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Abstract

A challenging topic in materials engineering is the development of numerical models that
can accurately predict material properties with atomistic accuracy, matching the scale and
level of detail achieved by experiments. In this regard, coarse-grained (CG) molecular dy-
namics (MD) simulations are a popular method for achieving this goal. Despite the efforts of
the scientific community, a reliable CG model with quasi-atomistic accuracy has not yet been
fully achieved for the design and prototyping of materials, especially polymers. In this paper,
we describe a CG model for polymers, focusing on the bio-compatible poly(lactic-co-glycolic
acid) (PLGA), based on a general parametrization strategy with a potentially broader field of
applications. In this model, polymers are represented with finite-size ellipsoids, short-range in-
teractions are accounted for with the generalized Gay-Berne potential, while electrostatic and
long-range interactions are accounted for with point charges within the ellipsoids. The model
was validated against its atomistic counterpart, obtained through a back-mapping process, by
comparing physical properties such as glass transition temperature, thermal conductivity, and
elastic moduli. We observed quantitative agreement between the atomistic and CG represen-
tations, thus opening up the possibility of adopting the proposed model to expand the domain
size of typical MD simulations to dimensions comparable to those of experimental setups.

Introduction

Theoretical modelling of bio-compatible poly-
mers is an interesting technical challenge due
to the emergent nature of their properties.'™
At the most basic level, the physical properties
of polymers depend on their chemical compo-
sition and molecular structure.* At the meso-
scopic level, their properties also depend on the
supramolecular arrangement and entanglement
of polymeric chains, the presence and size of
ordered/crystalline domains, the relaxation dy-
namics, and the presence of structural defects
or cross-linking in the condensed structure. An
obvious way to capture these aspects in com-
puter simulations is to use large domains to
represent the sample and simplified models to

represent the material.

Due to the size of the systems involved, the
less relevant degrees of freedom, e.g. the high-
frequency motion of light atoms, are typically
omitted from the simulations.® This procedure
is known as coarse-graining and involves group-
ing atoms into larger units called beads. This
abstraction focuses on capturing the essential
physical properties and interactions of poly-
mers, %" allowing computer simulations com-
plex enough to capture phenomena that span
different spatial and temporal scales. Several
coarse-grained (CG) models of polymers have
been proposed during the last two decades,® '3
each following different approaches for the map-
ping of atoms into beads. Pioneering studies
of polycarbonate polymers based on a bead-
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spring model **1% showed good agreement with
structure factors from neutron scattering ex-
periments, '® and were further generalized using
ellipsoids.!” Fundamental properties of poly-
mers such as density, pair correlation functions,
end-to-end distances, gyration radii, and elastic
moduli have been successfully computed with
CG simulations for, e.g., polyethylene® 2% and
polystyrene. 2123

An emerging strategy to mitigate information
lost in the mapping process is to use finite-size
aspherical particles as CG units.?*2¢ In this
work, we use a CG model named MOLC? de-
veloped to represent liquids?” and organic func-
tional materials?6-®® with atomistic-like accu-
racy. In the MOLC model, molecular functional
groups (e.g. aromatic moieties) are mapped to
ellipsoidal beads. The pair potential acting be-
tween ellipsoids is a sum of the Gay-Berne po-
tential?*3Y and classic electrostatics, accounted
for with point charges embedded in the parent
ellipsoidal bead. In large molecules, ellipsoids
are bonded with a two-body potential that si-
multaneously controls the position and orien-
tation of the bonded pair, allowing them to
overlap in space at a physical distance. The
resulting CG model accurately reproduces the
excluded volume of the corresponding atom-
istic model, yielding precise predictions of the
condensed-phase properties and enabling a 1-
to-1 mapping of the CG trajectory back to
the corresponding all-atom (AA) representa-
tion. Consequently, the MOLC model enables
a seamless transition between the CG and AA
representations, depending on the desired level
of simulation detail.?® The MOLC model is im-
plemented in a custom version?®! of the molec-
ular dynamics (MD) software LAMMPS, 3233
while the force field parameters and molecular
topologies are stored in the LAMMPS-template
(LT) format and processed with the Moltem-
plate software.3*

This work aims to develop and validate
a structurally accurate CG model for the
bio-compatible  poly(lactic-co-glycolic  acid)
(PLGA) polymer. The focus here is to compute
the mechanic and thermodynamic properties of
PLGA from CG MD simulations and to assess
the effect of bulk morphology on the resulting

functionality. More specifically, we compare a
semi-crystalline sample of PLGA with an amor-
phous sample. The two samples are generated
at the CG level and are subsequently back-
mapped to the AA level to obtain reference
data for validation purposes.

Computational methods

Parametrization

The MOLC model is based on finite-size ellip-
soids and is parametrized to reproduce the ex-
cluded volume of the corresponding atomistic
representation. Each ellipsoidal bead replaces
a molecular fragment, thus reducing the total
degrees of freedom and allowing the use of a
simulation time-step ten or twenty times higher
than that of a classical molecular dynamics sim-
ulation.?” Here, each lactic acid (LA) and gly-
colic acid (GA) monomer is represented with a
single ellipsoid in the mesoscopic model, thus
reducing the number of particles in the system
by a factor of 8.25 compared to the atomistic
model.

The bonded and non-bonded potentials for
LA and GA monomers are parameterized fol-
lowing a bottom-up approach,?® considering
reference data from AA MD simulations car-
ried out with the OPLS-AA/M force field.%
The polymerization of PLGA is obtained via
the condensation of the alcoholic and carboxylic
functional groups of the GA and LA monomers,
which proceeds with the elimination of one wa-
ter molecule per monomer added. From a mod-
elling perspective, the effective repeating units
are thus molecular fragments defined by break-
ing the sigma bond between the ester oxygen
and the alkyl carbon atoms along the polymeric
chain. This choice ensures that the coarse-
grained repeating units have a well-defined
chemical character, which has been shown to
be critical for capturing large-scale dynamics of
polymers.?® The repeating LA and GA units
carved from the polymer chain (see Fig. S1
in the supporting information) are capped by
adding hydrogen atoms on dangling bonds. The
following structures are thus used to parame-
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Figure 1: (a) Mapping of the CG model of a PLGA chain to its AA representation. LA (red
beads) and GA (blue beads) indicate the lactic acid and glycolic acid monomers, respectively. Each
monomer is described by a single CG bead. CG models of (b) amorphous and (c) semi-crystalline

PLGA samples.

terize the CG beads: acetic acid for the GA;
propionic acid (for the electrostatics) and isobu-
tyric acid (for the Gay-Berne ellipsoids) for the
LA. The latter choice for the LA bead yields
an ellipsoid symmetric to the polymeric chain
while keeping an asymmetric electrostatic po-
tential that maps to the corresponding atom-
istic model. Additional details on the reference
atomic charges used to fit the CG molecular
electrostatic potential are shown in the support-
ing information, Fig. S2. An overview of the
overlapping AA and CG representations of a
PLGA oligomer is shown in Fig. 1a.

A directional bond potential for the PLGA
backbone was modelled on reference AA-MD
simulations of LA-LA, LA-GA, and GA-LA
dimers in the gas phase. Potential energy
curves were obtained from Boltzmann inversion
of the probability distribution histograms of the
scalar products between the fragments’ axes of
inertia. The calculation of the axes of inertia
is the (forward) mapping operation that trans-
forms the AA coordinates into CG ones. The

three series of bond potentials were sufficiently
similar to each other (see supporting informa-
tion, Fig. S3) to allow the use of only one type
of bond potential for the backbone, regardless
of the type of bonded monomers.

When the MOLC model is used to create a
CG force field for macromolecules and poly-
mers, a large number of ellipsoids end up con-
nected with directional bonds and overlapping
in space. This arrangement is obtained by ze-
roing the pairwise interactions between bonded
pairs, as in atomistic type-1 force fields. The
intended consequence of this choice is that
the MOLC model accurately reproduces the
molecular excluded volume of the correspond-
ing atomistic fragments, yielding realistic solid-
state properties such as density and radial dis-
tribution functions.?%?® The unintended con-
sequence is that the model leads to a tighter
packing of ellipsoids in space, resulting in an
overestimate of the intermolecular energy. To
compensate for this systematic error, the well-
depth parameter ¢, and ellipsoid’s axes o; of



the Gay-Berne potential are scaled to repro-
duce the density and cohesion energy computed
from reference AA-MD simulations obtained by
back-mapping the CG samples back to the cor-
responding AA structure. This parametrization
strategy has been recently validated on linear
alkanes from 2 to 16 carbon atoms,3¢ and it is
further tested in this work for predicting the
structural and mechanical properties of PLGA
polymers.

More specifically, an amorphous sample of
pristine poly(lactic acid) (PLA) polymer was
created with CG-MD simulations and back-
mapped to its corresponding AA representa-
tion with the open-source program Backmap.?”
The cohesion energy of models with a long-
range electrostatic solver was computed with
custom commands called compute inter
and compute inter/molc for AA and CG
models, respectively. The code of these
commands is largely based on the existing
compute group/group framework, with a dif-
ferent correction term for the intra-molecular
electrostatic interactions.3!3¢ A scaling factor
of 0.7 was obtained for the g of PLA. The same
scaling factor was used for the gy of the GA re-
peating unit. The optimised CG force field for
PLGA is provided as supporting information in
the LT format.

MD simulations of the CG samples used a
10 fs timestep for the production run, even
if a 20 fs timestep could be used in conjunc-
tion with a thermostat. A cut-off radius of 14
A was considered for both short-distance Gay-
Berne and long-distance electrostatic interac-
tions, and a skin distance of 4 A was used to
build the neighbour list. The back-mapped AA
samples were first relaxed in the NPT ensemble
at 298 K, 1 atm, with a timestep of 1 fs un-
til the total energy reached equilibrium, which
typically required about 2 ns. The van der
Waals and electrostatic interactions were mod-
elled with a cut-off radius of 12 A, while the
long-range electrostatic interactions were calcu-
lated using the particle-particle particle-mesh
(PPPM) method.®® All MD simulations for CG
and AA samples were performed with the latest
stable version of LAMMPS (2 Aug 2023),3%40
modified to include the MOLC package.3! Stan-

dard deviations (reported in parentheses) are
computed from the sum of squares minus the
square of the mean, taking measurements at
regular intervals during the production runs at
steady state.

Sample Preparation

Two computational samples of PLGA with dif-
ferent morphologies were created by varying
the simulation settings. Both samples contain
90 PLGA chains with a 75:25 LA to GA ra-
tio. Each PLGA chain has 12 repetitions of a
fixed LA-LA-LA-GA sequence, for a total of 48
monomers for each chain.

The initial configuration of the CG sam-
ples was created using Moltemplate3* to place
PLGA chains on a sparse cubic grid, with
each chain randomly rotated around its cen-
tre of mass. Then, a compression and relax-
ation protocol already used to create atomistic
samples of PLGA* was used to obtain CG
samples with a realistic initial density. Two
polymer morphologies, namely amorphous and
semi-crystalline (see Figs. 1b-c), were created
by tweaking the duration of the compression
and relaxation stages of the samples and the
force field parameters.

The sample of semi-crystalline PLGA was
obtained by compressing an initial configura-
tion where the molecules were placed on the
nodes of a cubic grid with spacing 185.4 A with
random orientation. Periodic boundary condi-
tions were employed to ensure continuous pack-
ing throughout space. The initial configuration
was compressed at a constant rate for 0.49 ns
to a target density of 1.16 g/cm?, keeping the
temperature at 1 K using a Langevin thermo-
stat with a coupling constant of 10 ps and a
timestep of 10 fs. After the isotropic compres-
sion, the sample was heated to 300 K at a rate
of 0.75 K/ps and further equilibrated for 2 ns in
the canonical ensemble (NVT) with a timestep
of 20 fs. A custom bond potential with har-
monic constants of 20 kcal/mol was used dur-
ing the compression phase to keep the chains
in the extended configuration. The intermolec-
ular interactions were also modified by includ-
ing only the Gay-Berne part of the pair poten-



tial. The removal of electrostatic interactions
approximates the presence of a solvent, screen-
ing the molecular electrostatic potential and lu-
bricating chain motions during the compression
stage. The sample finally equilibrated in the
NPT ensemble using the regular CG potential
and a timestep of 20 fs, yielding an almost cubic
sample with a side of approximately 71 A.
The sample of amorphous PLGA was ob-
tained with a protocol similar to that of the
semi-crystalline sample but with a 10x com-
pression rate. During the compression, a modi-
fied CG force field was considered, in which the
pair potential contains only short-range inter-
actions without long-range electrostatics, as for
the semi-crystalline sample. At all stages of this
protocol, the bond potential was the one fitted
to the reference AA simulations, which allows
the chains to be fully flexible. The resulting
sample is characterised by virtually no inter-
digitation between the chains, which are rolled
up into blobs. The sample was compressed by
keeping the temperature at 1 K until a target
density of 1.16 g/cm?® was reached. The sam-
ple was then heated to 300 K in the canonical
ensemble and equilibrated in the NPT ensem-
ble with a timestep of 20 fs, yielding an almost
cubic sample with a side of approximately 71

A.

Thermal conductivity

The thermal conductivity of the PLGA CG
and back-mapped AA systems was evaluated
with the non-equilibrium molecular dynamics
(NEMD) approach.?? This method is imple-
mented by imposing a thermal gradient on the
system and calculating the subsequent heat
flux. The thermal gradient is imposed by di-
viding the simulation box into an odd number
of bins (see Fig. Sda in the supporting infor-
mation). The central bin corresponds to the
hot region, thermalized at 320 K, while the two
terminal bins, each half the size of a regular
one, are thermalized at 280 K using a Langevin
thermostat. To ensure a comparable statisti-
cal sampling, the CG samples were divided into
13 bins, while the AA samples into 17 bins.
The equations of motion are integrated with

the NVE ensemble to allow the heat flux to flow
from the central to the terminal bins. The ther-
mal conductivity is then computed through the
Fourier model:

q= )\CVT7 (1)

where q is the specific heat flux, A. is the
thermal conductivity, and VT is the temper-
ature gradient. V7T is evaluated and averaged
over the middle bins to avoid any possible arte-
fact arising from the thermostat. First, we
performed 1 ns simulations to reach the non-
equilibrium steady state. Then we acquired
data related to the thermal gradient and heat
flux on a trajectory of 2 ns, using the last 0.5
ns of the production run.

For CG simulations, we implemented a new
LAMMPS command to compute the average
temperature in each bin associated with all
the degrees of freedom (rotational + transla-
tional).?! Despite the recent increasing inter-
est in rigid body dynamics, which is testified
by the large number of new packages devel-
oped in LAMMPS, 33 a command that can eval-
uate the average temperature per bin associated
with the roto-translational kinetic energy is not
present in the official LAMMPS distribution.
Consequently, we defined a new compute com-
mand called compute erotate/asphere/atom
to access the rotational kinetic energy us-
ing the powerful atom/chunk framework used
in LAMMPS to partition per-atom quantities
into sets called chunks. The rotational en-
ergy computed in this way is added to the
translational kinetic energy, which is evalu-
ated with the standard LAMMPS command
compute ke/atom. The roto-translational tem-
perature is then computed with the following
equation:

"1 1
©)
B DOF

2

kT

where K F is the total kinetic energy per chunk,
1 is the ¢-th atom in the chunk, m and v are its
mass and translational velocity, respectively, I
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Figure 2: (a) The green arrows indicate the deformation applied to the simulation box in stress—
strain simulations. Yellow and green lines indicate the initial and deformed box, respectively. The
deformed box shows both the elongation along the applied deformation direction and the shrinkage
in the transversal direction. (b) Example of a stress;—strain; curve along the i direction. (¢) Example
of the strain; ;—strain; curve. The violet lines show the linear extrapolation between 0 and 0.025 of

applied strain.

and w are its moment of inertia and rotational
velocity, respectively, DOF is the number of de-
grees of freedom (6 in 3D), kp is the Boltzmann
constant, and 7" is the roto-translational tem-
perature of the chunk. The thermal conduc-
tivity is evaluated along the three orthogonal
directions to compensate for possible inhomo-
geneities in the structure and to increase the
statistics. The LAMMPS scripts for computing
thermal conductivity are provided in the Zen-
odo repository associated to this work.

Elastic properties

The elastic properties of the CG and the corre-
sponding back-mapped systems are evaluated
through NEMD. In this case, after the relax-
ation process, we applied a box deformation
along one orthogonal direction (i) at a constant
speed of 7.3 A/ ns, while leaving the other two
vectors (j, k) free to relax (see Fig. 2a). This
process is implemented by applying a thermo-
stat at the equilibrium temperature (298 K)
and a barostat at 0 atm in the two vectors
orthogonal to the deformation. This setup al-
lows the calculation of not only the stress—strain
curve and the Young’s modulus (E), but also of
the transverse strain associated with the shrink-
age on the two directions orthogonal to the ap-

plied deformation (e;; — €;), and thus the Pois-
son ratio (v). The elastic modulus is evaluated
considering the slope of the linear regression of
the initial portion of the stress—strain curve (be-
tween 0 and 0.025 strain, see Fig. 2b). Simi-
larly, the Poisson ratio is evaluated consider-
ing the linear regression slope of the initial por-
tion of the strain-strain curve (between 0 and
0.025 strain, see Fig. 2c). Finally, under the
assumption of an isotropic material, the trans-
verse elastic modulus (G) is evaluated as:

G- 3)

21+v)
The LAMMPS scripts for computing the elastic
properties are provided in the Zenodo reposi-
tory associated to this work.

Results and Discussions

The main goal of this work is to evaluate the
MOLC model of PLGA polymers by study-
ing two samples with an amorphous and semi-
crystalline morphology. The evaluation of the
MOLC model is carried out by computing
bulk properties such as density, elastic mod-
uli (Young’s Modulus E, Poisson Ratio v, and
Tangential Modulus G), and the thermal con-
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Figure 3: Glass transition temperature T, of (a)
amorphous and (b) semi-crystalline CG PLGA
samples. The T is obtained from the intersec-
tion of the linear extrapolation in the plastic
and glassy states.

ductivity A. obtained from CG simulations and
comparing them with the corresponding prop-
erties obtained from back-mapped AA samples.
This protocol ensures that the AA simulations
inherit the morphology of their parent CG sam-
ples, thus allowing us to attribute any discrep-
ancy between the CG and AA samples only to
the different granularity of the two models.

The PLGA samples obtained after the initial
compression and relaxation stages were relaxed
in the isobaric-isothermal ensemble (NPT) for
20 ns using the PLGA CG force field. The
equilibrium density of the amorphous and semi-
crystalline CG samples was 1.256(2) g/cm?® and
1.248(2) g/cm? respectively, in excellent agree-
ment with the value of the back-mapped AA
models:  1.280(2) g/cm® and 1.288(2) g/cm?
respectively, corresponding to an error of 3%.
The density of both CG and AA models is also
in excellent agreement with the experimental
value of 1.30 g/cm? 434

The glass transition temperature (7)) of the
two CG samples was computed by performing
a temperature scan between 250 K and 450 K
(AT = 10K) and monitoring the density vari-
ation.*> The temperature was changed with a
linear ramp lasting 2 ns, followed by an equi-
libration run of 6 ns and a production run of
1 ns, using a timestep of 10 fs. Thanks to the
higher computational efficiency of CG simula-
tions, we carried out five sequential heating-up
and cooling-down cycles. This approach aims
to improve statistical accuracy, reduce compu-

tational noise, and mitigate hysteresis effects.
In Figs. 3a-b, we report the density of PLGA as
a function of temperature for the two CG mod-
els, identifying the two branches of the plas-
tic and glassy states. These branches are fitted
with two linear regressions, whose interception
point gives T,. Due to the high computational
cost of evaluating the T, for the back-mapped
AA samples, we limit the comparison to the 7T},
of 328 K of an amorphous AA PLGA sample
obtained with a single heating-up cycle*' and
the experimental 7, which falls in the range of
320-330 K.*3* The T, obtained from CG MD
simulations is 402.5 K for the amorphous phase
and 367.0 K for the semi-crystalline phase. The
difference between the glass transition tempera-
ture in the two phases shows that the CG model
is detailed enough to be affected by the mor-
phology of PLGA. The observed difference be-
tween the Tj; computed at the CG and AA levels
(40 to 70 K) is unlikely to depend on the ther-
mal history of the AA sample, as its morphol-
ogy is consistent with that of the back-mapped
amorphous sample, as shown in Fig. S6 in the
supporting information. Since the intermolecu-
lar interactions in the CG force field were opti-
mized to reproduce the reference value from AA
samples, we attribute this discrepancy to the
reduction of the inter-chain degrees of freedom
in the PLGA backbone, as it is well-established
that torsional potentials are strongly correlated
to the predicted glass transition of linear poly-
mers. 4647

The thermal conductivity was computed on
the CG samples following the protocol de-
scribed in the computational methods section.
The temperature profile for the CG samples in
Fig. 4a-b shows that the measured temperature
in the hot and cold bins is approximately 5 K
off the target value. We attribute this discrep-
ancy to the small number of CG beads present
in the bins (see Fig. S4b-c in the supporting
information), which makes the temperature an
ill-defined quantity. This temperature discrep-
ancy can be eliminated by decreasing the ther-
mostat damping parameter from 1000 to 100 ps,
which also increases the cumulative energy ex-
changed with the thermostat, which does not
affect the calculated thermal capacity. The



temperature discrepancy can also be eliminated
using a 2 x 2 x 2 super-cell, resulting in a num-
ber of particles per bin comparable to that of
the AA samples. Indeed, no temperature dis-
crepancy is observed in the thermalized bins for
the AA samples (see Figs. 4c—d), which contain
an average of 2300 atoms per bin.

The thermal conductivity obtained from CG
and AA simulations is shown in Fig. ba. The
thermal conductivity of AA samples agrees well
with experimental findings and previous numer-
ical simulations of polymers and was found to
be 0.23(1) W/mK for the amorphous sample
and 0.32(1) W/mK for the semi-crystalline one.
For the CG models, the thermal conductivity is
around 0.08(1) W/mK, regardless of the sample
morphology. To the best of our knowledge, ex-
perimental data for the thermal conductivity of
PLGA are not available in the literature. Nev-
ertheless, our results are comparable to those
reported for poly-lactic acid (PLA), which are
in the range of 0.18-0.20 W/mK.*849

The thermal conductivity obtained from CG
simulations is consistently lower than the one
from the AA counterparts. Differently from
what was observed for the T,, the CG model
of PLGA does not yield a different ther-
mal conductivity A. for the amorphous and
semi-crystalline phases. Similarly to previous
works,” the lower thermal conductivity can be
attributed to the loss of degrees of freedom and
to the suppression of high-frequency vibrational
modes in the CG model, which also reduces the
sensitivity of the CG model to the sample mor-
phology.

The elastic properties computed on amor-
phous and semi-crystalline samples with CG
and AA models (Figs. 5b—c) agree well with
experimental data available in the literature.®°
For the amorphous sample, the difference be-
tween the AA and CG models is within the er-
ror bars for both Young’s modulus and Pois-
son’s ratio, and hence for the tangential elastic
modulus. The equivalence of Young’s modu-
lus and Poisson’s ratio indicates the same stress
and lateral shrinkage response between the AA
and CG models for lateral and longitudinal de-
formations. For the semi-crystalline sample,
the Young’s modulus computed with the CG

model is smaller than the corresponding AA
one. In contrast, the Poisson ratio exhibits the
same lateral shrinkage response to longitudinal
deformation for both the AA and CG models.
The derivative transverse modulus in the CG
sample is consistently lower than that of the
AA sample, even though it is still within the
error bar.

As seen for thermal conductivity, the elastic
properties computed at the CG level are not
sensitive to the morphology of the simulated
sample (for a direct comparison, see Fig. S5 in
the supporting information). In contrast, the
same properties computed at the AA level ex-
hibit a noticeable dependence on sample mor-
phology. This indicates that morphology alone
cannot account for the observed differences be-
tween the CG and AA models, as the atom-
istic samples were back-mapped from a parent
CG trajectory and thus share the same mor-
phology. Given that mechanical and elastic
properties, as well as thermal transport dynam-
ics, are strongly influenced by lattice dynam-
ics,®! it is reasonable to assume that the differ-
ences observed between the solid-state proper-
ties at the CG and AA levels are due to how
lattice dynamics are represented in these mod-
els. The phonon density of states supports
this assumption (see Fig. S7 in the support-
ing information), which shows a greatly simpli-
fied phonon spectrum in the CG samples, with
only low-frequency modes (below 10 THz) rep-
resented. Although the MOLC model aims to
provide physical properties in qualitative agree-
ment with reference atomic simulations and ex-
perimental data,?® the intrinsic reduction of vi-
brational degrees of freedom typical of meso-
scopic models limits its sensitivity to the mor-
phology of solid-state structures.

Conclusions

In this work, we tested and validated a new
parametrization strategy for a coarse-grained
(CG) model of PLGA polymers based on the
MOLC force field, which was parametrized from
the bottom-up using the OPLS-AA/M atom-
istic force field as a reference.
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Figure 4: Temperature profile of: CG samples with (a) amorphous and (b) semi-crystalline mor-
phology; AA samples with (c¢) amorphous and (d) semi-crystalline morphology. All samples have
an approximately cubic cell with a side length of 71 A.

We investigated the amorphous and semi-
crystalline phases of PLGA at the CG and
all-atoms (AA) levels. For both phases, the
CG model accurately reproduced the structural
and thermal properties computed on the corre-
sponding AA counterparts obtained through a
back-mapping process. The density (p) of the
CG models is in excellent agreement with the
one from back-mapped AA simulations and the
experimental value. The glass transition tem-
perature (7,) from CG simulations was found
to depend on the sample morphology and to

be higher than the experimental and reference
values.*! The average error of 15% on T} is at-
tributed to the reduction of the degrees of free-
dom in the CG model of the polymer backbone,
given that intermolecular interactions were cal-
ibrated to reproduce the cohesive energy com-
puted at the AA level.

The thermal conductivity (A.) computed at
the AA level was found to be in excellent agree-
ment with the available experimental evidence,
while the one computed at the CG level was
found to be from 2 to 3 times smaller and not
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Figure 5: (a) Comparison between the thermal conductivity computed from CG (green) and AA
(blue) models for both the amorphous and semi-crystalline morphologies. Comparison between the
elastic (F) and shear (G) moduli and Poisson ratio (v) computed from CG and AA models in the
(b) amorphous and (c) semi-crystalline morphologies.

to vary with the sample morphology. Both the
CG and AA models exhibited excellent agree-
ment for the elastic properties. In particular,
the computed values of Young’s Modulus (E),
Poisson’s Ratio (v), and Tangential Modulus
(G) were identical within the statistical uncer-
tainty for the amorphous CG and AA mod-
els, while more significant differences between
the two models were observed for the semi-
crystalline morphology.

In conclusion, the CG model of PLGA ex-
hibited good predictive capabilities for a broad
range of solid-state properties, including den-
sity, glass transition temperature, thermal con-
ductivity, and elastic constants. Some of those
properties were affected by the loss of high-
frequency vibrational modes in the CG model,
resulting in a lack of sensitivity to the sample
morphology. In any case, these results demon-
strate that the proposed CG model can replace
the AA one while delivering a similar level of
accuracy and a 10x enhancement in computa-
tional performance, paving the way for investi-
gating larger and more complex polymer struc-
tures, which are crucial for the evaluation of
surface properties. On top of that, the CG
model allows to set up robust multiscale simula-
tions where the accuracy of the sample can eas-
ily be increased by back-mapping to the atom-
istic structure, which only requires a short an-
nealing to reach thermal equilibrium in the de-
sired thermodynamical state.
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A continuous improvement of materials mod-
els combined with a steady increase in compu-
tational power has made numerical simulations
a reliable tool for predicting material properties
and interpreting the results of complex experi-
ments. These advances will ultimately enhance
the speed of prototyping and reduce the time to
market for developing new components. How-
ever, the difference in spatiotemporal scales be-
tween experiments and simulations requires re-
sorting to continuum models, such as finite el-
ements or finite volumes, to reach the scale of
devices. Predicting the behaviour of materials
at this scale is computationally prohibitive for
most atomistic models. Instead, the CG model
presented in this work is well-suited to model
samples with dimensions comparable to those of
the finite elements of continuum models, while
delivering a nearly-atomic accuracy.

In this regard, it is worth noting that signif-
icant efforts have been dedicated over the past
decade to developing discrete element methods
(DEM), such as LIGGGTHS®? or the atom to
the continuum (ATC)? package in LAMMPS,
that in turn were used in hybrid MD-DEM sim-
ulations. We plan to use the MOLC CG model
to evaluate the effects of controlled or uncon-
trolled surface roughness, as well as different
phase morphologies, on the macroscopic wet-
tability of PLGA surfaces,? % closing the gap
between mesoscopic and continuum models.
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