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ABSTRACT

The mechanics and dynamics of molecular collisions in air are investigated by thoroughly validated atomistic molecular dynamics (MD)
simulations that treat oxygen and nitrogen as true diatomic molecules accounting for their non-spherical shape and, most importantly, force
field. Due to their rotational motion and non-spherical shape, molecules follow complex trajectories at close enough separations experiencing
a great variety of collision events. Most of the collisions are bimolecular. However, some can involve up to four molecules as pairs (or even
triplets) of molecules that collide repeatedly are observed. Following their initial encounter, these molecules separate briefly, come back, and
collide again and again creating even “orbiting” collisions, before they split apart to collide with other molecules. Identifying such rather spu-
rious collisions and filtering them by hazard plot analysis was a key step in correctly determining collision densities and accumulating colli-
sion event statistics. By systematically recording the distribution of free paths (distances traveled by molecules between genuine collisions),
the mean free path, 4, of air is determined as 38.5 = 1 nm at 300 K and 1 atm. This is 43% smaller than the 67.3 nm widely accepted 4 today
at these conditions and quite robust to the employed MD force field as long as it accurately matches the experimentally determined macro-
scopic properties of air (density, viscosity, and diffusivity).

© 2023 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (http://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0166283

invoking a series expansion in terms of an ordering parameter.” This
helps express the transport coefficients in terms of weighted integrals
(the so-called collision integrals) of the deflection angle y carrying
information about the dynamics of bimolecular collisions, hence about
the intermolecular potential.’

For the hard-sphere model, the collision integrals can be evalu-
ated analytically. The same is true for extensions’ '’ of the hard-
sphere model, such as the variable hard-sphere (VHS) model” and the

I. INTRODUCTION

Molecular collisions determine the key transport properties of
gases while their mean free path along with particle size largely control
aerosol behavior in the environment and several industrial processes.’
From a theoretical point of view, an elegant treatment of molecular
collisions and transport in gases is offered by the kinetic theory of
gases,” which leads to closed-form analytical expressions for their dif-
fusivity, D, viscosity, 7, and thermal conductivity, x.” For example,
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starting from the Maxwell-Boltzmann distribution of molecular veloc-
ities and the fundamental conservation laws for the total mass, energy
(thus elastic collisions), and momentum assuming that the interaction
between any two molecules depends only on their separation r, a
closed-form expression for the angle of deflection y is derived. This
involves the inter-molecular potential u(r), the magnitude v, of the ini-
tial relative velocity of the two molecules, the distance of closest
approach r,,, and the impact parameter b of the collision (or r,, in the
absence of molecular interactions).”

At a higher level of analysis,” one solves the non-linear integrodif-

ferential Boltzmann equation” with the Chapman-Enskog method

5,6

variable soft-sphere (VSS) model,”” wherein a strong dependence of
the total cross-section on the relative velocity of the collision pair is
incorporated in order to predict the correct temperature dependence
of the viscosity coefficient.'>'” For more sophisticated potential func-
tions, however, such as the Lennard-Jones, the exp-6 (Ref. 14) and the
Kihara potential,* numerical integration is needed. Hirschfelder
et al."” have studied the transport coefficients of 6-12 Lennard-Jones
(L]) gases in great detail, with the two L] parameters ¢ and ¢ obtained
by fitting data for the viscosity and the second virial coefficient of the
gas as a function of temperature. For spherical molecules described by
a realistic potential (i.e., Lennard-Jones), Hirschfelder et al.'” were the
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first to examine the anatomy of their collisions. They showed that
grazing, head-on, and even orbiting collisions can take place due to the
intermolecular interaction through their Lennard-Jones potential.

Despite these insights, unfortunately, the assumption of struc-
tureless particles undergoing elastic collisions (rigid sphere theory) is
widely invoked. This considerably limits the consistency and applica-
bility of the estimated parameters. For example, L] parameters
obtained by fitting strictly viscosity data may not agree with L] param-
eters obtained by fitting second virial coefficient data.'” Likewise, by
keeping the L] parameters ¢ and ¢ constant, it may not be possible to
obtain satisfactory agreement of the transport properties over an
extended temperature range.'”

To overcome these limitations, a more realistic treatment of the
mechanics of collisions is needed where one accurately accounts for
the diatomic nature of oxygen and nitrogen molecules and their inter-
actions at the level of atoms (and not at the level of molecules).”” An
excellent such alternative is offered by molecular dynamics (MD),
which can provide an exact solution to the corresponding statistico-
mechanical problem over approximate solutions. As MD is a
deterministic methodology, it allows the validation of force field
performance against macroscopic observables (i.e., for air, density,
diffusivity, and viscosity) and track exact trajectories of molecules and
their constituent atoms. Today, the MD method has evolved consider-
ably due to a combination of advances such as development of more
accurate parameterizations of experimentally verified force fields,'®
efficient algorithms'” often combined with machine learning,'® and a
steadily increasing computational power from hardware advances."’
As a result, MD is a powerful tool for unraveling basic phenomena
that dictate the dynamics and evolving structure of nanoparticles and
their intriguing performance that impacts several applications (see Sec.
S1 in the supplementary material).”" **

Here, MD is used to rigorously characterize molecular collisions
of gases with a thoroughly-validated fully atomistic (FA) model incor-
porating bonded and non-bonded interactions and identify distinct
patterns of collision dynamics. Also derived from the molecular
collisions is the distance traveled by molecules between collisions, the
so-called mean free path, .*”*" This is a fundamental quantity in a
variety of fields, most notably aerosol science, where it is widely used
to distinguish particle motion in the free molecular, transient, or con-
tinuum regimes.’’ To compute 7, the simple kinetic theory (wherein
molecules are taken to be spherical and rigid with a diameter )
assumes that a collision between molecules i and j occurs whenever
the impact parameter b is shorter than g;; = (6; + ¢;)/2. In reality
(and our MD simulations), however, gas molecules are diatomic and
non-spherical, exhibiting several modes of interaction; thus, the above
simple definition strictly does not apply.

To appreciate the results of the FA simulations in comparison
with the current state of the art, two limiting cases are explored also:
In the first, air molecules are approximated as hard spheres (HS
model) undergoing strictly elastic collisions; this enables a direct com-
parison with classic kinetic theory for which analytical results for the
collision densities and the mean free path are available. In the second,
such spheres are empowered by a Lennard-Jones force field (L]
model), as Hirschfelder ef al.'” first did, to bridge here the gap between
the simplified HS model and the detailed FA one; this helps examine
the importance of molecular shape (of relevance to polyatomic mole-
cules) on top of that of the precise potential energy function. Last but
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not least, the mean free path is calculated also using various force fields
and MD models to further assess the robustness and accuracy of the 4
obtained here.

Il. METHODS
A. Molecular dynamics (MD)

To precisely calculate molecular collisions and investigate their
mechanics, an accurate force field is needed. In the literature, several
atomistic models have been derived for air treating nitrogen and oxy-
gen as diatomic molecules, including intramolecular bond stretching
interactions (usually described by harmonic potentials) and intermo-
lecular repulsive and attractive interactions (represented by LJ func-
tions). The force field parameters are typically extracted by fitting
simulation predictions to various thermodynamic observables (includ-
ing, but not limited to, liquid density, Raman vibrational frequency,
enthalpy of vaporization, solvation free energy, second virial coeffi-
cient, and viscosity). The force field of Zambrano et al*” is most reli-
able for air as it combines the parameters of Laufer and Leroi” for
oxygen (based on solid-state thermodynamic data) and Murthy et al.”*
for nitrogen [obtained by fitting both solid-state (lattice spacing and
sublimation energy of the crystal at absolute zero) and second virial
coefficient data]. Recently, Wang et al.”” also proposed a force field for
air that reproduced well bond geometry, Raman vibration frequency,
liquid density, and vaporization enthalpy. Both of these models are
two-site potentials. Several three-site potentials, including electrostatic
interactions, have also appeared.”” *” The third atom is massless,
resides at the molecule’s geometric center, and serves to generate a
quadruple moment term in the potential energy function.
Nevertheless, and as often noted in the literature,’ ™’ the quadruple
moment term is essential to include in simulations of condensed
phases or for addressing adsorption phenomena; otherwise, it can be
safely neglected.

To check the sensitivity of the obtained simulation results on the
precise value of the parameters describing non-bonded interactions,
the transport properties and mean free path of air are compared from
all the above-mentioned fully atomistic force fields, either 2- or 3-site
ones,” 7% omitting, however, the phantom third atom of the three-
site models.” ™

It is worth noting that ab initio force fields** *" address air prop-
erties at extremely high temperatures (above 1000 K) by accounting
for chemical reactions (i.e., bond dissociation).** " Such force fields
are described by complex interaction potentials, including many-body
terms, and characterized by tens or even thousands of parameters.
However, their examination goes beyond the scope of the present
study as reactions are not considered here. On the other hand, there
are two classic two-body potentials for pure nitrogen*'*’ parameter-
ized on the basis of such ab initio calculations.”””” As above, the per-
formance of the employed force field here,”” with respect to nitrogen
density, viscosity, diffusivity, and 4, is also compared to these two
potentials,’“"13 as well as to available experimental measurements, to
fully assess the robustness of its predictions.

All MD simulations have been performed with a force field”
incorporating bonded (i.e., bond stretching) and non-bonded interac-
tions (Table S1 of the supplementary material). This is the so-called
FA model. The nitrogen—-nitrogen and oxygen-oxygen bonds are con-
sidered to be rigid with the corresponding holonomic constraints
addressed by the SHAKE algorithm,”” while the rest of intermolecular
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contributions are described by a 12-6 Lennard-Jones (LJ) potential.
The pairwise L] interactions are truncated at a cutoff distance of 12 A
and to compensate for this, tail corrections are applied for both energy
and pressure.”* The simulations are carried out primarily in the micro-
canonical (NVE) ensemble, while canonical (NVT) and isothermal-
isobaric (NPT) ones are examined also with LAMMPS.” The
Nosé-Hoover thermostat’>”” and the Parrinello-Rahman barostat™
were used to keep T and P at their prescribed values with the corre-
sponding relaxation constants at 50 and 400 fs, respectively. The equa-
tions of motion were integrated using the velocity-Verlet method™
with a time step of 1 fs. Large cubic simulation cells (of length
126.7 nm, subject to periodic boundary conditions in all three space
directions) were used containing 5 x 10* air molecules (consisting of
79mol. % N, and 21 mol. % O, and corresponding to air concentra-
tion of about 0.041 M) to reduce statistical uncertainty and ensure the
complete absence of system-size effects (see Sec. S5 of the supplemen-
tary material).

As already mentioned in the Introduction, additional simulations
were performed in limiting cases wherein O, and N, were assumed to
be hard spheres (HS model) or Lennard-Jones spheres (L] model) to
directly compare the results from the present FA model to those from
the kinetic theory of gases but also assess the significance of each one
of its key assumptions: elastic collisions and spherical molecule shape.

The HS model includes only repulsive interactions between oxy-
gen and nitrogen rigid spheres, and their collisions are purely elastic,
consistent with classic kinetic theory,}

us, . Joo forr < gy
“ (r)_{O for r > gy ° )

where r denotes the separation distance. To avoid the discontinuity at

r = oy, the HS potential is approximated with a “softer” version for
60

wl(r)=A {1 + cos (g)} for r < gy, 2)
ij

where A = 5000 kcal/mol, an energy prefactor.”’ The van der Waals

diameters are'” o, = 3.467 A for oxygen and o, = 3.798 A for nitrogen

(i=1 and 2 denote oxygen and nitrogen molecules, respectively).

For the L] model that “bridges” the HS and FA models, the fol-
lowing parameters were used:'” & = 0.212 03 kcal/mol and the above
g, for oxygen, as well as &, = 0.141 98 kcal/mol and the above ¢, for
nitrogen. For cross interactions, the Lorentz-Berthelot mixing rules”
were applied for &,=0.173505kcal/mol and o, =3.6325 A All
parameters of the FA force field are summarized in Table S1 of the
supplementary material.

B. Collision criterion

This is based on the calculated interatomic separation between
any pair of molecules (or their constituent atoms) where the corre-
sponding inter-molecular (or inter-atomic) force crosses from negative
to positive values, meaning that one molecule (or atom) starts exerting
a repulsive force to the other. For the HS model, this threshold dis-
tance 7, is equal to the van der Waals sum of radii of the two mole-
cules, o For the L] and FA models, it is equal‘:"l to 2"/ saij, where i and
j refer to entire nitrogen or oxygen molecules (for the L] model) or
their atoms (for the FA model). The r,, for the three models are shown
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in Table S2 of the supplementary material. To save computational
time, first, candidate pairs of molecules or atoms for collision are iden-
tified by monitoring changes (even as small as a 1° angle for possible
grazing collisions'”) in the time autocorrelation function of the unit
momentum vector for all air molecules. The next step is to check if the
collision is true or spurious, ie., if it involves successive collisions
between the same molecules. To precisely distinguish and filter spuri-
ous collisions, we used hazard plot analysis,”’ as explained immedi-
ately below.

C. Detection of spurious collisions

Let h(A)d/ be the probability that a molecule which has traveled
length A from its last collision experiences a new collision after having
traveled length A+ d/. The cumulative probability (cumulative haz-
ard) will be H(2) = fo) h(2")d/. Then, the expectation of the cumula-
tive hazard at the length of the mth ordered collision (out of n
collisions) is™

B I=m 1
H, =

n—1" )
0

For a set of uncorrelated collisions described by an exponential distri-
bution (such as suggested by kinetic theory for molecular collisions)
with a certain rate (say equal to 1/£), the cumulative hazard is a
straight line” (with a slope equal to 1/¢). Events deviating from the
straight line correspond, therefore, to correlated collisions or to colli-
sions not obeying the exponential distribution.

D. Mean free path, /

To calculate A from the NVE MD simulation trajectories (in the
NPT simulations, the measured mean free path was not accurate due
to the presence of the barostat that included contributions also from
the volume fluctuations of the simulation cell; see Selection of
Ensemble in Sec. S2 of the supplementary material), first, all collisions
and all lengths traveled by molecules are recorded within a pre-
specified time interval (the so-called observation time, f,s), and the
corresponding probability density distribution is computed. The 4 is
calculated by directly averaging over this distribution or by regressing
the latter to an exponential function (as suggested by kinetic theory).
Then, the observation time is increased and the calculations are
repeated. This helps sample longer free paths, enrich their distribution,
and thus update the value of /. The procedure is repeated until conver-
gence is attained in the sense that although the distribution of free
paths continues to change slightly as longer and longer free paths are
sampled and added, the 4 approaches asymptotically a constant value.
This is also calculated by regressing the /4 simulation predictions with
a hyperbolic function of the form A(tos) = (b1 + batobs)/ (1 + a tops)
with a, by, and b, numerical constants, and then taking the limit
fops — 00 to get A =limy, oo A(fobs) = by/a. In the following, the
so-extracted 4 values are compared with results from theoretical
expressions based on the kinetic theory of gasses (hard-sphere model)
and extensions thereof such as the variable hard-sphere’ (VHS) and
variable soft-sphere™” (VSS) models. A brief account of these theories,
which all consider air molecules as perfect elastic spheres, is given in
Sec. S3 of the supplementary material.'>"*
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I11l. RESULTS AND DISCUSSION
A. Validation

All simulations were carried out with rather large simulation cells
at temperature T of 300 K and pressure P of 1 atm in the microcanoni-
cal (NVE) ensemble (see Selection of Ensemble in Sec. S2 of the sup-
plementary material). The air velocity distributions were identical to
those by the classic Maxwell-Boltzmann expression™’ as shown in Fig.
S2. The employed atomistic force field was validated by comparing the
MD-predicted air density (1.180 = 0.01 kg/m®) to the experimentally
measured one for dry air (1.177kg/m’).”" A second validation
involved a comparison of the MD-predicted diffusivity, D, and viscos-
ity, 1 of air with measurements.”’ °° The D of air was predicted from
the slope of the mean square displacement of O, and N, molecules in
the Fickian (linear) regime.”* For the viscosity, #, the corresponding
Green-Kubo equation™ was used involving the integral of the time
autocorrelation function of the off diagonal components of the atomic
stress tensor. The FA MD-predicted D and # were 0.203 = 0.005 cm®/s
and 18.1 £ 0.2 pPas, respectively, both in excellent agreement with
experimental®”*® or theoretical studies®"*” giving D = 0.203 cm*/s and
1 =18.5 uPas, respectively.

The predictions for the p, D, and 5 of air from the two limiting
cases of the FA model were, respectively, 1.17 =+ 0.01kg/m’,
0.185 = 0.005 cm?/s, and 18.0 = 0.5 nPas from the HS model, and
1.18 = 0.01 kg/m?, 0.2 = 0.005 cm?/s, and 18.1 = 0.5 yPas from the L
model. Overall, the three models provide accurate predictions of air
density, diffusivity, and viscosity, except for the diffusivity from the HS
model, which is underestimated by about 9%. For the FA model, these
excellent predictions should have been expected. For the L] model, this
is the direct result of its parameterization on the basis of experimental
data for the viscosity.

B. Molecular collisions: Definition and distinction from
spurious ones

The accumulated MD trajectories were analyzed to identify
molecular collisions based on the distance between colliding mole-
cules.” A collision is declared when pairs of molecules or atoms have
interatomic distance smaller than the collision distance r,,, (Table S2 of
the supplementary material). Figure 1 shows representative collision
trajectories (bold black lines) from the three models in relative coordi-
nates (i.e, one of the two molecules is kept at rest). Figure 1(a)
(Multimedia view) shows the impact parameter b and the angle 0,, at
the distance of the closest approach according to the HS model. Once
a molecule hits another one, it changes direction and moves along a
different straight line. The angle 0,, is related to the deflection angle
through y + 20,, = m; for the collision in Fig. 1(a), 0,,, = 38.4°. In gen-
eral, when a collision occurs according to the HS model, the relative
velocity along the line of impact is reversed, while that at right angle to
this line remains unchanged.”

Figure 1(b) (Multimedia view) displays such a collision according
to the L] model. This is largely similar to that of the HS model except
just before contact, where the L] potential between molecules leads to
a slight bending of the trajectory as these are attracted to each other,
increasing the probability of their collision. Similarly, Fig. 1(c)
(Multimedia view) displays a collision according to the FA model also
depicting the constituent atoms of the molecules. The collision trajec-
tory in Fig. 1(c) is not that different from that by the simpler L] model,
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Vi
ATy :

FIG. 1. Collision trajectories by the three models in relative coordinates: (a) HS
model, (b) LJ model, and (c) FA model. In each case, the reference (stationary)
molecule is white and the colliding one blue. The bold line shows the trajectory
followed by the moving molecule before and after collision. The thin lines parallel to
the trajectory of the moving molecule help define the impact parameter b.
Multimedia available online.

even though the shape difference (dumbbell vs spherical) enhances,
even more, the collision probability. As A and B molecules approach
each other at 0,,, = 60.1° [Fig. 1(c)], they come even closer by attractive
van der Waals forces, bending the trajectory of molecule B just before
its atom B, hits atom A, of molecule A.

As just shown in Fig. 1, the attractive van der Waals forces that
are explicitly accounted for by the L] and FA models alter the straight
molecular trajectories of classic kinetic theory revealing a longer and
persistent interaction between colliding molecules.” These interactions

Phys. Fluids 35, 097131 (2023); doi: 10.1063/5.0166283
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can lead to molecular trajectories that differ from those of classic
kinetic theory as shown first by Hirschfelder et al."” For example, mol-
ecules can split apart for a very short time (e.g., few picoseconds, ps)
and after having traveled a very short distance (e.g., less than 0.2 A),
they can collide again and again before interacting with any other mol-
ecule. Such collisions are spurious that include “orbiting” ones.'” The
origin of this motion is traced to the attractive component of the inter-
atomic potential that is fully accounted for by the L] and FA models.

Figure 2(a) (Multimedia view), for example, depicts snapshots
from a pair of molecules experiencing seven spurious collisions within
17.1 ps according to the L] model. The snapshots are in relative coor-
dinates showing the trajectory of the moving molecule relative to the
stationary. Thin red lines depict the trajectory of the actual spurious
collisions while bold black lines the molecular trajectory before and
after them. This is clearly a spurious collision event [Fig. 2(a)], that
forms a so-called orbiting collision.

Similarly, Fig. 2(b) (Multimedia view) depicts the relative trajec-
tory of a colliding molecule according to the FA model that experien-
ces three successive collisions with the reference (stationary) molecule,
moving on a highly curved trajectory before eventually splitting to
continue its free motion along a new path. These events constitute a
direct manifestation of the complex interaction between molecules
due to their attraction, a feature that is absent in the HS model as in
kinetic theory.

From far away, however, the mechanics of collisions seem similar
between the three models: two molecules approach one another, inter-
act strongly as the separation between them gets close to r,,,, and finally
they depart to different directions along straight paths before they are
engaged in a new collision. Through hazard plot analysis,”"** spurious
collisions are identified and filtered. All spurious collisions between
two molecules are counted as one collision event in the calculations of
collision density and /. For the HS model [Fig. S5(a) in the supple-
mentary material], spurious collisions are totally absent as only regular
collisions occur.

By tracking the motion of all molecules as closely as possible,
almost every fs (ie., every MD time integration step), multi-particle
collisions can be identified also (see Sec. S7 of the supplementary
material). By sorting out spurious collisions, the fraction of 2-, 3-
[Fig. 3(a), Multimedia view], or even 4-body collisions [Fig. 3(b),
Multimedia view] can be determined (Table S7 in the supplementary
material). By far, the vast majority is 2-body or bimolecular collisions,
as expected. For the HS model, this is always the case. However, for
the L] and FA ones, there also exists a small fraction of events involv-
ing more than two molecules. Three-body collisions makeup about
0.5% of all collisions according to the L] model and about 0.8%
according to the FA. Moreover, due to the attractive part of the poten-
tial, a tiny fraction of collisions (likelihood less than 5 x 10°% and
0.5 107°% for the FA and LJ models, respectively) involving four
molecules was also identified. Such multi-body collisions should take
place even at lower pressures than those employed here as there the
mean free path becomes longer. Examples of how interatomic distan-
ces evolve in such 3- or 4-body collisions in the simulations by the FA
model are shown in Fig. 3.

There, as the molecules move, they also rotate, resulting in wavy
trajectories due to their non-spherical shape rather than the straight
ones of kinetic theory. Note that the inter-atomic separation defines
whether a collision takes place rather than the center-of-mass distance
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(a) LJ model

11.3 ps 14.1 ps :171 ps @
7th collision

1st collision @ 0.0 ps

3rd collision
@ 4.0 ps

FIG. 2. Spurious collisions (successive ones between the same molecules) in rela-
tive coordinates during a single otherwise collision by (a) the LJ model with the pair
of colliding molecules (depicted with white and blue beads) experiencing seven
spurious collisions within 17.1 ps during a collision event that constitutes an
“orbiting” collision.” (b) The FA model with the pair of colliding molecules experi-
encing three successive (spurious) collisions within 4 ps. For clarity, the rotational
motion of the reference molecule (white) has been suppressed here. In both mod-
els, the line (bold black before spurious collisions begin and after they end, and red
in-between) shows the trajectory of the moving molecule. The spurious collisions
are not counted as independent events but they are part of a single collision.
Multimedia available online.

that can be longer than the collision threshold distance, r,,, between
colliding molecules.

C. Statistics of multi-particle collisions

Figure 3(a) shows that at t/ 2.5 ps, the inter-atomic separations
712> 13, and 7,3 of one O, and two N, molecules involved in a collision
lie in pairs simultaneously below the threshold distance r,, for collision
as indicated by the dashed orange and black lines (r,,=3.726 A for
two nitrogen atoms, and r,, = 3.541 A between nitrogen and oxygen
atoms, see also Table S2 in the supplementary material), quantitatively
identifying this as a 3-body collision. Similarly, in Fig. 3(b) at t~1.7
ps, three out of the six pairs of four molecules (all N,) that are involved
in the event have inter-atomic separations below the shortest threshold
distance for collision (r,, =3.726 A for two nitrogen atoms), a direct
manifestation of the 4-body character of this event.
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Time, £ (ps)

Time, t (ps)

FIG. 3. (a) Evolution of separation distances between pairs of N, and O, molecules involved in a three-body collision: Distances rq,, ry3, and ro3 indicate inter-atomic separa-
tions between the 12, 13, and 23 pairs of molecules, respectively, for the constituent atoms in the colliding molecules. Indexes 1 and 2 refer to the red and green N, molecules,
while index 3 refers to the blue O, molecule. (b) The evolution of separation distances between colliding pairs of atoms in molecules 1, 2, 3, and 4 in a four-body collision:
Distances rqy, 13, I14, 23, 24, and ra4 indicate inter-atomic separations between the 12, 13, 14, 23, 24, and 34 pairs of molecules, respectively, for the constituent atoms in the
colliding molecules. Indexes 1, 2, 3, and 4 refer to the red, green, blue, and yellow N, molecules. Black and orange horizontal dashed lines mark the threshold distances for
collision between nitrogen-nitrogen and nitrogen—oxygen pairs of atoms (equal to 3.726 and 3.541 A, respectively, in Table S2 of the supplementary material). Multimedia avail-

able online.

D. Mean free path

Table T shows the computed collision densities from the three
models along with those from kinetic theory. The latter are in excellent
agreement with those from the HS model, providing another strong
validation of our MD simulations. Table I shows also that collision
densities from the models accounting for attractive interactions (LJ
and FA) are the highest as inter-molecular attraction enhances molec-
ular proximity and, thus, collision frequency. For comparison, the cor-
responding collision densities accounting for spurious collisions by the
L] and FA models (Table S8 of the supplementary material) were
more than an order of magnitude larger than those in their absence
(Table I).

Established theoretical expressions"”*”*" for the mean free path
[Egs. (S7)-(S10) in Sec. S3 of the supplementary material] are based
on the average time between collisions resulting in 4 between 66.3 and
67.3 nm, for air at 300 K and 1 atm. Here, the / is computed by record-
ing and analyzing the actual distances traveled by molecules between
collisions. A difficulty encountered with such a detailed approach is
that, theoretically, these distances extend up to infinity rendering their
quantification from the MD trajectories quite challenging. For exam-
ple, molecules moving with exceptionally high speeds would result in
free paths of exceptional length.”

Consequently, the analysis had to be extended to sufficiently long
times to capture rare occurrences of very long free paths and, of
course, check if any collisions are spurious ones. To this, the observa-
tion time, t,ps, over which molecular paths are counted was progres-
sively increased until convergence is attained (see Fig. S7 of the
supplementary material). Then, at each . the 4 was calculated from
the probability distribution of free paths accumulated up to that time.

Figure 4 shows how the three models result in slightly different
distributions of A’ for the same observation time, here t,,; = 6 ns. For
the HS model, the corresponding regression with an exponential

function is also shown. By far, the longer free paths are obtained by the
HS model and the shortest ones by the FA model. This is not unex-
pected as attractive forces between molecules shorten such paths [Figs.
1(b) and 1(c)]. The free paths from the HS model follow largely an
exponential distribution (in accord with kinetic theory) except for the
very long ones which are characterized by the smallest probability of
appearance.

Figure 5 shows that the asymptotic convergence of 1 at very
long observation times is faster for the FA and L] models than for
the HS. This is due to the fast convergence of shorter paths sam-
pled with increasing observation time that outscores the appear-
ance of longer ones. The latter are characterized, however, by an
exponentially decreasing occurrence probability (Figs. S7 and S8
in the supplementary material). The so-derived /4 is 42.3 = 1.1 nm
for the L] model (circles) and 38.5 == 1 nm for the FA model (trian-
gles). For the HS model, 4 is 70.6 = 2.3 (solid line, squares) or
65.8 = 1.9 nm (broken line) through direct averaging or averaging
after performing the exponential regression (as suggested by
kinetic theory), respectively. The latter (1 =65.8 = 1.9 nm) agrees
very well with that obtained from Egs. (S7)-(S9) of the supplemen-
tary material, A = 66.4 nm.

The corresponding A from direct averaging (70.6 == 2.3 nm) is
higher than this by about 6%. This level of agreement reveals that the
distribution of free paths is predominantly (albeit not strictly) expo-
nential, as has also been reported recently.”” Note that the “refined”
value of 67.3 nm derived from Eq. (S10)”° of the supplementary mate-
rial lies between these two values.

By far, however, the most important result is the significantly
smaller 1 obtained here than that in the literature"** when accounting
for the force field and shape of air molecules by the FA model,
A=38.5 % 1nm. This is almost 43% smaller than the widely used A
from kinetic theory (67.3 nm) but rather close to that from the LJ
model (42.3 = 1.1 nm).
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TABLE I. Collision densities by the hard sphere (HS), Lennard-Jones (LJ), and fully atomistic (FA) models in comparison with the kinetic theory of gases that assumes purely

elastic spheres.
Collision densities (10*> m™3s7!)
Oxygen-oxygen Nitrogen—nitrogen Nitrogen—oxygen Total
Kinetic theory 3.14 57.0 26.8 86.94
HS model 32*0.1 569+ 1.6 26.7*+0.6 86.8 1.7
L] model 53%x0.1 883+24 433*1.0 136.8 2.6
FA model 5802 96.1 =2.7 474*12 1493 £3.0

That the true value of 4 is smaller than that derived by the simple
kinetic theory is consistent with the predictions of the kinetic theory
variants. The calculation of the / from these models is based on exper-
imental measurements for the transport properties of air and all are
summarized in Table S5 of the supplementary material. For example,
the VHS model'” [Eq. (S12) in the supplementary material] gives
Jyvns = 53.6nm. This is 20% smaller than that of the widely accepted
value of 4 =67.3nm, at T=300K and P =1atm. By making use of
the VHS model expressions of Koura and Matsumoto,” the mean free
path can also be calculated from the air viscosity [Eq. (S15) of the sup-
plementary material] or diffusivity [Eq. (S16) of the supplementary
material] resulting in ),,Ez 542nm or Ap=63.7nm, respectively.
Similarly, the VSS model' > [Egs. (S14) and (S24) of the supplemen-
tary material], a generalization of the VHS model, yields
Avss=55nm. All these A values are summarized in Table S5 of the
supplementary material, including some additional ones referring
solely to pure nitrogen gas. Although all these models consider air
molecules as perfect elastic spheres, they suggest 4 that range from
about 53.6 nm to about 67.3 nm. However, when accounting for the
actual molecular nature of air (i.e., in terms of shape and interactions),
the 4 is considerably smaller.

1072 .
o HS
103 o LJ |
A FA
10 4
= 10° i
o
10® 4
107 1 4
[m]
mﬂm o
1078 1 1 1 1 1 3
0 200 400 600 800 1000 1200

Free path, A" (nm)

FIG. 4. Probability distributions p(/’) of free paths A’ from the HS (squares), LJ
(circles), and FA (triangles) models at an observation time of f,,s =6ns. For the
HS model, also the best fit to the data is shown with an exponential function (solid
line) following kinetic theory.

The / from the FA model is fully consistent with the correspond-
ing hazard plot analysis [Fig. S5(b) of the supplementary material],
which shows that free paths between normal (non-spurious) collisions
occur with a rate of 0.00259 A~" suggesting a 2 of 1/(0.00259 A™"),
ie.,, of 38.6 nm. Similarly, for the L] model [Fig. S5(a) of the supple-
mentary material], the hazard rate for free paths between normal colli-
sions is 0.00239 A, suggesting a 2 of 41.8 nm, again consistent with
the asymptotic value 2=42.3 = 1.1 nm from the L] model. For the
simpler HS [Fig. S5(a) of the supplementary material], the calculated
hazard rate is 0.00145 A", corresponding to a / of 69.0 nm, which
also lies between the A from the two ways of averaging the HS model
results.

Very similar 4 for the L] and FA models are also obtained by just
substituting into Eq. (S9) of the supplementary material the corre-
sponding MD-predicted collision densities (see Table I):
A=42.1 0.9 nm for the L] model, and 4 = 38.6 = 0.8 nm for the FA
model. Overall, the agreement of the three different estimates
(Table II) of the 4 [(1) direct averaging and asymptotic analysis, (2)

[0}
o

[}
o
T
1

Mean free path, A(f,,.) (nm)

HS

o LJ
A FA

20 1 L 1 n 1 1 1
0 2 4 6 8

Observation time, £, (ns)

FIG. 5. Mean free path as a function of observation time (symbols) from the three
models obtained by directly averaging over the corresponding density distributions
of free paths, 2’. The errors in the calculations in the three different models are
smaller than the symbol size. The solid lines are the best fits to the MD data with a
hyperbolic function. The broken line for the HS model corresponds to extracting the
q by first regressing the distribution with an exponential function (as suggested by
kinetic theory) and then computing the average of this function.
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analysis of hazard rates, (3) kinetic theory based on collision densi-
ties—Eq. (S7) of the supplementary material] reflects the consistency
of the above calculations.

The A from the LJ and FA models in Table I have been com-
puted for a collision distance equal to the characteristic L] distance 2"/
°;; at which the force between a pair of atoms (i, j) changes from
attractive to repulsive as they approach each other. In Sec. S10 on the
supplementary material, the /4 of neon gas is calculated using different
collision criteria and compared to the corresponding results from
Dongari et al.”' showing the significance of selecting consistently the
collision distance with the employed force field.

E. The impact of the selected force field on 1

To assess the sensitivity of the MD-derived A on the parameteri-
zation of the employed FA model, the air density, viscosity, diffusivity,
and / were calculated with almost all two-body FA potentials available
in the literature’ ™ for air. The LJ parameters of these potentials are
reported in Table S9 of the supplementary material. Then, in Table
S10 of the supplementary material, the predicted density, diffusivity,
and viscosity are reported from these force fields based on NVE simu-
lations at T=300K and P=1atm. For three of these potentials (i.e.,
Bouanich,” Vrabec et al,”” and Zhang and Siepmannw), these esti-
mates agree with literature values and are fully consistent with those
from the Zambrano et al. model’* employed here. On the other hand,
the Wang et al. potential® underestimates the density by ~16% and
overestimates the diffusivity and viscosity by ~19% and ~8%, respec-
tively. Finally, the Vicha et al. potential ™ yields the correct density but
underestimates the diffusivity and viscosity by ~50%.

The corresponding predictions of the FA models using above
potentials for the A of air are presented in Fig. S11 of the supplemen-
tary material. For all practical purposes, they coincide with the 4
obtained from the Zambrano et al. model,”” thus confirming that the
A of 38.5 nm reported here is force field-independent. The only excep-
tion is the / from the Vacha et al. potential™® which comes out to be
considerably smaller, equal to A =20.5nm; however, the large under-
prediction (up to 50%) of air transport properties by this model indi-
cates that such a A cannot be accepted.

As mentioned in Sec. I A, there are two “classic” potentials for
nitrogen (one from Tokumatsu and Matsumoto®' and another from
Kosyanchuk and Yakunchikov*’) that have been parametrized on the
basis of ab initio simulations. Thus, to further check the sensitivity of
the MD-derived 4 on the atomistic force field parameterization, the 4
for pure nitrogen was determined also with these two models and

TABLE II. Comparison of the / of air at 1atm and 300K from the HS, LJ, and FA
models by (a) Direct averaging over the total population of MD-obtained free paths
followed by asymptotic analysis; (b) analysis of MD hazard rates; and (c) the MD-
predicted collision densities [in Table |, using Eq. (S9) of the supplementary material]
of kinetic theory.

Mean free path, A (nm)

Direct averaging Hazard rate analysis Collision density

HS model  70.6 £2.2 69.0 664+ 1.8
L] model 423 * 1.1 41.8 42.1*09
FA model 385 *1.0 38.6 386*0.8
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compared to that using the Zambrano et al. model’” employed here.
The comparison is shown in Table S5 of the supplementary material.
The corresponding predictions of the two models for the density and
transport properties of nitrogen and their comparison against experi-
mental data for density (obtained from the Engineering ToolBox”),
diffusivity’” and viscosity””’* are shown in Table S11 of the supple-
mentary material. The comparison is excellent for the density and dif-
fusivity, as the largest discrepancy between simulation predictions and
measured data are only 2%. For the viscosity the comparison is slightly
noisier, with the largest deviation between the experimental data and
the corresponding MD extracted values being equal to 9% for the
Kosyanchuk and Yakunchikof potential.*’

Overall, all three force fields reproduce with remarkable accuracy
both the transport properties and the density of nitrogen. Then, from
Fig. S12 of the supplementary material, which shows the correspond-
ing / as a function of observation time, the following / are obtained
for pure nitrogen at 300 K and 1 atm: A = 38.3 nm for the Tokumatsu
and Matsumoto potential,” and 4 = 40.5nm for the Kosyanchuk and
Yakunchikov potential.” The corresponding result from the
Zambrano et al. model™ is 37.6 nm. The internal consistency of the
three values is noteworthy given that intermolecular parameters differ
markedly; for example, their ¢ differ by 7.3% and the ¢ by as much as
50%. Remarkably, the common value of /4 derived from the MD simu-
lations from the three models is about 40% smaller than what is sug-
gested by Jennings' equation”’ for pure nitrogen (1=66nm). It
appears that, not only for air but also for pure nitrogen, the A predicted
by atomistic MD simulations is force field-independent and, not sur-
prisingly by now, much smaller than what it is accepted today from
well-adopted theoretical correlations based on classic kinetic theory.

IV. CONCLUSIONS

A detailed analysis of molecular collisions in dry air at ambient
conditions was carried out by fully atomistic (FA) molecular dynamics
models accounting for the force field and the diatomic state of O, and
N,, for the first time, to the best of our knowledge. Closely following
molecular trajectories, the occurrence of collisions was determined
first. Then, by spotting and filtering out spurious collisions (i.e., count-
ing all spurious collisions between two specific molecules as one colli-
sion event), the frequency and duration of genuine ones were
computed. Two limiting cases assuming spherical molecules were
examined also: (a) with (L] model) and (b) without a force field result-
ing in purely elastic collisions (HS model) to directly compare the lat-
ter with classic kinetic theory.

Strong interactions between colliding molecules were revealed
that resulted in various molecular trajectory types (including grazing,
orbiting, etc. as first envisioned by Hirschfelder et al."”) due to the
rotating motion and non-spherical shape of air molecules. These inter-
actions forced the molecules to spend considerable time together upon
collision (“dragging”) before separating and moving to new directions.
They also led to spurious collisions (multiple successive ones between
the same molecules before separation) and a few 3- and even 4-body
ones. All these are a direct result of the attractive component of the
force field of gas molecules that is neglected by classic kinetic theory. A
similar behavior was observed in the collisions with the L] model. In
contrast, no such collision dragging was observed with the simpler HS
model, consistent with kinetic theory.
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The collision densities between molecules as determined by the
HS model were in agreement with kinetic theory, further validating
the present analysis. However, the calculated collision densities by the
LJ and, more importantly, by several FA models were much higher.
This is attributed again to the attractive part of the non-bonded com-
ponent of the inter-molecular potential in the L] and FA models.
Treating O, and N, as true diatomic molecules enhanced the relative
population of multi-body collisions also. In essence, the analysis of
intermolecular collisions presented here and the richness of collision
events observed through FA simulations extends the theoretical study
of Hirschfelder et al." for spherical L] molecules to account for the
exact diatomic nature of air molecules and their detailed interactions.

As a direct result of the enhanced interactions between oxygen
and nitrogen when treated as diatomic molecules experiencing both
repulsive and attractive interactions, their mean free path is consider-
ably smaller than that given from the classic kinetic theory of gases
and its variants.”*”* Although the latter still consider air molecules as
elastic spheres, their predicted 4 can be smaller than that of the classic
kinetic theory (e.g., Avis=>53.6nm). However, when taking into
account the actual molecular nature of air, its mean free path is
38.5nm, 43% smaller than the widely used value of 67.3 nm at 300 K
and 1 atm. Spurious collisions had been eliminated for the determina-
tion of the mean free path of air. The / calculations were repeated
using almost all classical force fields available for air today that can
reliably reproduce its density, diffusivity, and viscosity. Practically
identical 4 were obtained using all these force fields in the FA model,
proving that the estimated 4 does not depend on the employed force
field as long as the latter accurately estimates the experimentally deter-
mined viscosity, diffusivity, and density of air.

The above analysis points out that particle transport in the con-
tinuum regime (Navier-Stokes equations) can be safely employed
down to smaller particles than used today. In contrast, much more
detail is needed for process design in synthesis of much smaller par-
ticles (less than 5 nm). The interactions of such nanoparticles with sur-
rounding gas are far more complex than those of larger particles that
readily attain asymptotic size distributions (i.e., self-preserving) and
structures (i.e., fractal-like) greatly facilitating process design and oper-
ation by computational fluid dynamics in manufacturing of carbon
blacks, titania, and fumed silica.”” The present analysis has an immedi-
ate impact on the diffusivity of nanoparticles, D, as there is an ongoing
debate on it for particles smaller than 5nm. Worth noting here is
already it is recognized that the force field of such small nanoparticles
has to be accounted for to describe their interaction with gases even
though the force field of gases seems to have been ignored until now.
This could be useful also in description of compressible flows, where
knowing the local mean free path can help determine whether one
breaks the continuum/local equilibrium assumption within a grid cell
in the vicinity of shocks and slip lines. Also, the lower mean free path
determined here means that the drag force currently calculated for
nanoparticle transport in neutral, magnetic, or electric fields is an
underestimate. This can be quite important also in the development of
instruments for characterization of nanoparticles from measurements
of their transport properties (i.e., mobility).

SUPPLEMENTARY MATERIAL

See the supplementary material for information regarding the
impact of MD on aerosol nanoparticle formation, simulation details

ARTICLE pubs.aip.org/aip/pof

on all employed force fields and validation against experimental mea-
surements, theoretical models for the calculation of the mean free path
of air and nitrogen, Maxwell-Boltzmann velocity distribution, meth-
odology followed in selecting the appropriate MD cell size, description
of hazard plot analysis to track spurious collisions, statistics of multi-
body and spurious collisions, methodology to calculate the mean free
path, and the impact of collision distance and force field on the mean
free path.
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