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Plasticisers are often added to crystallising polymers to improve their processability. Despite many experimental
studies, very few modelling studies have been performed to provide fundamental understanding of the impact
Keywords: of plasticisers on polymer cyrstallisation kinetics and thermodynamics. In this work, molecular dynamics
Plasticisers simulations are used to study crystallisation in a model linear polymer with plasticiser. We first demonstrate
Fillers that the plasticiser lowers the amorphous phase glass transition, with the extent of the effect increasing
Crystallisation with plasticiser concentration, due to increased polymer mobility. Using a model filler surface to induce
crystallisation, we find that the plasticiser also reduces crystallisation and melting temperatures. Furthermore,
we find that the plasticiser is expelled from the crystals during growth so that its concentration in the
amorphous matrix increases with degree of crystallisation. This has a pronounced consequence for crystal
melting, and we find a broad temperature range where the crystal is in equilibrium with the amorphous
phase, which we rationalise in terms of free energy changes. This has potentially important consequences for
the processing of linear polymers such as polyhydroxybutyrate (PHB), poly(l-lactic acid) (PLLA) and polyvinyl
alcohol (PVA), by providing the opportunity for processing the polymer in a semicrystalline rather than fully
amorphous state.

1. Introduction

Plastic pollution and a need to move away from non-renewable oil-
derived polymers is driving a transition towards plastics made from
sustainable polymers, such as cellulose, poly(l-lactic acid) (PLLA), and
polyhydroxyalkanoates (PHAs) [1-3]. However, sustainable polymers
often possess poorer barrier, mechanical and processing properties in
comparison to their oil-derived counterparts [4,5]. Consequently, fillers
are added to improve barrier and mechanical properties by inducing
crystal nucleation, and plasticisers are added to improve the processing
properties [6-8]. However, plasticisers also affect the polymer crystalli-
sation properties and thus also play a crucial role in influencing the
resultant barrier and mechanical properties [9]. Therefore, we need to
understand how the plasticisers impact the polymer crystallisation, so
that control of the plastic properties can be exerted and optimised for
applications.

The effect of plasticiser concentration on the glass transition tem-
perature (7,), crystallisation temperature (T, where crystallisation pro-
ceeds at a high rate on cooling) and crystal melting temperature (7},,)
have been studied experimentally for a variety of polymers. Generally,
T,, T, and T,, all decrease when plasticisers are added to the poly-
mer, as observed for a variety of polymers including the sustainable
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polymers polyhydroxybutyrate (PHB) [10], PLLA [11], and polyvinyl
alcohol [12]. As well as an observed depression in 7;, in PLLA, the
melting peak as measured in differential scanning calorimetry appears
to broaden with increased concentration of plasticiser [13], which is a
phenomenon of particular interest to work presented here.

A combination of plasticiser and nucleating agent was found to
enhance crystallinity on cooling for poly(lactic acid) (PLA) as well as
a reduction in T}, [14]. Another study of PLA [15] demonstrated that
while the addition of nucleating agent can slightly increase T, the
combination of plasticiser and nucleating agent leads to lower T,, as
compared to neat PLA.

Computational approaches such as molecular dynamics (MD) sim-
ulations can be used to gain insight into these effects at a molecular
(coarse-grained) or atomistic level. MD simulations have been used
to study filler surface-induced crystal nucleation and growth in pure
polymer systems [16-23], finding that the surfaces induce nucleation
in polymer melts and that the crystallisation temperature is higher
than that of homogeneous nucleation. Other studies have investigated
clustering and dispersion of plasticisers in filled polymer systems [24],
and the effect of plasticisers on glass forming amorphous polymer
melts that do not display crystallinity, showing that both plasticiser
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and anti-plasticiser depress the glass transition temperature T, [25-27].
However, to the best of our knowledge, there are no simulation studies
to date that look at the effect of a plasticiser on crystallising polymer
systems.

In this work we build on our previous study of nucleation induced
by smooth surfaces [23], and investigate how the addition of plasti-
ciser molecules to filled polymer systems affects crystal nucleation and
growth. Using a coarse grained model for polymer chains and plasti-
cisers, where the polymeric monomers and plasticisers are modelled as
beads, we reproduce the experimentally observed depression in T, T,
and T, with the addition of plasticiser. We also show that the addition
of plasticiser leads to a broadening in temperature of crystal melting,
which we rationalise through a free energy argument.

2. Methodology
2.1. Polymer and surface models

Molecular dynamics simulations are used to study the effect of
plasticisers on crystal nucleation and growth in polymer melts with
filler particles that act as nucleants. The polymer interactions are
modelled using a modified Kremer-Grest (KG) model [23] for which
all parameters and degrees of freedom are in Lennard-Jones reduced
units. Bond stretching potentials are represented by the finite extensible
nonlinear elastic (FENE) potential

2
Ubond("):_% rr(z)ln |:1_ <rL> :| (1)
0

where r is the distance between bonded beads, and «, = 30 and r;, = 1.5
are the FENE parameters. The model also includes the bond angle
bending potential

Uyngle (0) = i (1 — cos (6 — 6p)) 2

where 6 is the bond angle and «, is the angle potential strength, cor-
responding to chain stiffness. The constant «, contains the usual factor
of % as implemented in LAMMPS. Here 6, = 180° is the equilibrium
angle, chosen to favour straight chain segments required for crystal
nucleation.

Non-bonded interactions between beads are represented by a shifted
Lennard-Jones (LJ) potential which is zero at the cutoff distance of
r,=25

Unon—bond (1) = 4€ [(2)12 = (%)6] +C r<r, 3)

,
=0 r>r,

Here r is the separation between beads and C is chosen such that the
potential is zero at r.. The LJ potential parameters are ¢ = 1 and ¢ = 1.

The filler surface is represented by a LJ 9-3 smooth wall potential
of the form

9 3

osr=e [ (2) - ()]
where z is the perpendicular distance of the bead from the wall, and the
wall potential is cutoff and shifted to zero at r, = 2.5. We set ¢, = 1,
and varied ¢, to control the strength of the wall-bead interaction. In
this work we will use ¢, = 1.8 following our previous work [23]. The
walls are placed at the top and bottom of the simulation cell.

Plasticisers are included in our model as single beads. They in-
teract with polymer beads via the shifted LJ interaction Eq. (3). For
the plasticiser—plasticiser interaction, the LJ potential is cut off at its
minimum and shifted to zero, resulting in a purely repulsive interaction
between plasticiser beads to prevent their aggregation. The effect of
plasticisers on the glass transition and glassy dynamics have been
studied using a coarse grained KG model before, and it has been shown
previously that beads with diameter smaller than that of the polymer
bead have a plasticising effect [25]. For this study we use a plasticiser
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bead diameter of o, = 0.85 with a corresponding plasticiser mass
of 0.614, smaller than the polymer bead mass of 1. The LJ interac-
tions between polymer and plasticiser beads are calculated using the
Lorentz-Berthelot mixing rules, thus €,y _puse = 1 and opoy_pag =
0.925.

2.2. System setup and simulation details

All simulations were performed with the LAMMPS package [28] and
the equations of motion were integrated using the rRESPA (reversible
reference system propagator algorithm) multi-timescale integrator. We
use a different timestep for bonded and non-bonded interactions; non-
bonded interactions are integrated with a timestep of dz = 0.004 while
bonded interactions are integrated with a timestep of dz *= 0.0017 x*
where

mo?

7=/ —7. 5)
€

is the LJ unit of time, with m = 1 being the mass of a bead, ¢ = 1 and
o =1 as defined above, and r is the simulated time. We use a reduced
dimensionless temperature T*, which is defined as kT /e. From here
onwards we simply refer to the dimensionless time and temperature
as r and T. For both the NVT and NPT simulations the temperature is
controlled by the Nose-Hoover thermostat with a damping time set to
2 7. For the NPT simulations the pressure is controlled by the Nose-
Hoover barostat at P = 0 with a damping time of 2 7. We note that the
equilibration protocol used in this work is different to the protocol used
in our previous work [23], due to the inclusion of the small plasticiser
beads which require a P = 1 NPT simulation to encourage mixing.
For the NPT simulations, the simulation box is fixed in the y and z
dimensions and allowed to vary in the x dimension.

To set up the simulations a 20-bead chain is first relaxed in a
vacuum. The coiled chain is then inserted into a simulation box with
a random position and orientation. This process is repeated until the
simulation box contains 800 chains. Plasticiser beads are inserted into
the simulation box at random positions as required. 1303 beads are
inserted for 5%, 2606 beads for 10% system and 3909 beads for 15%
system, where the percentage is to be understood as mass fraction,
although the mass is directly proportional to bead volume. For the
bulk simulations of pure polymer and polymer-plasticiser mixtures, the
simulation box size is 30.817x30.817x30.817 &3, and periodic boundary
conditions are applied in the x, y and z directions. To equilibrate the
bulk systems we performed a series of simulations at 7 = 1.0. First, a
Langevin dynamics simulation was run for 1x10° steps with a damping
parameter of 100z, followed by a short NVT run of 1 x 10* steps and
then a NPT run with P = 1 for 3 x 10° steps. Finally, the density was
equilibrated with an NPT run at P = 0 for 1 x 107 steps.

To set up simulations with filler surfaces, 800 coiled chains were
randomly inserted into a simulation box with dimensions 26.817 x
26.817x30.817 6. For polymer—plasticiser systems, the plasticiser beads
were then randomly inserted into the simulation. LJ 9-3 smooth wall
potentials, as described in Eq. (4), were placed at the top and bottom
of the simulation box (in the x—y plane). The interaction strength of
the bottom wall at z = 0 was set to ¢,, = 1.80, which was previously
shown to induce nucleation in the pure polymer system [23], and the
interaction strength at the top wall at z = 30.817 was set to ¢, = 0.1,
which was chosen to be a weak interaction so that the top wall was
unlikely to induce nucleation while still confining the polymer chains
and plasticiser beads. Periodic boundary conditions were applied in the
x and y directions. The systems were equilibrated at T = 1.0 by first
performing an NVT simulation for 1 x 10* steps, followed by an NPT
run with P = 1 for 3 x 10* steps. Finally, the density was equilibrated
with an NPT run at P = 0 for 1 x 107 steps.

Cooling simulations were performed for the bulk polymer-plasticiser
systems. After equilibration at T = 1.0, the bulk systems were cooled
at P=0from T = 1.0 to T = 0.25 for 1.875 x 10® steps, corresponding
to a cooling rate of Iy = 1075 T 771
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Isothermal simulations of polymer and polymer-plasticiser mixtures
in bulk and with the walls were also performed at T = 0.61 and
T =0.97.

For the bulk isothermal simulations at T = 0.61, the equilibrated
systems at T = 1.0 were quenched to 7" = 0.61 where the temperature
ramp was performed over 5 X 10* steps. Isothermal NVT simulations
were then performed at T = 0.61 for 2.5x 10° steps. A similar procedure
was used for the isothermal simulations at maximum growth rate
temperatures.

For the isothermal simulations with walls, the equilibrated systems
at T = 1.0 were quenched to 7 = 0.61 using an NPT run, where the
temperature ramp was performed over 5 x 10* steps. Isothermal NPT
simulations, which allowed the density to change upon crystallisation,
were then performed at T = 0.61 for 2.125x10® steps. For the isothermal
simulations of bulk and wall systems at T = 0.97, a LAMMPS restart
file was taken from the bulk cooling simulation at 7 = 0.97, and then
equilibrated by running an NPT simulation for 2.5 x 10> steps. The
isothermal NVT simulation was run for 2.5 x 10° steps.

To simulate melting, we took the end of the isothermal simulations
at T = 0.61 as a starting point, and then heated the systems at a rate
of Iy. Each system was heated until all crystal structures were melted
and the system was in the melt phase.

2.3. Analysis

Simulations were visualised using VMD [29]. For a quantitative
analysis of crystal fraction, the number of beads belonging to straight
segments of chains were counted. This approach measures every bond
angle, 0, for every polymer in the simulation and labels the central
bead defining a given bond angle as “straight” if the angle is greater
than 6, = 162° as described in our previous work [23]. In this work a
stem is defined as four or more beads that labelled as “straight”. The
fraction of beads belonging to stems is then used to calculate the stem
mass fraction, which is an indication of the degree of crystallinity of
the system.

To analyse how polymer chain dynamics are affected by the addi-
tion of plasticiser we calculate the dynamical auto-correlation of a bond
vector using

B,(1) = <Ln <M>> ©)
1B(0)] 15(0)|

Here b(r) is the bond vector at time ¢, L, is the nth Legendre polynomial;
see Supplementary Information (SI) for more details. We measure
B,() for n = 1 as this can be related to experiment through the
measurement of dielectric relaxation [30] while quantifying orientation
decorrelation. To aid comparison, correlation functions were fitted to
a Kohlrausch-Williams-Watts (KWW) function of the form

¢ p
¢(t)=exp |- (Z) )

where the characteristic decay time, 7,, and the stretching exponent,
p, are used as fitting parameters. The KWW stretched exponential
relaxation is well known to describe the decay of correlation functions
for heterogeneous systems and is often applied to polymer melts and
their associated relaxation processes.

3. Results

In this section we first explore the effect of varying plasticiser
concentration on bulk properties such as density and 7, as well as chain
mobility before investigating the effect of plasticiser concentration on
isothermal lamella growth.
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Fig. 1. Density during cooling as a function of plasticiser concentration.

3.1. Effect of plasticiser concentration on bulk polymer properties

Bulk melt simulations with varying concentrations of plasticiser are
cooled from T = 1.0 to T = 0.25 at a rate of I}, in the NPT ensemble. The
variation of density with temperature is shown in Fig. 1 for different
plasticiser concentrations. Here the plasticiser concentration, ¢, refers
to its value in the melt state; as we will see later, the concentration in
the amorphous phase of a semicrystalline system will be higher than
this.

Firstly, we note that for temperatures above 7, the density decreases
as the plasticiser concentration increases. For the highest mass concen-
tration of plasticiser (15 %) the density remains lower than the pure
system for temperatures below T,. The lower density for the plasticised
systems indicates an increase in gystem free volume.

We also observe that as plasticiser mass concentration increases, 7,
decreases to lower temperatures, which is consistent with experimen-
tally observed plasticiser behaviour [31-35]. We estimate T, for the
systems with 0%, 5%, 10% and 15% plasticiser to be 0.49, 0.46, 0.45
and 0.44, respectively, although we note that a more accurate estimate
of T, would require a thorough statistical analysis [36].

To analyse the properties of these systems further, we performed
isothermal simulations at temperatures of T = 0.97, which is well
above Ty, and T = 0.61, which is still above but closer to T, o The
effect of plasticiser concentration on local chain mobility and bond
reorientation relaxation was evaluated using the dynamic bond auto-
correlation B|(z), as shown in Fig. 2. It is clear that the decorrelation
is much slower at lower temperatures, and a clear dependence on
plasticiser concentration can be seen, particularly at T = 0.61.

To compare the rate at which local bonds reorientate, as measured
by B,(z), we performed a fit of the isothermal relaxation data to a
KWW function defined in Eq. (7). The fitting parameters, r; and g, are
displayed in Tables 1 and 2 for T = 0.97 and T = 0.61 respectively, at
the various plasticiser concentrations. At both temperatures, the value
of § remains approximately constant as the plasticiser concentration
increases, and lies between 0 and 1, which is expected for amorphous
systems. As expected, the relaxation times are significantly longer at
lower temperature, and in both cases they decrease as the plasticiser
concentration increases. The variation is much more pronounced at T =
0.61. This indicates that an increase in plasticiser concentration indeed
enhances the local polymer mobility.

For the bulk polymer and bulk polymer-plasticiser systems we do
not observe crystal nucleation and growth in either the cooled or
isothermal systems. We now proceed to investigate how the model
filler surfaces induce crystallisation, and how plasticisers affect the
homogeneous nucleation and growth of the polymer crystals.
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Fig. 2. Dynamical correlation for the central bond in the polymer chains for various plasticiser concentrations in bulk systems at (a) 7' = 0.97 and (b) T = 0.61.
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Fig. 3. Stem mass fraction during cooling for plasticiser mass concentration ¢, = 0%,
5%, 10% and 15%. Shaded regions represent the standard error for the respective
systems.

Table 1
Fitted KWW parameters for B,(r) data obtained at 7' = 0.97. 67, and 6/ are the standard
errors over the three simulations.

¢y (%) 7, + 61y p + 17}

0 286 + 25 0.319 + 0.014

5 263 + 8 0.310 + 0.005

10 210 + 12 0.311 + 0.014

15 212 + 5 0.324 + 0.015
Table 2

Fitted KWW parameters for B,(z) data obtained at 7' = 0.61. 6z, and 4 are the standard
errors over the three simulations.

¢y (%) T, + o1y s + 8p

0 17 200 + 1500 0.300 + 0.012
5 960 + 117 0.310 + 0.006
10 560 + 45 0.330 + 0.011
15 480 + 26 0.320 + 0.006

3.2. Effect of plasticiser concentration on cooling crystallisation at filler
surfaces

Polymer-plasticiser systems with model filler surfaces (wall poten-
tials) were studied. These systems were cooled from 7'=1.0 to T = 0.3
at the rate I, and the variation of stem mass fraction with temperature
is shown in Fig. 3. Each cooling curve is an average over 3 independent
runs.

In Fig. 3 we can see that the pure polymer system starts to crystallise
just below T = 0.7, with a rapid increase until just above T = 0.6,
before giving way to a slower rate of increase until it reaches a stem
mass fraction of approximately 0.06 at T = 0.3. We note that 7, is
slightly higher than that found in our previous work [23], which is due
to a different thermal history, as the inclusion of plasticiser required a
modification to the equilibration protocol.

As the plasticiser concentration increases, the onset of crystallisation
moves to lower temperatures, showing that the degree of undercooling
necessary for crystallisation increases with plasticiser concentration, as
observed experimentally, for example in PLA plasticised with thermo-
plastic starch [31] or acetyl triethyl citrate [37], or in PHB plasticised
with triacetin or acetyl tributyl citrate [38]. The maximum growth
rate, TxG)» is estimated to occur at temperatures 0.64, 0.60, 0.57,
and 0.55 for the ¢, = 0%, 5%, 10% and 15% plasticiser systems,
respectively. This is consistent with the previous observations that
increasing plasticiser concentration increased local chain mobility of
the amorphous polymer, and decreased T,, which in turn leads to
lower T, and Tj,,)- A schematic explanation in terms of free energy
is provided in Supporting Information Fig. 1, which will be discussed
further below. In future work, it would be interesting to explore the
impact of plasticiser—-polymer compatibility on the lowering of T, and
Thnax(G)-

Fig. 3 also shows that higher plasticiser concentrations lead to
a decrease in the stem mass fraction at low temperatures. We have
seen that, in this work, increasing plasticiser concentration leads to
a reduction in both T, and T,. The quantity (T, — T, g) decreases from
0.15 to 0.11 as plasticiser concentration increases, and the polymer
dynamics slows down as T, is approached. In addition, for a constant
cooling rate, this reduced temperature range for crystal growth, (7, —
T,), reduces the time available for the crystals to grow before reaching
T,, resulting in a lower stem mass fraction.

Fig. 4 shows snapshots of the plasticiser systems at T = 0.3. We
can see that the crystal structure has nucleated only at the bottom
wall and grows away from the model filler surface. We also note
that the plasticiser is expelled from the crystal into the amorphous
region, consistent with experimental observations [33,39]. Since the
total number of plasticiser particles within the simulation cell is con-
served, the expulsion from crystal regions leads to an increase in the
plasticiser concentration within the amorphous region as crystallisation
progresses.

3.3. Isothermal crystallisation of plasticiser systems at maximum growth
temperatures

To understand further the crystal nucleation and growth process, we
now investigate crystallisation using isothermal simulations performed
at the respective Ty, for each plasticiser concentration. The stem
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Fig. 4. Simulation snapshots from cooling simulations at 7' = 0.3 show stems (green),
chain ends (pink) and plasticiser particles (purple) for (a) pure polymer, (b) ¢, = 5%,
(c) ¢y =10%, and (d) ¢, = 15%.
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Fig. 5. Stem mass fraction during isothermal NPT simulations for systems with
plasticiser mass concentrations ¢, = 0% at T = 0.64, ¢, = 5% at T = 0.60, ¢, = 10%
at T =0.57, and ¢, = 15% at T = 0.55.

mass fraction as a function of time is shown in Fig. 5 for each of the
systems, and the final structures are displayed in Fig. 6.

First, we note that the stem mass fraction of the pure polymer sys-
tem grows approximately linearly with time, except for a few small step
increases in growth rate. Visualisation of the simulation shows that two
crystal structures nucleated at the bottom wall before 0.5 x 1037 (data
not shown) and by the end of the simulation both structures reached the
top surface as shown in Fig. 6(a). For the plasticised systems we can see
in Fig. 5 that the growth rate decreases as the plasticiser concentration
increases (and corresponding T, decreases), yielding lower final
crystallinity as observed in Fig. 6. For the system with 15% plasticiser
two crystal structures also nucleated, the first at = = 0.8 x 10° and the
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Fig. 6. Snapshots of crystal structures at the end of the isothermal runs at maximum
growth temperatures show stems (green), chain ends (pink) and plasticiser beads
(purple) with concentration (a) ¢, = 0% at T = 0.64, (b) ¢, = 5% at T = 0.60, (c)
¢y =10% at T =0.57, and (d) ¢, = 15% at T = 0.55.

second at 7 = 1.375 x 103, however, their growth slows quite early on
in the simulation around 7 = 2 x 10°.

Although it is interesting to study growth at the maximum cooling
rate, it is difficult to disentangle the effects of plasticiser concentration
and temperature. As the plasticiser concentration increases, T, and
Thaxc) also decrease, with the difference AT = T, ) — T, decreasing
from 0.15 for the pure polymer, to 0.11 for the 15% plasticiser system.
This means that the isothermal simulations at maximum growth tem-
perature for the latter are closer to the glass transition temperature, and
thus we would expect slower chain transport properties and a slower
crystal growth rate, from both proximity to 7, and thermal fluctuations.

3.4. Isothermal crystallisation of plasticiser systems at T = 0.61

Experimentally, it is common practice to measure isothermal crystal
growth at a particular temperature for all systems, and this temperature
is typically chosen to be between T,, and T,. Following this approach,
we ran an isothermal simulation at 7" = 0.61 for all plasticiser concen-
trations. From Fig. 3, it is seen that this temperature is below T;,,,)
for the pure polymer and 5% plasticiser systems, but above Tj,,,,, for
the 10% and 15% systems.

The variation with time of the stem mass fraction and the average
stem length for the different plasticiser concentrations is shown in
Fig. 7. From the stem mass fraction in Fig. 7(a) we observe a significant
nucleation induction time for the ¢, = 15% plasticiser system. At
approximately 1.5 x 10°z the stem mass fraction grows at a fast rate,
before slowing slightly from around 4 x 10%z. The ¢, = 5% and ¢, = 10%
plasticiser systems do not show such a pronounced nucleation induction
time, however, they also appear to show a fast growth regime, followed
by a slower growth regime. The stem mass fraction for the pure polymer
system is lower, making it difficult to determine if it also exhibits faster
and slower growth regimes. However, it appears that it also has a
measurable nucleation induction time, with a small increase in stem
mass fraction at approximately 1.0 x 103z. The higher crystallinity for
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Fig. 7. Isothermal crystallisation for ¢, = 0%, 5%, 10% and 15% at T = 0.61 showing (a) stem mass fraction (SMF), (b) average stem length (in beads).

the plasticised systems compared to the pure polymer has also been
observed experimentally [32].

Further insight into the growth regimes is provided by the average
stem length variation with time, which is shown in Fig. 7(a). Prior to
nucleation, all systems have an average stem length of approximately
4.3, which corresponds to the small number of randomly oriented
stems in the amorphous polymer. Furthermore, they all display a rapid
increase in average stem length, which appears to be a signature of
nucleation. After nucleation begins, we observe that the initial fast
growth in stem mass fraction coincides with a significant increase in
the average stem length.

After the rapid increase, the average stem length plateaus to an
approximately constant average stem length, which is indicative of the
crystal thickness. This behaviour of the average stem length during
nucleation and growth is similar to observations in a small and wide
angle X-ray scattering (SWAXS) study of plasticised PLLA systems [11],
and is consistent with the Lauritzen-Hoffman model [40,41]. It is also
similar to the rapid growth and plateauing of stem lengths during crys-
tallisation observed in molecular dynamics simulations of polyethylene
by Verho et al. [42].

We note that in Fig. 7(a) the steady state value of the average stem
length appears larger for the ¢, = 15% plasticiser system than the
others. An increase in lamella thickness with higher plasticiser loading
has been observed in the SWAXS study by Diep et al. [11].

In Fig. 8 we show the variation of stem mass fraction, average
stem length and crystal height with time for the ¢, = 15% system,
alongside snapshots corresponding to the five times A-E marked on the
graphs. For each point there are two snapshots: the x-z plane shows
the perpendicular growth of the crystal away from the filler surface,
and the x-y plane at z = 0 shows the lateral growth across the filler
surface.

For clarity, all snapshots display plasticiser beads and stems only.
Snapshot A is at 7 = 0.99 x 10°, when the system is still amorphous
before nucleation occurred, and only plasticiser particles and a small
number of short randomly orientated stems can be seen. Snapshot B
is at 7 = 1.69 x 10°, and shows an early stage following nucleation.
Snapshot C is at 7 = 2.69 x 10°> which is just after the rapid increase in
the average stem length. Here, we see that a single crystal has grown in

both the lateral and perpendicular directions. From C to D, we observe
only a small change in height, but a large lateral growth of the crystal.
From D to E (the end of the simulation) there appears to be a change
from lateral growth to perpendicular growth dominating.

Fig. 9 shows the stem mass fraction, average stem length, and height
of the crystal for the ¢, = 5% system. As expected this shows a far
shorter nucleation time and different growth rates to the ¢, = 15%
system. In the ¢, = 5% system, snapshot B shows two crystals nucleating
at 0.6 x 10°7, which is just before the rapid increase in average stem
length. C is at the end of this rapid growth at 1.28 x 103z, which
corresponds to the lateral extension of the crystals. From C to D, both
lateral and perpendicular growth are observed, and after D the crystal
growth appears to transition to a perpendicular growth dominated
regime, and at the end of the isothermal simulation the crystal has
reached a larger height compared to the ¢, = 15% system.

3.5. Melting of crystal structures

We investigate the melting of the crystal structures grown in the T =
0.61 isothermal simulations for ¢, = 0%, 5%, 10% and 15% plasticiser
loading. These structures were heated at a rate I, to T = 0.90, at which
point the systems are all in melt states.

Fig. 10(a) shows the variation of stem mass fraction with heating for
the different plasticiser systems. For the pure polymer system (¢, = 0%),
the stem mass fraction begins at 0.17 at T = 0.61, and fluctuates around
a near constant mean value up to T ~ 0.82. The average stem length
decreases approximately linearly from around 6.3 at T = 0.61 to around
5.5 at T = 0.86. This slow linear decrease is likely to be due to the
mobility of stem chain ends increasing as temperature is increased.
The chains are relatively short and a significant proportion of chain
ends, which are more mobile, are located at the edge of the crystal,
as seen in the snapshots in Fig. 10. The increase in temperature further
increases the mobility of the chain ends, which reduces the stem length.
However, the stems remain in the crystal phase until T = 0.82, where
we see a significant decrease in stem mass fraction. After this point the
stem mass fraction drops quickly and reaches zero at T = 0.86, when
the average stem length also drops sharply to the melt value, indicating
melting of the crystal.
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Fig. 8. Variation of (a) stem mass fraction, (b) average stem length, and (c) crystal height with time during an isothermal simulation for ¢, = 15%. The snapshots show stems and
plasticisers for cross sections in the x-z plane (top row) and the x-y plane at z =0 (bottom row) for the points on the graph labelled A to E.

For the ¢y = 5%, 10% and 15% systems, we also see that the average
stem length decreases slowly and linearly before exhibiting rapid drops
when the systems completely melt. The temperature at which complete
melting occurs, 7,,, is seen to decrease as ¢, increases, as observed in
experiments [10-12,43].

We also note that the shape of the stem mass fraction curve during
heating for the plasticiser systems is different to that of the pure system.
For the pure polymer, the stem mass fraction fluctuates around a near
constant mean before decreasing rapidly to zero at around 7,,,, which
would be expected for a first order phase transition. However, in the
plasticiser systems, it can be seen that the stem mass fraction slowly

decreases to zero, with an apparent broadening of the melting regime.
Melting point widening has been observed in DSC curves for addition of
plasticising PLA monomers into PLA [13] (see Fig. 1) and for addition
of acetyl tributyl citrate plasticiser in PHB [10].

In Fig. 10 we have included simulation snapshots for the ¢, =
15% plasticiser system at temperatures 0.61, 0.65, 0.69, 0.72, and
0.78. Between the temperatures 0.61 to 0.69 the crystal height does
not change significantly, however, above T = 0.69 the height of the
crystal starts decreasing visibly, correspond to a more rapid drop in
the stem mass fraction. Visualisation of the simulation shows that as
the temperature increases, the stems start to peel off the crystal in



Polymer 304 (2024) 127095

D. Wadkin-Snaith et al.

.
i

(waisq)

() ybIaH

&

xﬁ%

J\

»N .s.

3n$

5%. The snapshots
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Fig. 9. The graph shows (a) stem mass fraction, (b) average stem length and (c) crystal height in the z-direction during an isothermal NPT simulation for ¢,
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Fig. 10. The graph shows (a) stem mass fraction, and (b) average stem length during heating from 7 = 0.61 at a heating rate of I}, for ¢, = 0%, 5%, 10% and 15%. The dashed
lines indicate the melting temperatures in each system. The snapshots A-E show stems (green), chain ends (pink), and plasticiser beads (purple) for the ¢, = 15% system for cross
sections in the x-z plane (top row) and the x-y plane at z = 0 (bottom row) at temperatures of 0.61, 0.65, 0.69, 0.72, and 0.78, respectively.

a layer-by-layer fashion, thus decreasing the stem mass fraction. This
apparent melting of stem layers occurs at the top of the crystal structure
furthest away from the filler surface. Between T = 0.72 and T = 0.78
the crystal has completely melted, and the stem mass fraction goes to
zero at around 7,,, = 0.77.

We can explain this broadening of the melting regime by the chang-
ing equilibrium conditions as the crystal melts, which results in a
changing plasticiser concentration in the amorphous regime. As a stem
layer peels off, the crystal structure that is left behind is in (or is
close to) equilibrium with the amorphous phase for that particular
temperature and plasticiser concentration. Recall that no plasticiser
resides in the crystal phase, so that as the crystal melts, the plasticiser
concentration in the amorphous phase decreases with a concommitant
increase in the Gibbs free energy of that phase. The remaining smaller
crystalline structure persists until the temperature has increased suffi-
ciently so that it is no longer the stable structure, whence another layer
peels away leading to a further decrease in plasticiser concentration.
This process is repeated until the final structure melts at the filler
surface resulting in the abrupt reduction in the average stem length.

Following this argument, we can equate the amorphous and crystal
free energies for a fixed overall diluent concentration, to relate the
variation of crystal fraction to temperature. This gives the following
expression for the dependence of the fractional crystallinity X(T') on
temperature T for plasticiser systems (see Supporting Information for
details):

6T

X(T)= ————,
@ co/ A+ 6T

6T >0 (8
Here 6T =T,,, — T, where T, is the temperature at which the crystal
completely melts; 6T <« T,,,. A and T,,, depend on the plasticiser con-
centration in the melt state ¢, as well as on thermodynamic parameters
such as specific heats and chemical potential at 7,

In Fig. 11 the stem mass fraction vs temperature data is plotted
against X from Eq. 8, treating A and T,,, as fitting parameters. The
values of these parameters are reported in Table 3.

The fits are satisfactory in the regime where the layer-by-layer stem
melting is observed in Fig. 10. The value of T,,, decreases with increas-
ing concentration, and as expected are higher than the temperatures at
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Table 3
Fitting parameters A and T}, obtained from fitting to
heating data for plasticiser concentrations 5%, 10%

and 15%.
Co (%) T, A A/L‘D
5 0.804 0.277 5.54
10 0.792 0.342 3.42
15 0.775 0.341 2.27

0.28

— 15%
— 10%
5%

0.26
0.24 A
0.22
0.20 A
0.18
0.16
0.14 4
0.12
0.10

Stem Mass Fraction

0.08
0.06
0.04 4
0.02

0.00

0.60 0.65 0.70 0.75 0.80 0.85

T

Fig. 11. Variation of stem mass fraction with temperature, and fits to Eq. (8).

which crystallisation occurs upon cooling in Fig. 3, due to the excess
free energy of critical nuclei [23]. The parameter A increases from
5% to 10% but does not change when the concentration is increased
to 15%. However the ratio A/c, decreases with increasing plasticiser
concentration, where the ratio A/c, controls the crystal fraction on
melting for small dT. The thermodynamic coefficient A is the ratio of
the difference in heat capacities between the amorphous and crystalline
phase to the chemical potential of the amorphous phase.

4. Summary and conclusions

In this work we have studied the effects of plasticiser on a linear
polymer using molecular dynamics simulations of a modified KG model.
The results of the study resonate with reported experimental results for
a range of polymers.

Firstly, for bulk systems we found that the plasticiser lowered
the glass transition temperature Tg, with the size of the temperature
depression increasing with plasticiser concentration. This behaviour
was correlated with the increased polymer mobility in the plasticised
systems.

Secondly, simulating the polymer in contact with a model filler sur-
face, which acts as a nucleant, we found that the plasticiser lowers the
crystallisation temperature of the polymer. In cooling simulations, the
temperature at which crystallisation occurred lowered with increasing
plasticiser concentration, as did the temperature at which the maximum
crystallisation growth rate occurred. In isothermal simulations, we
observed that crystal nucleation can be delayed by the plasticiser,
but regardless the crystal growth followed a specific pattern: firstly
nucleation precedes a phase of lateral growth at the surface, thereafter
the crystal grows normal to the surface. The stages of growth have
been characterised by the average stem length within the crystal, which
clearly demonstrates that the crystals evolve to a preferred constant
thickness, in accordance with the prevailing Lauritzen-Hoffman model.

Thirdly, we studied crystal melting in the plasticised systems. The
most striking feature is that, because the plasticiser remains in the
amorphous phase, the effective plasticiser concentration in this phase
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varies with the degree of crystallinity in the system. In particular, the
melting curve for a plasticised system is no longer characterised by a
sharp first order phase transition, but instead is broadened across a
wide range of temperature. This is due to the impact the plasticiser
concentration has on the free energy density of the amorphous phase,
which increases as the crystal melts. Consequently, the crystals melt in
a layer-by-layer fashion at the uppermost interface with the amorphous
phase, away from the filler surface.

Experimentally, plasticiser content has been shown to decrease T,
to lower temperatures and to have an effect on the number density of
spherulites, for example as seen in PHB films [6] as well as changing
the spherulite growth rate. In this work, we developed a model that
captures essential properties such as a depression in T, as well as
changes in crystal growth kinetics seen in isothermal simulations. This
highlights the importance of developing a model that is able to capture
the essential physics involved in plasticiser addition and its effect on
crystallisation.

The significance of these results is two-fold. Firstly, it provides a
coherent explanation for experimental results for a range of linear
polymers, where fillers and plasticisers are used to improve process-
ability and properties such as mechanical strength and barriers to gas
diffusion. Secondly, the model provides a framework to help design
the properties of new plastics based on renewable polymers. It is
well-recognised that the renewables will have to at least match the
performance of traditional oil-based plastics, where process routes and
properties have been optimised at scale over decades. This presents
a significant challenge, one that it is hoped can be met through a
concerted effort to understand and control crystallinity and its devel-
opment during manufacturing processes. Although this work used a
generic polymer model, it is possible to map it to specific linear poly-
mers through the chain stiffness e.g. by matching the Kuhn length [44]
meaning that the findings are transferable to a wide range of polymeric
systems, including PLA and PHB. In future work we believe that the
developed model can be used to guide filler and plasticiser selection
for the optimisation and control of crystal properties of renewable
polymers.
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Appendix A. Supplementary information

Supplementary information presenting the thermodynamic argu-
ment for melting point broadening by plasticisers can be found online
at https://doi.org/10.1016/j.polymer.2024.127095.
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