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Abstract: We present Simu-D, a software suite for the simulation and successive identification of
local structures of atomistic systems, based on polymers, under extreme conditions, in the bulk, on
surfaces, and at interfaces. The protocol is built around various types of Monte Carlo algorithms,
which include localized, chain-connectivity-altering, identity-exchange, and cluster-based moves.
The approach focuses on alleviating one of the main disadvantages of Monte Carlo algorithms, which
is the general applicability under a wide range of conditions. Present applications include polymer-
based nanocomposites with nanofillers in the form of cylinders and spheres of varied concentration
and size, extremely confined and maximally packed assemblies in two and three dimensions, and
terminally grafted macromolecules. The main simulator is accompanied by a descriptor that identifies
the similarity of computer-generated configurations with respect to reference crystals in two or three
dimensions. The Simu-D simulator-descriptor can be an especially useful tool in the modeling
studies of the entropy- and energy-driven phase transition, adsorption, and self-organization of
polymer-based systems under a variety of conditions.

Keywords: Monte Carlo; atomistic simulation; molecular simulation; hard sphere; extreme conditions;
confinement; nanocomposites; cluster; crystallization; atomic structure; packing; semi-flexible
polymers; order parameter

1. Introduction

The development of new materials with enhanced properties is one of the most inter-
esting and important topics in research in materials science and engineering. To achieve this
ambitious goal, one has to relate the behavior of atoms and molecules to the macroscopic
properties of the end material. In this perspective, molecular simulation is of paramount
importance, since it allows the study of materials at the atomistic/molecular level without
needing an experimental process, which, in specific cases, can become expensive, time con-
suming, and environmentally hazardous. Over the years, different molecular simulation
techniques and methodologies have risen to answer relevant questions of general atomic
and particulate systems [1-5].

A system composed of macromolecules is a very challenging case from the perspec-
tive of molecular simulation. This stems from the fact that polymers are characterized
by a wide spectrum of characteristic time and length scales. Their simulation can be-
come prohibitively difficult when very long and well-entangled chains are involved due
to the very slow dynamics. Added to this is the fact that atomistic simulations have to
take into full account the chemical constitution of the repeat units and the corresponding
bonded and non-bonded interactions. To address this problem, a large amount of different
molecular simulation methods has been developed and constantly improved over the last

Int. ]. Mol. Sci. 2021, 22, 12464. https:/ /doi.org/10.3390/ijms222212464

https:/ /www.mdpi.com/journal/ijms


https://www.mdpi.com/journal/ijms
https://www.mdpi.com
https://orcid.org/0000-0001-5831-9354
https://orcid.org/0000-0002-5030-2598
https://orcid.org/0000-0003-2762-270X
https://doi.org/10.3390/ijms222212464
https://doi.org/10.3390/ijms222212464
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/ijms222212464
https://www.mdpi.com/journal/ijms
http://www.mdpi.com/1422-0067/22/22/12464?type=check_update&version=3

Int. . Mol. Sci. 2021, 22, 12464

2 of 25

decades. The choice of simulation approach/scheme depends on the system/phenomenon,
its physical-chemical details, size, and properties of interest. For example, Molecular
Dynamics (MD) provides dynamical information at the local level of segments and global
one of chains. However, as it follows the evolution of the equations of motion in time, it
can be too slow to be effective when very long chains are involved. Monte Carlo (MC),
by resorting to different stochastic algorithms (“moves”), can offer rapid equilibration at
all length scales. However, MC cannot provide any information about the real dynam-
ics. Accordingly, it is not uncommon for different techniques to be combined together
into powerful hierarchical modeling approaches. The MD approach is widely used when
dynamical or temporal evolutions are of interest. One of the most widely used software
packages for the simulation of synthetic polymers is LAMMPS [6], which has been further
used in other tools such as Polymatic for the polymerization of amorphous polymers [7].
Regarding the modeling of biomolecular systems, NAMD [8] and GROMACS [9] are two
of the most popular simulation software, both placing special emphasis on parallelization
in order to enhance performance. Other relevant open MD software suites are ms2 [10], to
extract thermodynamical properties of homogeneous fluids using hybrid parallelization on
MPI and OpenMP [11]; MOLDY [12] for solids and liquids under periodic boundary condi-
tions; or GULP [13] for solids. Commercial suites include, among others, CHARMM [14],
AMBER [15], and HyperChem [16].

With respect to Monte Carlo simulations, homemade software programs usually tar-
get a specific type of polymer structure, either of its chemistry or the architecture of the
chain, but most of them follow rather similar approaches. Monte Carlo simulations are
applied when equilibrium structural properties, including phase transitions, constitute the
main research focus. The Enhanced Monte Carlo code [17,18] is a multi-purpose modular
environment for particle simulations using force fields such as COMPASS, CHARMM,
or Born. This open tool has been used to study the effect of semicrystalline interphase
polyethylene under different conditions of tensile deformation [19,20] or chain branch-
ing [21]. MCCCS Towhee [22] was initially developed as a simulator suitable for computing
phase equilibria in the Gibbs ensemble, but later extended to different force fields and
ensembles. As an example, this open tool has been used to study gas-mixture separations
on clathrate hydrates [23] among many other studies. DL_MONTE [24] is a very recent
MC-based open tool that can be applied to general atomistic systems under different force
fields and ensembles, as well as introducing transition pathways of umbrella sampling
and Wang-Landau [25]. Furthermore, it is compatible with the molecular dynamic tool
DL_POLY or chain branching [21].

We should also mention other relevant open-source MC-packages, such as Cassan-
dra [26], that can be applied to obtain thermodynamic properties of fluids and solids;
RASPA [27] for simulating adsorption and diffusion phenomena; GOMP [28,29] for GPU
optimized phase equilibria simulations; or DICE [30] that uses a configurational bias
scheme to study flexible molecules in solute-solvent systems. Most relevant MC soft-
ware packages are benchmarked in terms of computational efficiency using adsorption
simulations [31]. Regarding realistic polymeric systems, Chameleon [32] is one of the
latest available pieces of software. This tool employs different chain connectivity altering
moves to simulate atomistically detailed polyethylene (PE), polystyrene (PS), and polyvinyl
chloride (PVC) for different polymer architectures.

Usually, the development of a commercial or open code, especially when built around
Monte Carlo algorithms (moves), requires a major effort and programming in order to make
it user-friendly, efficient, and of general applicability. Besides, it is very common that clever
MC-based or general structure-optimization algorithms have and are being developed for
specific applications or general classes of physical problems in continuous or lattice cells
and in systems of varied chemical detail, in the bulk and under confinement [33-52].

Equally important to the simulation itself is the post-simulation analysis. This step
can include visualization, including 3-D representation and animation, of the computer-
generated system configurations and calculation of relevant quantities through proper
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interpretation of the raw simulation data. Corresponding suites also exist for interactive
visualization, description, and analysis including, among others, ParaView [53], VMD [54],
disLocate [55], UCSF chimera [56], OVITO [57], and i-Rheo GT [58].

In the present manuscript, we analyze the main features of Simu-D, an MC-based
simulator and structural descriptor suite for the molecular modeling of polymer-based
systems under extreme conditions. The simulator, which is the central component of the
present software, is effectively the accumulation of successive expansions, modifications,
and improvements implemented on the MC code [59], originally built for the simulation of
dense and jammed athermal polymer-based systems in the bulk. The structural descriptor
is the latest version of the Characteristic Crystallographic Element (CCE) norm [60,61],
a metric used to gauge the similarity of local structure with respect to reference crystals
in general atomic and particulate systems. Over the last years, the MC suite has been
extended to simulate athermal polymers under confinement [62] and more recently macro-
molecules whose monomers interact with the square well (SW) or square shoulder (SS)
potential [63]. In the corresponding research studies, emphasis was placed on how the
employed conditions affect the ability of chains to pack at the local and global level [64,65],
the topological network of entanglements [66—68], and the entropy- or energy-driven phase
behavior (crystallization) in the bulk and under extreme confinement [63,69-73]. Here, the
suite is further extended to include additional factors: chain stiffness, blends of chains and
monomers, spherical or cylindrical confinement, the varied potential for bonded and non-
bonded interactions, nanofillers in the form of cylinders and spheres, and combinations of
the above. The ongoing effort is to create a general-purpose simulator-descriptor suite that
will be as efficient, general, and user-friendly as possible given the variety of simulation
conditions to be considered and the stochastic nature of the underlying MC method.

The manuscript is organized as follows: Section 2 presents the molecular model, the
interspecies interactions, and the systems under study. Section 3 presents the moves behind
the MC simulator and briefly discusses the features of the CCE-based structural descriptor.
Section 4 discusses results from representative applications of Simu-D. Finally, Section 5
summarizes the main conclusions and lists current efforts and plans.

2. Molecular Model/Systems Studied

The current version of Simu-D allows the simulation of atomistic systems composed
of Nyt spherical monomers. These monomers can be part of macromolecules and/or exist
as individual particles. In the general case, the system contains N, chains with the average
length of N and N; individual particles with N, X N + Ng = Ng. Obviously, the two
limiting cases correspond to the pure polymer matrix (Ns = 0, Nat = N¢, X N) and a system
composed entirely of monomers (N, = 0, Nat = Ng).

Non-bonded atoms interact with a pair-wise potential, which can be discontinuous
such as the hard sphere (HS) or the square well /shoulder (SW/ SS) ones or continuous such
as Lennard—Jones (L]) with the corresponding formulas being displayed in Equation (1).

0, rij =2 02 12 6
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N e sw, 0 <1 <oy, Uy =c¢p
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where 7;; is the distance of the centers of atoms i and j and ¢ is the collision diameter, which
is further considered as the characteristic length of the system. ¢, and &g correspond,
respectively, to the range and intensity of the repulsive (SS) and attractive (SW) potentials.
erj and o are the depth and zero-energy point of the L] potential. As in any traditional
molecular simulation, depending on the type of the applied non-bonded potential, the
original simulation cell is split automatically into overlap cells (HS), or into overlap and
cut-off cells (SW/SS, LJ) to expedite the calculation of interactions.

Polymers are modeled as linear sequences of monomers of varying chain stiffness.
Bond lengths can be longer (bond gaps), equal (bond tangency), or shorter (fused spheres)
than the collision distance, ¢. Chain stiffness is introduced through a potential governing
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bending angle (supplement of bending angle, 6) formed by triplets of successive atoms
along the chain backbone. The formula for the energetic calculations can be general.
Configurations of semi-flexible chains have been generated in the present work with the
following bending angle potential:

Upena (8) = ko (6 — 6p)° ()

where ky is the bending constant and 6 is the equilibrium bending angle supplement
(i.e., a fully extended bending angle corresponds to 6y = 0°). For fixed bond lengths,
setting ky = 0 allows the simulation of freely jointed chains while kg — oo corresponds to
the freely rotating model. In the current version of the suite, torsion angles, ¢, can also
be controlled through the implementation of a torsional potential, Uy,(¢p). However, in
all results presented below, torsion angles are allowed to fluctuate freely and thus chain
stiffness is governed solely by the bending potential.

The presence and activation of specific MC moves, as will be described in the contin-
uation, enforces dispersity in chain lengths. Such polydispersity is controlled by casting
the simulation in the NN, VTu* ensemble where V is the total volume of the simulation
cell, T is the temperature, and y* is the spectrum of relative chemical potentials of all chain
species, as explained in detail in References [59,74]. The uniform and Flory (most probable)
distributions of molecular lengths can be selected in the simulation of polydisperse systems.
In the case that strictly monodisperse samples are required, then all moves that vary the
chain length (sEB, x-reptation, and IdEx3, see below) are deactivated from the mix.

Depending on the system under study, initial configurations are generated under very
dilute conditions and the system is brought to the desired density through compressions or
simulations in the isothermal-isobaric (NPT) ensemble. For the latter, conventional volume
fluctuation moves are attempted at regular intervals. For the former, cell compaction
is achieved by a combination of volume fluctuation moves, and in the case of confined
systems, the wall wrapping “MRoB” algorithm as explained in [75].

Simulations can be conducted in two or three dimensions under periodic boundary
conditions or on flat surfaces. Confinement is realized through the presence of such
impenetrable surfaces. The current implementation allows confinement in the form of
(i) flat, parallel walls in at least one dimension, (ii) a cylinder with closed or open ends
(subjected to periodic boundary conditions), and (iii) a sphere (full confinement). The
intensity of confinement is controlled by the distance between the confining surfaces, i.e.,
the cylinder or sphere diameter or the inter-wall distance. The latter can, in general, be
different in each confined dimension i, d,;(7). Simulation cells are always orthogonal
but can be anisotropic, and the number of confined dimensions, d,,y, ranges from 0 (bulk
cell with periodic boundary conditions) to 3 (full confinement). The cell aspect ratio, g, is
defined as the ratio of the maximum inter-wall distance divided by the minimum one [75].

Nanocomposites can be simulated with the fillers taking the form of spherical or
cylindrical particles of varied sizes and populations. In the current implementation of
the suite, each nanocylinder spans the whole simulation cell and its direction is held
fixed throughout the simulation. Nanospheres can, in principle, move in space, but in
all computer-generated polymer nanocomposite configurations to be presented in the
continuation, they are treated as immobile inclusions.

For a bulk system of pure polymer, the matrix number density, p, is trivially defined
as p = N,/ V, while for non-overlapping entities (such as hard spheres), packing density,
@, is given by:

Vinon 7T Ngt 3 T
"V e v e @
where V is the volume of the simulation cell and Vo, is the volume occupied by the
monomers, either as individual entities (“single monomers”) or by being part of polymer
chains (“chain monomers”).

For interfacial /confined /composite systems, the above definition provides little infor-

mation on the free or accessible volume given that for very large nanofillers, the volume
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occupied by the nanofiller can be up to four orders of magnitude higher than the one of the
monomers. Thus, we can further define an effective packing density, ¢.¢, considering the
reduction of the accessible volume due to the presence of the nanofillers as:

qD — Vmon — VWlUVl
eff Vaee (V_Vfill)

where V is the volume accessible to the spherical monomers, Vi (= Vi + V) is the
volume occupied by the nanofillers, being the summation of the volume occupied by N,
cylinders (V) and of Ny, spheres (V). Additionally, in the calculations above, one
could further incorporate a depletion layer as monomer centers cannot lie closer than o/2
from the surface of nanofillers or walls. In the general case of a system under confinement
and being composed of nanofillers, if d,, is the number of confined dimensions, the
depleted effective packing density, ¢4, including the effect of all nano-entities, can be
calculated as:

4)

Vmon

©)
dCGYl 3 2
(Hi_lf (dwall - U) H_?:dconf+1 lj - % (dsph + 0') Nsph - % (dcyl + 0') Lclecyl)

where dg,;;, and dcyl are the diameter of the nanospheres and nanocylinders, respectively,
Ly is the nanocylinder length, index i runs over all confined dimensions, index j over all
unrestricted ones, and /; is the length of the simulation cell in dimension j.

3. Simulator-Descriptor Suite
3.1. Simulator

The Monte Carlo suite (“simulator”) consists of four different classes of algorithms:
(1) Standard localized moves that entail the displacement of a single or a sequence of atoms,
(2) chain-connectivity-altering moves (CCAMs), (3) cluster-based moves, and (4) identity
exchange moves, all being executed at a constant volume. When shrinkage or NPT simula-
tions are conducted, the regular volume fluctuation moves and/or the MRoB algorithm [75]
undertake the task of changing the dimensions of the orthogonal simulation cell. This size
alteration can be isotropic or anisotropic.

The local moves have been described exhaustively in numerous past publications.
For single monomers, the simplest possible move is that of a displacement in a random
direction and length within a preset amplitude [0, l;5,(i)], which again can be different
for each dimension, i. With respect to chains, the corresponding set consists of: (i) Flip
(internal libration), (ii) end-mer rotation, (iii) reptation, (iv) intermolecular reptation, and
(v) end-segment re-arrangement (or CCB as in [76,77]; the reason we use a different notation
here is to avoid confusion with the general scheme employed in all moves is explained
next). All polymer-related moves can be executed in a configurational bias (CB) pattern
(as seen in Figure 1 for the reptation move), with the number of trial configurations per
attempted move, 1,5, being an input variable in the simulator. Due to the introduction of
energetic bias in the forward transition, the reverse transition must be attempted 11;,,;5-1
times to guarantee microscopic reversibility. In general, the number of attempts can be
different for each local move, 1,,5(i), where index i runs over all available polymer-based
moves. This is because the individual MC moves are characterized by distinctly different
acceptance rates, which are further heavily affected by simulation conditions, chain stiffness
and especially by concentration (packing density). As intuitively expected, increasing the
number of trial configurations leads to a significant increase in the computational time
required per MC move. Setting 1y,s = 1 enables the conventional execution of the local
moves and eliminates the necessity to perform the reverse transition. The selection of 11,y
is highly system dependent; for example, optimal values for hard-sphere chains in the bulk
as a function of the volume fraction from dilute conditions up to the maximally random
jammed (MRY]) state can be found in Table 1 of Ref. [59].
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Figure 1. Schematic of the reptation move implemented through a configurational bias pattern with
Nyrigis = 3. Different candidate positions could be picked by the selection of the bond length, bending,
and torsion angles used for the re-construction of the monomer.

The set of chain-connectivity-altering moves consists of the simplified end-bridging
(sEB), simplified intramolecular end-bridging (sIEB), and simplified double bridging
(sDB) [59,75] moves. All constitute simplified versions of the original EB [74,78] and
DB [79,80] algorithms, initially developed for the rapid equilibration of atomistically de-
tailed polyethylene chains of high molecular weight. The main difference with respect to
the original moves is that none of the simplified versions entails the displacement of atoms;
rather they proceed by deleting and forming properly selected bonds in a pair (sEB, sDB)
of chains or a single (sIEB) chain. The main advantage of the sDB algorithm is that it can be
applied to strictly monodisperse systems and primarily to non-linear molecular architec-
tures. Its main disadvantage is that it requires a bridgeable distance between two different
pairs of atoms. For systems of very small bond gaps (d/ — 0), this condition is very rarely
met except very near the jammed state where the contact network is rich as a result of the
isostaticity condition [65]. Additionally, all systems to be reported in the continuation are
composed of linear chains. Furthermore, it has been found that dispersity in chain lengths
has no effect on the universal static scaling laws [66,67] and phase behavior [71,72] of the
simulated thermal and athermal polymer packings. Based on the above, sDB is excluded
from the mix of moves for all cases studied here.

The third class of MC moves is that of cluster-based ones. The two variations, imple-
mented in Simu-D, are cluster rotation (CluRot) and cluster displacement (CluDis) as first
introduced in the home-made cluster code reported in [63]. The execution of the moves
proceeds according to the schematic in Figure 2. In the first step, the cluster is identified.
Group similarity for cluster detection is conducted first through a Euclidean distance crite-
rion, independently of the identity of the constituent atoms (chain versus single monomers
etc.). Further linkage criteria can include additional common elements such as the same
crystal similarity (as detected for example by the CCE analysis, see below). Once the clusters
are identified with the corresponding members labelled accordingly, one cluster is selected
randomly. That cluster, as a whole (i.e., a single object made of the corresponding sites), can
be displaced by a random amount in a random direction (CluDis) or be rotated randomly
with respect to its center of mass (CluRot). The cluster-related moves can be optionally and
automatically de-activated when a single cluster exists in the system.

The cluster detection is a computationally demanding step, so the CluDis and CluRot
moves have low attempt probabilities, as also happens with the chain-connectivity-altering
ones and the algorithms that alter cell dimensions.

The fifth and final set of moves consists of algorithms that change the identity of atoms
and can be applied in the case of blends of monomers and polymers but also of polymers
composed of different monomers. Figure 3 presents three such identity exchange (IdEx)
moves, involving a single monomer and a single chain or a pair of chains. In the top panel
of Figure 3, the execution of IdEx1 is shown once a single monomer (shown in red) is within
a bridgeable distance to one of the ends of the chain molecule (shown in blue). The move
proceeds by connecting, via a bond, the chain end and the single monomer so that the
newly incorporated atom becomes the new chain end. In parallel, the last bond connecting
the other end of the chain is deleted and the end is converted to a single monomer. By
construction, the move does not entail atom displacement but rather the reconstruction
of properly selected bonds. Accordingly, the change in energy entering the Metropolis
criterion for acceptance or rejection of the move is due to the bonded term (variation of one
bond length, one bending, and one torsion angle), along with any non-bonded change due
to the swap of identities. The concept of IdEx2 (middle panel) is very similar. The single
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monomer needs to be within a bridgeable distance from the second or penultimate atom of
the chain. If the proximity condition is fulfilled, it becomes, through bond formation, the
new chain end, and the corresponding chain end is converted into a single atom through
bond deletion. Finally, IdEx3 (bottom panel) entails two chains. The difference with respect
to the single-chain version is that the new single monomer is created by the deletion of a
terminal bond of a randomly selected chain, different than the one that gains the monomer.
Clearly, the implementation of IdEx3 requires dispersity in chain lengths.

0:.::. i O ..

Cluster Detection I Cluster Displacement

O
®oo0

Clust.er Rotation
Figure 2. Schematic representation of the cluster displacement (CluDis) and cluster rotation (CluRot)
moves in a mixed system of chain (blue) and single (red) monomers. The initial step of cluster
detection is performed based solely on proximity criterion. The identified cluster is shown by the
contour line. The cluster, as a whole unified group of monomers, can then be displaced in a random
direction and length (ClusDis) or be rotated by a random amount around its center of mass (ClusRot).

=

ok
. Py,
o

»

T

Figure 3. Schematic representation of (top) IdEx1 involving a chain and a single monomer within
a bridgeable distance from a chain end, (middle) IdEx2 involving a chain and a single monomer
within a bridgeable distance from the atom lying in the second of penultimate position in the chain,
and (bottom) IdEx3, which includes a pair of chains and a single monomer. In IdEx3, the single
monomer, lying within a bridgeable distance from an end of the blue chain becomes part of it, while
a randomly selected chain (shown here in green) loses a randomly selected end, which becomes a
single monomer. None of the moves depicted above include the displacement of atoms, rather only
deletion and formation of bonds. IdEx3 requires dispersity in chain lengths in order to be applicable.
In all cases, chain monomers are shown in blue (or green) and single monomers in red.
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Based on the concept of identity exchange, as presented above, one can envision
variations with monomers being incorporated into the inner segments of the polymer
chains. However, such an approach would require the double fulfillment of the bridgeable
distance and would therefore significantly reduce the pair of sites that could trigger such
IdEx moves. For this reason, no further modifications have been incorporated in the present
implementation of the simulator.

3.2. Descriptor

As mentioned earlier, equally important to the simulation itself is the analysis of the
results, which can be “on the fly” or in a post-simulation step. Monte Carlo simulations,
such as the ones presented here, provide no dynamical information, so the emphasis is
placed on the study of the local and global structure, organization, topology, and phase
behavior. Over recent decades, conceptually different approaches have led to the develop-
ment and application of descriptors and analyzers of local structure in computer-generated
configurations or of digitally processed experimental samples [81-93].

Here, since we are particularly interested in studying entropy- and energy-driven
crystallization of polymer-based systems under extreme conditions, we propose a modeling
scheme where the MC-based simulator is connected to a descriptor of the local structure
(“descriptor”) in the form of the CCE norm [60,61]. The version adopted in Simu-D is very
similar to the one we presented very recently, so the concept, methodology, and technical
implementation, reported in detail in [60], are all also applicable to the present context.
Thus, in the continuation, we will provide a brief description on the main aspects of the
CCE norm descriptor and the new features, as implemented in Simu-D. Given an atomic
or particulate system in two or three dimensions, the CCE norm proceeds by comparing
the local environment around each site with the ideal ones of specific reference crystals.

The main concept behind the CCE norm descriptor is that each ideal crystal is uniquely
identified by a set of symmetry operations (elements of its point group) [94-97]. The identi-
fication of the totality of these crystallographic operations, or of an equally discriminating
subset of them, and their application to the nearest neighbors of an atom or particle is key
in the implementation of the CCE algorithm.

As explained in detail in Ref. [60], the CCE norm is defined with respect to a specific
crystal X. Once the reference crystal X is selected, the point group is identified along
with the generating symmetry elements. Given a site (atom or particle), 7, the Ny (7)
nearest neighbors are identified through Voronoi tessellation. The Ny,(i) population is then
compared against the coordination number of the reference crystal X, Nyy,.4(X). The latter
is, for example, equal to 12 for the face-centered cubic (FCC) and hexagonal close-packed
(HCP) crystals in 3-D and 6 for the triangular (TRI) crystal in 2-D. If the coordination number
is larger than the number of nearest neighbors, Ny(X) > Noor(i), a penalty function is
applied [60]. In the opposite case, N oo (X) < Nyor(i), only the Nyyr3(X) closest neighbors are
kept for the successive CCE-based analysis. The characteristic crystallographic element(s)
is(are) identified and the corresponding actions for each one of them are applied to the
coordinates of the neighbor atoms relative to the given site. For example the HCP crystal,
with Ny,g(HCP) = 12, has one geometric symmetry element in the form of a sixfold roto-
inversion axis, while the body centered cubic (BCC), with N ,,,#(BCC) = 8, has five such
elements: Four three-fold roto-inversion axes and one inversion center.

One important point in the CCE norm analysis in a 3-D system is that the orientation
of each symmetry axis, or at least of a sub-set of them, is not known a priory. Accordingly,
we scan the orientation space SO(3) around the given site with a mesh of discretization
width @step, which is the same for the azimuthal and polar angles.

For a given orientation, the actions of the symmetry element are executed. This
procedure is then repeated over all symmetry elements. The goal of these crystallographic
operations is to map the real coordinate system (given site i and N,,.7(X) neighbors) into
the ideal one of the reference crystal X. Once this is completed, the algorithm proceeds
to the next point of the discrete mesh until the whole orientation space is examined. This
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mapping allows to simultaneously quantify the orientational and radial similarity of the
given local environment with respect to the ideal one of crystal X. This is realized through
the calculation of a norm (see Equation (2) of [60]). The CCE-based norm for the given
atom i with respect to reference crystal X, X, is the one that corresponds to the global
minimum of the norms as calculated over all possible orientations of all symmetry elements
(axes). The same process is repeated over all particles or atoms of the systems and all
reference crystals. Currently, the CCE descriptor, as implemented in Simu-D, includes
the following crystals: Face-centered cubic (FCC), hexagonal close-packed (HCP), body-
centered cubic (BCC), and hexagonal (HEX) for 3-D systems and honeycomb (HON),
square (SQU), and triangular (TRI) for 2-D systems. Additionally, the local structure can be
quantified with respect to fivefold (FIV) and pentagonal (PEN) local symmetries, in 3-D
and 2-D, respectively. The lower the value of the CCE norm, the higher the similarity of
the local environment to the reference crystal. A site is labelled X-type when its minimum
CCE norm is lower than a critical threshold, ¢ i.e., 81X < gthres By construction, as the
characteristic crystallographic elements and operations constitute a distinctive feature for a
crystal, the CCE norm is highly discriminatory, so that when the CCE norm with respect to
crystal X is low, the corresponding norm for other crystal types is high.

An extensive analysis of the underlying concept, the minimum distinguishable set of
symmetry elements and corresponding actions for each reference crystal, the algorithmic
implementation on the CCE-norm descriptor, the required computational time, and the
optimal selection of parameters are all discussed in detail in Ref. [60]. The Simu-D version
contains certain additional features. As an option, the “on-the-fly” implementation allows,
during the scanning of the spherical space, for the CCE analysis to stop when the norm is
found to be lower than the pre-set threshold and pass to the next atom so as to expedite
the process and provide a preliminary structural identification. Additionally, the CCE
descriptor further identifies the clusters of all atoms that bear the same similarity. For
example, it detects clusters of ordered sites, calculates their size (in number of atoms), as
well as their shape. The cluster-based analysis functions with the same proximity criterion
as the cluster identification used for the moves of the simulator component. An additional
condjition for the cluster identification is that it should contain sites that have all the same
similarity (with respect to a single crystal type X or to a pair of them (X or Y)). Finally, the
CCE descriptor provides information on the shape, size, and statistics of the Voronoi cells,
as extracted from the Voronoi tessellation.

A table with a summary of the main variables used by the Simu-D suite along with a
brief description can be found in Appendix A (Table Al).

4. Simu-D: Applications

In this section, we briefly present polymer-based systems that can be simulated and
successively analyzed with the Simu-D suite. Emphasis is placed on the simulation of sys-
tems under extreme conditions: These can range from a very high concentration (packing
density), extreme confinement, or presence of nanofillers with dimensions significantly
larger than the monomer size or any combination of the above. In the case of entropy- or
energy-driven phase transitions, the corresponding analysis takes place through the CCE
descriptor on the frames and trajectories generated by the simulator component.

The main point to be highlighted is that the Simu-D suite is built in a modular-
based approach with the goals of general applicability and simplicity. So, all examples in
the continuation have been or can be simulated and successively analyzed without any
modification of the code being required from the end user. Here, it is not our intention
to exhaustively analyze the physical behavior of each reported case but rather to provide
evidence that such systems can be modeled and then characterized by the Simu-D software.

4.1. Packing Efficiency of Semi-Flexible Athermal Polymers (3-D)

How atoms, particles, or macroscopic objects are packed in the most efficient way is a
topic of paramount importance in various fields and applications. Ordered packings of non-
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overlapping spheres in 3-D have an upper limit in the volume fraction, which corresponds
to the one reached by the HCP or FCC crystals [98,99]. For disordered systems of the
same entities, the corresponding packing density is globally accepted to be approximately
10-12% lower and corresponds to the Random Close-Packed (RCP) limit [100,101] or its
equivalent Maximally Random Jammed (MR]) state [102]. In the very first application of
the MC-based code that served as the initial seed for the Simu-D suite, it was demonstrated
that freely jointed chains of tangent hard spheres can be packed as efficiently as monomeric
analogs [103]. However, the corresponding state of semi-flexible polymers or even of
freely rotating chains is still a subject for investigation [104,105]. To this end, we used
the simulator component to generate and successively equilibrate random packings of
semi-flexible chains with a varied equilibrium angle, degree of stiffness, as quantified by
the spring constant in Equation (2), average chain length, and volume fraction. Exploring
the combined effect of the physical variables stated previously requires the conduction of
numerous simulations starting from dilute systems all the way up to the RCP/MR] limit.
The range of the latter is expected to be a function of the rigidity of the chain and thus
depend strongly on the bending constant and equilibrium angle [104].

Figure 4 shows bulk system configurations for semi-flexible hard-sphere chains with
average length N = 100 (N, = 4800) with an equilibrium (supplement) angle of 6y = 120° at
different packing densities of ¢ = 0.001, 0.1, and 0.60.

Using the Simu-D generation-equilibration modules, structures of semi-flexible ather-
mal polymers can be simulated at very high densities, which are comparable to the densest
ones observed for fully flexible (freely jointed) polymers [66,103] or monomeric counter-
parts [102]. The acceptance rate of the employed local and chain-connectivity-altering
move as a function of packing density for the 48-chain N = 100 system with 6y = 108° is
shown in Figure 5 and is reminiscent of the one obtained for freely jointed chains [59]. As
expected, the acceptance rate of local moves is significantly reduced as the system reaches
progressively higher concentrations. Towards this, the configurational bias scheme aids
in reducing this drop. The reduction for semi-flexible chains is especially apparent for
the two variants of the reptation move. In sharp contrast, the acceptance rate of chain-
connectivity-altering moves shows opposite trends: The higher the concentration, the
higher the acceptance rate. Especially for the simplified End-Bridging at low volume
fractions, acceptance is very small. This is expected as in such a dilute system there are
very few or no pairs of atoms that can trigger the move. As the concentration increases,
the population of such pairs also increases because chains start to feel each other and
the contact network around each site becomes richer. In parallel, none of the CCAMs, as
incorporated in Simu-D, requires the displacement of any atoms. Thus, their performance
is enhanced at very high packing densities, and especially near the MR] state.

According to the RCP/MR] definition, the maximum-density state should correspond
to the densest structures, which are characterized by the maximum randomness or, equiv-
alently, the minimum order [102]. The concept of rattlers [102] and flippers [103] can be
invoked to quantify the fraction of individual sites and groups of them, which are able to
perform movements in their local vicinity for monomeric and polymeric packings, respec-
tively. In both cases, it is well demonstrated that the flipper/rattler population diminishes
as we approach the MR] state. Alternatively, one could attempt to quantify the lack of order
in the system through the proper definition of corresponding parameters. Towards this,
we employ the CCE norm (descriptor module of Simu-D) to calculate the similarity of the
local environment around each monomer site to the close-packed (HCP and FCC) crystals,
which are the dominant ones in the crystallization of hard sphere packings at high volume
fractions [72,106]. The absence of such crystals should correspond to a highly disordered
but densely packed medium near or at the RCP/MR] state.
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Figure 4. Bulk system configurations of semi-flexible chains of tangent hard spheres of uniform size with average length of
N =100 and an equilibrium angle of 6y = 120° at progressively higher volume fractions, ¢: (top left) 0.001, (top right) 0.10
and (bottom left) 0.60. (bottom right): All three system configurations shown together allowing for a visual comparison of
their dimensions. Monomers are colored according to their parent chain. Sphere monomers are shown with coordinates of
their centers subjected to periodic boundary conditions. Image created with VMD visualization software [54]. Figure panels
are also available as interactive, 3-D images in Supplementary Materials.

Figure 6 shows the final configuration for the 48-chain N = 100 system with an equi-
librium bending angle of ) = 120° at a density of approximately 0.64, which corresponds
to the range of RCP/MR], as established for monomers and freely jointed chains. The
left panel shows monomers colored according to the parent molecule, while the right one
uses a coloring scheme according to the values of the CCE norm. More precisely, blue and
red correspond to sites with HCP (eHP < ¢7¢s = 0.245) and FCC (efC < effres = 0.245)
similarity, respectively, while green is used to represent FIV-like (/1Y < gfhres = (.245) sites.
All remaining amorphous (AMO) ones, which constitute most of the system, are shown
in yellow with reduced dimensions in a 2:5 scale for clarity purposes. More accurately,
amorphous (AMO) designates sites that show no similarity to any of the reference 3-D
crystal (HCP, FCC, HEX, BCC) or local symmetry (FIV). This does not exclude the possi-
bility that a specific site showing similarity to another “unknown” crystal not included in
the reference list. Still, as mentioned earlier and given the very high concentration of the
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generated athermal packings, the presence of non-compact crystals can be excluded. This
is evident as no traces of BCC or HEX crystals are detected in any of the nearly jammed

polymer configurations, such as the ones visualized in Figure 6.
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Figure 5. Percentage of acceptance as a function of packing density for the local and chain-
connectivity-altering moves employed in the MC simulation of 48 chains of N = 100, 6, = 108°
in the bulk. Vertical dash lines denote the end of the regime where ngjs trial configurations are
attempted per local MC move.
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Figure 6. Jammed packing of semi-flexible chains of tangent hard spheres of uniform size with average length of N = 100
and an equilibrium angle of 8y = 120°at a packing density of ¢ = 0.637. (Left panel): Monomers are colored according to the
parent chain; (Right panel): Monomers are colored according to the lowest value of the CCE norm. Blue, red, and green
denote HCP, FCC, and FIV similarity, respectively. Amorphous (AMO) ones are colored yellow with reduced dimensions
for clarity. Sphere monomers are shown with coordinates of their centers being subjected to periodic boundary conditions.

Image created with the VMD visualization software [54]. Figure panels are also available as interactive, 3-D images in

Supplementary Materials.
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Visual inspection of the jammed configuration in Figure 6 suggests a predominantly
amorphous structure with few ordered HCP and FCC sites randomly distributed along the
whole volume of the simulation cell. In fact, one can observe that the population of FIV-like
sites is higher than that of the close packed crystal ones. Moving on to quantitative analysis
based on the CCE order parameter [60] for the specific structure shown in Figure 6, the
HCP, FCC, and FIV fractions are 0.022, 0.021, and 0.053, respectively, further demonstrating
the predominance of disorder. The random character of the maximally jammed state for
semi-flexible chains is in perfect qualitative agreement with the one exhibited by freely
jointed analogs; the same can be stated for the growth of fivefold local symmetry with an
increasing concentration as observed for monomeric counterparts [107,108] as well as for
freely jointed chains [70].

4.2. Entropy-Driven Crystallization of Semi-Flexible Athermal Polymers

The presence of fivefolds in a random particulate packing acts as an inhibitor to
crystallization [107,108], especially as the concentration approaches that of the jamming
state. However, after a critical volume fraction (melting point) is exceeded, and if the
observation (here simulation) time is sufficiently long, hard sphere packings crystallize.
Similar phase behavior is observed for freely jointed chains, albeit with differences in the
critical packing density and the morphology of the established crystals, both depending
strongly on the gaps between bonded atoms [69]. Using the Simu-D suite we can extend
the simulations to capture the effect of chain stiffness. As an example, Figure 7 shows
the phase transition as first simulated and then identified by the CCE-based analysis for
the 100-chain N = 12 system at ¢ = 0.58 with an equilibrium angle of 8y = 90°. In the left
panel of Figure 7, the initial configuration is presented, as produced through the generation
module, while in the right panel, the final one after the execution of 3 x 10! MC steps is
shown. In both system states, monomers are colored according to the value of the CCE
norm. It can be unmistakably concluded that the specific system shows crystallization, with
the final stable configuration being of defect-ridden, fivefold-free, alternating HCP and
FCC layers. Given that the hard-sphere chain system is athermal, such a phase transition
is dictated solely by the increase in the total entropy of the system through a mechanism
similar to the one observed in freely jointed chains where the local environment around
each ordered site becomes more symmetric in the crystal phase [71,72,109].

4.3. Phase Behavior of Athermal Blends (Polymers and Monomers)

Through the incorporation of MC moves involving individual monomers and polymer
chains (IdEx1, IdEx2, and IdEx3), Simu-D software can tackle blends of chains and monomers
of varied relative fractions and different interactions between species. Example cases include
a high-density athermal blend of polymers and monomers with a varied number of chains
as can be seen in the panels of Figure 8. The system consists of 54,000 interacting sites
at a packing density of ¢ = 0.56 and an average chain length of N =1000. The polymer
relative concentration ranges from 0 (0 chains and 54,000 monomers), 0.185 (10 chains and
44,000 monomers), 0.741 (40 chains and 14,000 monomers) to 1 (54 chains and 0 monomers).
The objective here is to study how the relative concentration of the different entities (single
versus chain monomers) could affect crystallization. This is motivated by the fact that the
selected volume fraction is below and above the melting point of strictly tangent chains
and individual monomers, respectively.

4.4. Energy-Driven Cluster and Crystal Formation of Attractive Chains

Up to this point, all systems studied were athermal with all interactions being of
the hard sphere type. In the following case, we employ the square well (SW) attractive
potential. Additionally, we carry out the simulations at a constant volume (NVT) for chain
systems and at a constant (and high) pressure (NPT) for monomeric ones. In both cases, the
starting configuration corresponds to a low-density (¢ = 0.05) hard sphere system where
we activate the SW interactions between all sites. Given the attraction felt between the
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monomers, clusters start to form, which, depending on the applied intensity and range of
interactions, could further lead to ordered morphologies or amorphous glasses [63]. From
the technical point of view in NVT simulations, one should activate collective, cluster-
related moves since, especially at a low concentration and a high attraction intensity, small
and isolated clusters could be created, disallowing further inter-cluster aggregation and the
eventual formation of a single entity. The phase diagram of SW chains can be surprisingly
rich with different crystals and amorphous morphologies resulting as a function of the
attraction range. As an example, Figure 9 hosts the final system configuration obtained
from NVT simulations on chains (egy = 1.2, 0, = 1.15, N = 12) and NPT simulations on
monomers (esy = 2.1, 03 = 1.15), both having N, = 1200 interacting sites. For the given
pairs of intensity and range of attraction, the established morphologies consist of HCP and
FCC crystallites with random stacking directions. In the case of the chain cluster (left panel
of Figure 9), the presence of fivefold sites in the form of twin defects is particularly evident
in the meeting points of the HCP and FCC planes.

4.5. Polymers under Confinement

In a recent publication [75], we demonstrated the ability of the early version of the
Simu-D suite to create polymer configurations under tube-like and plate-like confinement.
Extreme conditions correspond to the case where the distance between the confining
agents/surfaces is approximately equal to the diameter of the monomers. For example, for
plates, this extreme condition corresponds effectively to a 2-D polymer system. The latest
implementation of Simu-D allows for flexibility in the applied geometry of confinement
departing potentially from orthogonal cells. Figures 10 and 11 show system configurations
of freely jointed chains of tangent hard spheres (N = 12, N, = 60) being confined in
cylindrical (closed ends) and spherical geometries, respectively.

Figure 7. Snapshots of the semi-flexible N = 12 system (6 = 90°) at ¢ = 0.58. (Left panel): Initial configuration as produced

by the generator module of Simu-D. (Right panel): Final configuration of the simulation after the execution of 3 x 10!

MC steps of the simulator module. Monomers are colored according to the lowest value of the CCE norm (descriptor

module). Blue, red, and green colors denote HCP, FCC, and FIV similarity, respectively. Amorphous (AMO) ones are colored

yellow with reduced dimensions for clarity. Spherical monomers are shown with coordinates of their centers subjected to

periodic boundary conditions. Image created with the VMD visualization software [54]. Figure panels are also available as

interactive, 3-D images in Supplementary Materials.
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Figure 8. Bulk systems of 54,000 interacting hard spheres with varied relative concentrations of polymer content with chains
having an average length of N = 1000 at ¢ = 0.58. The polymer relative concentration ranges from 0, 0.185, 0.741 to 1 (from
left to right). In the pure polymer configuration (rightmost panel), sites are colored according to the parent chain. In all other
cases, single and chain monomers are shown in red and blue, respectively. For chain concentrations of 0.185 and 0.741, sphere
dimensions of dominant species are shown in a 2:5 scale for clarity. Image created with the VMD visualization software [54].

Figure 9. Final configurations of systems whose sites interact with the attractive square well potential. (Left panel) NVT
simulations on chains (esw = 1.2, 0 = 1.15, N = 12, Ny, = 100, ¢ = 0.05); (Right panel) NPT simulations on monomers
(esw = 2.1, 02 = 1.15, N4 = 1200). Sites are colored according to the CCE norm: Blue, red, green, cyan, and purple correspond
to sites with HCP, FCC, FIV, BCC, and HEX similarity, respectively. Amorphous (AMO) sites are colored yellow and shown
with reduced dimensions for clarity. Image created with the VMD visualization software [54]. Figure panels are also
available as interactive, 3-D images in Supplementary Materials.

Figure 10. System snapshots of linear, fully flexible chains (N, = 60, N = 12, ¢ = 0.40) under cylindrical confinement with
closed ends with a length-to-diameter ratio equal to 2 (left panel) and 10 (right panel). Monomers are colored according to
the parent chain. Image created with the VMD visualization software [54]. Figure panels are also available as interactive,
3-D images in Supplementary Materials.
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Figure 11. System snapshots of linear, fully flexible chains (N, = 60, N = 12) under spherical confinement at a packing

density of (from left to right): ¢ = 0.30, 0.40 and 0.50. Monomers are colored according to the parent chain. Image created with

the VMD visualization software [54]. Figure panels are also available as interactive, 3-D images in Supplementary Materials.

In the cylindrical confinement, the cell (length to diameter) aspect ratio increases from
2 (left panel) to 10 (right panel) while the volume fraction remains the same (¢ = 0.40).
In the spherical one, the packing density changes from 0.30 (leftmost panel) up to 0.50
(rightmost panel). Reaching such densities allows the investigation of crystal nucleation
and the growth of chain systems and eventually the comparison with monomeric analogs,
as recently reported in [110,111].

4.6. Polymer Nanocomposites

The latest implementation of Simu-D allows for the simulation of polymer-based
nanocomposites (PNCs). The nanofillers can exist as compact objects of cylindrical or
spherical forms and at various concentrations and interactions with the chain monomers.
Figure 12 shows examples of polymer nanocomposites where all entities interact through
the hard-core potential. A single nanofiller is inserted, which is a sphere of size dg, (in
units of monomer diameter, ). The nanoparticle is positioned so that the coordinates of
its center coincide with the center of the simulation cell. The left panel shows a PNC with
dspp =5at ¢ =9.9 x 103 while dgyp = 20 at ¢ = 0.29 is presented in the right panel. Taking
into account the presence of the nanosphere, the effective packing densities are ¢ = 0.01
and 0.55 for the systems in the left and right panels of Figure 12, respectively. The minimal
difference for the former case is due to the small nanoparticle size (ds;, = 5) compared to
the large volume of the simulation cell, while in the latter case, the nanoparticle, due to its
massive size (dsph =20), has a profound effect on the reduction of the available volume.

Another example from MC simulations on PNCs is provided in Figure 13. This time
the nanofiller takes the form of a single, infinitely long cylinder whose direction coincides
with the direction of one of the axes of the simulation cell. The diameter of the cylinder
is d.; =5 and is dispersed in a polymer matrix (N = 100, N, = 48), which consists of (left
panel) freely jointed and (right panel) semi-flexible, rod-like (6p = 0°) chains.

4.7. Comparison with Independent Algorithms

A relevant task is to compare the results of any simulation suite with existing ones,
preferably using different simulation methods. Here we should mention that with respect
to jamming, our Simu-D produces very dense and nearly jammed random packings of
hard spheres (chains or monomers) with volume fractions very close to the ones reported
in the literature from independent sources on the RCP/MR] state: oMK/ ~ 0.64-0.65, with
the exact value and the salient characteristics being very dependent on the employed
protocol [112-114].
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Figure 12. System snapshots of polymer nanocomposite (N = 100, N, = 48) at different effective packing density, @eg.
The nanofiller, shown in red, corresponds to a single, impenetrable sphere with diameter dgpp, (in units of o) whose center
is located at the center of the simulation cell: (left) gq¢ = 0.01, dsph =5 and (right) @.¢ = 0.55, dsph = 20. Monomers are
colored according to the parent chain and are shown as semitransparent spheres for clarity. Image created with the VMD
visualization software [54]. Figure panels are also available as interactive, 3-D images in Supplementary Materials.

Figure 13. System snapshots of polymer nanocomposite (N = 100, N, = 48, ¢¢¢ = 0.10). The nanofiller, shown in blue,
corresponds to a single, impenetrable cylinder with diameter d.y; = 5 (in units of 0) and infinite length. The cylinder is
oriented along the direction of one of the cell axes. (left) Freely jointed chains and (right) semi-flexible, rod-like chains
(6o = 0°). Monomers are colored according to the parent chain and are shown as semitransparent spheres for clarity.
Image created with the VMD visualization software [54]. Figure panels are also available as interactive, 3-D images in

Supplementary Materials.

In parallel, the melting point of monomeric hard spheres, as determined by simulations
conducted with the present protocol, coincides with the well-established value available
in the literature [115]. With respect to the crystallization of athermal polymers and the
effect of bond gaps (or bond tangency), the results based on the application of the Simu-D
suite [69] are in excellent agreement with independent studies using event-driven Molecular
Dynamics (MD) simulations [116].
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Furthermore, as an additional testbed, we use the crystallization of monomeric hard
spheres. Towards this, we use the same amorphous system configuration, composed
of 54,000 hard spheres at a volume fraction of ¢ = 0.56. Using this initial structure, we
embark on two different kinds of simulation: (i) Stochastic MC using the Simu-D suite
and (ii) event-driven, collision-based MD. Given that the reference system consists of hard
spheres at an elevated concentration, total crystallinity can be considered as the sum of the
fractions of sites with HCP and FCC-like similarity, with FIV local symmetry acting as a
structural competitor to compact crystals. In both cases, the local structure is quantified
through the CCE metric. Even if the two simulation methods are distinctly different, one
(MD) based on collision-based dynamics the other (MC) being completely stochastic, the
corresponding trends on the evolution of crystallinity, as seen in Figure 14, are strikingly
similar, not only in qualitative but also in quantitative terms.
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Figure 14. Evolution of crystallinity, 7., and of the fraction of sites with fivefold (FIV) local symmetry,
SFIV a5 a function of MC steps (left panel) and MD collisions (right panel). Both the MC simulation,
performed through the Simu-D suite, and the independent, event-driven MD simulation, are con-
ducted on the same random initial configuration of 54,000 monomeric hard spheres of uniform size
at a packing density of ¢ = 0.56. Total crystallinity is calculated here as the sum of fractions of sites

with FCC and HCP character, as quantified by the CCE norm descriptor.

5. Conclusions

We present the latest implementation of Simu-D, a simulator-descriptor suite used to
model and successively analyze/describe polymer-based systems under extreme condi-
tions of concentration (packing density), confinement, and nanofiller content. The simulator
part is based on Monte Carlo (MC) algorithms, including localized, chain-connectivity-
altering, identity-exchange, and cluster moves in various statistical ensembles. The descrip-
tor is based on the characteristic crystallographic element (CCE) norm, which is a metric to
gauge the local structure by comparing it with reference crystals in two and three dimen-
sions. The suite has a modular approach, allowing the addition of features, and is built
considering efficiency, general applicability, and ease of use. Monomers/atoms/particles
are presented as spheres, which interact through standard bonded and pairwise, non-
bonded terms.

We have provided examples ranging from applications on bulk, pure macromolecular
systems, of blends with monomers, under various conditions of confinement to polymer-
based nanocomposites. Through such simulations one can study general phase transitions,
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packing ability, and local and global structure as a function of the aforementioned param-
eters. In the examples provided, emphasis is placed on the simplified hard-sphere and
square-well models, but chemically realistic systems can be simulated as well.

Presently, Simu-D is further expanded to tackle more complex systems including the
simulation of terminally grafted nanoparticles anchored on polymer chains as seen in
Figure 15, and polymer adsorption on flat or nanostructured surfaces.

Figure 15. Terminally grafted nanoparticles on polymer chains at a volume fraction of ¢ = 0.50 as
simulated through the Simu-D suite. Each nanoparticle, shown in red and in semitransparent format,
has a size of dnano = 8 and is anchored to a single polymer chain. Macromolecules are represented as
freely jointed chains of tangent hard spheres with an average length of N = 100.

Our simulator-descriptor suite is rather lacking with respect to the available potentials
and interactions, especially compared to latest simulators [24]. However, as explained
earlier, our intention is to simulate general, but still coarse-grained, representations of
atomic and particulate systems with emphasis placed on extreme conditions, such as
jamming, confinement, anchoring, presence of nanoparticles or all possible combinations
of the above.

Chemical reactions can also be studied by assigning reactant and product types and
implementing identity-change algorithms with the MC simulations being cast in the proper
reactive ensemble [117].

In a coarse-to-fine approach, the present MC suite could be further benefited by
algorithms that allow the simulation of chemically complex, all-atom systems through
reversible, adaptive, or bijective mapping [34-37,118]. Furthermore, the suite should
be compatible with independent and efficient MC algorithms such as the event-chain
ones [40,41], parallel techniques [119,120], but also with different analyzers. The latter can
be in the form of geometric [121,122], stochastic [123], or energy-based [124,125] codes for
the topological analysis of the primitive path network of entanglements as abundantly
encountered in densely packed systems of long polymer chains.
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Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/
10.3390/1jms222212464 /s1. The manuscript is available in interactive, 3-D format. With the exception
of Figure 8, all panels corresponding to system configurations are also available as stand-alone,
interactive 3-D pdf files.
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Appendix A

The following Table is a summary of the main variables as used in the Simu-D suite
for the simulation of different atomic systems (simulator part) and of the corresponding
analysis of the local structure (descriptor part).

Table Al. Summary of the main variables as used by the Simu-D suite. Dashed line separates
variables of the simulator and descriptor parts.

Name Type Description
D Categorical Number of dimensions
dconf Categorical Number of confined dimensions
Ny, Categorical Number of chains
Nt Numerical Total number of atoms
Nhigh Numerical Maximum number of monomers per chain
Niow Numerical Minimum number of monomers per chain
N Categorical Average number of monomers per chain
Nion Numerical Number of single monomers
Nivials Numerical Number of trials per move in configurational bias scheme
Optirials Flag Flag to select the density-dependence of Nyjyq
ccheyt Numerical Maximum number of monomers moved in a CCB move
disp Numerical Maximum displacement of monomer moves
@ Numerical Packing density
di Numerical Bond gap for chains
Nanocomp  Flag Inclusion of nanoparticles

Neyi Numerical Number of nanocylinders
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Table A1. Cont.

Name Type Description
Nspi Numerical Number of nanospheres
deyt Numerical Diameter of nanocylinders
dspn Numerical Diameter of nanospheres
direy) Array Direction of nanocylinders
o Numerical Diameter designation
0 Numerical Collision diameter for Square-Well/shoulder model
%) Numerical Range of interaction for Square-Well/shoulder model
€ Numerical Intensity of interaction for Square-Well/shoulder model
Optsw Flag Creation of a second cell grid to improve SW performance.
Ewall Numerical Intensity of interaction for Square-Well/shoulder of Walls
. Range of interaction for Square-Well/shoulder model
02 wall Numerical of Walls

Intensity of interaction for Square-Well/shoulder

Epart Numerical of Nanoparticles
. Range of interaction for Square-Well/shoulder model
02, part Numerical of Nanoparticl
particles
Oeq Numerical Supplement of the equilibrium bending angle in radians
Kpend Numerical Energy constant for bending angle potential
NPT Flag True: Enables NPT ensemble. False: Enables
NVT ensemble
T Numerical Temperature
P Numerical Pressure

True: Runs shrinkage production until a target density.
False: Runs normal simulation

Maximum box length reduction when

attempting shrinkage

Ptarget Numerical Target density for the shrinkage production

True: Volume changes are equal in all direction. False:
Volume change is anisotropic

Flag to enable cluster moves when there are more

Shrink Flag

Sflucyy Numerical

Isotropic Flag

Cluster Flag

than one
Telust Numerical Radius to detect clusters
Vec Flag Storage of vectors for crystallographic elements
Kiss Numerical Coordination number of reference crystal
Geom Flag Check polymer geometry
Neighs Numerical Maximum number of Voronoi neighbors
HCP Flag CCE analysis for HCP crystal
FCC Flag CCE analysis for FCC crystal
BCC Flag CCE analysis for BCC crystal
HEX Flag CCE analysis for HEX crystal
FIV Flag CCE analysis for FIV symmetry
HON Flag CCE analysis for HON crystal
sQuU Flag CCE analysis for SQU crystal
TRI Flag CCE analysis for TRI crystal
PEN Flag CCE analysis for PEN symmetry
Thres Numerical CCE threshold of similarity
St . Step of the mesh discretization (azimuthal and
ep Numerical
polar angles)
Fast Flag No full optimization if norm less than threshold

References

1. Allen, M.P; Tildesley, D.J. Computer Simulation of Liquids; Oxford University Press: New York, NY, USA, 1987.

2. Frenkel, D.; Smit, B. Understanding Molecular Simulation: From Algorithms to Applications, 2nd ed.; Academic Press: San Diego, CA,
USA, 2002.

3. Landau, D.P; Binder, K. A Guide to Monte Carlo Simulations in Statistical Physics, 4th ed.; Cambridge University Press: Cambridge,
UK, 2014.

4. Rapaport, D.C. The Art of Molecular Dynamics Simulation, 2nd ed.; Cambridge University Press: Cambridge, UK, 2004.



Int. . Mol. Sci. 2021, 22, 12464 22 of 25

N

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Leach, A. Molecular Modelling: Principles and Applications, 2nd ed.; Pearson: London, UK, 2001.

Plimpton, S. Fast Parallel Algorithms for Short-Range Molecular-Dynamics. J. Comput. Phys. 1995, 117, 1-19. [CrossRef]
Abbott, L.J.; Hart, K.E.; Colina, C.M. Polymatic: A generalized simulated polymerization algorithm for amorphous polymers.
Theor. Chem. Acc. 2013, 132, 1334. [CrossRef]

Phillips, J.C.; Braun, R.; Wang, W.; Gumbart, J.; Tajkhorshid, E.; Villa, E.; Chipot, C.; Skeel, R.D.; Kalé, L.; Schulten, K. Scalable
molecular dynamics with NAMD. J. Comput. Chem. 2005, 26, 1781-1802. [CrossRef] [PubMed]

Berendsen, H.J.C.; van der Spoel, D.; van Drunen, R. GROMACS: A message-passing parallel molecular dynamics implementation.
Comput. Phys. Commun. 1995, 91, 43-56. [CrossRef]

Glass, C.W.; Reiser, S.; Rutkai, G.; Deublein, S.; Koster, A.; Guevara-Carrion, G.; Wafai, A.; Horsch, M.; Bernreuther, M.; Windmann,
T.; et al. ms2: A molecular simulation tool for thermodynamic properties, new version release. Comput. Phys. Commun. 2014,
185, 3302-3306. [CrossRef]

Gezelter, ].D. OpenMD-Molecular Dynamics in the Open. Available online: https:/openmd.org/ (accessed on 15 November 2021).
Refson, K. Moldy: A portable molecular dynamics simulation program for serial and parallel computers. Comput. Phys. Commun.
2000, 126, 310-329. [CrossRef]

Gale, J.D. GULP: A computer program for the symmetry-adapted simulation of solids. J. Chem. Soc. Faraday Trans. 1997,
93, 629-637. [CrossRef]

Brooks, B.R.; Bruccoleri, R.E.; Olafson, B.D; States, D.J.; Swaminathan, S.; Karplus, M. CHARMM: A program for macromolecular
energy, minimization, and dynamics calculations. J. Comput. Chem. 1983, 4, 187-217. [CrossRef]

Pearlman, D.A.; Case, D.A.; Caldwell, J.W.; Ross, W.S.; Cheatham, T.E.; DeBolt, S.; Ferguson, D.; Seibel, G.; Kollman, P. AMBER, a
package of computer programs for applying molecular mechanics, normal mode analysis, molecular dynamics and free energy
calculations to simulate the structural and energetic properties of molecules. Comput. Phys. Commun. 1995, 91, 1-41. [CrossRef]
Hypercube. HyperChem. Available online: http:/ /www.hypercubeusa.com (accessed on 15 November 2021).

Veld, PJ. EMC: Enhanced Monte Carlo. A Multi-Purpose Modular and Easily Extendable Solution to Molecular and Mesoscale
Simulations. Available online: http://montecarlo.sourceforge.net (accessed on 15 November 2021).

In’t Veld, PJ.; Rutledge, G.C. Temperature-Dependent Elasticity of a Semicrystalline Interphase Composed of Freely Rotating
Chains. Macromolecules 2003, 36, 7358-7365. [CrossRef]

Yeh, I-C.; Andzelm, ].W.; Rutledge, G.C. Mechanical and Structural Characterization of Semicrystalline Polyethylene under
Tensile Deformation by Molecular Dynamics Simulations. Macromolecules 2015, 48, 4228-4239. [CrossRef]

Kim, ].M.; Locker, R.; Rutledge, G.C. Plastic Deformation of Semicrystalline Polyethylene under Extension, Compression, and
Shear Using Molecular Dynamics Simulation. Macromolecules 2014, 47, 2515-2528. [CrossRef]

Kumar, V,; Locker, C.R; Veld, PJ.; Rutledge, G.C. Effect of Short Chain Branching on the Interlamellar Structure of Semicrystalline
Polyethylene. Macromolecules 2017, 50, 1206-1214. [CrossRef]

Martin, M.G. MCCCS Towhee: A tool for Monte Carlo molecular simulation. Mol. Simulat. 2013, 39, 1212-1222. [CrossRef]
Tsimpanogiannis, N.; Costandy, J.; Kastanidis, P.; El Meragawi, S.; Michalis, V.K.; Papadimitriou, N.I.; Karozis, S.N.; Diamantonis,
N.L; Moultos, O.A.; Romanos, G.E.; et al. Using clathrate hydrates for gas storage and gas-mixture separations: Experimental
and computational studies at multiple length scales. Mol. Phys. 2018, 116, 2041-2060. [CrossRef]

Brukhno, A.V.; Grant, J.; Underwood, T.L.; Stratford, K.; Parker, S.C.; Purton, ].A.; Wilding, N.B. DL_MONTE: A multipurpose
code for Monte Carlo simulation. Mol. Simulat. 2021, 47, 131-151. [CrossRef]

Wang, F.; Landau, D.P. Efficient, Multiple-Range Random Walk Algorithm to Calculate the Density of States. Phys. Rev. Lett. 2001,
86, 2050-2053. [CrossRef] [PubMed]

Shah, ].K.; Marin-Rimoldi, E.; Mullen, R.G.; Keene, B.P; Khan, S.; Paluch, A.S.; Rai, N.; Romanielo, L.L.; Rosch, T.W.; Yoo, B.; et al.
Cassandra: An open source Monte Carlo package for molecular simulation. J. Comput. Chem. 2017, 38, 1727-1739. [CrossRef]
Dubbeldam, D.; Calero, S.; Ellis, D.E.; Snurr, R.Q. RASPA: Molecular simulation software for adsorption and diffusion in flexible
nanoporous materials. Mol. Simulat. 2016, 42, 81-101. [CrossRef]

Nejahi, Y.; Barhaghi, M.S.; Mick, J.; Jackman, B.; Rushaidat, K.; Li, Y.; Schwiebert, L.; Potoff, ]. GOMC: GPU Optimized Monte
Carlo for the simulation of phase equilibria and physical properties of complex fluids. SoftwareX 2019, 9, 20-27. [CrossRef]
Mick, J.; Hailat, E.; Russo, V.; Rushaidat, K.; Schwiebert, L.; Potoff, J. GPU-accelerated Gibbs ensemble Monte Carlo simulations
of Lennard-Jonesium. Comput. Phys. Commun. 2013, 184, 2662-2669. [CrossRef]

Cezar, HM.; Canuto, S.; Coutinho, K. DICE: A Monte Carlo Code for Molecular Simulation Including the Configurational Bias
Monte Carlo Method. J. Chem. Inf. Model. 2020, 60, 3472-3488. [CrossRef] [PubMed]

Gowers, R.J.; Farmahini, A.H.; Friedrich, D.; Sarkisov, L. Automated analysis and benchmarking of GCMC simulation programs
in application to gas adsorption. Mol. Simulat. 2018, 44, 309-321. [CrossRef]

Alexiadis, O.; Cheimarios, N.; Peristeras, L.D.; Bick, A.; Mavrantzas, V.G.; Theodorou, D.N.; Hill, J.-R.; Krokidis, X. Chameleon:
A generalized, connectivity altering software for tackling properties of realistic polymer systems. WIREs Comput. Mol. Sci. 2019,
9, e1414. [CrossRef]

Ghobadpour, E.; Kolb, M; Ejtehadi, M.R.; Everaers, R. Monte Carlo simulation of a lattice model for the dynamics of randomly
branching double-folded ring polymers. Phys. Rev. E 2021, 104, 014501. [CrossRef] [PubMed]

Theodorou, D.N. A reversible minimum-to-minimum mapping method for the calculation of free-energy differences. J. Chem.
Phys. 2006, 124, 034109. [CrossRef] [PubMed]


http://doi.org/10.1006/jcph.1995.1039
http://doi.org/10.1007/s00214-013-1334-z
http://doi.org/10.1002/jcc.20289
http://www.ncbi.nlm.nih.gov/pubmed/16222654
http://doi.org/10.1016/0010-4655(95)00042-E
http://doi.org/10.1016/j.cpc.2014.07.012
https:/openmd.org/
http://doi.org/10.1016/S0010-4655(99)00496-8
http://doi.org/10.1039/a606455h
http://doi.org/10.1002/jcc.540040211
http://doi.org/10.1016/0010-4655(95)00041-D
http://www.hypercubeusa.com
http://montecarlo.sourceforge.net
http://doi.org/10.1021/ma0346658
http://doi.org/10.1021/acs.macromol.5b00697
http://doi.org/10.1021/ma402297a
http://doi.org/10.1021/acs.macromol.6b02458
http://doi.org/10.1080/08927022.2013.828208
http://doi.org/10.1080/00268976.2018.1471224
http://doi.org/10.1080/08927022.2019.1569760
http://doi.org/10.1103/PhysRevLett.86.2050
http://www.ncbi.nlm.nih.gov/pubmed/11289852
http://doi.org/10.1002/jcc.24807
http://doi.org/10.1080/08927022.2015.1010082
http://doi.org/10.1016/j.softx.2018.11.005
http://doi.org/10.1016/j.cpc.2013.06.020
http://doi.org/10.1021/acs.jcim.0c00077
http://www.ncbi.nlm.nih.gov/pubmed/32470296
http://doi.org/10.1080/08927022.2017.1375492
http://doi.org/10.1002/wcms.1414
http://doi.org/10.1103/PhysRevE.104.014501
http://www.ncbi.nlm.nih.gov/pubmed/34412203
http://doi.org/10.1063/1.2138701
http://www.ncbi.nlm.nih.gov/pubmed/16438569

Int. . Mol. Sci. 2021, 22, 12464 23 of 25

35.

36.

37.

38.

39.

40.

41.
42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

Uhlherr, A.; Theodorou, D.N. Accelerating molecular simulations by reversible mapping between local minima. J. Chem. Phys.
2006, 125, 84107. [CrossRef]

Shi, W.; Maginn, E.J. Improvement in Molecule Exchange Efficiency in Gibbs Ensemble Monte Carlo: Development and
Implementation of the Continuous Fractional Component Move. J. Comput. Chem. 2008, 29, 2520-2530. [CrossRef] [PubMed]
Shi, W.; Maginn, E.]. Continuous fractional component Monte Carlo: An adaptive biasing method for open system atomistic
simulations. J. Chem. Theory Comput. 2007, 3, 1451-1463. [CrossRef]

Weismantel, O.; Galata, A.A.; Sadeghi, M.; Kroger, A.; Kroger, M. Efficient generation of self-avoiding, semiflexible rotational
isomeric chain ensembles in bulk, confined geometries, and on surfaces. Comput. Phys. Commun. 2021, 270, 108176. [CrossRef]
Kroger, M.; Muller, M.; Nievergelt, ]. A geometric embedding algorithm for efficiently generating semiflexible chains in the
molten state. Cmes-Comput. Modeling Eng. Sci. 2003, 4, 559-569.

Kampmann, T.A.; Muller, D.; Weise, L.P.; Vorsmann, C.F; Kierfeld, J. Event-Chain Monte-Carlo Simulations of Dense Soft Matter
Systems. arXiv 2021, arXiv:2102.05461.

Krauth, W. Event-Chain Monte Carlo: Foundations, Applications, and Prospects. Front. Phys. 2021, 9, 229. [CrossRef]

Klement, M.; Lee, S.; Anderson, J.A.; Engel, M. Newtonian Event-Chain Monte Carlo and Collision Prediction with Polyhedral
Particles. J. Chem. Theory Comput. 2021, 17, 4686-4696. [CrossRef]

Kriuchevskyi, I; Palyulin, V.V,; Milkus, R.; Elder, R.M.; Sirk, TW.; Zaccone, A. Scaling up the lattice dynamics of amorphous
materials by orders of magnitude. Phys. Rev. B 2020, 102, 024108. [CrossRef]

Auhl, R; Everaers, R; Grest, G.S.; Kremer, K.; Plimpton, S.J. Equilibration of long chain polymer melts in computer simulations.
J. Chem. Phys. 2003, 119, 12718-12728. [CrossRef]

Doshi, U.; Hamelberg, D. Achieving Rigorous Accelerated Conformational Sampling in Explicit Solvent. J. Phys. Chem. Lett. 2014,
5,1217-1224. [CrossRef]

Subramanian, G. A topology preserving method for generating equilibrated polymer melts in computer simulations. J. Chem.
Phys. 2010, 133, 164902. [CrossRef]

Zhang, G.J.; Chazirakis, A.; Harmandaris, V.A.; Stuehn, T.; Daoulas, K.C.; Kremer, K. Hierarchical modelling of polystyrene melts:
From soft blobs to atomistic resolution. Soft Matter 2019, 15, 289-302. [CrossRef]

Milchev, A.; Binder, K. Cylindrical confinement of solutions containing semiflexible macromolecules: Surface-induced nematic
order versus phase separation. Soft Matter 2021, 17, 3443-3454. [CrossRef]

Zhou, X.L.; Wu, ].X,; Zhang, L.X. Ordered aggregation of semiflexible ring-linear blends in ellipsoidal confinement. Polymer 2020,
197, 122494. [CrossRef]

Milchev, A.; Nikoubashman, A.; Binder, K. The smectic phase in semiflexible polymer materials: A large scale molecular dynamics
study. Comput. Mater. Sci. 2019, 166, 230-239. [CrossRef]

Moghimikheirabadi, A.; Kroger, M.; Karatrantos, A.V. Insights from modeling into structure, entanglements, and dynamics in
attractive polymer nanocomposites. Soft Matter 2021, 17, 6362-6373. [CrossRef] [PubMed]

Kroger, M. Efficient hybrid algorithm for the dynamic creation of wormlike chains in solutions, brushes, melts and glasses.
Comput. Phys. Commun. 2019, 241, 178-179. [CrossRef]

Abhrens, J.; Geveci, B.; Law, C. ParaView: An End-User Tool for Large Data Visualization; Elsevier: Amsterdam, The Netherlands, 2005.
Humphrey, W.; Dalke, A.; Schulten, K. VMD: Visual molecular dynamics. . Mol. Graph. Model. 1996, 14, 33-38. [CrossRef]
Bumstead, M.; Liang, K.Y.; Hanta, G.; Hui, L.S.; Turak, A. disLocate: Tools to rapidly quantify local intermolecular structure to
assess two-dimensional order in self-assembled systems. Sci. Rep. 2018, 8, 1-15.

Pettersen, E.F,; Goddard, T.D.; Huang, C.C.; Couch, G.S.; Greenblatt, D.M.; Meng, E.C.; Ferrin, T.E. UCSF chimera—A visualization
system for exploratory research and analysis. J. Comput. Chem. 2004, 25, 1605-1612. [CrossRef] [PubMed]

Stukowski, A. Visualization and analysis of atomistic simulation data with OVITO-the Open Visualization Tool. Modell. Simul.
Mater. Sci. Eng. 2010, 18, 015012. [CrossRef]

Tassieri, M.; Ramirez, J.; Karayiannis, N.C.; Sukumaran, S.K.; Masubuchi, Y. i-Rheo GT: Transforming from Time to Frequency
Domain without Artifacts. Macromolecules 2018, 51, 5055-5068. [CrossRef]

Karayiannis, N.C.; Laso, M. Monte Carlo scheme for generation and relaxation of dense and nearly jammed random structures of
freely jointed hard-sphere chains. Macromolecules 2008, 41, 1537-1551. [CrossRef]

Ramos, PM.; Herranz, M.; Foteinopoulou, K.; Karayiannis, N.C.; Laso, M. Identification of Local Structure in 2-D and 3-D Atomic
Systems through Crystallographic Analysis. Crystals 2020, 10, 1008. [CrossRef]

Karayiannis, N.C.; Foteinopoulou, K.; Laso, M. The characteristic crystallographic element norm: A descriptor of local structure
in atomistic and particulate systems. J. Chem. Phys. 2009, 130, 074704. [CrossRef]

Foteinopoulou, K.; Karayiannis, N.C.; Laso, M. Monte Carlo simulations of densely-packed athermal polymers in the bulk and
under confinement. Chem. Eng. Sci. 2015, 121, 118-132. [CrossRef]

Herranz, M.; Santiago, M.; Foteinopoulou, K.; Karayiannis, N.C.; Laso, M. Crystal, Fivefold and Glass Formation in Clusters of
Polymers Interacting with the Square Well Potential. Polymers 2020, 12, 1111. [CrossRef]

Karayiannis, N.C.; Foteinopoulou, K.; Laso, M. The structure of random packings of freely jointed chains of tangent hard spheres.
J. Chem. Phys. 2009, 130, 164908. [CrossRef] [PubMed]

Karayiannis, N.C.; Foteinopoulou, K.; Laso, M. Contact network in nearly jammed disordered packings of hard-sphere chains.
Phys. Rev. E 2009, 80, 011307. [CrossRef] [PubMed]


http://doi.org/10.1063/1.2336781
http://doi.org/10.1002/jcc.20977
http://www.ncbi.nlm.nih.gov/pubmed/18478586
http://doi.org/10.1021/ct7000039
http://doi.org/10.1016/j.cpc.2021.108176
http://doi.org/10.3389/fphy.2021.663457
http://doi.org/10.1021/acs.jctc.1c00311
http://doi.org/10.1103/PhysRevB.102.024108
http://doi.org/10.1063/1.1628670
http://doi.org/10.1021/jz500179a
http://doi.org/10.1063/1.3493329
http://doi.org/10.1039/C8SM01830H
http://doi.org/10.1039/D1SM00172H
http://doi.org/10.1016/j.polymer.2020.122494
http://doi.org/10.1016/j.commatsci.2019.04.017
http://doi.org/10.1039/D1SM00683E
http://www.ncbi.nlm.nih.gov/pubmed/34128028
http://doi.org/10.1016/j.cpc.2019.03.009
http://doi.org/10.1016/0263-7855(96)00018-5
http://doi.org/10.1002/jcc.20084
http://www.ncbi.nlm.nih.gov/pubmed/15264254
http://doi.org/10.1088/0965-0393/18/1/015012
http://doi.org/10.1021/acs.macromol.8b00447
http://doi.org/10.1021/ma702264u
http://doi.org/10.3390/cryst10111008
http://doi.org/10.1063/1.3077294
http://doi.org/10.1016/j.ces.2014.08.021
http://doi.org/10.3390/polym12051111
http://doi.org/10.1063/1.3117903
http://www.ncbi.nlm.nih.gov/pubmed/19405631
http://doi.org/10.1103/PhysRevE.80.011307
http://www.ncbi.nlm.nih.gov/pubmed/19658698

Int. . Mol. Sci. 2021, 22, 12464 24 of 25

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.
89.

90.

91.

92.

93.

94.
95.

Laso, M.; Karayiannis, N.C.; Foteinopoulou, K.; Mansfield, M.L.; Kroger, M. Random packing of model polymers: Local structure,
topological hindrance and universal scaling. Soft Matter 2009, 5, 1762-1770. [CrossRef]

Foteinopoulou, K.; Karayiannis, N.C.; Laso, M.; Kroger, M.; Mansfield, M.L. Universal Scaling, Entanglements, and Knots of
Model Chain Molecules. Phys. Rev. Lett. 2008, 101, 265702. [CrossRef]

Karayiannis, N.C.; Kroger, M. Combined Molecular Algorithms for the Generation, Equilibration and Topological Analysis of
Entangled Polymers: Methodology and Performance. Int. J. Mol. Sci. 2009, 10, 5054-5089. [CrossRef]

Karayiannis, N.C.; Foteinopoulou, K.; Laso, M. The role of bond tangency and bond gap in hard sphere crystallization of chains.
Soft Matter 2015, 11, 1688-1700. [CrossRef]

Karayiannis, N.C.; Foteinopoulou, K.; Laso, M. Jamming and crystallization in athermal polymer packings. Philos. Mag. 2013,
93, 4108-4131. [CrossRef]

Karayiannis, N.C.; Foteinopoulou, K.; Abrams, C.E,; Laso, M. Modeling of crystal nucleation and growth in athermal polymers:
Self-assembly of layered nano-morphologies. Soft Matter 2010, 6, 2160-2173. [CrossRef]

Karayiannis, N.C.; Foteinopoulou, K.; Laso, M. Entropy-Driven Crystallization in Dense Systems of Athermal Chain Molecules.
Phys. Rev. Lett. 2009, 103, 045703. [CrossRef]

Ramos, PM.; Herranz, M.; Foteinopoulou, K.; Karayiannis, N.C.; Laso, M. Entropy-Driven Heterogeneous Crystallization of
Hard-Sphere Chains under Unidimensional Confinement. Polymers 2021, 13, 1352. [CrossRef] [PubMed]

Pant, PV.K.; Theodorou, D.N. Variable Connectivity Method For The Atomistic Monte-Carlo Simulation Of Polydisperse Polymer
Melts. Macromolecules 1995, 28, 7224-7234. [CrossRef]

Ramos, PM.; Karayiannis, N.C.; Laso, M. Off-lattice simulation algorithms for athermal chain molecules under extreme confine-
ment. J. Comput. Phys. 2018, 375, 918-934. [CrossRef]

Siepmann, J.I.; Frenkel, D. Configurational Bias Monte-Carlo—A New Sampling Scheme for Flexible Chains. Mol. Phys. 1992,
75,59-70. [CrossRef]

Laso, M.; de Pablo, ].J.; Suter, U.W. Simulation of Phase-Equilibria for Chain Molecules. J. Chem. Phys. 1992, 97, 2817-2819.
[CrossRef]

Mavrantzas, V.G.; Boone, T.D.; Zervopoulou, E.; Theodorou, D.N. End-bridging Monte Carlo: A fast algorithm for atomistic
simulation of condensed phases of long polymer chains. Macromolecules 1999, 32, 5072-5096. [CrossRef]

Karayiannis, N.C.; Mavrantzas, V.G.; Theodorou, D.N. A novel Monte Carlo scheme for the rapid equilibration of atomistic
model polymer systems of precisely defined molecular architecture. Phys. Rev. Lett. 2002, 88, 105503. [CrossRef]

Karayiannis, N.C.; Giannousaki, A.E.; Mavrantzas, V.G.; Theodorou, D.N. Atomistic Monte Carlo simulation of strictly monodis-
perse long polyethylene melts through a generalized chain bridging algorithm. J. Chem. Phys. 2002, 117, 5465-5479. [CrossRef]
Faken, D.; Jénsson, H. Systematic analysis of local atomic structure combined with 3D computer graphics. Comput. Mater. Sci.
1994, 2, 279-286. [CrossRef]

Martin, A.V.; Kozlov, A.; Berntsen, P.; Roque, FE.G.; Flueckiger, L.; Saha, S.; Greaves, T.L.; Conn, C.E.; Hawley, A.M.; Ryan,
T.M,; et al. Fluctuation X-ray diffraction reveals three-dimensional nanostructure and disorder in self-assembled lipid phases.
Commun. Mater. 2020, 1, 40. [CrossRef]

Steinhardt, PJ.; Nelson, D.R.; Ronchetti, M. Bond-orientational order in liquids and glasses. Phys. Rev. B 1983, 28, 784-805.
[CrossRef]

Larsen, PM.; Schmidt, S.; Schiotz, J. Robust structural identification via polyhedral template matching. Modell. Simul. Mater. Sci.
Eng. 2016, 24. [CrossRef]

Tanemura, M.; Hiwatari, Y.; Matsuda, H.; Ogawa, T.; Ogita, N.; Ueda, A. Geometrical analysis of crystallization of the soft-core
model. Prog. Theor. Phys. 1977, 58, 1079-1095. [CrossRef]

Anikeenko, A.V.; Medvedev, N.N.; Aste, T. Structural and entropic insights into the nature of the random-close-packing limit.
Phys. Rev. E 2008, 77, 031101. [CrossRef] [PubMed]

Ackland, G.J.; Jones, A.P. Applications of local crystal structure measures in experiment and simulation. Phys. Rev. B 2006,
73, 054104. [CrossRef]

Cohen, M.H.; Grest, G.S. Liquid-glass transition, a free-volume approach. Phys. Rev. B 1979, 20, 1077-1098. [CrossRef]

Egami, T.; Maeda, K.; Vitek, V. Structural Defects In Amorphous Solids—A Computer-Simulation Study. Philos. Mag. A 1980,
41, 883-901. [CrossRef]

Ding, J.; Cheng, Y.Q.; Sheng, H.; Asta, M.; Ritchie, R.O.; Ma, E. Universal structural parameter to quantitatively predict metallic
glass properties. Nat. Commun. 2016, 7, 13733. [CrossRef] [PubMed]

Malins, A.; Williams, S.R.; Eggers, J.; Royall, C.P. Identification of structure in condensed matter with the topological cluster
classification. J. Chem. Phys. 2013, 139, 234506. [CrossRef] [PubMed]

Stukowski, A. Structure identification methods for atomistic simulations of crystalline materials. Modell. Simul. Mater. Sci. Eng.
2012, 20, 045021. [CrossRef]

Paret, J.; Jack, R.L.; Coslovich, D. Assessing the structural heterogeneity of supercooled liquids through community inference. J.
Chem. Phys. 2020, 152, 144502. [CrossRef] [PubMed]

Nye, ].E. Physical Properties of Crystals: Their Representation by Tensors and Matrices; Oxford Science Publications: Oxford, UK, 2010.
Malgrange, C.; Ricolleau, C.; Schlenker, M. Symmetry and Physical Properties of Crystals; Springer: Dordrecht, The Netherlands, 2014.
[CrossRef]


http://doi.org/10.1039/b820264h
http://doi.org/10.1103/PhysRevLett.101.265702
http://doi.org/10.3390/ijms10115054
http://doi.org/10.1039/C4SM02707H
http://doi.org/10.1080/14786435.2013.815377
http://doi.org/10.1039/b923369e
http://doi.org/10.1103/PhysRevLett.103.045703
http://doi.org/10.3390/polym13091352
http://www.ncbi.nlm.nih.gov/pubmed/33919100
http://doi.org/10.1021/ma00125a027
http://doi.org/10.1016/j.jcp.2018.08.052
http://doi.org/10.1080/00268979200100061
http://doi.org/10.1063/1.463022
http://doi.org/10.1021/ma981745g
http://doi.org/10.1103/PhysRevLett.88.105503
http://doi.org/10.1063/1.1499480
http://doi.org/10.1016/0927-0256(94)90109-0
http://doi.org/10.1038/s43246-020-0044-z
http://doi.org/10.1103/PhysRevB.28.784
http://doi.org/10.1088/0965-0393/24/5/055007
http://doi.org/10.1143/PTP.58.1079
http://doi.org/10.1103/PhysRevE.77.031101
http://www.ncbi.nlm.nih.gov/pubmed/18517323
http://doi.org/10.1103/PhysRevB.73.054104
http://doi.org/10.1103/PhysRevB.20.1077
http://doi.org/10.1080/01418618008243894
http://doi.org/10.1038/ncomms13733
http://www.ncbi.nlm.nih.gov/pubmed/27941922
http://doi.org/10.1063/1.4832897
http://www.ncbi.nlm.nih.gov/pubmed/24359379
http://doi.org/10.1088/0965-0393/20/4/045021
http://doi.org/10.1063/5.0004732
http://www.ncbi.nlm.nih.gov/pubmed/32295366
http://doi.org/10.1007/978-94-017-8893-6

Int. . Mol. Sci. 2021, 22, 12464 25 of 25

96.

97.

98.
99.

100.

101.
102.

103.

104.
105.

106.
107.

108.

109.

110.

111.
112.

113.

114.

115.
116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

Giacovazzo, C.; Monaco, H.L.; Artioli, G.; Viterbo, D.; Ferraris, G.; Gilli, G.; Zanotti, G.; Gatti, M. Fundamentals of Crystallography;
Oxford Science: Oxford, UK, 2005.

Laso, M.; Jimeno, N. Representation Surfaces for Physical Properties of Materials: A Visual Approach to Understanding Anisotropic
Materials; Springer: Berlin/Heidelberg, Germany, 2020.

Hales, T.C. A proof of the Kepler conjecture. Ann. Math. 2005, 162, 1065-1185. [CrossRef]

Hales, T.C.; Harrison, J.; McLaughlin, S.; Nipkow, T.; Obua, S.; Zumkeller, R. A Revision of the Proof of the Kepler Conjecture.
Discret. Comput. Geom. 2010, 44, 1-34. [CrossRef]

Bernal, J.D.; Finney, ].L. Random close-packed hard-sphere model. 2. Geometry of random packing of hard spheres. Discuss.
Faraday Soc. 1967, 43, 62—69. [CrossRef]

Bernal, J.D. Geometry of The Structure of Monatomic Liquids. Nature 1960, 185, 68-70. [CrossRef]

Torquato, S.; Truskett, T.M.; Debenedetti, P.G. Is random close packing of spheres well defined? Phys. Rev. Lett. 2000, 84, 2064-2067.
[CrossRef]

Karayiannis, N.C.; Laso, M. Dense and nearly jammed random packings of freely jointed chains of tangent hard spheres. Phys.
Rev. Lett. 2008, 100, 050602. [CrossRef]

Hoy, R.S. Jamming of Semiflexible Polymers. Phys. Rev. Lett. 2017, 118, 068002. [CrossRef]

Shakirov, T.; Paul, W. Crystallization in melts of short, semiflexible hard polymer chains: An interplay of entropies and dimensions.
Phys. Rev. E 2018, 97, 042501. [CrossRef] [PubMed]

O’Malley, B.; Snook, I. Crystal nucleation in the hard sphere system. Phys. Rev. Lett. 2003, 90, 085702. [CrossRef] [PubMed]
Karayiannis, N.C.; Malshe, R.; de Pablo, ].].; Laso, M. Fivefold symmetry as an inhibitor to hard-sphere crystallization. Phys. Rev.
E 2011, 83, 061505. [CrossRef]

Karayiannis, N.C.; Malshe, R.; Kroger, M.; de Pablo, ].].; Laso, M. Evolution of fivefold local symmetry during crystal nucleation
and growth in dense hard-sphere packings. Soft Matter 2012, 8, 844-858. [CrossRef]

Karayiannis, N.C.; Foteinopoulou, K.; Laso, M. Spontaneous Crystallization in Athermal Polymer Packings. Int. |. Mol. Sci. 2013,
14, 332-358. [CrossRef] [PubMed]

Chen, Y.S,; Yao, Z.W.; Tang, S.X; Tong, H.; Yanagishima, T.; Tanaka, H.; Tan, P. Morphology selection kinetics of crystallization in
a sphere. Nat. Phys. 2021, 17, 121-127. [CrossRef]

Arai, S.; Tanaka, H. Surface-assisted single-crystal formation of charged colloids. Nat. Phys. 2017, 13, 503-509. [CrossRef]
Torquato, S.; Stillinger, FH. Jammed hard-particle packings: From Kepler to Bernal and beyond. Rev. Mod. Phys. 2010,
82,2633-2672. [CrossRef]

Wilken, S.; Guerra, R.E.; Levine, D.; Chaikin, PM. Random Close Packing as a Dynamical Phase Transition. Phys. Rev. Lett. 2021,
127,038002. [CrossRef]

Rissone, P.; Corwin, E.IL; Parisi, G. Long-Range Anomalous Decay of the Correlation in Jammed Packings. Phys. Rev. Lett. 2021,
127,038001. [CrossRef]

Alder, B.J.; Wainwright, T.E. Phase Transition For A Hard Sphere System. J. Chem. Phys. 1957, 27, 1208-1209. [CrossRef]

Ni, R; Dijkstra, M. Effect of bond length fluctuations on crystal nucleation of hard bead chains. Soft Matter 2013, 9, 365-369.
[CrossRef]

Johnson, J.K.; Panagiotopoulos, A.Z.; Gubbins, K.E. Reactive canonical monte-carlo—A new simulation technique for reacting or
associating fluids. Mol. Phys. 1994, 81, 717-733. [CrossRef]

Laso, M.; Karayiannis, N.C.; Muller, M. Min-map bias Monte Carlo for chain molecules: Biased Monte Carlo sampling based on
bijective minimum-to-minimum mapping. J. Chem. Phys. 2006, 125, 164108. [CrossRef] [PubMed]

Uhlherr, A.; Doxastakis, M.; Mavrantzas, V.G.; Theodorou, D.N.; Leak, S.J.; Adam, N.E.; Nyberg, P.E. Atomic structure of a high
polymer melt. Europhys. Lett. 2002, 57, 506-511. [CrossRef]

Uhlherr, A.; Leak, S.J.; Adam, N.E.; Nyberg, P.E.; Doxastakis, M.; Mavrantzas, V.G.; Theodorou, D.N. Large scale atomistic
polymer simulations using Monte Carlo methods for parallel vector processors. Comput. Phys. Commun. 2002, 144, 1-22.
[CrossRef]

Kroger, M. Shortest multiple disconnected path for the analysis of entanglements in two- and three-dimensional polymeric
systems. Comput. Phys. Commun. 2005, 168, 209-232. [CrossRef]

Caraglio, M.; Enzo, C.M.; Orlandini, E. Physical Links: Defining and detecting inter-chain entanglement. Sci. Rep. 2017, 7, 1-10.
[CrossRef]

Tzoumanekas, C.; Theodorou, D.N. Topological analysis of linear polymer melts: A statistical approach. Macromolecules 2006,
39, 4592-4604. [CrossRef]

Everaers, R.; Sukumaran, S.K.; Grest, G.S.; Svaneborg, C.; Sivasubramanian, A.; Kremer, K. Rheology and microscopic topology
of entangled polymeric liquids. Science 2004, 303, 823-826. [CrossRef] [PubMed]

Shanbhag, S.; Larson, R.G. Identification of Topological Constraints in Entangled Polymer Melts Using the Bond-Fluctuation
Model. Macromolecules 2006, 39, 2413-2417. [CrossRef]


http://doi.org/10.4007/annals.2005.162.1065
http://doi.org/10.1007/s00454-009-9148-4
http://doi.org/10.1039/df9674300062
http://doi.org/10.1038/185068a0
http://doi.org/10.1103/PhysRevLett.84.2064
http://doi.org/10.1103/PhysRevLett.100.050602
http://doi.org/10.1103/PhysRevLett.118.068002
http://doi.org/10.1103/PhysRevE.97.042501
http://www.ncbi.nlm.nih.gov/pubmed/29758595
http://doi.org/10.1103/PhysRevLett.90.085702
http://www.ncbi.nlm.nih.gov/pubmed/12633442
http://doi.org/10.1103/PhysRevE.83.061505
http://doi.org/10.1039/C1SM06540H
http://doi.org/10.3390/ijms14010332
http://www.ncbi.nlm.nih.gov/pubmed/23263666
http://doi.org/10.1038/s41567-020-0991-9
http://doi.org/10.1038/nphys4034
http://doi.org/10.1103/RevModPhys.82.2633
http://doi.org/10.1103/PhysRevLett.127.038002
http://doi.org/10.1103/PhysRevLett.127.038001
http://doi.org/10.1063/1.1743957
http://doi.org/10.1039/C2SM26969D
http://doi.org/10.1080/00268979400100481
http://doi.org/10.1063/1.2359442
http://www.ncbi.nlm.nih.gov/pubmed/17092064
http://doi.org/10.1209/epl/i2002-00490-0
http://doi.org/10.1016/S0010-4655(01)00464-7
http://doi.org/10.1016/j.cpc.2005.01.020
http://doi.org/10.1038/s41598-017-01200-w
http://doi.org/10.1021/ma0607057
http://doi.org/10.1126/science.1091215
http://www.ncbi.nlm.nih.gov/pubmed/14764875
http://doi.org/10.1021/ma052317v

	Introduction 
	Molecular Model/Systems Studied 
	Simulator-Descriptor Suite 
	Simulator 
	Descriptor 

	Simu-D: Applications 
	Packing Efficiency of Semi-Flexible Athermal Polymers (3-D) 
	Entropy-Driven Crystallization of Semi-Flexible Athermal Polymers 
	Phase Behavior of Athermal Blends (Polymers and Monomers) 
	Energy-Driven Cluster and Crystal Formation of Attractive Chains 
	Polymers under Confinement 
	Polymer Nanocomposites 
	Comparison with Independent Algorithms 

	Conclusions 
	
	References

