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Abstract

The collisional dynamics of polymer nanoparticles is investigated using molecular dynamics, with a particular focus on angular momen-
tum effects. Unlike zero impact parameter collisions discussed elsewhere, which are greatly weighted toward sticking collisions, the outcome
of collisions with non-zero angular momentum show much greater variability, showing both reactive (where polymer chains are exchanged
between particles) and purely scattering trajectories. In the case of inelastic scattering trajectories, the profile for translation to vibration
energy transfer is calculated. © 2002 Elsevier Science Ltd. All rights reserved.
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1. Introduction

In recent years considerable effort has been underway in
investigation of experimental and theoretical properties of
polymer nanoparticles [1-24]. Since the development of
techniques which allow precise manufacture of individual
particles, the development of theoretical models which treat
specific properties of individual particles, as opposed to
treatments which examine average properties in the bulk,
is becoming more important. Molecular dynamics provides
a direct avenue to the investigations of these small systems.

Recently, experimental investigations of polymer
micro- and nanoparticles have demonstrated formation of
deterministic three-dimensional (3D) structures, including
branched or linear chains of polymer particles, as well as
closed rings [22]. These structures are highly stable and are
being investigated for possible microphotonics and sensor
applications. In the present work, we seek to investigate
the interaction between polymer particles by modeling the
collisional dynamics of the particles, which result in the
superparticle structures.

Collisions between molecules are an inherently important
phenomenon in chemistry. Ultimately, collisions control
chemical kinetics and dynamics observed in molecular
interactions. Much of the focus in the past has been in the
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close interactions between small molecules, and a large
amount on information has been obtained, including such
information as the translation to vibration energy transfer,
and the lifetimes of collision complexes formed [25,26].
Molecular dynamics simulations have been employed
to study atomistic nanoparticles [27-32], however these
particles consisted of clusters of small atoms which would
have relatively free migration within the final composite
structure, and allow for (relatively) rapid coalescence
which minimizes the surface energy with respect to the
volume. It is clear that in the present case, where the poly-
mer nanoparticles retain much of their initial structure [22],
the transport of individual units within the cluster must
be limited by the presence of chain structure within the
particles.

In an inelastic close encounter of two molecular species
there are ultimately three possible outcomes: the molecules
can ‘stick’ and remain tightly bound after the collision if
enough of the energy is removed from the translational
coordinate so that it has insufficient energy to redissociate;
the molecules can scatter, when the amount of energy trans-
ferred from the relative translational coordinate to the
internal coordinates leaves enough energy in the relative
translational coordinate for the molecule to redissociate;
and the molecules can react or undergo a fundamental
change in structure prompted by the near interaction and
the surplus of energy obtained from the relative translational
coordinate.
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In previous work, we have elucidated these regimes in the
case of collinear collisions of polymer particles [23]. In that
work, we found that at low velocities the particles would
stick, and at high relative velocities the particles would
indeed react, but that the nature of the reaction was to
alter the structure of the incident particles, either by exchan-
ging polymer chains between the particles, or by splitting off
particle fragments.

In the current paper, we extend the treatment to collisions
of polymer particles where there is a component of orbital
angular momentum. In the present case, the role of angular
momentum is clear, as one expects that in large impact
parameter (high angular momentum) collisions, the colli-
sions will only be glancing ones, and so the probability of
scattering trajectories where there is translational to vibra-
tional energy transfer but particles retain their initial compo-
sition, is enhanced.

Typically, for collisions of small molecules, the usual
approach is to assume that the potential between the inter-
acting molecules can be considered as roughly spherically
symmetric and is only dependent on the relative separation
of the two species [25,26]. In this two body central force
approximation, the classical dynamics of the trajectories can
be solved exactly.' Essentially, the problem of incorporating
angular momentum is accounted for by replacing the two-
body potential V(r), with a fictitious effective potential,
V' (r):
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Here, [ = pvb is the angular momentum, with u the two-
body reduced mass, v the initial velocity, b is the impact
parameter, and r is the relative separation between the two
masses. Essentially, the entire motion is now represented as
a 1D problem, which involves only the separation between
two structureless particles. We note that such an approxi-
mate treatment has been demonstrated to be effective over a
wide range of systems, from planetary motion in celestial
mechanics, to scattering of alpha particles in the classic
Rutherford scattering experiment [33].

In the present case, however, a complication arises which
prevents the application of the simple 1D analysis. Unlike
the case of planetary bodies in celestial mechanics or the
attraction between small particles or molecules, in the
present case the two-body potential can have significant
changes due to the internal reorganization of the polymer
particles over the timescale of the collision, due to the mole-
cular dynamics of the bodies [23]. In the former case, the
effective potential is solely a function of the fixed central

"It is noteworthy to remark here that classical trajectories are deter-
ministic in nature, and thus conflict with the quantum mechanical picture,
where the uncertainty relation of Heisenberg must remain in force. None-
theless, since the particles in the present calculation are massive in
comparison with the usual quantum scale, we presuppose that a classical
mechanics picture is valid.

force potential and the angular momentum. In the present
case, the central force potential is no longer fixed (and may,
in fact, show some variability with angular variation, since
the polymer particles are not perfect spheres), there may be
significant conversion of translational to vibrational energy,
or even reactions, which change the nature of the particles in
question. Nonetheless, the interpretation of collisions of
nanoparticles in the context of the well-established central
force formalism is worthwhile.

In Section 2, we review the basic principles and
methods utilized in the molecular dynamics simulation
of particle collisions. In Section 3, we describe the results of
the simulations performed, and in Section 4 we discuss the
results.

2. Simulation methodology

For the purposes of the present study, we have examined
motions and interaction forces between individual polymer
particles both before and after interactions take place. The
method of the calculations corresponds to a classical
mechanical simulation. The details of the computations
involving the geometric statement function approach are
described more fully elsewhere [34] and are presented
concisely here.

In previous efforts from our group (see for example, Refs.
[1-23]) polymer chains confined to small (d = [ where d is
the particle diameter and [ is the chain length) 3D geo-
metries have been studied experimentally and treated
with a molecular dynamics approach [35,36], integrating
Hamilton’s equations of motion in time,

oH
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where H is the Hamiltonian of the system and the ¢; and p;
represent the coordinates and their conjugate momenta. In
the present case, we have treated coordinates and momenta
in the Cartesian frame, where the total kinetic energy is
diagonal.

For simplicity of the polyethylene model, we have
collapsed the CH, and CH; units into a single monomer of
mass 14.5 amu. By neglecting the internal structure of these
groups, the number of coordinates and thus the number of
equation of motion for the system are reduced. The model
has been shown to be useful to study the low temperature
behavior of the system where the effects of the hydrogens
have little effect on the heat capacity and entropy of the
system [38].

The Hamiltonian for the system is specified as:

H=T+> Vo, + > Vi + > Vi + > Vi, C
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where T is the kinetic energy component, expressed in terms
of Cartesian coordinates, and the terms V,,, V3, and Vy,
represent the two-, three-, and four-body terms for monomer
units in an individual polymer strand, and V,; is the non-
bonded interaction between individual monomer units
separated by four or more monomer units along the chain
(flexibility in the chains allows for the chains to bend back
to have close contact) or between monomer units in different
chains, within a spherical cutoff of 10 A. The functional
forms of the potentials are given by [38—42]:

Vap = D{1 — expl—alry — ro)l}, %)
1 2

Vi, = 5 y(cos 6 — cos 6,)°, (6)

Vy, = 8.77 + acos T+ b cos’ 7, (7

12 6
e (7) () ]
rij T

with the values of the constant terms given in Table 1. The
distances between the various monomer units, r; are given
by the standard Cartesian relation,

rj = \/(xl- - xj)z + O~ )’j)2 +(z — Zj)z- )

In the present case, initial conditions for the trajectories
comprised the coordinates of individual polymer particles,
which had previously been obtained by an annealing [14],
with momenta chosen randomly in the radial coordinate so
as not to excite any internal angular momentum. The
randomly chosen momenta were rescaled so as to produce

Table 1
Potential parameters for polyethylene particle systems

Two-body bonded constants®
D = 334.72 kJ/mol
re=153A

a=199A""

Three-body bonded constants®
y = 130.122 kJ/mol
0, =113°

Four-body bonded constants®
a = —18.4096 kJ/mol
b = 26.78 kJ/mol

Two-body non-bonded constants®

€ = 0.4937 kJ/mol
c=4335A

o Refs. [41,42].
® Refs. [39,40].

the appropriate temperature for the simulation,

1 , 3
2 P = kT (10)
where T is the absolute temperature and kg is Boltzmann’s
constant.

The thermalized particles were offset in the z-coordinate,
and given an initial relative velocity in the z-coordinate so as
to produce a collision. Orbital angular momentum was
introduced by the use of a variable impact parameter, b,
chosen as a displacement in the x direction. The angular
momentum is then given by L = uvb where w represents
the reduced mass of the particle pair, v is the velocity in the z
direction, and b is the x coordinate offset. The initial z offset
was chosen so as to give at least 1 ps of time for the particles
thermally equilibrate before coming within the maximum
range of forces with the other particle (in the present case,
10 A). Integration of the equations of motion was accom-
plished by use of novel symplectic integrators developed in
our laboratory [37].

A number of properties were tracked during the
course of the simulation. Principal among them were
the positions and velocities of the centers of mass of
the particles, the center of mass separation of the two
particles, and the moments of radial distribution of the
particles. The first two give the time development of the
positions and distances of the particles, the last gives a
measure of the particle integrity (when polymer chains
are exchanged between the particles or become detached
from the parent particle, the average distance of the
monomer units from the center of mass becomes large).
We note that in the following discussions, the relative
velocity is the velocity between the two particle centers of
mass.

3. Results

A number of trajectories were run for collisions of
particles with of 30 chains composed of 100 monomer
units. Various initial conditions for the impact parameter
and relative velocities of the particles were assumed, with
internal temperatures being chosen to be near absolute zero.
The classification scheme for the results of the trajectories
is outlined below. A summary of the trajectory outcomes is
represented in Fig. 1.

3.1. Sticking trajectories

During the course of the simulation, trajectories were
deemed to result in particle sticking if the resultant
separation in the center of mass of the two initial
particles became bounded and remained so for the
whole of the simulation timescale. At the same time,
the particles maintained their integrity, with no parts of
the particles becoming dissociated from the parent, as
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Fig. 1. Classification of sticking and reactive trajectories as a function of
relative velocity (A/ps) and impact parameter (A).

would characterize a ‘reactive trajectory’, described in
Section 3.2. The time dependence of the center of mass

separation of a typical sticking trajectory is represented in
Fig. 2.

3.2. Reactive trajectories

A large number of trajectories were observed to be
‘reactive’ in that one or both of the particles lost its
structure, and fragments of the particle became dis-
sociated from the parent during the course of the trajectory.
A straightforward measure of the reaction of the particles
is evidenced by the average value of the square of the
radial distribution,

1 N
(%) = & 2.0 = xew)” + 0 = yew)” + @ ~ zew)”, (1)
i=1

where (x;, y;, z;) are the positions of the monomer units
making up the particle, and (xcp, Yom» Zom) 1S the posi-
tion of the center of mass. Reaction of a particle leads
to a value of (+?) which is unbounded as time pro-
gresses. A comparison of the time dependence of the
(r* is shown in Fig. 3 for typical reactive and unreac-
tive trajectories.

The nature of the reaction is determined by an analysis of

t

Fig. 2. Time dependence (s) of the center of mass separation, R (A) in a
typical ‘sticking’ trajectory. In this case, the particles were composed of 30
chains (100 monomers each), with internal temperature of 5 K, zero impact
parameter, and an initial relative velocity of 1 A/ps.

positions of the monomer units. In general, two types of
reactions can occur, reactions where a particle is shattered
and pieces break off, and trajectories where the reaction
consists of an exchange of matter between two colliding
particles. There is a certain amount of subjectivity in the
classifications, for the purposes of this study we have
classified trajectories where at most a single chain is
transferred from one particle to another as ‘transfers’
and trajectories where more than a single chain is trans-
ferred, or the particle is broken into smaller pieces as
‘extensive’. Examples of the two kinds of reactive trajec-
tories are shown in Figs. 4 and 5.

3.3. Scattering trajectories

A determination was made that a trajectory could be
characterized as a scattering trajectory if at the conclusion
of the 100 ps simulation, center of mass separation of the
particles was increasing, and the distance of separation of
the nearest monomer units in the two particles was more
than 10 A (the cutoff of the Lennard Jones non-bonded
interactions), leading to no possibility of return. At the
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Fig. 3. Time dependence of (+*) for typical reactive and unreactive trajec-
tories. Initial relative collision velocities are 10 and 20 A/ps, respectively,
with zero impact parameter. The curve for the 20 A/ps collision has been
scaled by a factor of 0.1 so as to fit on the same axes. Only one particle is
shown for each collision.

same time, however, the particles must maintain their
integrity, so (+’) must remain bounded for both particles.
For scattering trajectories, the conversion of relative
translational energy to internal vibrational energy was
calculated, and is represented in Fig. 6.

Fig. 4. Final configuration for a transfer type reactive scattering collision.
The initial conditions for the trajectory had a relative velocity of 10 A/ps,
with an impact parameter of 30 A, and an internal temperature of 5 K.
Coordinate axes have been rotated to best present the transferred chain.

(a)

(b)

Fig. 5. Final configurations for two ‘extensive’ reactive collisions:
(a) Exchange of a substantial number of chains between particles, and
(b) loss of particle integrity. Coordinate axes have been rotated to best
present the reacted particles.
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Fig. 6. Conversion of relative translational energy to internal vibrational
energy as a function of initial velocity, v (A/ps) and impact parameter, b
(A). Contours are percent of relative translational energy converted, and are
obtained by a cubic interpolation to the scattering data in Fig. 1. The solid
line making up the right hand border is the approximate boundary between
reactive and scattering collisions.
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4. Discussion

Examination of the velocity-impact parameter distribu-
tion for the polymer particle collisions demonstrates that
even though the interparticle potential is not independent
of the time, and varies with the relaxation of the particles,
it is possible to consider the dynamics by considering the
usual central force picture, with some modifications to
account for the fact that the particles cannot be treated as
point particles, and exhibit manifestations of internal
structural change during the collision process.

It is apparent from the outcome of the collisions that angular
momenta less than approximately 4.35X 10° A2 amu/ps
(represented by the solid line in Fig. 1) lead to irreversible
sticking of the particles. In a schematic representation of the
effective potential for the central force problem, this
outcome likely derives from penetration to the inner core,
beyond the effective barrier maximum. The translation to
vibration energy exchange is quite efficient, due to the high
number of vibrational normal modes, effectively causing
relaxation and stabilization of the collision pair into a
dimerized particle.

At angular momenta larger than this value, however, the
particles are repelled from the outer barrier. Such a collision
transfers the translational energy into internal energy, but
if sufficient energy is available from the translational
coordinate, it may surmount the barrier necessary for a
reactive event, initiating a transfer of matter from one
particle to another, or in the event that a large amount of
energy is available, a particle may be fragmented.

The availability of relative translational energy for reac-
tive processes is illustrated by the transfer of translational
energy into vibrational (internal) energy in the course of a
collision. For collisions which represent true scattering
collisions, i.e. those which do not react or stick, the final
translational energy can be determined from relative velo-
cities of the centers of mass of the two particles. The frac-
tion of the relative translational energy which has been
converted to internal energy is represented in Fig. 6. It is
immediately apparent that there is no quantized energy
transfer, as one might expect in small molecules, nor should
we expect there to be any, as the present simulation only
accounts for the evolution of the classical mechanical equa-
tions of motion. Nonetheless, we expect that the description
of the energy transfer should closely mimic that of the actual
system, as the particles have a very large density of states,
and there is a near continuum of states available for energy
transfer.

At the same time, however, we expect that during the
course of the simulation the energy may become con-
centrated in the low frequency modes, resulting in ‘too
much classical chaos’, as has been observed in a number
of other computational experiments [43]. Essentially, this
effect arises from the failure of the system to properly treat
the zero-point energy. The accessibility of the zero-point
energy in classical mechanical simulations has been

shown elsewhere to contribute to enhancement of the rate
constants and other non-physical effects [44]. Such rapid
relaxation of the zero-point energy may indeed contribute
to the great propensity of the particles to deform, despite the
relatively low initial temperatures in the present study.

In conclusion, we present here the first study of orbital
angular momentum effects in polymer nanoparticles. In
contrast to collinear collisions [23], collisions with a non-
zero impact parameter show a wide variety of possible
outcomes, ranging from sticking collisions, to reactive and
scattering collisions. It is demonstrated that in the classical
mechanical simulations, the conversion of relative trans-
lational energy to internal vibrational energy is very effi-
cient, owing in part to the inaccuracy of molecular
dynamics simulations to properly treat the zero-point
energy, but also to the very large and essentially continuous
density of states. As was observed elsewhere [23] it is the
very rapid conversion of translational to vibrational energy
which facilitates sticking collisions except at very large
relative translational energies.
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