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• A molecular simulations methodology
was developed to be able to predict
plasticization of polymers (tested here
on a complex system; thermoplastic
starch).

• The methodology, and the simulated
systems, were evaluated against experi-
mental density, glass-transition data
and mechanical properties.

• In the simulations, it was possible to ob-
serve the transition regionwhere plasti-
cization occurs experimentally (20–30
wt.% plasticizer).

• Plasticizer percolation was suggested as
a possible cause for the occurrence of
the transition region.
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Virgin biopolymers are often brittle, whichmeans that they need efficient, sustainable, non-toxic plasticizers for
most practical applications. Although the mechanical properties of biopolymers plasticizedwith e.g. sugars have
been extensively investigated, the explanation why efficient plasticization normally only occurs above 20 wt%
plasticizer is still lacking. In this work, starch/glycerol was used as a model system to show that all-atommolec-
ular dynamics (MD) simulations can be used to capture the transition region at 20–30 wt% plasticizer, where
plasticization becomes pronounced. Tensile properties and PVT data (densities and glass transition tempera-
tures) were obtained both from MD simulations and from measurements on real starch/glycerol materials,
confirming thatMD could capture the experimentally observed transition region. Also, the simulated glycerol dif-
fusivity correlated well with the trends in the mechanical properties. Percolation theory was used to derive a
probable explanation of the observed transition. The results indicate that the MD methodology can be used
also for other polymer/plasticizer systems and has the potential to be a valuable tool for optimizing the type
and amount of plasticizer in a given polymer, as well as being a tool for the design of new efficient plasticizers.

© 2019 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

For environmental reasons, it is very important to find sustainable
alternatives to fossil oil-based plastics. Polymers from plants, such as
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polysaccharides, are viable replacements. Starch-based biopolymers are
among the most promising substitutes, because of their good film-
forming properties and their wide application range, comprising e.g.
food packaging, mulch films and bags as well as non-film applications
(e.g., disposable kitchen items) [1–4]. Owing to its high moisture sensi-
tivity, starch is typically blended with less moisture-sensitive materials
such as polylactic acid (PLA) [5], polycaprolactone (PCL) [5] or polyeth-
ylene (PE) [6] to obtain fully biobased or semi-biobased products, being
fully or partially biodegradable. Fillers are also used to limit the effects of
moisture on mechanical properties [7–9]. Because of the rigid mono-
meric units and a high number of hydrogen bonds, pure starch is brittle
and has a high glass transition temperature and a melting point above
its degradation temperature [10,11]. To obtain a tougher andmore duc-
tile material that can be processed like conventional thermoplastics,
starch is plasticized (refer to thermoplastic starch (TPS)) [12–16]. Glyc-
erol is a good plasticizer for starch and is also themostwidely used plas-
ticizer for biobased polymers in research. The choice of glycerol content
depends on the targeted application; the minimum amount of glycerol
commonly used for plasticization is N25% [17,18]. Co-plasticization has
also been considered for improving the mechanical and physical prop-
erties of starch [19]. Although the properties, e.g., the modulus, are usu-
ally reported as a function of plasticizer content, the mechanisms
leading to plasticization are generally not discussed, nor the reason
why sufficient plasticization often occurs within the region of
20–30 wt% plasticizer/glycerol [5]. Migration of plasticizers from the
material is a problem with hydrophilic plasticizers such as glycerol, es-
pecially at high relative humidity, and it is important to assess the risk
for this in different applications [20,21].

There are four different theories on plasticizer mechanisms [22–33];
the lubricity, gel, free volume and mechanistic theories. In the lubricity
theory [27–29], the plasticizer is considered to glide along with the
polymer chains during deformation providing new gliding planes be-
tween the chains. The gel theory [30,31] considers the polymer as a
gel with non-covalent points of attraction (e.g. through van der Waals
forces, hydrogen bonds) along adjacent chains. The action of the
added plasticizer is to push the points of attractions further apart,
which increases the chain mobility. In the free volume theory [31–33],
it is considered that the addition of a plasticizer contributes with more
free volume to the polymer. It results in higher free volume of the poly-
mer/plasticizer system and increases the chain mobility. The mechanis-
tic theory (solvation-desolvation equilibrium theory) [22,31] is similar
to the gel theory. The difference is that in the gel theory the plasticizer
molecules are fixed at the points of attraction whereas in themechanis-
tic theory they can move along the chains. In addition to the classical
theories, mathematical models for plasticization have also been devel-
oped. For instance, Mauritz et al. [34] proposed a model, based on the
classical theories, that could predict the glass transition of plasticized
polyvinyl chloride (PVC). This plasticizermodel accounted for the struc-
tural features (chain length, branching etc.) of different plasticizer
types.

A full understanding of the factors causing the plasticization and
why a certain content of plasticizer is needed would enable the de-
velopment of tailor-made, even more powerful plasticizers, which
also show low migration. It is also of considerable importance to be
able to assess and predict the plasticizer efficiency of various plasti-
cizer candidates for a certain polymer system. Using accurate predic-
tion tools, the number of experiments to determine the optimal
plasticizer can be reduced and new effective plasticizers can be de-
signed and rapidly tested in the computer, before making extensive
experimental work.

Reliable predictions, however, require that the plasticizer/polymer
mixture is correctly described, which is particularly challenging for sys-
tems with strong intermolecular interactions, such as polar (e.g. hydro-
gen bonding) plasticizer/polymer systems. This inspired us to
investigate if it was possible, using molecular dynamics (MD) simula-
tions, to accurately describe and capture the features of such a system,
in this case glycerol plasticized starch. The motivation for studying
this particular system is that glycerol is the most commonly used plas-
ticizer for biobased polymers (including starch), and starch is likely to
become amore important alternative to fossil-based polymers in the fu-
ture sustainable society. It was especially interesting to see if it was pos-
sible to predict and explain the “transition” between a 20 and 30 wt%
plasticizer where effective plasticization sets in. Our hypothesis is that
the transition is due to the formation of percolated paths of plasticizer
molecules in this region. Glycerol plasticization of starch and the corre-
lation between hydrogen bonding and mechanical properties has been
investigated using MD in a previous article [35]. Even though that
study had merits, it contained two important issues: the atomistic sys-
temswere not validated against experimental densities and the proper-
ties of the amorphous computer-generated systems were compared
with experimentally determined properties of semi-crystalline starch.
In contrast, the computer-generated amorphous starch systems here
were validated by comparing the simulated densities with the corre-
sponding experimental values of amorphous starch. The degree of plas-
ticization was assessed by examining the glass transition temperature,
the mechanical properties and the glycerol diffusivity. Although care
was taken to perform all experiments on fully dry starch, a limited
amount of moisture was inevitable sorbed by the samples during all
measurements, except with DSC. Hence, to consider any effects of the
presence of a small amount of water in the samples, the simulated
glycerol-starch systems were modeled both in dry state and with a
water content of 3 wt%.

The starch/glycerol system, which is a bio-based commercial mate-
rial with complex and strong interactions between the polar plasticizer
and the polymer, was chosen as a first test of our new methodology,
which combines MD with experimental validation measurements. If
the methodology proves successful for this system, it can also be tested
on other complex systems (e.g. proteins) aswell as on less complex sys-
tems (e.g. semi-polar and non-polar plasticizer-polymer systems). The
development of a predictive tool for determining plasticizer efficiency
in bio-based polymers will enable the optimization of more environ-
mentally friendly polymers, which (for instance) can be used as renew-
able packaging materials, sustainable insulating building materials,
ecological clothing and furniture, insulation for electrical cables, seals
for electric power technology and covers for white goods.
2. Experimental

2.1. Materials and film preparation

Starch (amylopectin (AP) from waxy maize [CAS: 9037-22-3]) was
purchased from Sigma-Aldrich and glycerol [CAS: 56-61-5], purity:
99.5%,was purchased fromAlfa Aesar. Thewaxymaize had twomaxima
in the degree of polymerization (DP) at ca. 30 and ca. 61 (Fig. S1).

Starch films were cast from an aqueous dispersion with 1 and 3 wt%
of amylopectin (with respect to total weight of film-forming solution)
and various amounts of glycerol (0, 10, 20, 30, 40, 50 wt%, with respect
to totalmass of amylopectin and glycerol). The dispersionwas heated at
5 °C/min to 90 °C, where amylopectin was gelatinized. It was kept for
10–15 min at 90 °C, until the dispersion became transparent. The dis-
persion with 3 wt% amylopectin was subsequently poured into petri
dishes and left to dry slowly at 50% relative humidity (RH) and 23 °C
for 7 days to yield films with a thickness of 0.5 ± 0.05 mm. The
gelatinized dispersion with 1 wt% amylopectin was dried faster in an
oven at 50 °C and ambient relative humidity to yield films with a thick-
ness of 0.1 ± 0.01 mm. The petri dishes were coated with a layer of
polytetrafluoroethylene supported by an aluminum foil (Bytac Z-27).
The films are referred to as E1 and E3, where 1 and 3 refers to the amy-
lopectin content in the film forming dispersion. A starch system with
glycerol is referred to as either E1-GX or E3-GX, where X is the wt%
glycerol.
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2.2. X-ray diffraction (XRD)

X-ray diffraction measurements were carried out in a Panalytical
X'pert Pro operating at 40 kV, and 40 mA, with Cu Ka radiation. Diffrac-
tion patternswere recorded using a radiation wavelength of 1.54 Å. The
crystallinity ratio was determined according to the Rietveld method
[36]; the crystalline peaks were resolved from the amorphous halo
and the crystallinity was obtained as the area of the crystalline peaks di-
vided by the total intensity within a 2θ of 5–40°. [37]

2.3. Differential scanning calorimetry (DSC)

Themeasurementswere performedwith aMettler ToledoDSC1. The
samples, with a ca. 8 mg weight, were sealed in an aluminum pan (PE
No. 0219-0041) with a hole in the lid. After an initial heating at 150 °C
for 2 h, to ensure that the sample was dry, it was cooled to −80 °C or
−20 °C at a rate of 10 °C/min and then heated to 250 °C at the same
rate. The sample was always exposed to inert atmosphere (nitrogen,
with a purge rate of 50 ml/min).

2.4. Dynamic mechanical thermal analysis (DMTA)

The dynamic mechanical analysis (DMA) was conducted in tensile
mode using a DMA Q800. Samples with a size of 25 × 4 mm2 were
used. All runs were performed in a “multi-frequency, strain” mode at
1 Hz, 0.08% strain, from −80 to 120 °C at a heating rate of 3 °C/min
with a 15-mm gauge length. The starch films were stored in a degassed
desiccator containing silica gel for at least 48 h before analysis.

2.5. Tensile testing

The tensile testing was carried out in an Instron Testing Instrument
model 5944 at 23 °C with a 500 N load cell. The films were kept in a
degassed desiccator with silica gel for at least 48 h before the test. The
crosshead speed and gauge length were 25 mm/min and 25 mm, re-
spectively. Straight specimens (30–35-mm long and 4-mm wide)
were cut from the film and tensile tested according to ASTM D882.
The film thickness was measured with a Mitutoyo 10C-1128 μm
(Mitutoyo Scandinavia AB, Sweden). Five specimenswere tensile tested
for each sample. Specimens fractured at the grips were not included in
the analysis.

2.6. Density measurements

The density was measured (three replicates) using the Archimedes
principle. For each glycerol filler fraction, three specimens were
weighed in air and in n-hexane at room temperature using aMettler To-
ledo AL104 balance.

3. Molecular dynamics (MD) simulation

MD simulations were performed using the open source LAMMPS
molecular dynamics simulation package [38]. The polymer chains and
glycerol were built and placed into the cell/box using the Amorphous
Cell module in Biova Material Studio 2016. The temperature and pres-
surewere controlled by a Nose–Hoover barostat [39,40] and thermostat
[41,42]. The long range contribution to the electrostatic energy was cal-
culated via Ewald summation [43] with an accuracy value of 10−3. For
the long range pairwise energy calculations, a tail correction was
added. To equilibrate the cells, a well-established 21-step slow decom-
pression method was applied to each simulation cell, using the chosen
force fields [44]. In this method, the temperature and pressure are
changed systematically up and down using NPT and NVT ensembles in
order to relax the system to obtain the most energy-mimimized state.
The 21-step equilibration procedure (Supporting Information SI,
Table S13) had a total simulation time of ≈15 ns. After equilibration,
NPT production runs (2 ns) were performed to compute glass transition
temperatures (Tg). This was followed by NVT diffusion simulations
(2ns) andNPT tensile-test simulations. The convergence of theMD sim-
ulations was carefully controlled bymonitoring the density and the en-
ergy of the systems. After equilibration, the standard deviation for the
density was b10 (kg/m3) also for the presumably most scattered sys-
tems. Since the drift was also negligible, it could be concluded that the
systems had converged. Typical energy profiles for 2 ns Tg simulations
and for 2 ns each of NPT and NVT for diffusion simulations are plotted
in Fig. S5 and Figs. S6-S7 (Supporting Information), respectively.

3.1. Modelling of starch

In the simulations of the amorphous starch, only linear chains were
used. The double helix amylosemodel, containing 36 glucosemonomer
units in each chain (Fig. 1a),was derived using themolecule databank of
Bioptics [45]. To have a precise polar force description, a fully atomistic
model of the starch was used, instead of using a united atom approach.
The atoms were modeled using the CHARMM force field, [46,47] which
uses the Lennard–Jones 12–6 potential to represent the intermolecular
dispersion–repulsion interactions between atom pairs, the Lorentz–
Berthelot rule was applied for pairwise interactions. [48], and the cou-
lomb interactions were added to the intermolecular potential. The con-
stant charges were taken from CHARMM. The 1–4 interactions,
considering atoms separated by three covalent bonds, included
(unscaled) nonbonded interactions and dihedral/torsional contribu-
tions, whereas the intramolecular interactions included bond and
bend angle harmonic stretching. Values of the pairwise, bond, bend
angle and dihedral parameters are provided in Tables S1–S11.

3.2. Modelling of glycerol and water

A number of recent publications cover simulations of glycerol
(Fig. 1b) with all-atom MD [49], using different force fields. Since the
studies focused on different material properties, it was difficult to di-
rectly compare the reliability of the used force fields. Fortunately, Jahn
et al. [49] have compared glycerol force fields to examine how well
they can reproduce experimental data for various material properties.
In this study on glycerol plasticization, the force field that most satisfac-
torily reproduced dynamic properties was chosen [50], because our pri-
mary interest was dynamic rather than thermodynamic glycerol
properties. This force field, which was initially developed by Chelli
et al. [51] and later modified by Blieck et al. [50] was based on the
AMBER-FF force field, although with the 1–4 interactions scaled by
0.833 (Lennard–Jones) or 0.5 (coulomb interactions). Akumni et al.
[52] continued the work of Jahn et al. [49] by examining glycerol–
watermixture systems and found that the TIP4Pmodel gavemore accu-
rate results than the TIP3P model. Therefore the four-point TIP4P water
model for biomolecules [53] was used with glycerol in this work. It ex-
tends the traditional three-point TIP3P model by adding an additional
site, usually massless, where the charge associated with the oxygen
atom is placed. This site M is located at a fixed distance away from the
oxygen along the bisector of theH\\O\\Hbond angle. TheO-Mdistance
was 0.125 Å in the model.

3.3. Simulation details

MD simulations were performed on starch/glycerol systems (0, 10,
20, 30, 40, 50 wt% glycerol) at 1 atm, with and without 3 wt% water.
Three chains (molar mass of each polymer chain: 9098 g/mol) and the
required amount of glycerol and water molecules were placed in a
cubic box/cell with periodic boundary conditions, referred to as S3-
W0 (without water) or S3-W3 (3 wt% water). The box side length var-
iedwith temperature andwas in the range of ∼30–45Å (total number of
atoms: 3537–8255, B Tables, SI). In the simulation of the mechanical
properties a greater system with 10 chains (number of atoms:
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Fig. 1. a) Starch monomer and b) glycerol.
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11790–27450, box size: 60–65 Å) were used to improve the accuracy of
the obtained modulus and stress values. The thermostat used a time
constant for temperature coupling of 0.1 ps, and the barostat used a
pressure relaxation time of 1 ps. The cutoff distance for starch was 12
Å. For glycerol, however, the pairwise interactions were brought
smoothly to zero from r1 = 10 Å to r2 = 12 Å using a polynomial
switching function [54]. The results were independent of the starting
configuration as observed by replicating the described procedure.

3.3.1. Glass transition temperature (Tg)
Tg was calculated via isotropic-isobaric cooling of filled cells systems

from427 °C (or 277 °C) to−123 °C in intervals of 25 °C and at a pressure
of 1 atm. Every temperature was simulated for 2 ns, leading to a total of
34 ns MD simulations with a 1 fs timestep in the isotropic NPT ensem-
ble. The cell dimensions were fully coupled in the x-, y- and z-axes
and the specific volumes were averaged from the last 200 ps at each
temperature. A pairwise regression method, known as broken-stick re-
gression,was applied to determine the Tg values. Two linear slopes, each
in the glassy and rubbery phases, were fitted to the volume–
temperature curve. The exact breakpoint of these two lines was defined
as the Tg value.

3.3.2. Mechanical properties
The Young's modulus and the yield strength were determined from

the stress–strain curve (SSC). Hossain et al. [55] showed that using dif-
ferent chain lengths of the simulated polymer (polyethylene) changed
the yield strength significantly. However, the trends in the simulated
SSC were the same as for experimental data. In addition, using very
high strain rates, as in the case of nanosize MD simulations, results in
a higher Young's modulus and yield strength than would be obtained
experimentally. In order to improve the accuracy and to avoid scattered
pressure values, larger systems were therefore needed for the stress–
strain simulations than for the other simulations. A total of 10 simulated
chains (abbreviated S10) was used, together with the required propor-
tions of glycerol and water. The deformation simulation was performed
uniaxially with a 1-fs timestep. A constant stress (strain rate of 108s-1)
was applied along each principal axis of the simulation cell in separate
simulations, allowing the cell dimensions in the other two orthogonal
directions to change without constraints at a pressure of 1 atm and
the cells were stretched until 50% strain. The tensile test was performed
in the NPT ensemble at 300 K (27 °C) and the Young's modulus was ob-
tained from the stress–strain slope between 0.05% and 3% strain. The
error bars referring to simulated modulus originate from the uncer-
tainty of determining the slope, and those referring to the simulated
maximum stress originate from the noise in the region of maximum
stress (observed over a 0.2% strain interval) (Fig. 5).

3.3.3. Diffusion simulations
Traditionally, the diffusion coefficient D from an MD simulation is

determined by plotting the mean square displacement (MSD) as
function of time t and fitting the linear part of the curve with the linear
(3D) Einstein equation ref.:

MSD tð Þ ¼ 6Dt ð1Þ

More recently, models that include the initial non-linear, confined
diffusion part of the MSD curve have been suggested [56,57]. An expo-
nential term is added, yielding:

MSD tð Þ ¼ A 1−e
−
t
τ

0
@

1
Aþ 6Dmacrot ð2Þ

where Dmacro is the long-term random walk diffusion coefficient, and A
and τ are parameters characterizing the confined diffusion process. A
is the characteristic dimension of the confinement:

A ¼ rx2
� �

eq þ ry2
� �

eq þ rz2
� �

eq ¼ 3L2 ð3Þ

and L is the characteristic length of the confined domain. In this domain,
the diffusivity (Dmicro) can be obtained as (in 3D):

Dmicro ¼ A=6 τ ð4Þ

The MD systems for the NVT diffusion simulations (2 ns) were first
equilibrated with a 21-step decompression method (15 ns, Table S13,
final temperature 300 K) and then relaxed to desired temperatures
using NPT MD simulations (2 ns). The mean square displacement data
were generated from the trajectories with Diffusion Coefficient Tool in
VMD software [58].

4. Results & discussion

4.1. Starch structure

X-ray diffraction spectra of starch with various glycerol contents are
shown in Fig. 2. The material with no plasticizer was fully amorphous
for both the slowly (E3) and more rapidly (E1) formed films. However,
in the presence of glycerol, the slowly cast system crystallized into B-
type crystals (Fig. 2a, peaks at 2θ ≈ 15, 17, 22°) [59–61]. Hence, the
plasticizer-induced increase in chain mobility led to crystallization dur-
ing the drying/casting process, as also shown elsewhere [62], and the
crystallinity increased with increasing glycerol content (Table 1). For
the more rapidly dried samples (E1 samples), all samples were amor-
phous (Fig. 2b). It should be noted that cast amylose films get a high
crystallinity, ca. 35% (B-type crystals), which is nearly independent of
plasticizer content [63].



Fig. 2.X-ray diffractograms representing, from top to bottom, starch samples with 50, 40, 30, 20, 10 and zero % glycerol. a) and b) refer to the E3 and E1 samples, respectively. {Vermeylen,
2004 #175}.
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4.2. Pressure-volume-temperature (PVT) data and glass transition
temperature

The simulated volume versus temperature data are shown in Fig. 3
for the pure starch system and those of the other systems are provided
in Figs. S8–S9. In Table 1, the simulated and experimental densities at
room temperature are given, and these are in good agreement. A devia-
tion from the rule of mixture was noticed for the density of the starch/
glycerol system, which is expected whenmixing a small polarmolecule
with a polar polymer matrix. The increase in the degree of molecular
packing that occurs, especially at lower contents of glycerol, has also
been reported for maltodextrin matrices [64].

In Fig. 4a, experimental Tg values (from DSC data) and simulated Tg
values (from PVT data) are plotted as a function of glycerol content.
The experimental and simulated Tg values of pure starch were similar,
slightly above 200 °C [66,67]. For all glycerol-containing samples, the
experimental Tg was higher for the semi-crystalline material than for
the amorphous one, although the differences were in some cases rela-
tively small. Due to the plasticization effect of water, the simulated Tg
was always lower for the water-containing system; 3 wt% water re-
duced the Tg by 15–25 °C, depending on the glycerol content. Again,
the reason why we chose to simulate systems with and without 3 wt%
water was that, although efforts were made to test the samples experi-
mentally in the fully water-free condition, it is expected that a minor
amount ofwater is taken up by the sample during the set up and/or run-
ning of the experiments. The exception is theDSCmeasurements,which
represented fully water-free systems. Hence, by simulating with both 0
and 3wt%water, it is more straightforward to compare simulations and
experiments.

The error bars in the simulated Tg data reflect the sensitivity on
where to place exactly the broken sticks along the V-T data. Notice the
Table 1
Measured and simulated densities (ρ) at 20 °C.a

Glycerol
wt%

ρ (kg/m3) E1
samples

ρ S3-W0
(kg/m3)

Differenceb

%
ρ
S3-W3
(kg/m3)

Differencec

%

0 1455 ± 2 1420 2 1393 4
10 1490 ± 2 1416 5 1424 4
20 1456 ± 10 1394 4 1405 4
30 1427 ± 7 1399 2 1393 2
40 1397 ± 4 1380 2 1352 3
50 1347 ± 14 1350 b1 1324 2
100 1261 – – – –

a The value for anhydrous glycerol is taken from ref. [65].
b The difference between experimental and simulated (without water) density.
c The difference between experimental and simulated (with 3 wt% water) density.
similar simulatedwater-free Tg and theDSC-determined Tg of the amor-
phous material with glycerol contents of ≤20 wt%. The Tg values for the
30–50 wt% glycerol samples, obtained from the simulation, were, how-
ever, significantly higher than those obtained from DSC. This trend has
been observed also for other polymer systems. Han et al. [68] obtained
close agreement between experimental and simulated Tg for stiff sys-
tems (Tg well above room temperature, e.g. for polystyrene), while sim-
ulated Tg's tended to be somewhat higher than experimental ones for
more molecularly mobile systems (Tg close to or lower than room tem-
perature, e.g. polyisobutylene and polybutadiene). The trend of larger
differences in glass transitions in more flexible systems was observed
also for epoxy thermosets [69]. A comparison between simulated and
experimental Tg, at similar cooling rates, can be performed by shifting
simulated high-cooling-rate Tg-values to experimental conditions.
Soldera and Metatla [70], used the well-known Williams-Landel-Ferry
(WLF) equation [33]:

log10at ¼ log10
τ
τg

¼ −C1 T−Tg
� �

C2 þ T−Tg
ð5Þ

where at is the shift factor, τ and τg are in this case the time scales of the
measurement (the inverse of the cooling rates) at T (simulated Tg) and
Tg (experimental Tg), respectively. C1 and C2 are constants, whose “uni-
versal” values are C1 = 17.44 and C2 = 51.6 K [33]. Using the experi-
mental cooling rate (10 °C/min) and the simulated cooling rate
(estimated from the 25 °C cooling step over 2 ns; 7.5·1011 °C/min)
Fig. 3. Specific volume as a function of temperature at 1 atm for pure starch.



Fig. 4. Experimental (E1, E3) and simulated (S3-W0, S3-W3) glass transition temperatures (left). S3-W0 is the dry system and S3-W3 contains 3wt%water. DMA results of the E3 samples
(right).

6 H.D. Özeren et al. / Materials and Design 187 (2020) 108387
[71] the difference in Tg from simulation and experimentwas estimated
to be ~80 °C. This is on the same order of magnitude as observed be-
tween the simulated and experimental glass transition temperatures
for themore flexible systems (30–50wt% glycerol) (Fig. 4a). The reason
for the observed similar Tg's, despite the very different cooling rates, for
the stiffer systems (glycerol content ≤20wt%), is due to the actualmolar
mass of the simulated polymer. The glass transition temperature de-
creases non-linearly with decreasing molar mass (effects stronger at
lower molar mass) [72]. Based on experimental data on starch and
maltodextrins [73], it is expected that the molar mass used here
(9098 g/mol) will reduce significantly the simulated Tg. Noteworthy,
along with our findings here, is that the effects of molar mass (concen-
tration of chain ends) decreases with increasing plasticization, as ob-
served experimentally on water plasticized starch and maltodextrins
[73]. Hence, the effect of chain ends decreases with increasing overall
mobility of the system (increasing plasticizer content). The molar
mass in the different simulated systems referenced above (polystyrene,
polybutadiene and polyisobutylene) were also low
(8000–10,000 g/mol) [68].

Of importance, however, is that the simulations (Fig. 4a) can capture
both the experimentally observed stronger decrease in Tg between 20
and 30 wt% plasticizer and the leveling off in Tg beyond 30 wt% plasti-
cizer. This behavior has also been reported before, even with films con-
taining water [17,18]. The simulated decrease in Tg between 20 and
30 wt% plasticizer was however more moderate. We hypothesize that
the “transition” in the degree of plasticization (decrease in Tg) in this re-
gion is associated with the onset of percolation of plasticizer/glycerol
Fig. 5. Young's modulus (left) and maximum stress (right) as a fu
molecules, which will be elaborated further in a section below. Before
the transition (at lower glycerol content), the samples were brittle to
the extent that it was impossible to run DMA on these, whereas above
the transition, samples were ductile and tough and could be tested
with DMA. Fig. 5b shows that the DMA-determined glass transitions
(considered here to correspond to the peak in tan (δ)) were similar to
those obtained by DSC, i.e., with values at−50 to −60 °C.

4.3. Mechanical properties

In Fig. 5, the stiffness (Young's modulus) and strength (maximum
stress) are shown as a function of glycerol content. The samples with a
glycerol content below 20 wt% were too brittle to be tensile tested
whereas the thin amorphous sample (E1) with 50 wt% glycerol was
too tacky to be tensile tested. However, as with the glass transition tem-
perature, the largest change in the experimentally determined stiffness
occurred in the 20–30wt% glycerol region (Fig. 5a). The semi-crystalline
material (E3) was stiffer than the amorphous material (E1) and the
presence of water reduced the simulated modulus. In the water free-
system, the modulus simulation captured an experimentally observed
modulus transition occurring between 20 and 30 wt%. The simulated
moduli were higher than the experimental values due to the unavoid-
able significantly higher tensile strain rates in the simulations, which
is in agreement with the results from other MD studies on plasticized
polymers [74]. Similarly, the simulated strengthwas significantly higher
than the corresponding experimental strength (Fig. 5b). The more
glassy behavior at high strain rates, even for plasticized systems, has
nction of glycerol content from experiments and simulations.
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also been observed experimentally [75]. The strength decreased in the
presence of water (compare S10-W0 and S10-W3) and the semi-
crystalline material (E3) was generally stronger than the amorphous
material (E1). The transition in properties between 20 and 30 wt% glyc-
erolwas less apparent in the strength data than in the Tg data. Notewor-
thy is that while the Tg values level off and decrease only little beyond
30 wt% plasticizer, the stiffness and strength show a large further de-
crease, both in the experiments and in the simulations.

4.4. The transition region

The glycerol plasticization efficiency increased distinctly in a transi-
tion region between a glycerol content of 20 and 30 wt% (weight frac-
tion: ϕwt = 0.2–0.3), corresponding to a glycerol volume content of
22–33 vol% (volume fraction: ϕvol = 0.22–0.33), neglecting the pres-
ence of water. The calculation was done using the rule of mixture ϕvol

= ρstarch/(ρstarch + (1/ϕwt-1) ρglycerol), where ρstarch and ρglycerol are
the densities of starch and glycerol, respectively (Table 1). There is a
wealth of studies in literature showing that a content above 20 wt%
plasticizer is needed for effective plasticization of biopolymers, and we
refer here, as an example, to a study on similar starch-glycerol systems
as ours, where a similar transition was observed experimentally [76].
We hypothesize that this transition occurs when a percolated path of
plasticizer molecules develops throughout the structure, in analogy
with the theories for electrical percolation in composites with conduc-
tive fillers [77,78]. This hypothesis does not contradict the existing lu-
bricity, gel, free volume and mechanistic theories of plasticization; it
rather complements them by predicting the required amount of plasti-
cizer needed for effective plasticization [20]. Percolation may here refer
to as the onset of cooperative motions of local plasticized regions
throughout the structure.
a

c

Fig. 6.MD simulation cell for simulated glycerol-starch systemswith 0%water and 20–50wt% g
(For interpretation of the references to colour in this figure legend, the reader is referred to th
The percolation threshold of awell dispersed, isotropicmixturewith
isotropically oriented (inert) ellipsoidal fillers can be determined as a
function of aspect ratio (=length/width) directly from tabulated data
[79,80]. The average glycerol aspect ratio was approximately 2, both
for energy minimized glycerol (Fig. 1b) and for glycerol in MD cells
(Fig. S12a). This predicts a percolation threshold at 25–26 vol% [79,80]
when the glycerol molecule is represented as a prolate ellipsoid. Since
the mechanical MD simulations showed no anisotropy and since a
good dispersion was observed (Figs. 6 and S12b), it can be concluded
that the percolation threshold most probably coincided with the exper-
imentally observed transition region. Even though this correlation does
not guarantee a definite link, the observation still significantly
strengthens our hypothesis that efficient plasticization occurs when a
percolated path of plasticizermolecules develops in the polymermatrix.
Accordingly, the results indicate that if the plasticizer dispersion is good
and the plasticizer molecular geometry is properly defined, the transi-
tion region should be possible to identify also for other plasticizer-
polymer systems. The formation of percolated glycerol paths is visual-
ized in Fig. 6, showing simulation snapshots with 3 starch molecules,
3 wt% amylopectin, 0% water and 20–50 wt% glycerol. Percolated
paths of glycerol can be observed from 30 wt% and above. It should be
noted that the 50 wt% glycerol system shown in Fig. 6, according to
Fig. S12a, tended to be somewhat less well dispersed as the other sys-
tems, indicating some phase separation towards very large plasticizer
contents.

4.5. Glycerol diffusion

Migration of plasticizers should generally be minimized, because it
will deteriorate the long-term properties of thematerial and eventually
cause leakage of unhealthy chemicals. Therefore, it is important to
b

d

lycerol. Glycerol is in red and starch is in gray. (a) 20, (b) 30, (c) 40 and (d) 50wt% glycerol.
e web version of this article.)



Fig. 8.MD-simulated Dmacro as a function of glycerol content with (triangles) and without
(squares) 3 wt% water.
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predict the migration of plasticizers in order to minimize these unde-
sired effects.

The glycerol diffusivity was determined by fitting the MD generated
MSD curves with Eq. 2. For the 2 ns diffusion simulations, only the first
1.7 ns were used in the fitting, to avoid the poor statistics at the end of
the MSD curves. Representative MSD curves with corresponding fits
are presented in Fig. 7 and the other MSD curves are given in Fig. S13.

As observed in Figs. 8 and S13 and also in Table 2, the long-termglyc-
erol random-walk diffusivity (Dmacro) increased overall with increasing
glycerol content. Note that also in the diffusivity data a threshold/tran-
sitionwas observed in the 20–30wt% glycerol region, as observed in e.g.
the PVT data. The same trendwas observed both for completely dry sys-
tems and for systems containing 3wt%water, although the absolute dif-
fusivity values were, as expected, higher for the latter. The initial clear
non-linear part of the MSD curves indicated that the glycerol (on a
short time-scale) moved in a confined way in the starch matrix
(Figs. 8 and S13) [68,81]. As comparison, the MSD for a 100% glycerol
system was a fully straight line (not shown). The short-term confined
glycerol diffusivity (Dmicro) was higher than the random-walk diffusiv-
ity (Dmacro). Both the confined diffusivity and the confined domain
size (obtained bymonitoring themotion of the central glycerol carbon),
considering the full range in glycerol content, increased with both in-
creasing glycerol and water content. Hence, also the confined glycerol
diffusivity was affected by the overall molecular mobility in the system,
but did not seem to correlate with the specific changes in the system at
the transition region; possibly due to the local character of the confined
process (percolation occurs over larger distances).

As demonstrated here with simulations, it is relatively easy and
straightforward to determine the risk of substantial migration. It can
be assessed rapidly for essentially any environment, temperature, rela-
tive humidity etc. This enables a “safer” choice of plasticizer for a given
polymer in any current application, and also enables new applications
where the risk of migration has to be determined beforehand and min-
imized (e.g. in children toys [82] and medical products [83]).

5. Conclusions

It was shown in this study thatwithmolecular dynamics simulations
it was possible to capture the transition in the degree of plasticization
that occurred between a 20 to 30 wt% plasticizer, as observed experi-
mentally by a large drop in glass transition temperature and associated
changes inmechanical properties. This indicates thatmolecular dynam-
ics simulations have the potential to be used as a prediction tool in
Fig. 7. MD simulated mean square displacement (MSD) of glycerol in the starch matrix
with 3 wt% water and 20 and 50 wt% glycerol. The data was fitted with Eq. 2.
assessing the overall plasticizer efficiency and how it depends on the
plasticizer loading, even in complex systems with strong inter- and in-
tramolecular interactions, such as the present starch-glycerol system.
The methodology used here can probably be applied to other complex
and less complexpolymer-plasticizer systems (biobased (e.g. polyesters
like PLA) and also petroleum-based (e.g. polyamide) plasticized poly-
mers). In addition, from the same simulations, it is possible to estimate
the plasticizer diffusion properties as a function of plasticizer content,
which is important informationwhen determining the risk of plasticizer
migration. The simulation of dry and slightly moisturized systems
seemed to be a good strategy to account for the fact that even dried
polar materials may take up some moisture during certain activities,
such as mechanical measurements. The future work will include inves-
tigating whether molecular dynamics simulations can be used to also
rank different molecules for their plasticization efficiency. Polar
polymer–plasticizer systems will also be investigated at higher mois-
ture contents (higher relative humidity) than those investigated here.
It has been suggested that part of the plasticization efficiency of a
sugar like glycerol is to attract moisture. The present work showed
that the plasticization with glycerol occurred readily when there was
low or nowater present, even though the simulations showed a consis-
tently lower glass transition temperature, modulus and strength in the
presence of 3 wt% water.

To conclude, the approach used here in assessing the details of the
plasticizer action and the prediction of plasticizer efficiency has the po-
tential to be a valuable instrument for industry to choose the best plas-
ticizer candidate for a given polymer and product and also for rapid
screening of newdesigned potential plasticizers before they are actually
synthesized. It also allows to assess the risk ofmigration and to optimize
plasticizer content in plastic products for current and new applications.
This is especially important nowadays when there is an urgent need to
Table 2
Obtained diffusivities and L using eqs. 2 and 4.

System Dmicro
a Dmacro

a L (Å)

S3-GLY10-W0 7.70 ± 0.32 0.62 ± 0.00 1.14 ± 0.03
S3-GLY20-W0 6.72 ± 1.00 0.63 ± 0.01 1.34 ± 0.08
S3-GLY30-W0 6.34 ± 0.12 1.00 ± 0.02 1.19 ± 0.00
S3-GLY40-W0 7.99 ± 0.94 1.24 ± 0.06 1.43 ± 0.10
S3-GLY50-W0 9.79 ± 0.18 1.70 ± 0.05 1.94 ± 0.13
S3-GLY10-W3 9.11 ± 0.04 0.71 ± 0.01 1.24 ± 0.02
S3-GLY20-W3 9.32 ± 0.59 0.70 ± 0.01 1.17 ± 0.05
S3-GLY30-W3 8.31 ± 0.38 1.45 ± 0.16 1.26 ± 0.02
S3-GLY40-W3 8.14 ± 0.26 2.59 ± 0.11 1.92 ± 0.01
S3-GLY50-W3 12.11 ± 0.01 3.19 ± 0.04 1.84 ± 0.07

a Unit of Dmicro and Dmacro is 10−8 cm2 s−1.
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replace oil-based polymers with biobased polymers, which often shows
more brittle behavior.

It should bementioned that plasticization of starch, evenwith an op-
timized plasticizer system (low degree of migration and a ductility to-
wards that of polyethylene), does not solve its high water sensitivity
[16–19] and limits the applications to low-humidity environments or
single-use/edible packaging. However, the decrease in strength associ-
ated with plasticization can, at least partly, be compensated for by the
addition of fillers (e.g. nanosized clay [17]).
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