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ABSTRACT

The use of electric fields may provide a mechanism to enable fuel-flexible technologies in aviation. The development of such technologies
requires methodologies able to accurately quantify electric field effects on chemical reactions at the molecular level. This work provides
a comprehensive assessment of methodologies used in the framework of reactive molecular dynamics (MD) with the reactive force field
ReaxFF. The focus is on the computation of atomic charges, the method used for equilibration, and the use of global thermostats for hydro-
carbon combustion in an external electric field. The charge equilibration method (QEq) and the charge transfer with polarization current
equilibration method (QTPIE) were analyzed for the computation of atomic charges. For the fuel-oxygen system investigated, QEq leads
to molecules with a sizable spurious net charge. QTPIE leads to more accurate molecular charges but at the cost of underestimating some
atomic charges. This leads to faster combustion kinetics with QEq compared with QTPIE. A two-step equilibration procedure provides a
more equilibrated system compared to widely used equilibration procedures. Furthermore, using a global thermostat with an external elec-
tric field results in an artificial reduction in fuel and oxygen first-order reaction rates. These artificial effects can be avoided by not using a
thermostat, but at the expense of electric-field-induced heating. Applying an external electric field without a global thermostat accelerates
combustion much more with QEq compared with QTPIE, due to the larger charges predicted by QEq. This study reveals several simulation
artifacts that affect reactive MD of fuel combustion and contributes toward the more accurate modeling of fuel combustion in external electric
fields.

© 2025 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(https://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0264365
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I. INTRODUCTION

Transportation is responsible for around 15% of global green-
house gas emissions each year.! A substantial portion of these
emissions, 11% in 2018, is from aviation, and it was estimated that
aviation has contributed to 4% of human-induced global warm-
ing (as of 2021).> Electrification is a viable approach for reducing
emissions from land transport, particularly as the amount of elec-
tricity generated from renewables continues to increase.” Aviation
is more difficult to electrify, however, because the energy density of
state-of-the-art batteries is insufficient, at present, to allow for fully
electric long-distance flights.” Alternative approaches are, therefore,
being considered to reduce the environmental impact of aviation,

including the use of alternative fuels and energy carriers, such as
hydrogen and sustainable aviation fuels (SAFs). The development of
alternative fuels is challenging because the resulting fuel must have
similar properties to conventional jet fuels such as Jet A and Jet A-1
to allow for their use in current combustion technologies. This lim-
its which alternative fuels are appropriate for aviation and also limits
the use of approved SAFs to blends with conventional jet fuels where
the SAF component is typically less than 50% by weight.”® Neverthe-
less, SAFs provide a viable way for reducing emissions from aviation.
Another promising solution is hybrid thermal-electric propulsion,”
which could also benefit from the use of SAFs.

It has recently been proposed that electric fields, created from
the electrical energy necessarily available on an aircraft powered by
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hybrid thermal-electric propulsion, could be used to increase the
fuel flexibility of existing engines used in aviation,” " i.e., to enable
these engines to operate efficiently using fuels with a wider range of
properties. For example, the fuel could be injected in the form of
a charged fuel spray and an electric field used to dictate where the
fuel vapor is released, which could provide an element of control
over fuel-air mixing and pollutant emissions. In addition, electric
fields may affect combustion through the polarization of molecules
and the force exerted on ions that form during the combustion pro-
cess;'! however, further research is needed to better understand the
effects of electric fields on combustion chemistry at the molecular
level.

Reactive molecular dynamics (MD) with the popular reactive
force field ReaxFF'’ allows the combustions of SAF constituents,
such as linear or branched hydrocarbons, to be simulated at the
molecular level at a relatively low cost, at least compared to quantum
mechanics simulations. In addition, an electric field can be incorpo-
rated into the simulations, allowing the effects of electric fields on
chemical kinetics to be explored. Numerous studies have employed
ReaxFF to simulate fuel combustion, with'”** and without”
external electric fields. The simulation approach is, therefore, well
established; however, a few parts of the reactive MD methodol-
ogy for studying the combustion of fuels in external electric fields
are often overlooked and deserve further attention, as is discussed
next.

Since the chemical environment of each atom can change
with time in reactive MD, a method is needed to compute the
partial charge of each atom in the system based on its local envi-
ronment. ReaxFF is usually parameterized for a specific reacting
system, such as hydrocarbon combustion, with charges updated
at every time step using the electronegativity equalization method
(EEM).** The charge equilibration method (QEq)** is very similar,
and we opt to use the nomenclature QEq here instead of EEM, in
line with the nomenclature used in the popular MD code Large-
scale Atomic/Molecular Massively Parallel Simulator (LAMMPS).*
Implicit in the QEq method is the assumption that the system
is a perfect conductor;*® QEq, therefore, allows charge to transfer
between non-bonded atoms irrespective of the distance between the
atoms, an issue we refer to as long-range charge transfer. This can
cause QEq to predict unphysical charges, leading to, for example,
molecules with a sizable net charge. Even though the limitations
of QEq are well known,”®”” the effect of unphysical charges aris-
ing with QEq on reactions predicted with ReaxFF is rarely analyzed
or discussed. In addition, the method commonly used to incor-
porate an external electric field into QEq’*’ appears to worsen
long-range charge transfer and lead to highly unphysical charges.”
Further work is needed to understand whether alternative meth-
ods can lead to more accurate partial atomic charges at a similar
computational cost, with and without an external electric field, and
how the computed charges affect reaction kinetics. The charge trans-
fer with polarization current equilibration method (QTPIE)" is of
particular interest since it can effectively reduce long-range charge
transfer.' "’

Another area that deserves further attention is equilibration.
Starting reactive production runs from a non-equilibrium system
impacts initial chemical kinetics.*! Ideally, the fuel-oxygen system
should be equilibrated at the target temperature for the produc-
tions runs, which is typically between 1500 and 2500 K, and
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without any reactions having occurred. The key challenge with
equilibration in reactive MD is that the time available for equilibra-
tion is limited by reactions. It is common practice to switch C-O
and H-O bonds off during equilibration of hydrocarbon-oxygen
systems to prevent reactions;'”'””***** however, the equilibration
time is still limited by the breakdown of molecules due to thermal
decomposition. Most studies then either equilibrate their systems
at lower temperatures than the target temperature and begin the
production runs by scaling atomic velocities upward to reach the tar-
get temperature' > 4171920282930 o equilibrate their systems for
very short periods of time at the target temperature,”>”” both with
the aim of preventing thermal decomposition. The first approach
is problematic in that the resulting system is not equilibrated at
the target temperature once the atomic velocities are scaled, while
the latter approach is unlikely to provide enough time for equi-
libration. Another approach is needed that can better equilibrate
fuel-oxygen systems under the constraints imposed by thermal
decomposition.

Reactive simulations with ReaxFF are widely performed in the
canonical ensemble with thermostatting performed using global
thermostats”* (global in the sense that the thermostat acts uni-
formly on all atoms, usually by applying the same velocity scal-
ing factor to all atoms), such as the Berendsen and Nosé-Hoover
(NH) thermostats. It is common practice to apply an external
electric field in reactive MD while using these same global ther-
mostats: Refs. 13, 14, and 22 use the Berendsen thermostat and Refs.
15-21 use the NH thermostat. However, global thermostats typi-
cally dissipate energy introduced into the system by the electric field
too quickly,”” and it is unclear how this affects reaction kinetics.
Even without an external electric field, global thermostats artifi-
cially redistribute kinetic energy absorbed/released during chemi-
cal reactions around the system, resulting in artificial changes in
reactions.””"’ Further research is needed to understand if global
thermostats can faithfully be used with external electric fields in
reactive MD.

The aim of this study is to provide insights into the compu-
tation of partial atomic charges, the process used for equilibration,
and the use of global thermostats in reactive MD of hydrocar-
bon combustion in external electric fields. The specific objectives
of this work are as follows: (i) investigate if QEq can provide
accurate charges, with and without an external electric field; (ii)
explore if QTPIE provides a more accurate alternative to QEq; (iii)
evaluate the impact of the computed charges on reaction kinet-
ics; (iv) develop a more robust method for equilibration; and (v)
analyze the effect of global thermostatting on reactions when an elec-
tric field is applied. The hydrocarbon 2,2,4,6,6-pentamethylheptane
(commonly referred to as isododecane, but henceforth referred
to as pentamethylheptane) was chosen for this investigation, as
branched hydrocarbons constitute a significant component of many
SAFs’ and pentamethylheptane is abundant in SAFs created by the
alcohol-to-jet pathway.***

The remainder of this paper is structured as follows: first, the
equations governing QEq and QTPIE, including the implementa-
tion of an external electric field, are described. Following this, the
reactive MD methodology used to simulate and analyze the combus-
tion of pentamethylheptane in an external electric field is provided.
The simulation results are then presented and discussed, starting
with an analysis of QEq and QTPIE on three molecular systems
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ranging in complexity from a single pentamethylheptane molecule
to pentamethylheptane in oxygen under stoichiometric conditions.
A two-step equilibration procedure is then evaluated, and the effects
of atomic partial charges and global thermostatting on the combus-
tion of pentamethylheptane in an external electric field are analyzed.
Conclusions close this paper.

Il. METHODS

This section begins by detailing how charges are computed
with QEq and QTPIE and how an electric field can be incorporated
into these methods. The reactive MD simulation protocol is then
described.

A. Charge computation

The electrostatic energy of a molecular system composed of N
atoms when expanded up to second order in the partial charges of
the atoms, q; is”h10

N N-1 N
Ua =Y. (xigi+ qiq?) + 20> qigiliis (1)
i=1 i=1 j=itl
where x; and #, are the absolute electronegativity (also referred to
as the Mulliken electronegativity) and absolute hardness of the ith
atom,”’ respectively, and J;; is the Coulombic interaction between
the partial charges centered on atoms i and j. Atomic partial charges
are computed with QEq (and EEM) by minimizing the electrostatic
energy given by Eq. (1) under the constraint

N
Z qi = (net, (2)
i=1

where g, , is the net charge of the system.
In this study, Coulombic interactions are modeled using a
shielded Coulomb potential that is widely used with ReaxFF,*

Tap(rij) ( 3 —3\73
— =+ (yiyi) "2 ) ii < Tronbs
Jij = 47ey (r’] (vivy) ) 7ij < Tnonb

0, otherwise,

(©)

where 7;; is the interatomic distance between atoms i and j, rnonb
is the non-bonded cutoff radius beyond which van der Waals and
Coulombic interactions are neglected, Tap is a taper function used to
prevent energy and force discontinuities when atoms cross the non-
bonded cutoff radius, y, is the Coulomb shielding parameter of the
ith atom, and ¢ is the electric permittivity of free space. The method
of computing atomic partial charges by minimizing the electrostatic
energy of Eq. (1) with Coulombic interactions modeled using Eq. (3)
is referred to as QEq in this study, although we appreciate that EEM
is perhaps a more suitable name given that Slater orbitals are not
used for Coulombic interactions and an iterative approach is not
used for hydrogen atoms in this study.”

To demonstrate that QEq allows charge to transfer between
non-bonded atoms irrespective of the distance between the atoms,
consider the charges predicted by QEq for a neutral system
(4t = 0) composed of two atoms (N = 2) separated by an infinite
distance,

X—x
9= e and g2 =-qu. 4
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QEq predicts that these two atoms have non-zero charges when
X1 * X, i€, QEq allows charge to transfer between these infinitely
separated atoms. This long-range charge transfer can lead to
unphysical charges for the non-perfectly conducting fuel-oxygen
systems of interest to the present study.”®

Various methods have been proposed to overcome the short-
comings of QEq, such as QTPIE*’ and atom-condensed Kohn-Sham
density functional theory (DFT) approximated to second order
(ACKS2).”” QTPIE was selected for further investigation because
recent studies have shown that QTPIE can effectively reduce long-
range charge transfer in fuel-oxygen systems'”'’ and since QTPIE
can be implemented in MD codes using solvers written for QEq.** It
should be added that ACKS2 is expected to provide more accurate
charges than QEq and QTPIE, but at a higher computational cost.*®

With QTPIE, the atomic partial charges are found by minimiz-
ing the electrostatic energy of Eq. (1) but after replacing the absolute
electronegativity of each atom, y, with effective electronegativities
given by**

. St (= x)Si
Zﬁ:l Sim

where S;; is a function that decays with the interatomic distance
between atoms i and j. QTPIE employs S;; to penalize long-range
charge transfer.

All simulations in this study were performed using LAMMPS.*
As part of this study, QTPIE was reimplemented into LAMMPS
from the original work of Kritikos and Giusti'” and extended in
functionality as a new fix named fix qtpie/reaxff, which is now
available for public use. Some of the implementation details of this
fix are discussed in Appendix A.

for i=1,2,3,...,N, (5)

B. Charge computation with an external electric field

When modeling each atom with a single point partial charge
centered at its nucleus, external electric fields are commonly applied
in MD by adding a force to each atom given by*?

F;=gE for i=1,2,3,...,N, (6)

where E is the external electric field. This study is confined to static
external electric fields. In addition, the time variation of the electric
field due to atomic charges is assumed to be sufficiently small that
magnetic field effects can be neglected.

The external electric field must be incorporated into the
method being used to compute atomic partial charges to account for
electric polarization. This may be done using the electric potential
due to the static external electric field, which at the position of atom
iis"

¢i = _/ﬁn E(r') -dr', (7)

where ¢ is the position chosen as the point of 0 electric potential
and r; is the position of atom i. While ¢, and ¢, depend on &, the
difference in electric potential

¢i—¢j= f,rj E(r')-dr’ @)

does not.
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Several authors have incorporated an electric field into QEq by
replacing the absolute electronegativities in Eq. (1), x;, with effective

36,39,50

electronegativities given by
Xai = Xi + i for i=1,2,3,...,N. 9)

This is equivalent to adding the energy >N, gi¢; to the electrostatic
energy of Eq. (1). Since the external electric field is related to the
electric potential through E = —V¢, the gradient of this energy is
consistent with the force in Eq. (6). The subscript “a” in Eq. (9)
serves as a reminder that y,. depends on the absolute position of the
ith atom, i.e., the position relative to ¢ (the origin of the MD sys-
tem was used as ¢ in this study). This is particularly clear when we
evaluate the electric potential in Eq. (7) for a uniform electric field:
¢; = —r; - E. Henceforth, the method of computing charges with y,
is referred to as QEgA.

An electric field can be incorporated into QTPIE by either
modifying the absolute electronegativities, y;, or the effective elec-
tronegativities )Z,v.f“* Since QTPIE uses differences in absolute elec-
tronegativities, we use a formulation involving electric potential
differences.”! This involves replacing the absolute electronegativities
in Eq. (1), x,, with the effective electronegativities

S5 O x B - 99))S5
; ZZ:I Sim

where f3 is a scaling factor. A subscript “r” is added to this effective
electronegativity to signify that y; depends on the position of atom
i relative to nearby atoms, rather than on the absolute position of
atom i. For example, the electric potential difference ¢, — ¢, for a
uniform electric field is

¢i—¢j:(rj—ri)~E. (11)

The formulation used in QEqA [Eq. (9)] leads to difficulties in
imposing periodic boundaries in the direction of an external elec-
tric field and has also been shown to exacerbate the long-range
charge transfer issues that arise with QEq.”° It, therefore, may be
more accurate to incorporate an external electric field into QEq by
replacing the absolute electronegativities in Eq. (1), x,, with effective
electronegativities given by

Z;’I\il B(¢i - ¢j)SiJ
Zﬁ\nlzl Sim

The subscript “r” is used once again to indicate that this formula-
tion depends on the position of atom i relative to nearby atoms.
Henceforth, the method of computing charges with y, is referred
to as QEqR. QEqR was implemented in LAMMPS in line with the
implementation of fix qtpie/reaxff (see Appendix A) and is
now available for public use as fix qeq/rel/reaxff.

The electric field implementation in QTPIE [Eq. (10)] and
QEqR [Eq. (12)] is based on physical intuition and is advantageous
in that it allows for periodic boundaries to be applied in the direc-
tion of an external electric field,?! as discussed further in Sec. 111 A.
It should be highlighted, however, that this implementation does
not add the energy YN, gi¢; to the electrostatic energy of Eq. (1)
and is, therefore, not consistent with the electric force in Eq. (6).
It is still worth investigating the use of QTPIE and QEqR with the

for i=1,2,3,...,N, (10)

i = Xi + for i=1,2,3,....,N. (12
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electric force of Eq. (6), as QTPIE and QEQR are expected to lead
to more accurate dynamics than QEqA when considering the short-
comings of using QEqA for non-conducting systems. Furthermore,
we have included a scaling factor f8 in the equations for fi; and y,.
This scaling factor should be optimized when ReaxFF is parameter-
ized to increase the accuracy of electric polarization effects captured
by these methods. We use 8 = 1 in this study, in alignment with Refs.
17,19, 21, and 51, although larger values may be more accurate, as
discussed later in Sec. I1I B.

C. Reactive molecular dynamics

All MD simulations were performed with a constant number
of atoms, a constant system volume, and either a constant system
temperature (NVT-MD) or a constant system energy (NVE-MD).
It should be highlighted that the NVE-MD simulations were per-
formed by integrating the equations of motion as is, such that the
system energy only remains constant in the absence of an applied
electric field. Two global thermostats were investigated in the NVT-
MD simulations: the Nosé-Hoover (NH) thermostat’ "’ and the
canonical sampling through velocity rescaling (CSVR) thermostat.*
The NH thermostat was chosen due to its widespread use in MD,
while the CSVR thermostat was chosen since it performs well and
for this reason is rising in popularity.””””° Although the Berend-
sen thermostat is widely used in reactive MD simulations performed
with ReaxFF, it was not investigated following the recommendation
made by Braun et al.”®

All MD simulations were performed by integrating the equa-
tions of motion with the velocity-Verlet algorithm and a time step
of 0.1 fs, as recommended in Refs. 23 and 29 for high tempera-
ture reactive MD simulations. The CHO-2016 ReaxFF*® developed
for hydrocarbon combustion and pyrolysis was used throughout. A
rectangular Cartesian coordinate system with basis {ex, e, e;} and
coordinates {x,y,z} is used in this study. All simulations were per-
formed using cubic domains and with periodic boundaries in all
directions, except where otherwise noted, and any simulations fea-
turing an external electric field were subject to a static and uniform
electric field in the positive z-direction of strength E.. It is common
practice to apply stronger electric fields than can be realized in prac-
tice in non-equilibrium MD due to the limited timescales that can
be simulated (of the order of nanoseconds).’> Most simulations were
conducted with E, = 0.05 V/A since English and Waldron*” identify
0.05 V/A as a reasonable upper bound for external electric fields in
molecular simulations.

Charges were updated at every time step using one of QEq,
QEqA, QEqR, or QTPIE. In particular, charges were computed with
the conjugate gradient method until the norm of the relative residual
<107","" neutral systems were considered (g, = 0), and the non-
bonded cutoff radius, onp, Was set to 10 AP0 Al charges reported
in this study are given as a multiple of the elementary charge, e. Sim-
ulations invoking QTPIE use the same ReaxFF as was parameterized
with QEq and with Gaussian orbital exponents (see Appendix A)
for each atom type taken from Ref. 38. This was done merely to
avoid the arduous task of parameterizing ReaxFF,”® although we
stress that the correct approach is to reparameterize ReaxFF using
QTPIE to compute charges, with the Gaussian orbital exponents and
the scaling factor f3 as free parameters that are optimized during the
parameterization procedure.
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For the simulations conducted to investigate the combus-
tion of pentamethylheptane, the initial system configuration was
prepared using Packmol™ by randomly positioning 30 molecules
of pentamethylheptane with a stoichiometric amount of oxygen
(555 O, molecules) in a cubic domain with side dimensions of
length 57.48 A, chosen to achieve the target density of 200 kg/m”.
Following this, the system was minimized without an electric field
applied. Equilibration was then performed, also without an elec-
tric field applied and with the C-O and H-O bond parameters
set to 0.0 in the ReaxFF file to prevent oxidation.”” At the start
of equilibration, atom velocities were randomly sampled from a
Gaussian distribution corresponding to 1500 K and the system was
advanced using NVT-MD for 0.1 ns. For both the NH and CSVR
thermostats, the thermostat temperature damping parameter was set
to 50 fs. The atomic velocities were then scaled to reach the tar-
get temperature of 2000 K, and the system was equilibrated for a
further 10 ps. This two-step equilibration procedure is analyzed in
Sec. IV. For each case investigated in this work, ten independent
simulations were conducted, aligning with different initial veloc-
ities, to improve the statistics of the obtained results. If thermal
decomposition occurred during equilibration, the simulation was
discarded and another was run starting from a different set of ini-
tial velocities. After equilibration, production runs were performed
for 2.5 ns. For the NVT-MD production runs, the thermostat tem-
perature damping parameter was increased to 200 fs for both the NH
and CSVR thermostats. In addition, the NVE-MD production runs
were started from the equilibrated systems created with the NH ther-
mostat. During the production runs, the species information was
saved every 20 fs (using fix reaxff/species) and snapshots of
the atomic charges, positions, velocities, and image flags were saved
every 100 fs.

The data files, input scripts, and force fields required to repro-
duce the results presented in this study are available in https://doi.
org/10.5281/zenodo.15222653.

1. Species analysis

During post-processing, a bond-order cutoff of 0.3 was used
to identify bonds and, therefore, molecules. First-order rate con-
stants were computed for the consumption of pentamethylheptane
and oxygen. This was done by integrating the differential equation
governing first-order kinetics to obtain*®

In Ao —In A = k(t - to), (13)

where .4 and .#; are the number of fuel or oxygen molecules at
times to and ¢, respectively, and k is the first-order rate constant for
the fuel or oxygen. Fitting a straight line to a plot of In .4 — In .4 vs
t — to provides the first-order rate constant for a given species. We
used to = 0 in this study.

2. Kinetic energy analysis

The equipartition theorem states that every degree of freedom
present in the Hamiltonian as a quadratic term will have an aver-
age energy of (1/2)kgT, where kg is the Boltzmann constant and
T is the temperature, once the system reaches thermal equilibrium;
therefore, the system’s energy will be equally distributed (or equipar-
titioned) over these degrees of freedom.®” The temperature of a
subset of the degrees of freedom of the system can be found from
the corresponding kinetic energy through

ARTICLE pubs.aip.org/aipl/jcp

T, = 2K; ’
kBI’li

(14)

where T;, Kj, and n; are the temperature, kinetic energy, and num-
ber of degrees of freedom of the subset of the system denoted by i.
According to the equipartition theorem, the temperature computed
should be independent of the subset of the system considered. For
example, the translational, rotational, and vibrational temperatures
(henceforth denoted by T, Trot, and Tyip, respectively), computed
from the translational, rotational, and vibrational kinetic energies
of the oxygen molecules, for example, in a fuel-oxygen system or
of all species in the system should be equal, on average, and also
equal to the system temperature.’”®" Note that the equipartition
theorem applies to vibrational degrees of freedom because of the
high temperatures investigated for fuel combustion in this study.*
Appendix B details how the translational, rotational, and vibrational
kinetic energies were computed in this study.

I1l. ANALYSIS OF METHODS FOR CHARGE
COMPUTATION

This section first presents the charges computed with QEq
(including QEqA and QEqR) and QTPIE for a simple molecular
system to provide insights into the properties and performance of
these methods. Following this, the electric dipole moment of a single
pentamethylheptane molecule subject to an electric field is analyzed.
This section finishes by evaluating the performance of these methods
for the fuel-oxygen system of interest to the present study.

A. Analysis I: Water and carbon dioxide
in an electric field

In this analysis, a water molecule (with bond length
rou = 0.9572 A and angle < oy = 104.52°%%) was placed 5 nm away
in the x-direction from a carbon dioxide molecule (with bond length
rco = 1.1621 A and angle 2 oco = 180.0°%*), which is beyond the
non-bonded cutoff radius of 1 nm, in a cubic domain with sides
of length 10 nm. Both molecules were placed in the x-z plane with
the oxygen atom in the water molecule placed at varying z-positions
relative to the carbon atom in the carbon dioxide molecule, Az, as
illustrated in Fig. 1. With Az = 49.5 A, the two hydrogen atoms in
the water molecule cross the top periodic boundary of the domain.
The charges computed with QEq and QTPIE with and without an
external electric field are shown in Fig. 1.

First, it is evident from Fig. 1(a) that the net charge of the
water and carbon dioxide molecules is fractional with both QEq and
QTPIE, when both molecules should be net neutral. Even if the dis-
tance between the molecules in the x-direction is increased from
5nm to an infinite distance, these same charges are obtained. QTPIE
can reduce long-range charge transfer, resulting in smaller magni-
tudes for the net charge of each molecule (around 50% smaller)
compared with QEq, but not eliminate long-range charge transfer
entirely. QTPIE achieves this by predicting a smaller magnitude for
the charge of each atom in the system relative to QEq. Meanwhile,
ACKS?2 correctly predicts that each molecule is neutral, as it is inher-
ent in ACKS2 that charge cannot transfer between atoms separated
by a distance larger than a cutoff distance.*

Once an electric field is applied in the positive z-direction
[see Fig. 1(b)], all methods predict that g,, > g,, and that the
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(a) E,=00V/A All charges are given as a multiple of the elementary charge, e
o1 H H Method qo1 qc qo2 qu 90 Gmol
c \5/ QEq -0.4930 0.8982 -0.4930 0.3407 -0.5937 0.0877
ZT 02 QTPIE  -0.4217 0.7962 -0.4217 0.2750 -0.5027 0.0473
X
50 A
(b) E,=005V/A
o1 H H Method qo1 qc qo2 qH q0 Gmol
c " QEqA  -0.4864 0.8982 -0.5002 0.3438 -0.5993 0.0884
2 02 0 QEqR  -0.4895 0.8981 -0.4962 0.3431 -0.5986 0.0876
I QTPIE  -0.4183 0.7961 -0.4250 0.2774 -0.5076 0.0471 FIG. 1. A diagram illustrating the charges
X
50 A computed by QEq and QTPIE for each
atom in a carbon dioxide and a water
c E,=005V/A . X
© ? / - molecule in four scenarios: £, = 0.0 V/A
N in (a) and E; = 0.05 V/A in (b)—(d).
o1 Igr I\ b Method o1 ac 902 ax a0 ol In the tables, g, is the magnitude
c o QEgA  -05176 09055 -0.5314 0.3577 -0.5718 0.1435 of the net charge of each molecule.
2 QEqR  -0.4895 0.8981 -0.4962 0.3431 -0.5986 0.0876 In (d), QEqA(w) and QEgA(u) are the
I 02 QTPIE  -0.4183 07961 -0.4250 02774 -0.5076 0.0471 charges computed using wrapped and
* 50 A unwrapped coordinates, respectively.
(d) E, =0.05V/A
H H
L)
Periodic b : 1 14
eriodic boundary ‘ 0 Method qo1 qc q02 an 90 Gmol
o1 49.5A QEqA(w) -0.4855 0.8980 -0.4994 -0.1554 0.3976  0.0868
QEqA(u) -0.5481 0.9125 -0.5619 0.3712 -0.5449 0.1975
C QEqR -0.4895 0.8981 -0.4962 0.3431 -0.5986 0.0876
ZT 02 QTPIE -0.4183  0.7961 -0.4250 0.2774 -0.5076 0.0471
x
50 A

electric dipole moment of the water molecule increases, which
is the expected behavior. The effect of electric polarization is
larger with QEqA compared with QEqR because the electric field
affects the effective electronegativities y, more than the effective
electronegativities y, .

Figure 1(c) reveals that shifting the water molecule in the pos-
itive z-direction significantly increases long-range charge transfer
with QEqA: g, increases from 0.088e to 0.14e. This occurs because
X, depends on absolute atomic positions; in particular, there is a
reduction in , for the atoms of the water molecule when the water
molecule is displaced in the positive z-direction. This highlights how
the formulation used in QEqA can exacerbate long-range charge
transfer. Meanwhile, the charges predicted by QEqR and QTPIE
are independent of the z-position of the water molecule, which
is the expected behavior. This is because y, (used in QEqR) and
X (used in QTPIE) are independent of the absolute positions of
the atoms.

The water molecule in Fig. 1(d) straddles the top periodic
boundary. Ambiguity then arises with QEqA due to the dependence
of y, on absolute atomic positions: there is a choice between wrapped
coordinates (the atomic positions after the atoms are wrapped
around the periodic boundaries) and unwrapped coordinates (the
atomic positions if the periodic boundaries were not present). With
wrapped coordinates [QEqA(w) in Fig. 1(d)], the partial charges
on the hydrogen and oxygen atoms in the water molecule have
the wrong sign. This occurs because with wrapped coordinates, the
hydrogen atoms experience a much larger electric potential than the
oxygen atom of the water molecule, which causes the effective elec-
tronegativity x, to be larger for the hydrogen atoms compared to the

oxygen atom. With unwrapped coordinates [QEqA(u) in Fig. 1(d)],
all partial charges have the correct sign; however, the net charge of
the water molecule increases further to 0.20e. Consequently, both
approaches with QEqA yield inaccurate charges when using periodic
boundaries in the direction of an external electric field. In contrast,
QEqR and QTPIE yield the same charges for each atom regardless of
whether the water molecule is straddling a periodic boundary. This is
because the implementation of QEqR and QTPIE in LAMMPS uses
ghost atoms™ across periodic boundaries when computing the abso-
lute electronegativity differences y, — x; and the electric potential
differences ¢, - gbj present in Egs. (10) and (12). As a result, QEqR
and QTPIE can be used with periodic boundaries in the direction of
an external electric field.

Appendix C analyzes the trajectories of two water molecules
in an electric field. This simple example highlights how long-range
charge transfer inherent in the QEq method can lead to unphysical
trajectories when an electric field is applied and that the electric field
can trigger/worsen long-range charge transfer when implemented
through QEqA.

B. Analysis Il: Dipole moment
of a pentamethylheptane molecule

To understand the size of electric polarization effects predicted
by QEqA, QEqR, and QTPIE, electric fields of varying strengths
were applied to a single pentamethylheptane molecule, and the
resulting electric dipole moment was computed. This was done by
first minimizing a single pentamethylheptane molecule with charges
computed using QEq and no electric field applied. This minimized
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FIG. 2. The z-component of the electric dipole moment, p,, of a pentamethylhep-
tane molecule oriented so that the main chain is approximately in the z-direction
for applied electric fields in the z-direction of strength E. The dipole moments are
given in units of Debye (D), and the dashed lines are linear lines of best fit with the
intercept discarded. The red shaded region indicates applied electric fields beyond
the upper bound suggested by English and Waldron for molecular simulations.*?

molecule was then oriented so that the sixth carbon atom in the main
chain was vertically above the second carbon atom in the main chain
in the z-direction.

Figure 2 presents the z-component of the electric dipole
moment of the pentamethylheptane molecule. QEqA predicts a
much stronger dependence of the electric dipole moment on
the electric field (p, ~ 17.1E;) compared with QEqR and QTPIE
(p, ~ 1.2E;). Following the analysis in Sec. IIT A and Appendix C, it
is expected that QEqA overestimates the dipole moment of the pen-
tamethylheptane molecule by amplifying long-range charge transfer.
In addition, it is likely that QEqR and QTPIE underestimate the
dipole moment, which is supported by the DFT results presented
in Refs. 19 and 21 for a dodecane molecule. It may, therefore, be
more appropriate to use a larger value than 1 for the scaling factor f8
in Egs. (10) and (12). To provide an example, the line of best fit for
QEqR and QTPIE with 3 = 8is plotted in Fig. 2. Preferably, the value
of 8 should be optimized during ReaxFF training.

(a) 1.5q
104 T oy Setés e by
c(e)
an E,=0.0V/A <+ E,=0.05V/A
0.5 — QEqA
— QTPIE —— QEgR
0.0 T T T T 1
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C. Analysis lll: Pentamethylheptane in oxygen

This analysis evaluates the charges of the pentamethylheptane
and oxygen molecules in the system prepared for the combus-
tion simulations, as detailed in Sec. II C (30 pentamethylheptane
molecules, 555 oxygen molecules, 200 kg/m® target density). Peri-
odic boundaries were used in the x- and y-directions, while reflecting
boundaries were used in the z-direction to avoid issues with QEqA.
After minimizing the system, NVT-MD simulations were performed
at 1500 K using the NH thermostat. The simulations were advanced
for 0.25 ns without an electric field applied and then for a further
0.25 ns with an electric field of strength E, = 0.05 V/A applied.

Figures 3(a) and 3(c) present the net charge and z-position of
the pentamethylheptane molecules averaged over all pentamethyl-
heptane molecules at each time. Figures 3(b) and 3(d) present the
same quantities for the oxygen molecules. Figures 3(a) and 3(b)
show that QEq leads to significant long-range charge transfer in
the absence of an external electric field: the average net charge of
pentamethylheptane molecules averaged over time is 1.11 + 0.02e
(+ standard deviation), while the corresponding net charge for the
oxygen molecules is —0.060 + 0.001e. These charges are significantly
smaller with QTPIE at 0.049 + 0.004e and —0.0027 + 0.0002¢. QTPIE
can, therefore, effectively reduce long-range charge transfer, and it
achieves this by using much smaller effective electronegativities than
the absolute electronegativities used in QEq, as shown in Fig. 18 of
Appendix D. The charge of 0.049e is still expected to be much larger
than any charge changes due to electric polarization. For example,
atomic partial charges in a dodecane molecule changed by around
0.002¢, at most, in a very strong electric field of strength 0.1 V/A."
Therefore, long-range charge transfer with both QEq and QTPIE
makes it difficult to assess the influence of electric polarization on
reaction kinetics. In addition, it cannot be concluded that QTPIE
is more accurate than QEq on the sole basis that QTPIE predicts
almost neutral molecules since a method could satisfy this criterion
by predicting 0 charges for all atoms. Further analysis is provided
later in this section.

(b)
0.00

—0.10 ~

_20 -
0.0 0.1 0.2 0.3 0.4 0.5
t (ns)

¥£:85:60 5202 Ae 90

FIG. 3. The average net charge and z-position of the center of mass of (a) and (c) the pentamethylheptane molecules and (b) and (d) the oxygen molecules, before and
after an electric field is applied at t = 0.25 ns, with QEgA, QEqR, and QTPIE. The solid lines show the average over all molecules at each time, and the shaded regions
indicate the standard deviation over all molecules.
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FIG. 4. (a)-(c) The average charge of carbon atoms in three carbon groups and (d) the average charge of all hydrogen atoms, before and after an electric field is applied at
t = 0.25 ns, with QEgA, QEqR, and QTPIE. The solid lines show the average over all atoms in the group at each time, and the shaded regions indicate the 90% confidence

interval for the average charges, which were computed using the normal distribution.

Once an electric field is applied in the z-direction (from
t = 0.25 ns), it is evident from Figs. 3(c) and 3(d) that with QEqA
and QEqR, the hydrocarbon molecules rise (move in the positive
z-direction) in the domain due to their net positive charge, while the
oxygen molecules fall in the domain due to their net negative charge.
In contrast, there is no significant variation in the z-position of the
hydrocarbon and oxygen molecules with QTPIE over the 0.25 ns
period for which the electric field is applied. Nevertheless, over much
longer periods of time, some translation in the z-direction would be
expected with QTPIE since it does not eliminate long-range charge
transfer entirely. Figures 3(a) and 3(b) show that long-range charge
transfer is exacerbated with QEqA, but not with QEqR, as was also
found in Sec. Il A and Appendix C. This, once again, occurs because
the effective electronegativities used by QEqA (,) depend on abso-
lute atomic positions, while those used by QEqR (y,) do not. For
example, Fig. 18 of Appendix D shows that there is a large reduc-
tion in y, of the carbon and hydrogen atoms when the electric field
is applied, while there are no significant changes in the y, values.
The magnitude of the net charges of the pentamethylheptane and
oxygen molecules actually fall with QEqR once the electric field is

applied, which we anticipate is because of the increased repulsion
between molecules (the positively charged hydrocarbon molecules
are mostly in the upper half of the domain leaving less space for
the negatively charged oxygen molecules to occupy). QEqA is not
investigated further in this study due to its poor performance.

It is also necessary to evaluate the charges predicted by each
method for each atom in the pentamethylheptane molecules. This
was done by grouping the carbon atoms into groups of atoms with
similar charges, which resulted in three groups. Group 1 consists of
the third, fourth, and fifth carbon atoms in the main chain of seven
carbon atoms in each pentamethylheptane molecule; group 2 con-
sists of the second and sixth carbon atoms in the main chain, which
are each bonded to four other carbon atoms; and group 3 consists of
all other carbon atoms, which are the carbon atoms bonded to only
one other carbon atom. All hydrogen atoms had reasonably similar
charges so that there was no need to separate the charges into indi-
vidual groups. The results of this charge analysis are presented in
Fig. 4.

The time averages of the charges presented in Fig. 4 are
reported in Table I for no external electric field. Table I also reports

TABLE I. Time averages of the charges predicted by QEq and QTPIE in the absence of an applied electric field and charges
from the literature for carbon and hydrogen atoms in similar chemical environments. The symbol “- - " is used where it is
unclear what value a method predicts, and [ ] is used to denote a closed interval.

Method g (e)—group 1 g (e)—group 2 g (e)—group 3 qy (e)
QEq —-0.045 + 0.003 0.005 + 0.001 -0.072 £ 0.001 0.067 + 0.004
QTPIE —-0.020 + 0.003 0.027 + 0.001 —-0.048 + 0.001 0.015 + 0.001
OPLS-AA®® [-0.12,-0.06] 0.00 -0.18 0.06
L-OPLS*’ —-0.148 0.00 -0.222 [0.074,0.160]
PEOE™® B oo -0.068 0.023
CHARGE2"* -0.110 0.037

*From the charges computed for an ethane molecule.
®From the charges computed for an ethane molecule.
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the charges for carbon and hydrogen atoms in similar chemical
environments used by force fields and computed by methods in
the literature for comparison. First, QEq predicts charges in rea-
sonable agreement with the charges reported in Table I from the
literature™ * for all four groups. However, given that QEq results
in spurious net charges of size 1.1le, on average, for the pen-
tamethylheptane molecules, it is expected that some of the carbon
and hydrogen charges are too positive with QEq. The carbon atoms
in group 2 are expected to be neutral since they are each bonded
to four other carbon atoms. Both QEq and QTPIE lead to positive
charges for the atoms in group 2, with QTPIE leading to more pos-
itive and, therefore, less accurate charges than QEq for group 2. For
all groups except group 2, which is the group containing the fewest
atoms, the charges computed with QTPIE are smaller than those
computed with QEq by magnitude: the ratio of charges computed
with QTPIE to the charges computed with QEq is 44% for group
1, 67% for group 3, and 22% for the hydrogen atoms. Compared to
the values taken from the literature, it appears that QTPIE under-
estimates the magnitude of charges for all groups except group 2.
This suggests that QTPIE can effectively reduce, but not eliminate,
long-range charge transfer at the cost of underestimating partial
atomic charges. Overall, for the fuel-oxygen system investigated,
QTPIE performs well at reducing long-range charge transfer, lead-
ing to more accurate molecular charges than QEq, but achieves this
by slightly underestimating the atomic charges in the pentamethyl-
heptane molecules. It should be added that the accuracy of QTPIE
is system dependent; therefore, QTPIE should be analyzed on the
system of interest before deciding whether it provides sufficient
accuracy.

IV. EQUILIBRATION OF A FUEL-OXYGEN SYSTEM

As discussed in the Introduction, most studies employ one of
two methods to equilibrate fuel-oxygen systems under the con-
straints imposed by thermal decomposition. For brevity, we refer to
the method that involves equilibration at a lower temperature than
the target temperature as method A and the method that involves
equilibration for short periods of time at the target temperature as
method B. In the remainder of this section, we propose and evaluate
a two-step equilibration procedure that seeks to improve upon these
two methods.

(a) 2200 A
Step 2

2000

1800 +
Tsys (K)

1600 - Step 1

1400 4

1200 1

200 40 60 80
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1
100110
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Up (Mcal
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In this study, the target temperature is 2000 K; therefore, the
goal of equilibration is to achieve an equilibrated system at this tem-
perature without any reactions having occurred. The first step of
the two-step procedure involves equilibrating the system at 1500 K
for 100 ps. This temperature was chosen so that the system could
be equilibrated for a reasonable amount of time without thermal
decomposition. The second step involves scaling the atomic veloc-
ities to achieve a system temperature of 2000 K and then further
equilibrating the system for 10 ps. This time was limited by ther-
mal decomposition. Scaling the velocities keeps the partitioning of
kinetic energies between translational, rotational, and vibrational
motion unchanged. An analysis of this method is presented for the
pentamethylheptane-oxygen system used to investigate combustion
(see Sec. 11 C for additional details).

Figure 5 compares the two-step process with method B, which
involves equilibrating the system at the target temperature of 2000 K
for 10 ps. Figure 5(b) shows that the potential energy is continu-
ally increasing with method B, highlighting how 10 ps is insufficient
to equilibrate the system from the minimized state. The potential
energy is better equilibrated with the two-step process after 10 ps
at 2000 K because the system has had time to relax to equilibrium
at 1500 K first. Due to the action of the NH thermostat, the sys-
tem temperature aligns with the target temperature of 2000 K, on
average, with both the two-step equilibration procedure and method
B [see Fig. 5(a)]. It is, however, essential to check whether the
kinetic energy in the system is correctly equipartitioned over the
translational, rotational, and vibrational degrees of freedom since
each of these kinetic energies has their own effects on reaction
kinetics."’

Figure 6 presents the translational, rotational, and vibrational
temperatures, computed using Eq. (14), which should equal the tar-
get temperature on average for an equilibrated system. At the end
of equilibration with method B, the translational and rotational
temperatures are too hot relative to 2000 K, while the vibrational
temperature is too cold, although all three temperatures are mov-
ing toward the target temperature of 2000 K. Looking at step 1 of
the two-step process, all three temperatures are well equilibrated at
1500 K after around 40 ps. After the atomic velocities are scaled
at the end of step 1 to increase the system temperature to 2000 K,
the translational and rotational temperatures quickly become too
hot and the vibrational temperature becomes too cold. This reveals

(b) —166 -
-168 o
ar) —170 -

-172 1

—174 q'«— Minimized system
T T T T T

0 20 40 60 80
t (ps)

1
100110

FIG. 5. (a) System temperature and (b) potential energy with a two-step equilibration procedure (black) and method B (red). Charges were computed with QEq, and

thermostatting was performed with the NH thermostat.
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FIG. 6. (a) Translational, (b) rotational, and (c) vibrational temperatures computed over all species with a two-step equilibration procedure (black) and method B (red).
Charges were computed with QEq, and thermostatting was performed with the NH thermostat.

the main issue with method A: the potential energy is equilibrated
according to a lower temperature than the target temperature, which
causes the kinetic energies to become non-equipartitioned after
the atomic velocities are scaled upward to reach the target tem-
perature. It is because more of the vibrational kinetic energy is
transformed to potential energy compared to the translational and
rotational kinetic energies that the vibrational temperature becomes
colder than 2000 K after the global action of the NH thermostat,
while the translational and rotational temperatures become hotter
than 2000 K. Nevertheless, the deviation of these three tempera-
tures from 2000 K is around 200 K at the start of step 2 compared
with almost 1000 K at the start of method B. The temperatures are
also closer to the target temperature of 2000 K at the end of step
2 compared to at the end of method B. The system is, however,
not fully equilibrated by the end of step 2 and should be further
equilibrated, with the maximum time set by when the first fuel
molecule decomposes. Depending on the molecules in the system
under investigation and the target temperature, it is possible that
the system could be equilibrated for significantly longer than 10 ps
in step 2.

Overall, the two-step process can produce a more equilibrated
system than the two methods widely used in the literature. It is
possible that adding additional steps at intermediate temperatures

—— QTPIE, E, = 0.0 V/A
25 — QEq, E, = 0.0 V/A

t (ns)

between the equilibration temperature of step 1 and the target tem-
perature and also maximizing the time of equilibration at the target
temperature before thermal decomposition occurs could allow for
complete equilibration at high target temperatures.

V. COMBUSTION WITH REACTIVE MOLECULAR
DYNAMICS

Here, the combustion of pentamethylheptane (Ci2Hzs) in
oxygen as predicted by reactive MD is analyzed and discussed.

A. Charge effects: QEq vs QTPIE

Figure 7 presents the time evolution of the number of fuel and
oxygen molecules for NVT-MD simulations with the NH thermo-
stat. The time evolution of the number of fuel and oxygen molecules
is relatively similar for QEq and QTPIE during the initial 0.5 ns, with
minimal oxidation occurring during this time. At t = 0.5 ns, the most
abundant species for both QEq and QTPIE are the alkenes C3Hg
and C4Hs and the radicals CH3 and C4Hy (in agreement with the
experimental findings of Guzman et al.*” and Liang et al.®”), which
form from the decomposition of pentamethylheptane molecules.
Figure 7(b) shows that intermediates are more rapidly oxidized with
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FIG. 7. (@) Number of C1,Hzs and (b) O, molecules vs time with charges computed using QEq and QTPIE. The simulations were performed at 2000 K with the NH thermostat.
The solid lines are the mean number of molecules over 10 simulations and the shaded regions are 90% confidence intervals for the mean, which were computed using the

t-distribution.
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TABLE Il. First-order rate constants for C1oHas (ke ) and O, (ko, ) for all investigated cases. The time interval from 0 to fe
was used when computing the rate constants. R is the coefficient of determination of the linear fit used to compute the rate

constants.

g-method ~ Thermostat/NVE ~ E; (V/A) te(ns)  kuc(s')  Ric ko, (s)  RY,

QEq NH 0.0 200  150x10° 0996 2.33x10" 0991
QTPIE NH 0.0 1.75 1.11 x 10° 0990 8.48 x 10°  0.988
QEq CSVR 0.0 200  152x10° 0998 227x10°  0.993
QTPIE CSVR 0.0 2.50 9.89 x 10°  0.998 6.23x10° 0.976
QEq NVE 0.0 2.00 1.03x10° 099 1.67x 10" 0.992
QTPIE NVE 0.0 2.00 526 x 10 0.994 3.51x10° 0.943
QEqR NH 0.05 2.50 958 x 105 0998 1.71x 10"  0.994
QEqR CSVR 0.05 2.50 1.03x10° 0990 1.64x 10" 0.992
QTPIE NH 0.05 2.50 1.39%x10° 0996 6.96x 10°  0.981
QTPIE NH 0.2 2.50 125x10° 0998 6.19x 10°  0.989
QTPIE CSVR 0.05 2.00 1.18 x 10° 0997 6.69 x 10°  0.981
QTPIE NVE 0.05 200  742x10%° 0993 320x10° 0.907
QEqR NVE 0.05 0.10 3.74x10"° 0814 246x10° 0787

QEq compared with QTPIE. This also occurs with CSVR, as shown
in Fig. 19 of Appendix E. Faster oxidation occurs with QEq because
QEq leads to molecules with sizable net charges, as discussed in
Sec. 11T C, resulting in stronger Coulombic interactions between
intermediates and oxygen molecules and, therefore, faster oxidation.
From the charge analysis presented in Sec. III C, it is likely that
QEq overestimates the strength of Coulombic interactions between
intermediates and oxygen molecules and that QTPIE underestimates
these interactions. Therefore, it is expected that the true behavior lies
between the QEq and QTPIE results presented in Fig. 7.

The first-order rate constants for the consumption of pen-
tamethylheptane (kuc) and oxygen (ko,) for each case studied are
provided in Table II. The consumption of fuel and oxygen is slower
with QTPIE when using the CSVR thermostat compared with the
NH thermostat (kyc decreases from 1.11 x 10° t0 9.89 x 10® s7! and
ko, decreases from 8.48 x 10° s7! to 6.23 x 10° s'l), which suggests
that the thermostats directly affect reactions.

(a) 30

—— QTPIE, E, = 0.0 V/A
—— QEq, E, = 0.0 V/A

0.0 0.5 1.0 1.5 2.0 2.5
t (ns)

(b)

No,

The corresponding results with NVE-MD are shown in Fig. 8.
The difference between the time evolution of fuel molecules when
comparing QEq and QTPIE is larger when no thermostat is used:
the ratio of kuc with QEq to kuc with QTPIE increases from 1.35
with the NH thermostat to 2.0 with NVE-MD. With NVE-MD,
the temperature of the system initially falls due to decomposition
reactions, since they are endothermic, and starts to increase once
oxidation begins. The system temperature increases more signifi-
cantly with QEq compared to QTPIE because more oxidation occurs
with QEq, as was the case with NVT-MD. The deviation in the sys-
tem temperature from 2000 K partly explains the larger differences
between the time evolution of species when comparing QEq and
QTPIE with NVE-MD compared with NVT-MD. In addition, global
thermostats can lead to artificial changes in reactions by artificially
redistributing kinetic energy around the system,""’ which may
contribute to the larger differences between QEq and QTPIE with
NVE-MD. For example, consider the thermal decomposition of a
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FIG. 8. (a) Number of C1,Hzs and (b) O, molecules vs time with charges computed using QEq and QTPIE. The simulations were performed with NVE-MD. The solid lines
are the mean number of molecules over 10 simulations and the shaded regions are 90% confidence intervals for the mean, which were computed using the t-distribution.

J. Chem. Phys. 162, 174311 (2025); doi: 10.1063/5.0264365
© Author(s) 2025

162, 174311-11

¥£:85:60 5202 Ae 90


https://pubs.aip.org/aip/jcp

The Journal

of Chemical Physics

pentamethylheptane molecule by the homolytic cleavage of a C-C
bond,”” which is an endothermic reaction. Following this reaction,
a global thermostat such as the NH thermostat or the CSVR ther-
mostat would scale the velocities of all atoms in the system upward,
leading to the atoms in the vicinity of the decomposition reaction
being colder than the target temperature and the atoms in other
parts of the system being hotter than the target temperature.*' Con-
sequently, when a hydrocarbon molecule thermally decomposes in
one part of the molecular system, a global thermostat increases the
likelihood of a decomposition event in another part of the system. In
this scenario, the global thermostat effectively acts as an artificial cat-
alyst for decomposition reactions. It should be added that the effect
of global thermostats on combustion is more complicated than this
since both endothermic and exothermic reactions occur throughout
combustion. These thermostat artifacts do not occur with NVE-MD,
but, of course, the system temperature cannot be controlled without
the use of a thermostat.

B. Electric field effects with global thermostats
1. QEq and QEqR

Given that QEq leads to molecules with sizable net charges, as
discussed in Sec. I1I C, it was expected that applying an electric field
with QEqR would cause molecules in the system to translate and
possibly rotate, leading to an increase in collisions and, therefore,
faster reactions. Figure 9 shows that NVT-MD with the NH ther-
mostat actually predicts the opposite effect: an external electric field
causes kyc to fall from 1.5 x 10” t0 9.58 x 10® s™" and ko, to fall from
2.33x 107 to 1.71 x 107 s™'. An external electric field also slows down
reaction rates with CSVR (see Fig. 20 of Appendix E).

Studying the partitions of the system’s kinetic energy provides
some insights into why these NVT-MD simulations predict that an
external electric field slows down pentamethylheptane breakdown
and oxidation. Figures 10(a)-10(c) show that the translational, rota-
tional, and vibrational temperatures computed over all species are
well equipartitioned when no external electric field is applied: the
time averages are all ~2000 K. The slight deviation of 3.6 K for
rotational motion and 2.8 K for vibrational motion may be because
the system was not fully equilibrated at the start, as discussed in

— QEq,E;=0.0V/A
25 —— QEgQR, E; = 0.05 V/A

t (ns)

ARTICLE pubs.aip.org/aipl/jcp

Sec. IV. With an external electric field, the translational and rota-
tional temperatures averaged over time increase by 162.0 and 58.2 K,
respectively, while the vibrational temperature falls by 112.7 K. The
sizable reduction in vibrational temperature occurs because global
thermostats enforce

1
K + Kot + Kyip = Ksys where Ksys = 5(3N - 3)kB Tsys~ (15)

As aresult, an increase in any one of the translational, rotational, or
vibrational kinetic energies must come at the expense of at least one
of the other kinetic energies. Global thermostats effectively remove
the energy introduced by the electric field too quickly such that there
can only be a redistribution of kinetic energies and not an increase
in the kinetic energies of some degrees of freedom independent of
the kinetic energies of other degrees of freedom.

In these simulations, the electric field forces the molecules in
the system to translate because of the spurious net charges pre-
dicted by QEq. This causes the translational kinetic energy of the
molecules in the system to increase, as shown in Fig. 10(d) for pen-
tamethylheptane molecules and in Fig. 10(g) for oxygen molecules.
There is also an increase in the rotational kinetic energy of the pen-
tamethylheptane and oxygen molecules [see Figs. 10(e) and 10(h)].
According to Eq. (15), the vibrational kinetic energy must fall to
counteract the increase in translational and rotational kinetic ener-
gies. This is problematic because each of the translation, rotational,
and vibrational kinetic energies affects reaction rates in their own
way."! For example, an increase in vibrational kinetic energy gen-
erally increases reaction rates.”! The effect seen here when using
global thermostats with an external electric field is rather similar to
the flying ice cube effect, an artifact sometimes caused by velocity
rescaling thermostats in which the kinetic energy artificially drains
from fast modes of motion (vibration) to slow modes of motion
(translation and rotation).""”® The vibrational temperature of pen-
tamethylheptane molecules falls by 48.2 K when an electric field
is applied, resulting in molecules that are more resistant to ther-
mal decomposition. Furthermore, there is a significant decrease in
the vibrational temperature of oxygen molecules: the decrease is
around 26% of the temperature when no electric field is applied. This
has the effect of stabilizing the oxygen molecules and decelerating
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FIG. 9. (a) Number of C12Hzs and (b) oxygen molecules vs time with QEq and QEQR. These simulations were performed at 2000 K with the NH thermostat. The solid lines
are the mean number of molecules over 10 simulations and the shaded regions are 90% confidence intervals for the mean, which were computed using the t-distribution.
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FIG. 10. Translational, rotational, and vibrational temperatures of (a)—(c) all species, (d)—(f) C1,H2s molecules, and (g)—(i) oxygen molecules vs time with QEq and QEqR.
These simulations were performed at 2000 K (marked with a red dashed line) with the NH thermostat. The solid lines are the mean temperatures over 10 simulations and the
shaded regions are 90% confidence intervals for the mean, which were calculated using the t-distribution. The numbers shown in each subfigure are the mean temperatures
averaged over time + the standard deviation. The temperatures are not plotted beyond 1.5 ns in (d) and (e) because the limited number of remaining degrees of freedom

leads to large temperature fluctuations.

oxidation. It is, therefore, sensible to conclude that the electric
field effects shown in Figs. 9 and 20 are artifacts arising from the
use of global thermostats with external electric fields. It is unfor-
tunately common practice to use global thermostats with external
electric fields,"” ™ and it is likely that these artifacts have affected
the results presented and conclusions drawn in a number of pre-
vious studies, not just those investigating electric field effects on
combustion chemistry. Greater care should be taken when using
methods designed for equilibrium simulations, like the NH and
CSVR thermostats, in a non-equilibrium setting.

2. QTPIE

With QTPIE, there are only small differences in the time evo-
lution of the fuel and oxygen molecules when an electric field of
strength E, = 0.05 V/A is applied compared with the zero-field case
(see Fig. 11), although there is, perhaps, slightly faster fuel con-
sumption beyond ~1.0 ns with the external electric field. This is,
for the most part, expected since QTPIE predicts small molecular
net charges and smaller than expected atomic partial charges, as dis-
cussed in Sec. III C. To see if any flying-ice-cube-like artifacts arise

with even stronger electric fields, we also investigated E, = 0.2 V/A.
Although it is common practice to employ fields of this strength and
stronger,”” we reiterate that one should generally stick to the upper
limit of 0.05 V/A recommended by English and Waldron.*> With
E, = 0.2 V/A, the time evolution of the number of pentamethyl-
heptane molecules remains largely unchanged. However, there is a
slight decrease in the consumption rate of oxygen, with ko, decreas-
ing from 8.48 x 10° s™' with no electric field to 6.19 x 10° s™ with
E. =02 V/A.

The kinetic energy analysis shown in Fig. 12 reveals that there
is, once again, a redistribution of kinetic energy from vibrational
motion to translational and rotational motion when an electric
field of strength E, = 0.2 V/A is applied. For example, the vibra-
tional temperature of the oxygen molecules averaged over time is
50.0 K smaller when an electric field of strength E, = 0.2 V/A is
applied, which is the likely explanation of why oxygen molecules are
less readily consumed with E, = 0.2 V/A. Therefore, even though
QTPIE can reduce long-range charge transfer, artifacts still arise
with global thermostats, but at stronger electric fields compared
with QEqR.
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FIG. 11. (a) Number of C42Hzs and (b) O, molecules vs time with QTPIE. The simulations were performed at 2000 K with the NH thermostat. The solid lines are the mean
number of molecules over 10 simulations and the shaded regions are 90% confidence intervals for the mean, which were computed using the t-distribution.
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FIG. 12. Translational, rotational, and vibrational temperatures of (a)-(c) all species and (d)—(f) oxygen molecules vs time with QTPIE. The simulations were performed at
2000 K (marked with a red dashed line) with the NH thermostat. The solid lines are the mean temperatures over 10 simulations and the shaded regions are 90% confidence
intervals for the mean, which were calculated using the t-distribution. The numbers shown in each subfigure are the mean temperatures averaged over time + the standard

deviation.

C. Electric field effects without thermostatting

NVE-MD simulations were also performed to understand how
the effects of an electric field change when no thermostat is used.

1. QTPIE

Figure 13 shows that there is a significant increase in the rate
of consumption of pentamethylheptane when an electric field of
strength E; = 0.05 V/A is applied when using NVE-MD, which dif-
fers from the NVT-MD predictions. In particular, kyc increases
from 5.26 x 10° s™ with no external electric field to 7.42 x 10° ™'
with E; = 0.05 V/A. There does not appear to be a significant change

in the consumption of oxygen, although the consumption of oxygen
may be significantly faster with an external electric field over times
much longer than 2.5 ns.

A kinetic energy analysis was performed to better understand
the effects of the electric field on the system. Figure 14 clearly shows
that energy introduced into the system by the electric field increases
the system temperature and the translational, rotational, and vibra-
tional temperatures computed over all species. There are similar
temperature increases when considering the kinetic energies of the
fuel and oxygen separately. As time progresses, the electric field
continues to impart energy to the system and the difference in tem-
perature relative to the zero-field case continually increases. This
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FIG. 13. (a) Number of C42Hy6 and (b) O, molecules vs time with QTPIE. The simulations were performed with NVE-MD. The solid lines are the mean number of molecules
over 10 simulations and the shaded regions are 90% confidence intervals for the mean, which were computed using the t-distribution.
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FIG. 14. (a) System temperature and (b)—(d) the translational, rotational, and vibrational temperatures, respectively, of all species vs time with QTPIE. The simulations were
performed with NVE-MD. The solid lines are the mean temperatures over 10 simulations and the shaded regions are 90% confidence intervals for the mean, which were

calculated using the t-distribution.

highlights the key issue with not using a thermostat at all when
imposing an external electric field: the energy introduced into the
system by the electric field cannot be dissipated as heat, which leads
to continual heating.”” In other words, the system is adiabatic with
NVE-MD. Despite this, the effects of an external electric field on
chemical reactions are more realistic with NVE-MD compared with
NVT-MD, provided that the amount of field-induced heating is not
excessive, as NVE-MD avoids flying-ice-cube-like artifacts and other
artificial effects from global thermostats on chemical reactions. Fur-
thermore, the rate of field-induced heating would be smaller with a
method that can eliminate long-range charge transfer entirely and
provide neutral molecules.

2. QEq and QEqR

Field-induced heating is expected to occur significantly faster
with QEqR compared with QTPIE because QEq leads to molecules
with large net charges. Figure 15(a) shows that there is a rapid
increase in the system temperature from 2000 to 4500 K in just
0.15 ns when an electric field is applied with QEqR. Furthermore,
Figs. 15(b) and 15(c) show that there is a rapid decomposition of
the pentamethylheptane molecules and a rapid consumption of the
oxygen molecules compared to the zero-field case. The first of the
10 simulations failed after 147 ps, and all 10 simulations failed by
179 ps. Presumably, the time step used in the simulations should be
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FIG. 15. (a) System temperature, (b) the number of C12H,s molecules, and (c) the number of O, molecules vs time with QEq and QEQR. The simulations were performed
with NVE-MD. The solid lines are the mean values over 10 simulations and the shaded regions are 90% confidence intervals, which were computed using the t-distribution.

reduced to below 0.1 fs once the system temperatures exceed 4000 K.
It is evident that NVT-MD and NVE-MD lead to largely different
electric field effects on the combustion of pentamethylheptane with
QEqR; however, neither NVT-MD nor NVE-MD provides a real-
istic description of electric field effects with QEqR because of the
unphysical net molecular charges predicted by QEq and, therefore,
by QEqR.

D. Alternative methods for temperature control

It may be desirable to control the system temperature to better
replicate experimental conditions, for example, without introducing
artificial changes to chemical reactions that arise when using a global
thermostat.

Removing the translational and rotational motion of molecules
before thermostatting so that the global thermostat in use only
operates on the vibrational motion of atoms™ could prevent the
flying-ice-cube-like artifacts that arose when applying an external
electric field with a global thermostat. A practical implementation
of this method is complicated, however, since bonds are not fixed in
reactive MD, which makes it difficult to avoid introducing additional
artifacts due to the incorrect identification of bonds.

It may be worth investigating different values for the damp-
ing parameter used by the NH and CSVR thermostats. A value
of 200 fs was used in this study, as is typical.'” Increasing the
value of the damping parameter used is expected to reduce artifi-
cial effects from the thermostat but at the expense of temperature
control.”?

A promising alternative approach could be to control the tem-
perature of the reactive system indirectly through an inert carrier
gas.""""” With this approach, the inert carried gas is advanced using
NVT-MD and the reactive system is advanced using NVE-MD.
The aim of this approach is to allow the reactive system to evolve
naturally, without a thermostat artificially affecting reactions, and
to approximately control the temperature of the reactive system
by allowing energy to transfer between the inert and reacting sys-
tems. This approach does come with an increased computational
cost and requires the strength of non-bonded interactions between
the atoms of the reactive system and the inert system to be speci-
fied. Investigating this approach further will be the focus of future
work.

VI. CONCLUSIONS

Most studies use QEq when studying fuel combustion with
reactive MD through ReaxFF even though it is well known that QEq
leads to spurious long-range charge transfer. In addition, most stud-
ies appear to start combustion simulations from a non-equilibrated
system and fail to comment on how the initial deviation from equi-
librium influences reaction rates. It is also common practice to use
a global thermostat when simulating the effects of an external elec-
tric field on combustion, without first analyzing how the thermostat
affects chemical reactions. This study analyzes these critical aspects
of the reactive MD methodology in the context of hydrocarbon
combustion in an external electric field.

For the fuel-oxygen system investigated, QEq leads to inac-
curate charges with the fuel and oxygen molecules acquiring net
charges of 1.11e and —0.06e, on average, respectively. QTPIE is effec-
tive at reducing long-range charge transfer and predicting almost
neutral molecules but achieves this at the penalty of underestimat-
ing the magnitude of some atomic partial charges. QEq leads to
faster fuel consumption and oxidation of intermediates compared
with QTPIE because of the larger atomic partial charges predicted
by QEq. Although QTPIE may provide sufficient accuracy for the
molecular system of interest, future work should be conducted to
parameterize ReaxFF with a more accurate method for computing
atomic partial charges, such as ACKS2, to allow reactions to be more
accurately simulated.

The electric field implementation in QEqR and QTPIE, which
involves electric potential differences, is based on intuition, rather
than being rigorously derived, and is beneficial because it permits
periodic boundaries in the direction of an external electric field.
There is also the opportunity to tune the scaling factor  during
ReaxFF training so that QEqR and QTPIE can more accurately
describe electric polarization. QEqR is also advantageous over QEqA
in that it does not worsen long-range charge transfer. With both
QEqA and QEqR, however, the effect of the electric field on the
molecules in the system is heavily influenced by the spurious net
molecular charges predicted by QEq. This is less of an issue with
QTPIE, although molecular drift in the electric field due to the net
charges of molecules is still expected with QTPIE but at longer sim-
ulation times or with stronger external electric fields compared with
QEqA and QEqR.
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The presented equilibration analysis highlights that the two
methods widely used by previous studies do not provide well-
equilibrated systems at the target temperature. In particular, the
kinetic energies are not equipartitioned over the translational, rota-
tional, and vibrational motions, which directly affects reaction
kinetics. Employing a two-step equilibration procedure can provide
a more, although not fully, equilibrated system under the con-
straint on the equilibration time imposed by thermal decomposition.
Extending this procedure to more than two steps could lead to even
better system equilibration.

When an electric field acts to increase the translational and
rotational kinetic energies of molecules, global thermostats sacri-
fice vibrational kinetic energy to maintain the system temperature.
This leads to an artificial freezing of bonds, in a similar manner
to the flying ice cube effect, and inevitably affects reaction kinet-
ics. For example, an electric field of strength E; = 0.05 V/A results
in a significant decrease in fuel consumption and oxidation with
QEqR with both the NH and CSVR thermostats. This simulation
artifact also affects reaction kinetics with QTPIE, as QTPIE cannot
prevent long-range charge transfer entirely, but at stronger electric
fields compared with QEqR. Given the widespread use of global ther-
mostats with external electric fields in (reactive) MD, it is likely that
similar artifacts have affected the results and conclusions of previ-
ous studies. NVE-MD avoids artificial effects from thermostats but
cannot dissipate the energy introduced into the system by the elec-
tric field, which can lead to substantial heating. With a method that
can predict neutral species, such as ACKS2, heating will occur more
slowly and NVE-MD should be preferred over NVT-MD. Alterna-
tive approaches to global thermostatting should be pursued that can
provide temperature control with an external electric field without
introducing artificial behavior.
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APPENDIX A: IMPLEMENTATION OF fix qtpie/reaxff

fix qtpie/reaxff uses the overlap integral between two
normalized spherically symmetric 1s Gaussian-type orbitals for S;
in Eq. (5),”

3
4o 4 o

Sy = (7 J 2) exp(— : f_rfj), (A1)
((X,‘+(XJ‘) (xi+oc]

where «; is the Gaussian orbital exponent of the ith atom. With
Eq. (A1), Sj = 0 for two infinitely separated atoms and S;; = 1. The
orbital exponents provide an additional parameter that can be opti-
mized during the parameterization of ReaxFF, which could improve
the accuracy of charge computations. The same Gaussian orbital
exponent is used for all atoms of the same type (e.g., the same
Gaussian orbital exponent is used for all hydrogen atoms, regard-
less of chemical environment). The use of orbital exponents is also
advantageous in that a cutoff radius, rocut, can be defined based on
the minimum Gaussian orbital exponent, allowing overlap integrals
to be neglected when rj; > rocur. Neglecting overlap integrals when

Sij <107 leads to
2
Focut = | —— In 10, (A2)
Qmin

where dmin = min{ai, ..., an} and In is the natural logarithm. This
is implemented in fix qtpie/reaxff with ¢ =10 to reduce the
number of overlap integrals that must be computed. Ghost atoms
(atoms owned by other processors and atoms across periodic bound-
aries that are within a cutoff distance of each processor’) are used
when computing the overlap integrals and the differences in abso-
lute electronegativities in Eq. (5) to ensure that all nearby atoms are
accounted for.

When applying an external electric field, fix qtpie/reaxff
requires that the electric field is applied to all atoms in the system.
This restriction was added to avoid issues when computing ¢, - ¢, in

Eq. (10), where, for example, atom i is subject to an external electric
field and atom j is not. It is unclear how ¢, — ¢, should be computed
in this case. One option could be to set ¢, = 0, but this would then
cause fr; to depend on the absolute position of atom i, leading to the
same shortcomings that arise with QEqA.

APPENDIX B: KINETIC ENERGY COMPUTATIONS

This section details how the translational, rotational, and vibra-
tional kinetic energies were computed for each molecule in the
system by considering one molecule composed of N, atoms. The
velocity of the ith atom in the molecule can be expressed as a sum of
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contributions due to the translation of the molecule’s center of mass,
rotation of the molecule around its center of mass, and vibration,

Vi=Vc+ WXt + Ui, (B1)

where v, is the velocity of the molecule’s center-of-mass, w is the

angular velocity of the molecule about its center of mass, r; is the

position of the ith atom relative to the center of mass of the molecule,

and u; is the vibrational velocity of the ith atom. Finding each of the

velocity components in Eq. (B1) allows the translational, rotational,

and vibrational kinetic energies of the molecule to be computed.
We denote the mass of the molecule by

N
Mm =Y. mi (B2)
i=1
where m; is the mass of the ith atom. The center-of-mass velocity

can be found from

N
v = 2L (83)
m

and the translational kinetic energy of the molecule follows from
1
Ky = Emm'vc * Ve, (B4)

where - denotes the inner product.
In order to compute the angular velocity of the molecule, the
center of mass of the molecule, rcom, must first be computed,

N
., MiTyi
Fcom = 21_1 l m, (BS)
Mm

where ry; is the position of the ith atom in unwrapped atomic
coordinates—unwrapped coordinates must be used so that the cen-
ter of mass computation is not affected by the wrapping of parts of
the molecule over periodic boundaries. The angular momentum of
the molecule, L, is given by

L=Iw, (B6)

where I is the moment of inertia tensor of the molecule. The angular
momentum can be computed through

N
L= m(rxvi), (B7)
i=1

and the moment of inertia tensor in a rectangular Cartesian
coordinate system can be computed through

N oo, N
> Gatz)mi =Y (xeiye)mi
=1 i=1

By 2
Z (x5 + zgi)mi
i=1

Nin
—Z (Zci)/ci ) mi
i=1

Ny
=" (Xeizei ) mi
i=1
Ny
> (yeizei)mi |,
i=1
Ny 2 2
Z (xci + ya)mi
i=1
(B8)

where r; = xciex + y ey + Zcie;. When a molecule has a non-singular
moment of inertia tensor, the angular velocity of the molecule can

Nm
I= —Z (yeixci)mi
i=1

Nin
—Z (Zcixci)mi
i=1
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be found from Eq. (B6) using the inverse of the moment of inertia
tensor,

w=I"L (B9)

The rotational kinetic energy of the molecule then follows from
1
Kot = 2L+ w. (B10)

For molecules with a linear geometry, such as oxygen
molecules, the moment of inertia tensor is singular because the
moment of inertia about the axis passing through all atoms of the
linear molecule is 0; in other words, there is no resistance to rota-
tion about this axis. Equation (B9) can, therefore, not be used with
linear molecules. We, instead, computed the angular velocity of a lin-
ear molecule by first computing the principal axes ({ei, e, e3}) and
principal moments of inertia ({I1,I>,3}) of the molecule. The axis
that passes through all atoms of the linear molecule was used as the
first principal axis such that I; = 0. The Gram-Schmidt process was
then used to find two unit vectors that are orthogonal to each other
and to the first principal axis, which serve as the other two principal
axes. Following this, the principal moments of inertia could be com-
puted since they are the eigenvalues of the eigenvectors given by the
principal axes. The angular momentum of a linear molecule can be
expressed as

L= Izwzez + 136()383, (Bll)

where {wi,wz, w3} are the principal angular velocities of the
molecule, ie., w=we +wre; +wses (w; =0 for the linear
molecule). Following from Eq. (B11),

L-e L-e
2 and w3 = 3,

(B12)
2 I

wy =

The rotational kinetic energy of the linear molecule can then be
found from

1
Kot = - (bws + bw3), (B13)

or by using Eq. (B10), as for a non-linear molecule.

With v, and w known, the vibrational velocity of each atom
in the molecule can be computed using Eq. (B1). The vibrational
kinetic energy of the molecule then follows from

1 N
Kyib = EZ mitl; - Wi. (B14)
i=1
It was confirmed that
1 N
Kir + Krot + Kyib = EZ miv; - v; (B15)
i=1

for each molecule.
The Python code written to perform the kinetic energy analysis
is also provided in https://doi.org/10.5281/zenodo.15222653.
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APPENDIX C: TWO WATER MOLECULES IN AN
ELECTRIC FIELD

This section repeats the analysis presented in Ref. 36 of two
water molecules in an electric field. The two water molecules were
positioned with their oxygen atoms 5 nm apart in the x-direction
and 2 A apart in the z-direction in a cubic domain of side length
10 nm. The second generation ReaxFF water force field was used.”
After the system was minimized with the oxygen atoms frozen in
position, an NVE-MD simulation was performed for 15 ps with
no electric field applied and then for 15 ps with an electric field of
strength E, = 0.05 V/A applied. Periodic boundaries were used in

(a) 027 i
— QEqA (z%) :
--- QEqgA (z7) i
0.1 1 i
—— QTPIE (z%) ;
--- QTPIE (z7) 3
qu(e) ;. ———
!
1 AY
—-0.1 4 i \\
: N
E,=0.0V/A > E;=0.05 V/A \
—0.2 T T T ; T T -
0 5 10 15 20 25 30

t (ps)
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the x- and y-directions, while reflecting boundaries were used in the
z-direction to avoid issues with QEqA.

Figure 16 presents the net charge and z-position of the cen-
ter of mass of each water molecule over time. It is evident from
Fig. 16(a) that each water molecule is neutral before an elec-
tric field is applied with both QEqA and QTPIE. However, once
an electric field is applied, the water molecule with higher initial
z-position acquires a net positive charge with QEqA, while the other
water molecule acquires an equivalent net negative charge. The
same charges are predicted for infinite separation between the water
molecules in the x-direction. This behavior is the result of unphys-
ical long-range charge transfer and arises here since y, depends on

(b) 50 i
‘
‘
!
25 ;
‘
‘
‘
20 ) L
! T
: AN
—25 4 ! \
1 \
] \
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1 \
=50 - ! '
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FIG. 16. (a) Net charge and (b) the z-position of the center of mass of two water molecules before and after an electric field is applied with QEqA and QTPIE. In the legend,
z* and z~ refer to the water molecule with the higher and lower initial z-positions, respectively.
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FIG. 17. Effective electronegativities of one oxygen and one hydrogen on each water molecule with (a) QEqA, (b) QTPIE, and (c) QEqQR. z* and z~ refer to the water

molecule with the higher and lower initial z-positions, respectively.
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to increase as the two water molecules translate in the electric
field, which occurs because the effective electronegativities y, of
the atoms on the two water molecules diverge over time [shown
in Fig. 17(a)].

absolute atomic positions. These spurious, non-integer net charges
cause the two water molecules to translate in the electric field, as
shown in Fig. 16(b). It is particularly concerning that the mag-
nitudes of the net charges of the two water molecules continue

67 (@ 109 (b)
e e 8 4
41 NS eeraram S awvacnann
6 -
X (eV) 3 4
5 Carbon — QEgA: xa 4 4 —— QEQA: xa
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1 — QTPIE: i 2 - — QTPIE: %
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FIG. 18. (a) Effective electronegativities of the carbon and hydrogen atoms in the pentamethylheptane molecules and (b) the oxygen atoms in the oxygen molecules
averaged over all atoms of the same type, before and after an electric field is applied at t = 0.25 ns, with QEqA, QEqR, and QTPIE. The solid lines show the average over

all atoms of each type at each time, and the shaded regions present the standard deviation over all atoms of each type.
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FIG. 19. (a) Number of C4,Hys and (b) O, molecules vs time with atomic charges computed using QEq and QTPIE. The simulations were performed at 2000 K with CSVR.
The solid lines are the mean number of molecules over 10 simulations and the shaded regions are 90% confidence intervals for the mean, which were computed using the

t-distribution.
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FIG. 20. (a) Number of C1,Hz and (b) O, molecules vs time with QEq and QEQR. These simulations were performed at 2000 K with CSVR. The solid lines are the mean
number of molecules over 10 simulations and the shaded regions are 90% confidence intervals for the mean, which were computed using the t-distribution.
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The expected behavior is that the two water molecules remain
neutral®® and only rotate to orient their dipoles in the direction
of the applied electric field, rather than translating. This expected
behavior is predicted by QTPIE (the same behavior is also predicted
by QEqR), as shown in Fig. 16, and aligns with the predictions of
ACKS2 and DFT presented in Ref. 36. QEqR and QTPIE lead to
the expected behavior because the effective electronegativities used
with these methods, which are shown in Figs. 17(b) and 17(c), are
approximately the same for the corresponding atoms on each water
molecule with and without an electric field applied.

APPENDIX D: EFFECTIVE ELECTRONEGATIVITIES
FOR PENTAMETHYLHEPTANE IN OXYGEN

Figure 18 presents the effective electronegativities of the carbon
and hydrogen atoms in the pentamethylheptane molecules and the
oxygen atoms in the oxygen molecules.

APPENDIX E: SPECIES ANALYSIS WITH CSVR

Figures 19 and 20 present the number of C;2His and O;
molecules vs time with atomic charges computed using QEq and
QTPIE and with QEq and QEqR, respectively.
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