then those
on C16. The final section summarizes our conclusions.

2. Methods and models
2.1. Force fields

To model interatomic interactions, four different reactive force
fields were employed. Each of these represents a different approach
to describe internal deformation of the molecules, bond breaking and
non-bonded interactions. In general they have different accuracies, de-
pending also on the chemical composition of the system, and different
computational costs [34].

AIREBO potential. AIREBO is an acronym for Adaptive Intermolecular
Reactive Bond Order potential [31]. It was designed for hydrocarbons
and includes three primary interaction terms:

Enreso = Ereso + ELy + Etorsion» (€Y

where:

* Eggpo: Reactive Empirical Bond Order term, [35] which models
covalent bond interactions through a bond-order formulation,
allowing dynamic bond breaking and formation.

* Ep;: Van der Waals interaction term, implemented via a modified
Lennard-Jones potential to account for non-bonded dispersive and
repulsive forces.

* Eiosion: Torsional interaction term, capturing out-of-plane defor-
mations to describe rotational energy barriers around bonds.
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AIREBO is computationally efficient and widely used for hydrocar-
bon systems, but lacks explicit angular terms and electrostatic interac-
tions. The latter are usually small for hydrocarbons, given the similar
electronegativities of C and H that would result in near-zero atomic
charges.

MEAM potential. The Modified Embedded-Atom Method (MEAM) [32]
is an extension of the Embedded-Atom Method (EAM), [36] which was
originally developed for metallic systems. MEAM improves upon EAM
by introducing angle-dependent interactions among the atoms, making
it more suitable for materials with directional bonding.

The total energy in MEAM is given by:

Eyeam = 3, | FG)+ 5 Y Syd(R,) | @
i i

where:

» F(p;): Embedding function, which incorporates the effect of a
local atomic electron density at an atom (;) coming from neigh-
boring atoms, to determine it contribution to the total energy.
The electron densities are spherically symmetric in EAM, but they
have an angular dependence in MEAM.

* S;;¢(R;;): Pairwise term depending on the interatomic distance
R;;, representing both bonding (covalent) and non-bonding (Van
der Waals) interactions among these atoms.

A version of MEAM was specifically parametrized for saturated
hydrocarbons, [32] so in principle it should be applicable also to
polyethylene. It has not been extensively adopted, but one of its early
applications concerned the fracture of short hydrocarbon chains [37].

ReaxFF potential. The Reactive Force Field (ReaxFF) is an empirical
potential based on the concept of bond order. The bond orders between
neighboring atoms are dynamically adjusted at every step of a simu-
lation and determine their interaction. The total energy in ReaxFF is
given by:

EReaxrr = Epond + Eover + Eunder + Elp + Eva + Eor + Evaw + Ecous 3)

where:

Ejpong: accounts for bond stretching and breaking.

Eywer and Eynger: penalizes over-coordination and under-
coordination of atoms.

Eyp,, Eyy, and Egy,: describes lone pair, valence angle, and tor-
sional contributions.

E,qw and Ecg,: incorporate van der Waals and electrostatic in-
teractions, with charge equilibration performed at every timestep.

ReaxFF is highly flexible and captures bond formation and dissocia-
tion accurately, potentially making it one of the most interesting force
fields for mechanochemistry. On the down side, we shall see that it is
the most costly force field among those tested here. Note that there are
several parametrizations of ReaxFF, depending of the chemistry of the
system being studied [38]. We have used the gas-phase version for C,
H and O, which is applicable also to combustion reactions [33,39].

ci-ReaxFF potential. The charge-implicit Reactive Force Field
(ci-ReaxFF) is a variant of ReaxFF that neglects all electrostatic inter-
actions, embedding them in the remaining potential energy terms and
eliminating the need for any charge equilibration [30]. From this point
of view, it is similar to AIREBO and MEAM. This modification simplifies
calculations and reduces the computational cost, while preserving most
of the essential features of ReaxFF. The total energy is expressed as:

E i ReaxtF = Epond + Eover T Eunder + Elp + Eval + Eor + Eyaw- C)

The parameters of the terms that are retained have been re-optimized,
to compensate for the absence of Coulomb interactions.
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2.2. Molecular dynamics

The tensile failure of C202 was simulated by MD with the LAMMPS
code, [40] following the general methodology of our previous work
[25].

The motion of the atoms was described by the Langevin equation:

dzl‘i —_VE dr; X .

M- = Vi Yt ® @i=1,...,N), (5)
where m; is the mass of atom i, r; is its position, —V;Egg is the
force on it as computed from the selected force field, y is a fric-
tion coefficient, and X(¢) is a stochastic force drawn from a normal
distribution. This distribution has a variance that is proportional to
the system’s temperature and is inversely proportional to the friction
coefficient. Together, the friction and random forces make up the so-
called Langevin thermostat [23]. The thermostat has an important
role in MD simulation, especially under non-equilibrium conditions
such as in this case. The friction coefficient y may be related to the
viscosity of the surrounding (implicit) solvent, and we showed that
it can have an effect on the outcome of the simulations. Here we
used the value y=0.01 fs~! that corresponds to typical low-viscosity,
low-molecular-weight hydrocarbons [25].

A model of a C202 chain was generated in a stretched conformation
and equilibrated using the Langevin thermostat at 300 K for 5 ns. Next,
each polymer chain was gently brought to an end-to-end distance of
R,.(0) = 20 nm and equilibrated for another 5 ns while maintaining
this distance fixed. Note that R,,(0) is substantially larger than the un-
perturbed end-to-end distance of the polymer (6-7 nm), yet it remains
well below the fully extended contour length (25.6 nm).

The previous equilibration step provided 200 starting configurations
for an equal number of tensile loading simulations. The terminal carbon
atoms were pulled apart at a velocity of v = 2.5 m/s in opposite
directions. The pulling process continued until the polymer reached an
end-to-end distance slightly beyond the failure point, stopping a few
angstroms after chain scission to capture the complete failure behavior.
The total energy and the forces on the terminal atoms were recorded,
averaged and then plotted as a function of the end-to-end distance of
the chain.

The timestep varied according to the force field: 0.5 fs for AIREBO,
0.1 fs for MEAM, and 0.25 fs for ReaxFF and ci-ReaxFF. In our expe-
rience, the adoption of longer timesteps could lead to inaccuracies or
even failure of the simulations.

2.2.1. Ab initio calculations

The DFT calculations were performed with the ORCA 6.0 code [41,
42]. We used the B3LYP functional [43,44] in combination with the
def2-SVP basis set [45], with an auxiliary basis set to fit Coulomb and
exchange interactions [46,47]. Grimme’s D3BJ correction was included
to model dispersion effects, which are not accounted for by B3LYP [48,
49]. We tested both the restricted and unrestricted versions of the
Kohn-Sham equations so as to check the possible effect of unpaired
electrons on chain stretching and breaking, which however was found
to be negligible.

The geometry of the molecule was first fully optimized in the
zig-zag, trans-planar conformation. Afterwards, several optimizations
were performed for progressively increasing values of an external
force, applied to the terminal carbons [8]. This corresponds to the
“external force is explicitly included” (EFEI) approach to modeling
mechanochemical processes. Each new calculation produced a mini-
mum with a increasing end-to-end distance, up to a critical value of
the force where one C-C bonds breaks. When this occurs the geometry
optimization does not converge any more, as the end-to-end distance
increases indefinitely. Analogous calculations were performed also with
LAMMPS, for each reactive force field. Contrary to the simulations
on the long chains, they did not involve molecular dynamics or hard
constraints on the end-to-end distance. Instead, we applied the external
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force quasi-statically in incremental steps and performed an energy
minimization after each step to relax the geometry.

These geometry optimizations obviously neglect the effects of ther-
mal motion. For ease of comparison with the MD simulations, also the
results from these calculations will plotted with the end-to-end distance
on the horizontal axis, even though this is a dependent variable in this
case.

3. Results and discussions

The central problem of this article is the dependence of the mechan-
ical response of a single polyethylene (PE) chain on the reactive force
field used to model it. We will first discuss the MD simulations of the
C202 chain, and then examine the results for the C16 chain. Images of
the molecules the accompany our discussion were generated using the
VMD program [50].

3.1. C202 simulations

3.1.1. Energy versus end-to-end distance

The total energy of a polymer chain depends on its state of de-
formation. Fig. 1 shows this quantity across the four force fields,
highlighting distinct trends in their description of polymer elasticity
and failure. These plots were obtained by superposing the data from
200 independent trajectories, and subtracting the average energies at
the stating point [R,,(0) = 20 nm] in order to have a common reference
value across all simulations. Despite of this, the scales of the energies
reported on the vertical axes can be very different, reflecting important
differences between the force fields. Note also that, while the total
energy is the sum of the potential energy (from the force field) and
kinetic energy of the atoms, the latter is constant on average, thanks
to the action of the MD thermostat. Therefore it cancels out when
computing energy differences, and a plot of the total energy would be
virtually undistinguishable from that of the potential energy.

The energy profiles highlight three or four distinct stages of defor-
mation. For the AIREBO force field (Fig. 1, top-left panel) we have:

I. Entropic regime (up to 260 A): Here the total energy remains
nearly constant as the polymer chain is in a relaxed state,
with limited resistance to deformation. The polymer gradually
transitions from a disordered coiled conformation (see Fig. 2a)
to an extended zig-zag conformation (see Fig. 2b).

II. Enthalpic regime:

(@) (260-340 }o\): As the polymer undergoes further stretch-
ing, the total energy suddenly rises in a parabolic manner
due to the onset of bond stretching and angle bending.

(b) (340-354 A): The energy continues to increase, but at a
different rate, as bond angles oscillate around 180° and
bond stretching dominates (see Fig. 2¢, Fig. 5a and Fig.
6a). We call this pre-failure regime.

ML Post-failure regime (beyond 354 A): after failure of one bond,
we have two separate fragments, which relax back to a random-
coil conformation while they are dragged away from each other.
The elastic energy stored in the chain up to the breaking point
is dissipated as heat.

According Fig. 1, for all the other force fields chain scissions occurs
within a broad range of end-to-end distances—roughly between 280
and 310 A—but always well below those that characterize AIREBO.
Fig. 3 shows the C202 configurations immediately before scission, for
each of the force fields. It is evident that only AIREBO predicts the
possibility to reach a fully stretched, collinear chain conformation. This
seems incompatible with common ideas about the possible hybridiza-
tion states of carbon, suggesting that failure should occur when the
bond angles are still far from 180°. This is confirmed by the DFT results,
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Fig. 1. Change in total energy versus end-to-end distance for C202, using different force fields. Clockwise, starting from the top-left corner: AIREBO, MEAM,

ReaxFF, ci-ReaxFF.

Fig. 2. Stages of polymer pulling according to the AIREBO force field: (a) relaxed state at the start of a simulation, (b) aligned under tension in the zig-zag
conformation, and (c) section of a fully stretched chain immediately before failure.

which will be discussed later, where the average bond angle at failure
is approximately 130°. Thus, the pre-failure regime appears to be a
specific artifact of the AIREBO force field. For the same reasons, also
the very high value of the total energy at failure is probably unrealistic.
Note also that the AIREBO curve appears to be narrower than for the
other force fields, apparently indicating less spread in the energies from
independent simulations, because the overall energy scale is so much
larger.

The energy profile for the MEAM model (Fig. 1b) displays only three
stages (entropic, enthalpic, and post-scission). Note also that there are
large energy variations during both the initial stretching phase and the
post-failure dragging of chain fragments. These features are unexpected

and somewhat puzzling: the energy variation from a curved chain to
an extended zig-zag chain should not be significant compared to the
energy variation in the enthalpic stretching phase (the second stage),
and the same applies to the post-breakup phase. Finally, in the MEAM
simulations there is a large statistical scatter of the end-to-end distances
at failure, as measured by the width of the vertical section of the plots.
This contrasts with AIREBO, where the chains always reach very similar
end-to-end distances before failing.

Examining the energy plots for ReaxFF and ci-ReaxFF (Fig. 1c,d),
we observe that both force fields avoid the unrealistic features seen in
AIREBO and MEAM. Unlike AIREBO they do not exhibit the pre-failure
regime, and unlike MEAM they do not show excessive energy variations
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(d)

Fig. 3. Sections of a C202 chain immediately before scission: (a) AIREBO, (b)
MEAM, (c) ci-ReaxFF, (d) ReaxFF.

in the entropic and post-failure regimes. Interestingly, the energy at
breakup of ci-ReaxFF is actually closer to MEAM than to ReaxFF.
However, now the overall energy change is almost entirely confined
to the final enthalpic step. The scatter in the end-to-end distances at
failure is similar and intermediate between AIREBO and MEAM.

In conclusion, there are major differences as well as some similari-
ties among the force fields. It is difficult to pin down exactly the origin
of these features, given their complicated functional forms. Judging
solely from the shape of the energy curves, ReaxFF and ci-ReaxFF seems
to provide a more reasonable representation of polymer deformation
and failure, while AIREBO and MEAM introduce some artifacts that
might limit their predictive accuracy.

3.1.2. Force versus end-to-end distance

The force—elongation curves offer a complementary perspective on
the mechanical properties of a single polymer chain. Unlike the total
energy, forces are measurable by SMFS [27] and they are more directly
relevant for mechanochemical behavior [2]. The force experienced by
a chain under tension is a function of the end-to-end distance (R,,) that
is expected to increase monotonically, first slowly (entropic elasticity)
and then much more steeply (enthalpic elasticity), up to the failure
point (R},) where it drops suddenly to zero. In our simulations, this
quantity is obtained by recording the forces on the terminal atoms
(these are computed at every step of an MD simulation, for all the
atoms), projecting them along the end-to-end distance, and taking their
difference to obtain the net force on the chain. Next, these forces
are also averaged over all chains and over a limited time window
(corresponding to a small range of values for the end-to-end distance),
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to eliminate atomic-scale fluctuations and allow general trends to stand
out more clearly [25].

The integral of the force versus elongation curves provides the work
of chain fracture:

R*
W= / “ F(R,)dR,,. )
Ree(o)

Unlike the chain’s total energy, that was discussed at the previous point,
the work of fracture includes the effect of energy dissipation, which is
connected to viscoelastic properties of the chain and its environment
(represented here by the Langevin thermostat). Viscous dissipation is
expected to play an important role in our simulations, considering that
the chains are deformed at a very high rate, and therefore the process
is far from being reversible.

Fig. 4 summarizes our results for the forces and the work of fracture.
Some of the trends that emerged from the analysis of the energies
are evident also in these plots. The AIREBO model deforms according
to a three stage process, unlike the others that have only two. The
force at breakup of AIREBO is also much larger than the others. The
MEAM model has the poorest mechanical properties, but it displays an
anomalous growth of the force already in the entropic domain. Indeed,
in MEAM there is not a clear-cut difference between the enthalpic and
entropic regimes. The ReaxFF and ci-ReaxFF curves are in between. The
latter is very similar to that reported in our previous publication [25].

3.1.3. Bond length and bond angle distributions

The evolution of the bond lengths and bond angles offers interesting
insights into the atomic-level mechanisms of chain deformation. Figs.
5 and 6 present two-dimensional heatmaps of their distributions as a
function of the end-to-end distance.

Intuitively, one would expect little or not change in these internal
degrees of freedom up to the onset of enthalpic elasticity, when the
chain is in the zig-zag trans-planar conformation but still far from its
breaking point. Indeed, both lengths and angles are almost unchanged
up to about 250 A (or more). Afterwards, a further elongation could
only be achieved by an increase of the C-C bonds lengths, an opening
of the C-C-C angles, or any combination of these. In this respect, we see
some further differences among the force fields. According to AIREBO,
the bonds lengths change concurrently with the angles, implying that
they have comparable stiffnesses. The plot of the bonds length has
some “kinks” and sudden changes in slope, which do not have a
clear physical or chemical interpretation. ReaxFF and ci-ReaxFF even
have near-discontinuities in the bond length that occur before breakup,
which also seem to be an unphysical result of the parametrization. The
MEAM model is characterized by comparable changes of both bond
lengths and angles.

3.1.4. Comparison of force field performance and cost

Table 1 summarizes some key structural and mechanical properties
derived from simulations using various force fields. While the relaxed
molecular structures (bond length and bond angle) are fairly consistent
across all force fields, notable differences emerge in their ultimate
mechanical properties. These are the maximum force at failure, the end-
to-end distance at failure, and the energy characteristics. Here we assess
the accuracy of these results by comparing them with the experimental
findings. Later on we will also use the DFT calculations as a benchmark.

A key quantity that can be used for comparison is the work required
to break the polymer chain. Following the approach of Lake and
Thomas [28], we may divide the work of failure W' [see again Eq. (6)]
by the number of chain bonds (n = 201 in our case):

W =nU. )

This yields U, the energy per bond at failure, which has been estimated
to be approximately 60 kJ/mol for hydrocarbon polymers [26]. Our
simulated values are reported in Table 1.
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Fig. 4. Force versus end-to-end distance for C202 using different force fields. The shaded areas represent the work done to elongate and break the chains.
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Fig. 5. Bond length distributions as a function of end-to-end distance for C202 according to different force fields.

Table 1

Comparison of mechanical properties for different force fields. Failure force, failure distance, and work of failure are average
quantities. The last column U denotes the work of failure divided by the number of bonds.

Force field Failure Failure Work of Max energy Min energy U
force distance failure change change [kJ/mol]
[nN] (Al [kJ/mol] [kJ/mol] [kJ/mol]
AIREBO 27.69 352.0 36,548 39,127 35,933 181.83
MEAM 1.83 282.9 3482 6080 2468 17.32
ci-ReaxFF 4.21 285.2 4303 5647 3927 21.41
ReaxFF 7.04 297.7 9186 11,039 6017 45.70
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Fig. 6. Bond angle distributions as a function of end-to-end distance for C202 according to different force fields.

From this analysis, ReaxFF is closest to the experimental value of U.
Based on the trends from our previous simulations, [25] a ReaxFF-based
simulation of other polyolefins (e.g., polystyrene and polypropylene)
or with higher background friction would further increase the value
of U, bringing it even closer to the experimental value. Therefore,
this appears to be a reliable force field for predicting single-chain
mechanical properties.

AIREBO significantly overestimates the failure force and work done.
Additionally, its bond scission mechanism is activated only at extreme
deformations, allowing all bond angles to fully open (see again Fig.
2c¢) before any of the 201 bonds reaches its breaking threshold. This
results in an unrealistic mechanical response, as it prevents the gradual
accumulation of bond strain and fails to capture progressive bond
weakening due to collective deformation. Consequently, the polymer
chain undergoes excessive stretching before failure, leading to an over-
estimation of the maximum elongation, of the failure force and of the
total work required for rupture.

MEAM, on the other hand, underestimates both the failure force
and the work done. Differences with the other force fields are likely
due to its very different mathematical formulation and parametrization.
Unlike other force fields, MEAM does not include explicit terms for co-
valent bonding, van der Waals interactions, or torsional contributions.
Instead, all interactions are embedded within a non-additive, pairwise
potential, in a way which may not be perfectly balanced. As a result,
MEAM struggles to capture accurately the transition from the entropic
to elasticity and bond breaking, making it unsuitable for modeling
polymer mechanics.

Also ci-ReaxFF underestimates the failure properties compared to
ReaxFF, but to a smaller extent. We have already pointed out that
their energy—elongation and force-elongation curves are more similar
than those of the other models. This is consistent with the fact that
they share the same functional form, with the exception of electrostatic
interactions.

Although the U value obtained with ci-ReaxFF is numerically closer
to MEAM than to ReaxFF, their underlying failure mechanisms are very

Table 2
Comparison of the computational cost of different force fields.

Force field Cost (CPU hours/ns) Timestep (fs)
AIREBO 1.61 0.5

MEAM 6.87 0.1
ci-ReaxFF 6.51 0.25

ReaxFF 8.51 0.25

different. In particular, MEAM shows an anomalously high initial resis-
tance to deformation. This can plausibly be linked to MEAM’s explicit
dependence of the energy on the local atomic (electron) density, which
does not seem to provide a clear-cut, quantitative distinction between
bonded and non-bonded contributions to the energy.

Before closing this section, we compare the computational cost of
the force fields [34]. This is an important aspect for any MD simulation,
because its accuracy depends not only on the quality of the force field,
but also on the possibility to sample adequately the phase space and
obtain reliable averages by running long simulations on large systems.
Table 2 shows that there is up to a five-fold difference in the cost of the
models. All timings were obtained on a workstation with an Intel Core
i5-9300H CPU (2.40 GHz). AIREBO is the least demanding method,
also because it is compatible with a relatively large timestep. ReaxFF
is the most expensive method, as expected. ci-ReaxFF is cheaper, but
only by a relatively modest 15%. The difference might be larger for
larger systems, in articular in combination with periodic boundary
conditions, due to the cost of dealing with long-range interactions by
Ewald summations and related methods [23]. The cost of MEAM is also
fairly large, despite of the use of a relatively simple functional form,
because it requires a very small integration timestep.

3.2. C16 simulations

We now switch to the results for a shorter polyethylene-like chain
(C16), which allow us to clarify how well the force fields align with
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Fig. 7. Initial geometry (a) and geometry after breakup (b) from DFT calculations on hexadecane.

first-principles DFT calculations of force-induced deformation and fail-
ure. These calculations started from a planar zig-zag conformation
and, re-optimizing its geometry subject to a gradually increasing force,
eventually produced scission of the two external bonds, as shown in
Fig. 7.

Fig. 8 shows the force and the energy versus the end-to-end distance
from DFT the calculations, highlighting the mechanical response of
C16 under stretching. The curves start from the trans-planar confor-
mation and terminate at the last stable minimum, before breakup. The
force is linear up to about 20 A, corresponding to a 5% elongation.
Afterwards the force gradually levels off up to a threshold of about
6.1 nN, beyond which the bonds break and the geometry optimization
no longer converges. The total energy change at breakup equals the
integral of the force-distance curve (there is no energy dissipation
in this case) and its value is 870.3 kJ/mol. Hence, a hexadecane
chain can store a mechanical energy which is two to three times the
energy required to break a C-C single bond, but does not undergo
scission because this energy is spread across several bonds. Dividing
this energy by the number of bonds (n = 15), we obtain U = 58.02
kJ/mol, apparently in perfect agreement with the estimate by Wang
et al. [26]. Note however that the present result was obtained by static
energy minimizations, neglecting the effects of thermal motion, viscous
dissipation and torsional barriers (the chain started from a trans-planar
conformation).

Fig. 9 shows histograms of the bond lengths and bond angles,
collected across all deformation states but distinguishing according to
their ID so as to highlight possible heterogeneities in the deformation.
Indeed, the plots show that the terminals of the chain experience a
significantly different deformation history compared to the internal
ones. The deformation has a left-right symmetry, as it should. It affects
all parts of the chain, but tends to concentrate at the two ends. Just
before scission, the C-C bond lengths are about 1.85 A at the terminals,
while they are 1.72 A in the remainder of the chain (to be compared
with 1.54 A before deformation). Similarly, the two outermost angles
are 135 °, while they are only 125 ° in the rest of the chain (about
112 ° before deformation). All this agrees with the fact that, within this
model, scission occurs simultaneously at the two terminals, instead of
a random bond in the middle of the chain.

We may now compare the DFT results with those obtained with
LAMMPS using different force fields. Fig. 10 shows the results for
AIREBO. Symmetry can be observed in both plots, as expected. How-
ever, unlike in the DFT calculations, the deformation of the terminal
bonds and bond angles is comparable to that of the internal ones. All
bond angles tend toward 180 ° as the chain approaches the failure
point, resulting in a fully linear configuration (see Fig. 2c). All the
bonds stretch up to 1.80 A before breakup, but the density of the
histograms around 1.70 A indicates that there is an intermediate state
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Fig. 8. DFT results (B3LYP-D3BJ/def2-SVP) for stretched hexadecane: force
(above) and total energy (below) versus end-to-end distance.

of deformation where this is the preferred bond length. This is clearly
an artifact of the AIREBO parametrization, which was observed also in
the MD simulations (see again Fig. 5).

Fig. 11 shows that the chain deformation is very homogeneous also
in the MEAM-based calculations. However the bonds can reach 2.9 A
and, at a later stage of deformation, also the bond angles become
collinear. As a result, the chain stretches to unrealistically large values
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ID.

before snapping (about 44 A). Interestingly, in the MD simulations
MEAM predicted scission to occur earlier than any other model. Thus,
there is a remarkable difference between the behavior of the MEAM
model in MD simulations and the static energy minimizations. In any
case, MEAM appears to be unsuitable for modeling the mechanics of
saturated hydrocarbon chains.

Fig. 12 shows that the deformation mechanism of ci-ReaxFF is rather
similar to that from the DFT calculations. The largest deformations tend
to occur at the chain terminals. In the interior of the chain, bond length
remain close to 1.60 A and the angles reach about 125 °.

Finally, Fig. 13 illustrates the results from the ReaxFF-based cal-
culations. The deformation of the bond lengths is remarkably hetero-
geneous, but it retains the expected left-right symmetry. Also, the
bond lengths always remain within a reasonable range of values. The
deformation of the bond angles is larger but similar to the DFT and
ci-ReaxFF ones.

Table 3 presents a comparison of key properties characterizing
the models. AIREBO and MEAM show significant deviations from the
DFT predictions, while both ci-ReaxFF and ReaxFF compare favorably
with it. A direct comparison of the deformation energies from DFT,
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Comparison of failure force, failure end-to-end distance, and energy characteristics for C16 across different models.

Model Failure force [nN] Failure end-to-end distance [A] Total energy change [kJ/mol]
AIREBO 36.92 26.8 3732.0

MEAM 7.85 44.1 3278.6

ci-ReaxFF 6.56 23.0 837.5

ReaxFF 8.77 23.2 955.2

DFT 6.10 23.2 870.3

ci-ReaxFF and ReaxFF is shown in Fig. 14. All curves terminate at
their respective failure points. Overall, it highlights the close agreement
between these reactive force fields and DFT, despite of the differences
in their local deformation mechanisms.

4. Conclusions

In this study we have investigated the mechanical response of
polyethylene-like chains under tensile loading using a combination of
classical molecular dynamics and quantum chemical calculations. We
have compared four reactive force fields—AIREBO, MEAM, ci-ReaxFF
and ReaxFF—with DFT benchmark calculations, in order to assess
their accuracy in describing the transition from entropic to enthalpic
elasticity, local deformation mechanisms, energy evolution, and failure
behavior.

10

Our results have revealed very significant differences in how these
reactive force fields capture polymer stretching and failure. ReaxFF and
ci-ReaxFF achieve the closest agreement with the quantum
mechanochemical calculations. The work of fracture per chain bond
predicted by them compares favorably with experimental estimates
derived from the Lake-Thomas model, [26] confirming the findings of
previous simulations conducted by our group with ci-ReaxFF [25]. In
contrast, AIREBO seriously overestimates failure forces, deformation
energy and maximum elongation. MEAM, on the other hand, under-
estimates these values in MD simulations, but behaves similarly to
AIREBO in static energy minimization. The MEAM results, although
quantitatively wrong, carry one important lesson for the computational
screening of mechanophores. While static energy minimizations of
short fragments are generally convenient and preferable due to their
lower computational cost, there may situations where dynamical effects
are important and would produce a completely different scenario.
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Fig. 14. Energy versus end-to-end distance for the C16 chain under me-
chanical stretching, comparing DFT (B3LYP-D3BJ/def2-SVP), ci-ReaxFF, and
ReaxFF.

These should be modeled by MD, either ab initio or with a suitable
force field.

Looking beyond single chains, our findings have broader implica-
tions for atomistic simulations of the mechanical properties of bulk
polymers, where factors such as chain entanglements, crystallinity, and
interchain interactions play a crucial role. The insights gained here lay
the foundations for future simulations aimed at bridging molecular-
scale behavior with the ultimate mechanical properties of polymer
glasses and networks. Future work in this area may also include fur-
ther improvements to the description of chain scission through the
application of modern machine learning potentials [51].
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