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ABSTRACT

Polyhydroxybutyrate (PHB) is a sustainable and compostable polyester, which has great potential for use as food packaging
film, having similar barrier properties to conventional plastics. PHB is semi-crystalline and is often copolymerised with
polyhydroxyvalerate (PHV) to form poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV). Molecular dynamics (MD) simulations
provide valuable insight into the polymer structure and gas diffusion, but the accuracy of MD simulations depends on the force
field. This work presents a modified all-atom General Amber Force Field that enables PHB, PHV and PHVB copolymers to be
modelled. The structural properties of crystal and amorphous phases of PHB and PHV were in good agreement with experiment.
The diffusion coefficients of water and oxygen in amorphous PHB were also in good agreement with experimental values. The

diffusion coefficient of oxygen in PHV was larger than in PHB, mainly due to the lower density of PHV. The diffusion coefficient of

water in PHV was similar to PHB as its diffusion is hindered by the interaction of water with the polar ester groups on the polymer

chains. This force field can be used to investigate the diffusion of water and oxygen in PHB, PHV and PHBV copolymers, and to

optimise the barrier properties of PHBV-based plastic film.

1 | Introduction

Discarded plastic products accumulate in landfills, oceans, and
other ecosystems, posing a serious threat to wildlife and the
environment, while the production of plastic also contributes
to the depletion of non-renewable petroleum resources [1].
One possible solution to the environmental problems posed by
flexible packaging films is the use of compostable polymers.
Polyhydroxyalkanoates (PHAs) are a family of polyesters which
are both bioderived and biodegradable, eliminating the need for
petroleum feedstocks. Polyhydroxybutyrate (PHB) and polyhy-
droxyvalerate (PHV) are the most widely used and researched
members of the PHA family, owing to their good thermal [2]

and barrier [3, 4] properties which make them viable substi-
tutes for conventional thermoplastics such as polypropylene and
polyethylene, particularly in food packaging applications.

The link between crystallinity and gas barrier properties is crucial
for design of food packaging films, with strong barrier properties
leading to better preservation of food products. Pure PHB crys-
tallizes readily, with the formation of large spherulitic structures
in the polymer matrix. Spherulitic polymers are semi-crystalline,
with the spherulites consisting of crystalline lamella interspersed
with rigid amorphous regions [5]. It is generally thought that
molecules do not penetrate the crystal regions [6], and will diffuse
only through the amorphous or rigid amorphous regions.
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FIGURE 1 | Chemical structure of (a) PHB (b) PHV.

PHB can be melt processed above the melting temperature of
around 175 °C [7]. However, thermal decomposition has been
reported at 219 °C [8], giving a rather narrow window for melt
processing. Both of these problems in pure PHB can be miti-
gated by copolymerization with PHV. An experimental study by
Orts et al. found that incorporating 27 mol% of HV co-monomers
significantly lowered the melting temperature without affecting
crystalline content [9]. PHV is chemically very similar to PHB,
the difference being an extra CH, on the side group, as shown in
Figure 1.

Molecular dynamics (MD) simulations are a useful tool for
providing insight into how the structure of polymers affects their
properties. Although there have been numerous experimental
investigations carried out on PHB, the number of simulation stud-
ies published is relatively scarce [6]. An MD study by Kyles and
Tonelli on the conformational characteristics of PHB computed
characteristic ratios which were consistent with experimental
observations in dilute solutions [10]. Glova et al. carried out
atomistic simulations of blends of PLA and PHB and demon-
strated that the two polymers are miscible, with their miscibility
exhibiting scale dependence [11]. Their follow-up study used MD
simulations to investigate PHB and PLA composite systems, con-
taining cellulose nanocrystal filler particles and they discovered
that grafted PHB chains extend away from the surface, whereas
grafted PLA chains are able to fold back to the surface to form
hairpin-like structures [12].

Papchenko et al. simulated the diffusion and sorption of gases
CH, and CO, through a range of amorphous PHAs and obtained
promising results for the solubility-selectivity of the two gases
[13].

While these simulation studies provide a valuable insight into the
structure and behavior of PHB at a microscopic level, they did
not explore the crystal structure of PHB or PHV. Furthermore, to
our knowledge, there are currently no published MD studies that
investigate diffusion of water or oxygen through PHB.

In this work, we: i) develop a versatile force field for PHB and
PHYV that can also be used to study any combination of PHVB
copolymers; ii) test the force field model for PHB and PHV in
both amorphous and crystalline forms, with various structural
and dynamic properties measured, and iii) calculate the diffusion
coefficients of oxygen and water molecules in the amorphous
phase of PHB and PHV and compare the results to experimental
values. In this way, we demonstrate the versatility of our model,
and pave the way to material design and the optimization of PHA
barrier properties.

2 | Methodology

All simulations used classical MD and were performed using
the LAMMPS open-source MD software (version lammps/intel-
2020.4/23Jun2022) [14]. Analysis of simulation trajectories were
carried out using Python scripts, and made use of the open-
source MDAnalysis library [15]. Simulation trajectories were
visualized using VMD [16]. In this section we first describe the
force field model, followed by the system setup, equilibration
and production runs for the crystalline and amorphous systems.
Finally, the methodology for simulations of oxygen and water
diffusion in PHB is presented.

2.1 | Force Field

The General Amber Force Field (GAFF) [17] was used for the
bonded and non-bonded interactions in all simulations in this
work. GAFF was designed for modeling organic substances and
has been used in previous studies of PHB [11, 12]. The GAFF
bonding and van der Waals (vdW) parameters were obtained from
the force field repository in Moltemplate [18].

Partial charges were calculated using a Restrained Electrostatic
Potential (RESP) fit implemented in the Gaussian 09 software
[19]. The partial charge calculations were performed using PHA
trimers with two distinct chain end monomers and a central
monomer that can be repeated to create larger polymers, as
shown in Figure 2. The partial charges were scaled slightly to
ensure that i) the total charge on end group A was equal and
opposite to the total charge on end group C, and ii) the total
charge on repeat unit B was zero, regardless of the R group
used. This scaling allows charge neutrality to be maintained
during the construction of both PHB and PHV homopolymer and
copolymer chains.

For all simulations a cut-off of 10 A was used for both the vdW
and short-range electrostatic potentials. Long range electrostatics
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FIGURE 2 | PHA trimer used for the calculation of partial charges. For PHB R is CH3, and for PHV R is CH,CHj.
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were computed using a particle-particle particle-mesh (pppm)
solver. The SHAKE algorithm was applied to constrain the H
atoms at their equilibrium bond lengths and angles. A timestep
of 1 fs was used for all simulations.

In initial simulations of the polymer, an instability arose in which
the terminal hydroxyl hydrogen (see unit C in Figure 2) collapsed
into the carboxyl oxygen three bonds away, and similar issues
have been reported in the literature [20, 21]. This instability was
a result of the zero values for LJ parameters o and ¢ assigned
to hydroxyl hydrogen atoms, as used in GAFF. To prevent this
instability, we turned off the 1-4 non-bonded interactions between
the hydroxyl hydrogen and carboxyl oxygen in the chain end
labeled C in Figure 2. This minor modification to the force field
was only applied to the end C monomer of each chain and
does not affect the interactions with neighboring chains. Further
information can be found in the Supporting Information and
force field parameters are given in the LAMMPS input files, which
are provided as an open access dataset.

For the diffusion simulations, we used the simple point charge
extended (SPC/E) water model [22], and the atomistic oxygen
force field developed by Javanainen et al. [23]. The SPC/E
water model accurately reproduces the experimental density
(p) and self-diffusion coefficient of water (Dy,(), and has been
shown in the literature to be compatible with GAFF [24-26].
Our calculated properties for bulk SPC/E water can be found
in Table S2. The atomistic oxygen model has been shown to
reproduce experimental properties such as density and heat of
vaporization of liquid oxygen [23]. Furthermore, it was used by
Lightfoot et al. to model diffusion of oxygen through polyethylene
terephthalate and polyethylene furanoate [27].

2.2 | Crystal Simulations

PHB and PHV infinite-chain crystals, where the start and end
of the chains are bonded through the periodic c-axis of the
perfect crystal, are studied. Moltemplate was used to generate the
LAMMPS data files containing all the topology information of the
polymer systems [18].

To build the crystalline PHB model, the a-crystal unit cell
based on the experimentally determined coordinates and cell
parameters by Wang et al. were employed [28]. The PHB «-
crystal consists of two anti-parallel chains twisted into a 2,
helix (two monomers per one helical turn). The unit cell is
orthorhombic, with a space group symmetry of P2,2,2,-D, and
lattice parameters a = 5.73 A, b = 13.15 A, ¢ = 5.93 A. The PHB
a-crystal unit cell and helical structure are shown in Figure 3.

To construct the PHV crystal unit cell, the CH; methyl side group
in PHB was replaced by a CH,CH; ethyl side group. Structural
data such as lattice constants and torsional angles from the
experimental study of Yokouchi et al. [29] were used to construct
the PHV crystal lattice. The space group for PHV is the same
as that of PHB and the initial lattice constants were a = 9.32 A,
b=10.02A and ¢ = 5.56 A.

After setting up the crystals, an energy minimization was carried
out, using the steepest descent algorithm. After energy minimiza-

o

FIGURE 3 |
ref. [28]. Periodic bonding joins adjacent cells through the z axis.

PHB o« crystal, constructed using coordinates from

tion, a 50 ps NVT simulation at 200 K was performed. This was
followed by a 10 ns NPT simulation at a temperature of 200 K
and a pressure of 1 atm. A Nosé-Hoover thermostat and barostat
(anisotropic) were used to control the temperature and pressure.

To check crystal stability and confirm whether the chains had
remained in their helical conformation during the NPT simula-
tion, the backbone torsional angles and lattice parameters were
monitored throughout the simulation. In order to test the thermal
stability of the two crystalline systems, NPT simulations were
performed with a linear temperature ramp increasing from 200 K
at a rate of 2.5 x 10'° K s7! until the crystalline structure was lost
with the chains separating.

The lattice energy (Ey,,) of the energy-minimized crystal structure
was calculated as:

Elat = 2Echain - Eunitcell (1)

where E ;.1 is the potential energy of the bulk crystal unit cell
and E.;, is the potential energy of a single, infinite helical chain
with vacuum separating the chains in x and y. The lattice energy
was converged by increasing the L, and L, box lengths from the
unit cell lattice parameter values in increments of 2 A until the
energy changes were less than 0.08 kJ mol . Since the cutoff
distance for vdW and short-range electrostatic interactions was
set to 10 A, a 12 A separation was sufficient to observe a plateau.

The surface energies (Eg,;) of the energy-minimized polymer
crystals were calculated as:

Eslab - RnyEunitcell

A @

Bt =
where E ;. iS the potential energy of the bulk crystal unit
cell, A is the surface area, and Eg,, is the potential energy of
a crystal slab containing R, and R, unit cells in the x and y
directions, respectively. The (100) and (010) surfaces were created
by separating the chains in the x and y directions, respectively.
The (001) surface energy was not considered as the chains were
infinite in the z-direction. The surface energies were converged
with respect to the slab thickness by using the replicate function
in LAMMPS to create crystalline systems with R, , of 1, 2, and 4
unit cells thick. To converge E; with respect to the vacuum, the
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FIGURE 4 | Snapshotsofasingle PHB chain and an amorphous PHB
melt consisting of 50 chains, 10 monomers long.

L, and L, box lengths were increased in 2 A increments until the
change in energy relative to the original system was less than 4
Jmol ™" A2, Again, a 12 A separation was sufficient to observe
a plateau. Snapshots of the simulated slabs can be found in the
Supporting Information as well as the convergence of the surface
energies with slab and vacuum thickness.

2.3 | Amorphous Simulations

Three different amorphous polymer systems with different chain
lengths were investigated, namely pure PHB, pure PHV and the
copolymer PHVB, with chains made up of 1) all HB monomers 2)
all HV monomers or 3) alternating HB and HV monomers, respec-
tively. To create these systems, a single chain of 10 monomers was
first run for 50 ps in the NVT ensemble at 500 K to allow the chain
to relax into a coiled configuration. Then 50 relaxed chains were
inserted with random positions and orientations inside a cubic
simulation box with sides of length 40 A. Figure 4 shows a coiled
10-monomer PHB chain and the corresponding amorphous PHB
melt containing 50 chains.

For pure PHB, three additional systems were constructed with 5,
20, and 50 monomer chains. Systems are referred to as M = 5,
10, 20, or 50. The total number of monomers in the amorphous
system was kept constant at 500 by adjusting the number of chains
inserted (100 chains for M = 5, 25 chains for M = 20 and 10 chains
for M = 50).

After random insertion of the coiled chains, a short NVT simula-
tion of 10 ps was performed at 500 K using soft pairwise potentials
to remove high energy configurations with overlapping atoms.
This elevated temperature was used as it is roughly 50 K higher
than the experimental melting temperature of PHB (448 K [7])
ensuring the polymer is in the melt phase. The pairwise potentials
were then switched back to the Lennard-Jones/Coulomb settings
for a 50 ps NVT run followed by a final NPT simulation using
a Nosé-Hoover thermostat and barostat (isotropic) at 500 K and
1 atm. The duration of the NPT equilibration run increased with
increasing chain length (20 ns for M = 5, 30 ns for M = 10, 50 ns
for M = 20 and 250 ns for M = 50). Equilibration was checked
using several measures:

i. the density of the system reached a steady state.

ii. the radius of gyration (R,) and chain end-end distance (R.)
reached a steady state and had the typical ratio of a polymer
melt where (R?2) = 6(R;) [30].

iii. the mean squared displacement (MSD) of the chains sur-
passed a distance of R;.

iv. the end-to-end vector autocorrelation function (ACF)
(denoted R..(t)):

El([) Rez(to)

ee(t) = N Z |Rez(t)||Rez(t0)| (3)

decayed to 1/e where N is the number of chains.

After equilibration was complete, the system was run for an
additional 10 ns in an NPT ensemble at 1 atm and 500 K from
which system equilibrium properties were analyzed.

Since most experimental properties of polymers in the literature
are reported at room temperature, the M = 10 systems were also
analyzed at 300 K. For these simulations, the 500 K systems were
cooled to 300 K at a rate of 2.5x 10'° K s™! and then run for a
further 5 ns at 300 K and 1 atm to allow for thermal equilibration
and volume changes associated with the lower temperature.

To calculate T,, the equilibrated polymer melts were cooled from
500 K to 100 K at a steady rate of 2.5x 10" K s™'. T, was
estimated for each equilibrated amorphous system by analyzing
the changes in density o(T) upon cooling. T, was estimated from
the intersection of linear fits to the po(T) data in high (400-500 K)
and low (100-200 K) temperature ranges [31].

To compute the polymer persistence length (L,), which is a
measure of chain stiffness, the polymer module in MDAnalysis
was used. This computes the autocorrelation of two bond vectors,
separated by n bonds:
C(n) =

<COS 6i,i+n> = <ai : ai+n> (4)

and fits the data to an exponential decay function:

C(n) = exp < LZB > )

P
Here, n is the number of bonds separating the two bond vectors
and [ is the average bond length in the polymer backbone
(I; =1.46 A).

The Hildebrand solubility coefficient (§) is determined as

Ecoh
6= v, (6)

where V,, is the molar volume of the amorphous system and E_,
is the amorphous cohesive energy defined as

Econ = ZECham Epui ™
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TABLE 1 |

Crystal properties of energy minimized structures and NPT simulations at 200 K (averaged over 10 ns) compared with experimental

properties. NPT data points were sampled every 1 ps and average values are reported + the standard deviation. Experimental densities were measured

using the flotation method [29, 33] or calculated from reported lattice constants [28].

T (K) a(d) b (A) c(A) p(gem™)

PHB

Emin 0 573 12.72 5.93 1.32

NPT 200 5.86 +0.15 12.86 +0.29 6.02 +0.12 1.26 +0.04
Expt [28] 296 5.73 +0.01 13.15 +0.02 5.93 +0.01 1.28 +0.01
Expt [33] — 5.76 13.20 5.96 1.24 +0.01
PHV

Emin 0 9.42 9.95 5.58 1.27

NPT 200 9.67 +0.19 10.11 +0.23 5.63 +0.11 1.21 +0.03
Expt [29] — 9.32 10.02 5.56 1.20

where E, is the potential energy of the amorphous system
of N chains, and E!, . is the potential energy of each single
chain, i, in its melt configuration. This was calculated for three
different snapshots in the trajectory to get an average E.,, and

standard deviation.

The resulting units for 6 are (J/ cm3)0'5, which is equivalent to the
commonly reported units of (MPa)®.

2.4 | Diffusion Simulations

The diffusion of oxygen and water molecules in amorphous PHB
and PHV was studied using systems with 10 and 20 monomer
chains. After equilibration of the polymer systems (described
previously), water or oxygen molecules were inserted with ran-
dom positions and orientations into the amorphous matrix. The
number of molecules that were inserted into the dense polymer
matrix was 13 in all systems. Figure S8 shows a VMD snapshot
of one of the water-polymer systems generated. After an energy
minimization, the system was run for 10 ps in the NVT ensemble
at 500 K followed by 1 ns NPT simulation at 500 K and 1 atm to
allow changes in volume to accommodate the inserted molecules.

After equilibration, a production run was carried out for 200 ns
in the NVT ensemble.

During the production run, the center of mass of the system was
fixed to ensure that the calculated MSDs of the permeants were
not affected by center-of-mass drift. This process was repeated
once more at 500 K to enable average MSDs to be computed.
In order to compare with experimental diffusion studies carried
out at room temperature, the same steps were then carried out at
300K, this time with three independent runs to improve statistics.

The MSD Analysis module from the MDAnalysis library [15] was
used to calculate the target species’ MSD, denoted S(t), defined as
follows:

5@ = <% > lr,-(t+to)—ri(to)|2> ®

i=1

where n is the number of diffusing particles of the target species,
r;(t) represents the coordinates of the particle at time ¢ and the
angled brackets denote averaging over reference positions using
multiple time origins ¢,.

Diffusion coefficients were obtained from the MSDs using the
Einstein formula

d
D= ES(t) 9

N =

The MSD data was averaged over all runs for the specific
temperature and chain length. Averaging the data from multiple
simulations produced an MSD curve with less noise and wider
range of linear trend. The time interval in which the slope was
most linear was chosen for analysis. For the 500 K systems,
this was approximately the first 175 ns and at 300 K the linear
region selected was roughly 15-170 ns. Further details on this
process can be found in the Supporting Information. A Python
linear regression model was used to fit a trendline to this region
and the regression coefficient (R?) was used to determine the
accuracy of the fit. An extra check of the linearity of the MSD plot,
and therefore the Einstein diffusion regime, involved plotting
log(S(t)) vs log(t) and confirming that the gradient of this slope
was close to a value of one [32]. Once the linear region was
deemed suitable, the diffusion coefficient (D) was calculated from
the gradient of this line.

3 | Results and Discussion

In this section, we first present the properties of crystalline PHB
and PHYV, then present the properties of amorphous PHB, PHVB,
and PHV. Finally, we investigate the diffusion of water and oxygen
through PHB and PHV and report the diffusion coefficients.

3.1 | Crystal Properties

The PHB and PHV unit cell lattice parameters (a, b and c) and
density (p) for the energy minimized structures and averaged
values for 10 ns NPT simulations at 200 K, are shown in Table 1.
As expected, the average lattice parameters from NPT simulations
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FIGURE 5 | Histograms showing the four main backbone torsional angles along the helical PHB backbone.
TABLE 2 | Comparison of PHB torsional angles (°) with literature using NPT at 1 atm. The PHV crystal becomes unstable at =
data.

Present Yokouchi[33] Cornibert [34] Wang [28]

w 127 128 123 116
¢ 132 133 148 143
P 0 5 0 1
T 341 332 321 331

are larger than the energy minimized lattice parameters due to
thermal fluctuations when temperature is applied to the system.
The lattice parameters and density calculated at 200 K are in
very good agreement with experimentally obtained values from
previous works [28, 29, 33] although we note that our simulations
were at a lower temperature than experimental measurements.

The most common torsional angles adopted by the PHB back-
bone (indicated by peaks of the histograms in Figure 5) are
listed in Table 2 and are in good agreement with experimental
measurements [28, 29, 34].

A visual analysis of the NPT simulation at 200 K shows that
the polymer chains remain in their helical conformation and the
backbone torsional angle distribution is shown in Figure 5.

The stability of the crystals during the NPT simulations at
200 K was confirmed by plotting the torsional angles and the
lattice parameters with time, which are shown in Figure S2.
The crystal stability with temperature was further investigated
by heating from 200 to 400 K at a rate of 2.5x 10" K s

233 K, compared to =~ 327 K for the PHB crystal, which is
consistent with the experimental trend. Thermal instabilities for
the crystal models can be seen through plots of lattice parameters
with increasing temperature, shown in Figure S3. We note that
these temperatures in the simulations where the instabilities
arise overestimate the melting temperatures of the model as the
simulations use infinite chains.

The lattice energy was found to be 164.62 kJ mol™! for PHB and
98.54 kJ mol™! for PHV, equivalent to 1.71 eV and 1.02 eV per
unit cell for PHB and PHYV, respectively. The higher lattice energy
of PHB compared to PHV is expected as the larger side group
in PHV keeps the chains further apart, resulting in less stable
crystals, lower lattice energy, and lower melting temperature of
378 K for PHV [33] compared to 448 K for PHB [7]. We were unable
to find experimental values for the lattice energy of PHAs, but
these values are comparable to polyethylene’s lattice energy of
0.80 eV per unit cell [35] and to density functional theory (DFT)
calculations of the lattice energies of poly(vinyl chloride) and
poly(glycolic acid) of 0.87-0.95 eV and 1.45-1.55 eV per unit cell,
respectively [36].

The (100) and (010) surface energies for PHB are 162.6 and
90.5 mJ m~2, respectively. The (100) surface energy is significantly
higher than the (010) surface energy, which is consistent with
the work by Mori et al. who reported that hydrogen bonding
between CH; and C=O groups in the x axis are stronger than
the vdW interactions in the y axis [37]. These neighboring groups
are highlighted in Figure 6. The (100) and (010) surface energies
for PHV are 90.3 and 86.8 mJ m~2 respectively. The difference in
surface energies of the two planes is much smaller for PHV than
PHB. The lower (100) surface energy for PHV is consistent with

6 of 14
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FIGURE 6 | PHB (left) and PHV (right) unit cells with periodic
images shown. Non-bonded interactions between neighboring chains
which contribute to the surface energy are highlighted.

the direction of the ethyl side group, shielding the effects of the
polar carbonyl group in the x axis. In the y axis in PHYV, there is
sufficient distance between a polar C=0 group and the CH; group
on a neighboring chain, offering limited resistance to separation
of chains in this direction.

Experimentally measured surface energies are reported to be in
the range from 34-40 mJ m~2 [38-40] for PHB, and 24.6 mJ m~2
for a 12 mol % HV copolymer [41], which are much smaller than
our simulated values, although the trends are in agreement. It
should be noted that PHAs are typically semi-crystalline, and it
is possible that amorphous content present in the experimental
samples leads to a lower measurement of surface energy in com-
parison to the perfect crystal structure in the current simulations.
The discrepancies between simulated and experimental polymer
crystal surface energies may also stem from the choice of force
field, as different force fields may not accurately capture the
complex intermolecular interactions and structural properties of
polymers, leading to variations in computed surface energies.
Our results are comparable to calculated surface energies of 166
and 176 mJ m~2 for fully crystalline PET and PEF atomistic
MD models, respectively [27]. Although comparable to the those
computed by DFT calculations [27], the PET and PEF surface
energies obtained by MD methods are also an order of magnitude
higher than the experimental polymer surface energies (41.0 and
61.7 mJ m~2 for PET [42] and PEF [43], respectively).

While the absolute values of energetic properties of polymer
crystals computed by MD methods are difficult to compare to
experimentally determined values, the trends observed when
comparing PHB and PHV are consistent with the data available in
the literature, demonstrating that the modified GAFF force field
gives a good description of the PHA crystal structures in the «-
phase. It should be noted, however, that the simulated crystals
are made of infinite helical chains and the effect of chain ends on
the stability of the systems has not been tested.

3.2 | Amorphous Polymer Properties

The density of the amorphous systems at 300 K and 500 K are
reported in Table 3. It would be expected that density would
increase slightly with increasing molecular weight, however,

TABLE 3 | Density of amorphous PHAs, from current work and

literature data. All densities reported from the current work are averages

from NPT runs, with standard deviations < 0.01 g cm™3.

p(gem™)
Polymer Source M 300 K 500 K
PHB Present 5 1.17 1.05
PHB Present 10 1.17 1.05
PHB Present 20 1.17 1.04
PHB Present 50 1.16 1.04
PHB MD [11] 150 1.15 1.03
PHB MD [13] 150 1.19 —
PHB Expt [44] — 1.18 —
PHVB Present 10 114 1.01
PHVB MD [13] 150 1.15 —
PHVB Expt [44] — 1.14 —
PHV Present 10 1.10 0.97
PHV MD [13] 150 1.12 —
PHV Expt [44] — 111 —
--- Best fit lines
x Tg=375+2K
1.20 A
E 1.15 -
L
o2
o
3 1101
[
a
1.05
100 200 300 400 500
Temperature (K)
FIGURE 7 | Density versus temperature on cooling PHB from 500-

100 K. Lines were fitted to data in the ranges 100-200 K and 400-500
K, with T, taken as the point of intersection. The uncertainty in T;; was
calculated using the standard error of the gradient of the best fit lines.

the density differences are likely within the uncertainty, and it
is possible that the M = 50 system was not fully equilibrated.
Nevertheless, the densities obtained for all systems are in good
agreement with reported experimental [44] and simulation [11,
13] values. Furthermore, the trend of decreasing density with
increasing HV content observed by both Barker et al. [44] and
Papchenko et al. [13] is observed here. This effect is a result of
the larger side group present in HV monomers.

The glass transition temperature was obtained from the change
in density gradient during cooling from 500 to 100 K, as described
in the methodology. This is shown for the PHB M = 10 system in
Figure 7.
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TABLE 4 | T, of each amorphous system.

Polymer M T, (K)

PHB 5 349 +3
PHB 10 375 +2
PHB 20 363 +3
PHB 50 350 +4
PHVB 10 328 +3
PHV 10 319 +2

The glass transition temperatures for each system are given in
Table 4. It can be seen that the addition of HV monomers lowers
the T,, compared to pure PHB, in agreement with the trend
observed experimentally, and is due to the bulkier HV side groups
creating steric hindrance and affecting the polymers ability to
pack into a dense, glassy configuration [45].

It would be expected that T, would increase as chain length
increases, in accordance with the Fox-Flory relationship [46].
T, is also known to depend on the cooling rate following
the Vogel-Fulcher-Tammann relation, as faster cooling leads to
higher T, values as the polymer is “frozen” into a higher-energy
configuration [47, 48]. In addition, it has been shown that there
can be significant statistical variation in T, across multiple repeat
simulations [48]. It is, therefore, difficult to give a precise estimate
of T, in this study and its variation with molecular weight is
masked by statistical effects. Nevertheless, our values are in line
with T, = 374 + 6 K found by Glova et al. for a 150 monomer PHB
system [11]. These are significantly higher than the experimental
T, 0f275-288 K [49], which is to be expected given that simulation
cooling rates are more than 10 orders of magnitude greater than
those used in experiments, although differences may also arise
from the force field itself, or statistical variation.

We note that the T, estimated here for PHB and PHV are
higher than the estimated melting temperatures of the crystals,
described in Section 3.1. Experimentally, PHB melts at 448 K,
and becomes a glass at around 275-288 K [7, 49]. Even at much
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FIGURE 8 | Ry and R, vs number of monomers M of PHB. Dashed
lines are fits to results from current study: R, = 5.9 M** and Ry =2.5 M3,
The trendlines are extrapolated to M = 150 for comparison to literature
results by Glova et al. [11].

slower cooling rates, the glass transition temperature of force field
model is likely to be higher than the melting temperature, and
therefore it would not be capable of crystallizing PHB from the
melt. However, it may still be possible to study semi-crystalline
structures by partially melting non-infinite chain crystals, and
then cooling to below T',. In addition, the glassy amorphous phase
in between crystals may be a reasonable approximation for the
rigid amorphous phase in semi-crystalline PHB. An alternative
approach, could be to connect crystalline PHA structures to
an amorphous PHA matrix via tie-chains, as has been done
by Atiq et al. for polyethylene [50], in order to model the
semi-crystalline polymer.

The ensemble averaged radius of gyration and end-to-end dis-
tance, R, and R., computed from the NPT simulations at 500 K
are shown in Table 5, along with literature values computed by
Glova et al. [11]. As expected, R, and R, follow an M’ scaling
(see Figure 8). Extrapolating to M = 150 gives R, = 31 A and
R. = 72 A, which isin good agreement with the values of 32 A and
79 A reported by Glova et al. We also note, from the trendlines in

TABLE 5 | Lp, Rg and R, of amorphous PHAs. PHB* was calculated from reported characteristic ratios using Equation 10.

Polymer Source M T (K) L, (A) R, (A) R, (A)
PHB Present 5 500 6.8 +0.4 5.1 +0.1 12.0 +0.4
PHB Present 10 500 6.7 +0.4 7.6 +0.2 18.1 +0.8
PHB Present 20 500 6.5 +0.9 11.0 +0.4 25.9 +2.1
PHB Present 50 500 7.0 +0.8 18.2 +1.5 42.7 +5.8
PHVB Present 10 500 6.6 +0.7 7.7 +0.2 18.4 +0.8
PHV Present 10 500 6.2 +0.5 7.7 +0.2 18.1 +0.9
PHB Present 10 300 6.3 +0.5 7.3 +0.1 16.5 +0.2
PHB* MD [10] 100 500 6.5 — — — — —
PHB MD [11] 150 550 5.0 +1.0 79 — 32 —
PHB* Expt [51] — 298 5.2 — — — —
PHB Expt [52] — — 26-31 — — — — —
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Figure 8, that 5.92/2.5% ~ 6, as expected for an equilibrated melt
[30].

The persistence length (L), which is half of the Kuhn length, is a
measure of the flexibility of the polymer chain. As seen in Table 5,
the average L, of PHB in the current study is in the range 6.3-
7.0 A, and is independent of chain length, as expected. PHV and
PHVB have average persistence lengths similar to PHB within the
range of uncertainty, which is consistent with their similar R, and
R, values for the M = 10 systems.

The characteristic ratios (C,, ) reported by Kyles and Tonelli (MD)
[10] and Sasanuma et al. (experimental) [51] can be used to
calculate L, according to the equation:

(C,+1
= 4D )
[52] where the average bond length in the backbone, I, is 1.46 A.
The L, of PHB obtained here is in line with that reported in other
MD studies [10, 11]. It is also in agreement with the experimentally
obtained L, of 5.2 A, reported by Sasanuma et al. [51]. However,
Beaucage et al. obtained L, values of 26-31 A (depending on
the method used) in their experimental study [52], which are
significantly higher than the current results. The higher values
obtained may be a result of the semi-crystalline nature of their
samples, which were obtained from quenching molten PHB.
Elongated crystalline polymer chains would be expected to have a
higher L, and therefore higher stiffness, compared to randomly
coiled amorphous chains. This consistency with both simulation
and experiment in the literature shows that PHB chain stiffness
is represented well in the current simulation model.

The Hildebrand solubility parameter (§) quantifies the cohesive
energy density of a polymeric material, reflecting the intermolec-
ular forces within it; materials with similar & values are likely
to be miscible [11]. The cohesive energies (E,,,) and § for the
amorphous systems are shown in Table 6, as well as those
previously reported in the literature. § as a function of chain
length is plotted in Figure 9.

It can be seen that both E., and & decrease as the chain
length increases, but they more or less plateau at M = 50. The
cohesive energy of 25.1 kJ mol”' mon~' for the M = 50 PHB
system in the current work is in agreement with the cohesive
energies computed in other simulation studies [11, 13]. It is also
lower than the lattice energy of 41.2 kJ mol "' mon~' for the
infinite-chain crystal, which is to be expected, since crystalline
polymers exhibit ordered structures with efficient chain packing
in conformations that maximise intermolecular forces, leading to
higher cohesive energies.

For the longer chain systems (M = 20 and M = 50) the solubility
parameters are in agreement with an experimental value of 19.8
(MPa)®> reported by Terada and Marchessault [53]. Comparing
the M = 10 chains, it can be seen that the solubility parameter
decreases with HV content. This trend has been observed in
both previous simulation and experimental studies [13, 53]. The
addition of ethyl side chains can be attributed to the reduction
in cohesive energy density. The introduction of ethyl groups
decreases polymer density, leading to weaker intermolecular

TABLE 6 | E., and § for PHA systems from the present work
computed at 300 K and from literature. Results from present work were

averaged over three snapshots of a trajectory. Standard deviation < 0.3 kJ
-1

mol~" mon~! for E.y, and < 0.2 MPa®? for 8.
Eon S
Polymer Source M (kJ mol ™ mon~!) (MPa®’)
PHB Present 5 48.8 25.2
PHB Present 10 37.1 221
PHB Present 20 30.5 20.1
PHB Present 50 25.1 18.3
PHB MD [11] 150 233 17.6
PHB MD [13] 150 26.4 19.2
PHB Expt[53] — — 19.8
PHVB Present 10 39.3 21.5
PHVB MD [13] 150 25.2 17.6
PHV Present 10 39.4 20.5
PHV MD [13] 150 25.6 17.0
PHV Expt[53] — — 19.4

—&— PHB (current)
28 1 PHVB (current)
® PHV (current)
m PHB (Glovaetal.)
PHB (Papchenko et al.)
PHVB (Papchenko et al.)
A PHV (Papchenko et al.)

0 20 40 60 8 100 120 140

FIGURE 9 | § vs M for PHAs from current study and literature.
Dashed lines show experimental values for PHB (blue) and PHV (green)
[53].

interactions and, consequently, a lower solubility. This trend
aligns with the understanding that bulkier side chains can
disrupt polymer packing, reducing cohesive forces and solubility
parameters [53].

Now we present the polymer dynamics of the amorphous systems
at 500 K. The autocorrelation function of the end-to-end vector
(R..) was calculated for the different systems, and 7 is the time
taken for R, to decay to 1/e. As expected, T increases for longer
chains, and a longer equilibration time and duration for MSD
calculations were required. The uncertainty in 7 also increases
significantly to 36% for the longest chain system. 7 increases with
increasing HV content in the M = 10 chains, most likely due to
the added steric restrictions from the side groups.
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TABLE 7 |
multiple simulation windows. Polymer self-diffusion coefficients D
(500 K) =+ standard error in slope of line fitted to MSD curves.

Polymer relaxation times 7 + standard deviation across

Polymer M 7 (ns) D (x10~% cm?s71)
PHB 5 1.0+0.1 55.4 +0.6
PHB 10 4.0+0.2 258 +0.5
PHB 20 146 +3.3 55+0.1
PHB 50 74.8 +27.0 4.0+0.2
PHVB 10 55+0.5 334 +0.2
PHV 10 6.8+0.3 311+ 0.7

Figure 10 shows the MSDs for the amorphous systems, and the
self-diffusion coefficients (D) computed from them are shown
in Table 7. As expected, the short polymer chains diffuse more
rapidly than the longer chains, leading to higher self-diffusion
coefficients. The self-diffusion coefficient is seen to increase
as the number of HV monomers increases. The self-diffusion
coefficient is larger for PHV and PHVB, than for PHB. This
could be a result of the increased free volume and lower density
of the systems containing bulky HV side groups, allowing the
PHBV and PHV chains to diffuse more readily throughout the
matrix. It could also be attributed to the lower glass transition
temperatures for PHV and PHVB, meaning that PHV is at a higher
temperature relative to its T,. However, we would also expect the
higher self-diffusion coefficient to correspond to a decrease in 7,
so it is possible that the relatively small differences between these
systems are within the level of uncertainty.

3.3 | Diffusion of Oxygen and Water Molecules

We now turn to the diffusion of permeants in PHB and PHV.
The diffusion coefficients for the various systems studied are
shown in Table 8, along with experimental data from literature.
For all systems, diffusion occurs much more rapidly at 500 K
compared to 300 K, as expected, and the diffusion coefficients
are approximately three orders of magnitude larger at 500 K.
This difference could be due to the higher kinetic energy of the

TABLE 8 |
experimental results from literature [4, 54]. The uncertainty in D is the

Diffusion coefficients, D, computed from MSDs, and

standard deviation of two repeat simulations at 500 K or three repeat
simulations at 300 K.

T D

Polymer M Permeant Source (K) (x10~%cm?s7?)

PHB 10 H,O0 Present 300 11+0.1
PHB 20 H,0 Present 300 22+0.38
PHB —  H,0  Expt[54] 298 1.88-5.92
PHB — H,O0 Expt [4] 309.5 0.87-8.04
PHB 10 0, Present 300 6.1+13
PHB 20 0, Present 300 55+1.8
PHB — 0, Expt [54] 298 4.62-9.86
PHB 10 H,O Present 500 2370 + 230
PHB 20 H,0 Present 500 2310 +190
PHB 10 0, Present 500 3760 + 250
PHB 20 0, Present 500 2460 + 230
PHV 10 H,O0 Present 500 2040 + 320
PHV 10 0, Present 500 6320 + 610

molecules themselves, or could be due to the increased mobility
of the polymer matrix. As discussed previously, at 300 K the
simulated PHB is in a glassy amorphous state with limited chain
mobility, whereas at 500 K it is in a mobile, amorphous phase.

To test this conjecture, simulations were performed in which the
polymer was kept immobile (with no thermostat applied) and the
permeants had a temperature of 500 K.

Based on the MSD data from the two replica simulations of
the immobilized polymer at 500 K, both Dy, and Dy, are
approximately 0.3 x 107 cm? s71, which is around four orders
of magnitude slower than the 500 K simulations of the mobile,
amorphous phase, and an order of magnitude lower than the
300 K simulations. Visual inspection of the trajectories of the
permeant molecules in the immobilized polymer revealed that
the water and oxygen molecules are mainly trapped within gaps
in the polymer and only a few molecules experience an occasional
“hop” to a different location. This can be seen in plots of the root
mean squared displacement (RMSD), shown in Figure 11. The
green plot shows the RMSD of a water molecule which is confined
in a small gap within the polymer and remains there throughout
the entire simulation. The molecule represented by the blue plot
is also trapped for the duration of the simulation, although in a
slightly larger region.

The orange plot shows another water molecule that was able to
“hop” to a new location in the polymer matrix, but only after
150 ns of being confined. These simulations showed that the
kinetic energy of the diffusing molecules alone is insufficient to
overcome the energy barrier associated with “hopping” to new
gaps in the immobile polymer matrix, and thus, polymer chain
mobility plays a significant role in the diffusion of oxygen and
water. This “hopping” mechanism has been previously reported
in the literature. Simulations of permeant diffusion through
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FIGURE 11 | RMSDs of three water molecules within the immo-

bilised PHB matrix.

a glassy polymer found that while many permeant molecules
remained trapped in cages within the matrix, localized chain
motions occasionally created transient channels and vacant cages
allowing permeants to hop through the material [55]. A similar
permeation mechanism for small molecules was also described
by Miiller-Plathe [56] and Hofmann et al. [57].

Figure 12 shows the MSD of oxygen and water at 300 and 500 K in
PHB systems. For both temperatures, it can be seen that oxygen
diffuses through PHB at a significantly higher rate than water.
This trend is in agreement with experimental results that found
the diffusion coefficients of oxygen to be higher than water [54].
This difference could be due to differences in molecular size,
polarity, and interactions with the polymer matrix. To understand
more about the interactions with the polymer matrix, radial
distribution functions (RDFs) for water and oxygen with ester
groups and chain ends are shown in Figure 13.

Figure 13(a) shows a stark difference in the RDFs for water and
oxygen with the carbonyl ester group, with water exhibiting a
strong peak at ~ 2 A. The polar water molecules tend to form
hydrogen bonds with the carbonyl oxygen of the ester group in
the PHB chains, hindering their passage through the matrix. In
contrast, the non-polar oxygen encounters fewer barriers and
weaker interactions than water, allowing it to move more freely
through the PHB matrix.

At 500 K, the oxygen diffuses faster in the more mobile M = 10
system than the M = 20 system, as expected. At 300 K, the effect
of the polymer chain length on diffusion is less clear and the
polymer chain length has little effect on oxygen diffusion. For
water at 500 K, there is little difference between the M = 10 and
M = 20 systems but, surprisingly, at 300 K the diffusion of water
is slightly faster for the M = 20 system.

However, this can be explained by the higher concentration of
polar chain ends in the M = 10 system, which interact with the
polar water molecules and slow their diffusion. The strength of
the interaction with the chain ends can be seen by comparing the
peak height in the RDF for water with chain ends in Figure 13b
to water with the ester linking groups in Figure 13a, showing a
much stronger association of water with the chain ends.

Our diffusion coefficients for water and oxygen in the M = 20 sys-
tems at 300 K are within experimental ranges as shown in Table 8.
For oxygen, our calculated value of Dy, = 5.45x 107% cm” 57! is
in line with the experimental measurements by Follain et al.,
who reported Dy, = 4.62—9.86 x 10~* cm?s™" at 298 K, depending
on sample preparation [54]. For water, our calculated value of
Dyy,0 = 2.23x107® cm? 87! is also within the experimental range
0f 1.88—5.92 x 1078 cm? s7! at 298 K reported by Follain et al. [54]
and 0.87—8.04 x 1078 cm? s~! at 309.5 K reported by Yoon et al. [4].
However, in both experimental studies, the diffusion experiments
were carried out at temperatures higher than the experimental
glass transition temperature for PHB and the polymer films used
are semi-crystalline, with degree of crystallinity ranging from
41-48%, meaning that our simulated values cannot be directly
compared to these experimental measurements. It is generally
agreed that permeants cannot diffuse through crystal regions
and and we can hypothesize that the permeants diffuse in the
amorphous regions around the crystals. The amorphous polymer
in the vicinity of the crystalline regions has restricted mobility
due to steric constraints imposed by the crystals, and is referred
to as the rigid amorphous region [58]. Given that in the current
simulation model, the systems at 300 K are below T4, it is possible
that the glassy state is a reasonable representation of the rigid
amorphous region through which permeant diffusion takes place.

Finally, we compare diffusion in PHB with PHV, and MSD
plots are shown in Figure 14. Water diffusion is similar through
PHB and PHYV, consistent with the above findings that water
displacement is primarily governed by interactions with the polar
groups in the polymer chains and is largely unaffected by the
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Simulations were carried out at 500K and results were averaged over two
repeats.

presence of the side chain in PHV. In contrast, oxygen diffusion
is approximately twice as fast in PHV as in PHB. Since oxygen
molecules do not interact with the polymer ester groups, they are
able to diffuse more readily within the less dense PHV matrix.
It should be noted that there is a scarcity of experimental data
on pure PHV available in the literature. Overall, these findings
suggest that although PHB and PHV exhibit similar water barrier
properties, pure PHB provides a more effective barrier against
oxygen diffusion.

4 | Summary and Conclusions

The transition toward sustainable materials is critical for address-
ing environmental challenges associated with conventional plas-
tic packaging and PHAs represent a promising class of biodegrad-
able polymers. MD simulations offer a powerful tool for probing
the structural and dynamic properties of such materials at the
molecular level. This study set out to create an effective MD
force field for crystal and amorphous PHAs which can be used
to investigate gas barrier properties.

Initially, a modified GAFF force field was implemented for
PHB. The GAFF parameters were slightly modified to remove

(b) r(A)

RDFs for permeant molecules around (a) the ester groups and (b) chain ends of the polymer molecules in the PHB M = 10 system at

instabilities associated with the chain ends. Partial charges were
adjusted to enable the force field to be easily applied to PHB,
PHYV, and PHVB copolymers. The force field’s ability to reproduce
structure and dynamical properties of PHB, PHV, and copolymers
in crystal, glassy and melt states was tested.

For PHB and PHV crystals, the density and lattice parameters
of both systems agreed well with experimental values. Structural
analysis of the PHB backbone included torsional angles, which
match those given in several experimental papers. The cohesive
and surface energies of PHB were higher than those of PHV,
which is consistent with PHB’s higher melting temperature. In
simulations, the melting temperatures of crystals were higher
than experimental values; however, the observed trend of PHV
exhibiting a lower melting temperature compared to PHB aligns
with experimental data. Surface energies were also significantly
higher than those reported in experimental papers, which could
be attributed to the semi-crystalline nature of experimental sam-
ples, compared to the perfect crystal structures in the simulations.

For the amorphous PHA systems simulated in this work, densities
were in good agreement with both simulation and experimental
literature data. The glass transition temperatures were in line with
previous simulation results; however, they were approximately
100 K higher than the experimental values, as well as higher than
the crystal melting temperatures. The decrease in T, observed
on increasing HV content is consistent with trends observed in
literature. The Hildebrand solubility parameters were consistent
with the available literature data, with the longer chain systems
approximately converging to the experimental value.

The diffusion coefficients of oxygen and water molecules through
amorphous PHB were in good agreement with experimental
values, with water diffusion being slower than oxygen diffusion
due to hydrogen bonding interactions between water and PHB,
which hinders diffusion. While the diffusion coefficient of water
was comparable in PHB and PHYV, that of oxygen was roughly
double in PHV, due to its lower density, rendering it a less effective
oxygen barrier.

In summary, we have presented a force field that is versatile
enough to provide insight into structural and barrier properties of
PHAs, that can aid design of PHA-based plastics for applications
such as sustainable food packaging.
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