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Abstract

We report molecular simulations of the interaction between poly(ethylene tereph-
thalate) (PET) surfaces and water molecules with a short-term goal to better evaluate
the different energy contributions governing the enzymatic degradation of amorphous
PET. After checking that the glass transition temperature, density, entanglement mass
and mechanical properties of an amorphous PET are well reproduced by our molecular
model, we extend the study to the extraction of a monomer from the bulk surface in dif-
ferent environments i.e water, vacuum, dodecane and ethylene glycol. We complete this
energetic characterization by the calculation of the work of adhesion of PET surfaces
with water and dodecane molecules and by the determination of the contact angle of
water droplets. These calculations are compared with experiments and should help us
to better understand the enzymatic degradation of PET from both the thermodynamic

and molecular viewpoints.

1 Introduction

Poly(ethylene terephthalate) (PET) is a polyester plastic, with an annual production of
98 million tons in 2021, of which only 3% is recycled.! PET is a lightweight, economical
and multipurpose material, being used in various applications such as making of bottles to
contain edibles, trays, sportswear, clothing, and many other products. Looking at the wide
array of usable products made from recycled PET material, it is the largest volume being
recycled. The recycling process minimizes the effects on the environment, the main methods
for PET recycling are via mechanical recycling, chemical recycling and enzyme catalysis.
In the case of mechanical recycling, the plastic scrap is sorted, cleaned, washed and other
impurities are removed, it is grounded into flakes and sent to the extrusion machine for
melting. After melting, the final material, plastic granules, can be used further to produce
different products.? One of the main problems with this method is that the average molecular

weight of the polymer drops and therefore there is a loss in its mechanical properties.?



For the chemical recycling process, the plastic waste is shredded into powder and left
for the chemical process (e.g hydrolysis, alcoholysis, glycolysis, etc?) to melt. The obvious
disadvantages of this method are the use of additional chemicals and high temperature
to achieve an efficient process.® In the early 2000’s a new bio technology method based
on enzyme catalysis appeared with many advantages compared with classical mechanical
and chemical processes.® The main ones are the action of an enzyme operating under mild
conditions with low energy input,® and the enzyme selectivity avoiding intensive sorting via
hydrolysis catalyze primary by a class of enzyme called cutinase.

The degradation of PET has been reported for members of the cutinase,” lipase,® es-
terase,” and petase enzymes.!? Because of its synthetic nature, the biodegradation of PET
by enzymatic reactions is difficult, which results in slow enzymatic rate toward this poly-
mer. ! Hence, protein engineering approach has been to increase the affinity of cutinase to
PET and its ability to hydrolyze it.!%! In 2016, a new enzyme has been discovered by
Yosida et al.'* They found a new species of bacteria Ideonella sakaiensis outside a bottle-
recycling facility which could break down the plastic by using two enzymes to hydrolyze
PET converting it into basic building blocks; terephthalic acid and ethylene glycol. Since
then, interest in developing new enzymes capable of degrading PET by protein engineering
has been increased.'>!5 Hopefully, enzyme technology could be applicable in large scale and
improving green industries especially for plastic recycling. The limiting factor with enzyme
depolymerization, is due to the fact that the activity is optimum at temperatures close to
the glass transition temperature, which is around 75° for amorphous PET. !¢ Hence, protein
engineering studies have been performed to increase thermal stability of the cutinases.”

According to these studies, the degradation of PET by an enzyme, is increased when
chain flexibility increases upon heating in amorphous regions and consequently becoming
more accessible to the enzyme catalytic site.!” Hence, the flexibility, spatial configuration

of polymer chains, and presence of solvent media would be the major factors in this re-

gard. In general, converting PET materials to terephtalic acid and ethylene glycol under



mild conditions could be achieved through further studies and needs more activities until the
degradation efficiency get increased.'® To understand the impact of the polymer structure,
mechanical and thermodynamic properties at a molecular level, the use of molecular dynam-
ics (MD) simulation could provide a deep understanding of the phenomena taking place at
the enzyme-polymer-solvent interface.

A large number of theoretical studies have been carried out on the degradation process of
PET by an enzyme, mainly via docking, ! QM /MM methods,?*?3 molecular simulations?*2?
and recently by machine-learning®® to engineer an active PET-hydrolase. Currently the
molecular mechanism of PET degradation by the enzyme is far from being resolved. One of
the process hypothesis is that the enzyme finds the end of a chain and starts the degradation
monomer by monomer on the same chain. In that case, it means the interaction between
the enzyme and the polymer is more favorable than the interaction of polymer-polymer and
polymer-solvent. For this reason, we focus here on the PET-water interaction which can be
expressed in different properties such as work of adhesion and contact angle. This study
therefore precedes any study that explicitly considers the role of the enzyme. The main
objective of our work, is to check if it is energetically favorable to pull out a chain from the
bulk into the solvent. As mentioned above, we do not take the route of considering explicitly
the enzyme even if we plan to mimic its action and to get an idea of how it might work in a
future work. In this paper, we model a slab of PET in contact with various solvents, and we
extract one of its chain from the bulk. We simulate a chain’s extraction by calculating the
potential of mean force (PMF) with an umbrella-sampling (US) methodology. We complete
this energetic characterization of extraction by investigating structural properties. This leads
us to have a deeper look at the interfacial region. The knowledge of the local properties
at the interface is an essential step toward the development of new procedures for polymer
recycling via enzyme catalysis. The structuration of the molecules at the interface is governed
by a balance between specific interactions that can be described through van der Waals,

electrostatic, and hydrogen bond energy. The objective of this study is to propose a plausible



molecular model of a PET bulk, elucidate its structural organization on a molecular level,
and explore properties of water at the surface. The present study may shed some lights
on the nature of the PET-water interfacial region in terms of interactions and structural
arrangements which may help us to better understand the enzymatic degradation of these

materials.

2 Methods

2.1 Experiments

In the present study, we report experimental results on the glass transition temperature and
the contact angle formed by a drop of water on an amorphous PET surface. The thermal
analysis was realized using a Thermogravimetric Balance (TGA/DSC) DSC 3+ from Mettler
Toledo. The sample is placed in a crucible, with an average weight of 25mg, this crucible
was installed on the thermobalance together with a reference one fully empty, in order to
proceed the experiment as a differential measurement. Under each crucible, thermocouples
allow to measure heat flux signal together with sample weight loss, indicating roughly any
thermic effect associated to weight loss. The used thermal profile was the following: first
isotherm was measured at 298.15 K for 1 min, in order to reach equilibrium in the sample.
Then the temperature of the sample was increased from 298.15K up to 623.15K with a
constant scanning rate of 20 K min™!, follow by an isotherm at 623.15K for 5 min, a cooling
down to 298.15 K with a constant scanning rate of 30 Kmin™', and finally the temperature
of the sample is increased from 298.15K up to 623.15 K with a constant scanning rate of
20 Kmin~!. The characterization of the thermal properties of the PET samples is carried
out on the second heating which makes it possible to characterize the material by freeing
itself from the thermal past of the sample. In order to get more precise thermograms, DSC
experiments were also performed on the sample. A differential scanning calorimeter DSC evo

from SETARAM was used to measure thermal flux versus temperature on similar samples.



The average mass introduced in the crucible is 10 mg. The scanning rate used was 20 K min "

and the range of temperature considered was from ambient up to 573 K. These conditions
allow to determine glass transitions and heat effect associated to the degradation of the
sample.

From an experimental point of view, if we want to calculate the work of adhesion between
a solid and a liquid, we can measure the contact angle of a droplet onto a planar surface of the
solid, if we know the surface tension of the liquid. The determination of the surface tension
vy can be acquired with different methods, using a tensiometer?” or using the pendant
drop method.?® Experimentally we can determine the surface tension of the solid ~gy, if we
know the surface tension of three different liquids as well as the components of their surface
tensions,?” then it is easy to determine 7g;, and Ysy.

Contact angles were assessed experimentally, on the amorphous PET provided by the
supplier Goodfellow. Contact angles were performed at constant and controlled temperature
using a dataphysics OCA 15 Pro goniometer equipped with a thermostatic chamber and a
Peltier element, allowing measurements for temperature ranging from 283 K up to 373 K.
The contact angle between a solvent and the polymer surface was determined using the
sessile drop method. The liquid droplets were photographed by a camera with a resolution
of 752 x 480 pixels and an optical distortion below 0.05%. The SCA20 (Dataphysics In-
struments GmbH) software was used to automate the measurements, and the contact angle
were determined from analysis of the shadow image of the drop. The detection limit of the
angle is 8°. Contact angles were determined by depositing 15 L droplets on the polymer
surface. Four droplets were placed simultaneously with enough spacing to avoid overlapping.
In order to limit the evaporation problems of the droplet during experiment, the exact same
procedure was observed for each temperature: A small quantity of the fluid to be measured
was placed in the thermostatic chamber before starting the experiments. The objective is
to reach vapor-liquid equilibrium, so that the droplets remain on the solid surface and their

volumes change slowly enough to allow good precision of measurements.



2.2 Description of the force fields

We used the PCCF+ (Polymer Consistent Force Field-enhanced) force field developed by
MedeA,3° to describe the PET. The PCFF+ force field is an improved version of the PCFF
force field which is a member of the Consistent Force Field (CFF) family.?!** This class II

force field has the following functional form:

Z/{ Z kz 7’@] +/€3(7’U )3—|—]€4(Tij—7’0)4)
Bonds

+ > (Bo+ By + Eba)

Angles
+ Y (Ba+ Enwe + Banr + Eat + Eaat + Eyns)

Dihedrals

(1)

D SNCREN

Impropers

4i 4;
+ =
Z 47 €0 Tij

Nonbonded atoms
by
Nonbonded atoms ! "ij Tij 7

where E, = K5(0—00)*+ K3(0—00)+ K4(60—0;)* is the angle term, Ey, = M (rj—r1)(rjr—12)
is a bond-bond term, and Ey, = Ny (155 —r1)(0—00)+N1(rjx—12) (6 —6p) is a bond-angle term,
0y is the equilibrium angle and r; and 75 are the equilibrium bond lengths. The terms of the
dihedral potential are, the dihedral term E; = 32> _| K, [1 — cos(n¢ — ¢,)], the middle-bond-
torsion term E,u, = (15 — 72) [A1cos(¢) + Ascos(2¢) + Azcos(3¢)], the end-bond-torsion
term By = (15 —11) [Bicos(¢) + Bacos(2¢) + Bscos(3¢)]+ (ri —rs) [Cicos(¢) + Cacos(2¢) +
Csc0s(39)], the angle-torsion term E,; = (0, — 61) [D1cos(¢) + Dacos(2¢) + Dscos(3¢)] +
(010 —02) [Ercos(¢) + Eacos(2¢) + Escos(3¢)], the angle-angle-torsion term Eqqr = M (6,55 —
61)(8,1 — 02)cos(¢), and the bond-bond-13 term Eyyz = N(r;; — 1) (1 — r3), with 6; and 6,

are equilibrium angles and ry, 7o and r3 are equilibrium bond lengths. The improper terms
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are, the improper term F; = K [w —%o| , The three x terms are an average

over three out-of-plane angles. Finally E,, = M;(0;jx — 01)(Oxji — 03) + Mi(6ij6 — 01) (01 —

62) + M;(0;5, — 62)(0k;i — 05) is an angle-angle term. The Lennard-Jones parameters between

— 3.3
2 €€j0;707

pairs of different atoms are obtained from the sixth-power combination rules €;; = — 5
i1

and 0;; = (1(of + 0?))%.

The employed water model is the TIP4P /200533 parameterized with a 12-6 form for the
Lennard-Jones potential and using the Lorentz/Berthelot mixing rules. We showed earlier
that the PCFF+ force field uses a 9-6 form for the Lennard-Jones potential. Since we are
using models with different mixing rules, we select to use the Lorentz-Berthelot mixing rules

for the cross-term between water molecules and polymers.

2.3 Calculation of the work of adhesion

The contact angle, given by Young-Dupre’s equation,3* is expressed by

cos ) — w) (2)

ihY

where 6 is the contact angle of the liquid onto the surface, and ~s1,, vsv, and v are the
solid-liquid, the solid-vapor and the liquid-vapor interfacial tensions respectively. A contact
angle less than 90° indicates that the the wetting of the surface by the liquid is favorable. If
6 is superior than 90° then the liquid try to minimize its contact with the surface by forming
a compact liquid droplet.

The thermodynamic work of adhesion between a solid and a liquid Wgy, is the work
required to separate two phases in contact, at equilibrium state and is related to surface free

energies by the Dupré equation :

Wst, = viv + Ysv — YsL- (3)

Combining eq (2) and eq (3) we can obtain a relation between the contact angle the liquid-



vapor interfacial tension and the work of adhesion:
Wsr, = v (1 + cos ). (4)

A rise in the interfacial attraction results in an increase in the work of adhesion, or in an
other term when ~gr, tends to zero. This quantity, Wsy, may be either positive or negative; if
positive the two surfaces will bond and the higher the value of Wy, the stronger the adhesion.

It is possible to calculate directly the work of adhesion using the Free Energy Perturbation
method (FEP), also referred as the dry-surface method.® If we consider a classical system
within N identical particles of mass m, coordinates r" and momenta p’¥; the Helmholtz free
energy F' is related to the partition function Qny7 in the NVT ensemble by the following

expression :

1
F= _BIHQNVT

— _%m (ﬁ//drNde exp(—BH(rN,pN))> (5)

1 1
=" (AsNN! /drN P (_W(rN»)’
1

where § = T 18 the inverse temperature and h is the Planck constant. The total Hamilto-

nian in eq (5) can be written as the sum of the kinetic and potential energies of the system.
Suppose that the potential energy U (r") is independent of the velocities, the double integral
in eq (5) can be separated in two integrals, one over the positions and one over the momenta.
This latter can be written in terms of the de Broglie thermal wavelength, A. The resulting

expression of the Helmholtz free energy is given by eq (6).

1 oW
AF =FW — O = __ ], NVIL
I6; Q(O)
NVT (6)



where HD (rV, pY) and H® (rV, p") are the total Hamiltonian of the target and reference
systems, respectively. The expression of eq (6) is the fundamental expression of the FEP 36739
methodology. The reference system labelled as (0) is defined by the interaction between the
solid and liquid phases characterized by ~s,. The target system (1) is then formed by a solid
phase and a liquid phase in equilibrium with their vapor. Both phases no longer interact
with each other and lead to two interfacial tensions vy and vgy. We can describe the

transformation with the following expression :

AF =Ax Wg, = A X <7Lv+VSV—WSL>7 (7)

where A is the surface area of the solid. Since the transformation does not involve changes
in mass and temperature, it results that the kinetic term obtained through the de Broglie
thermal wavelength cancels out. As a consequence, we replace the Hamiltonian by the po-
tential energy U (r”") and we will omit the dependence of U on the positions r'¥ for simplicity
of notation.

To improve the convergence of the calculation and to promote overlaps between consec-
utive steps, the calculation of the free energy difference AF between two states (0) and (1)
is split into NV, intermediate contiguous states or windows defined by a coupling constant

Ai. The potential energy is a function of \; as described by equation (8)

where 0 < \; < 1, Ay = 0 and Ay, = 1. Eq (5) can be rewritten in the context of the

calculation over consecutive states (i) and (i + 1)
Ny—1
AF =FO - FO = 3" AF()\)
i=1

_ _% ]\:i__; In < exp { - 6<u()‘i+1) B u(/\i))} >/\

i
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The perturbations can be performed in both directions ("double-wide sampling") with N,
windows over the entire simulation. The difference between the forward (AN = Ay — A;)
and backward (AX = \;_; — \;) simulations gives a lower-bound estimate of the error in
the calculations. The transformation from state (i) to state (i + 1) is achieved by changing
the interactions between the solid and the liquid molecules and keeping identical the solid-
solid and liquid-liquid interactions. This is done by applying the following rules to the cross

interactions between the atoms of the solid and liquid phases as :

esr(Ni) = (1 — Ni)veEsserr, (10)

where S and L represent atoms of the solid and liquid phases, respectively. The removal
of the interactions between the solid and liquid atoms can lead to instabilities when the
coupling parameter )\; approaches 0. A solution has been proposed by Beutler et al,%° it

consists of modifying the Lennard-Jones potential as :

1
ULi(rij, Ni) = (1 — X)ey; [ —

(MMM(%@)GY @(Ai)u(%w)ﬁ]’ (11)

where o was taken to 0.1. As J; is 0, the solid and liquid molecules interact through the full
strength of the Lennard-Jones potential. As ); approaches 1, the Lennard-Jones potential

is modified by a soft-core interaction a)?.

2.4 Calculation of the contact angle by molecular simulations

MD simulation method has also been used to study wetting through the use of a liquid
nanodroplet in contact with a surface.#'#® This technique is similar to the sessile drop
technique used in experiments but on a different size scale. This calculation is done by

building a droplet of the liquid of interest, and then equilibrating the system. Once the
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equilibration is achieved, the shape of the liquid onto the the surface is examined and the
contact angle is deduced. However, it is well known from MD simulation that the contact

42,46,47

angle of droplets depends largely on their size which is the order of few nanometers.

Therefore, it is necessary to consider the droplet size. The modified Young’s equation 49
that takes into account the size dependence is given by

1
cos, = cos — T (12)

v Tar
where 6, is the contact angle of the microscopic droplet, 6 is the contact angle of eq (2), 7 is
the line tension, and rg, is the radius of a contact surface between the droplet and the surface.
Hirvi and Pakkanen reported the droplet size dependence of the contact angle of water on
polymer surfaces with frozen molecular motion.** However, calculating 6,, at molecular level
is not an easy task. Different methods to fit the outline of a droplet onto a spherical shape
have been proposed. One method for calculating the contact angle is by first defining a z-axis
passing through the center of mass of the droplet, perpendicular to the surface.’® Then, the
droplet is divided into slabs parallel to the surface. For each slab, the horizontal density
profile is calculated and for each slab a drop radius is associated as a function of a chosen
density. Another method is based on the relation between the average height of the center
of mass of the water droplet and contact angle.®® In this paper, we determined the contact

angle by fitting a spherical cap on the water density by using maximum likelihood method.??

3 Computational details

All the calculations were performed with LAMMPS software.?® The Velocity-Verlet integra-
tor was used to integrate the equations of motion using a time step of 1fs. The SHAKE
algorithm was used to constrain the bonds and the angle of the water molecules. The tem-
perature and pressure for NVT and NPT simulations were controlled with a Nosé-Hoover

thermostat and barostat,’® with a damping of 1006t for the thermostat and 5005t for the
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barostat. The cutoff radius for van der Waals interactions was set to 15 A, and the coulombic
interaction were calculated using the PPPM solver with a precision of 107*. The periodic
boundary conditions were applied in the three directions. All the MD simulations were per-
formed at 300 K and 1atm. The simulation systems were generated using the PACKMOL
package.®

The PMF calculations has been performed by using the umbrella sampling (US) method,
and the COLVARS module package.?® The PMF was defined as the distance between the
hydrogen at the end of the chain and the centers-of-mass of all the other chains. In the US
method, the trajectory desired for the considered molecule is divided into windows. The
position of the molecule is restrained by a potential to sample within each window. This
gives access to the free energy profile along the reaction coordinate. If the energy is positive
then the reaction considered is not favorable. We used this method on a slab of amorphous
PET, and extracted the same chain for 10 A (which is about the size of one monomer, the
total length of the chain being about 150 A ), into different environments. We chose, water,
vacuum, dodecane and ethylene glycol. These four solvents, represent various environments
from a chemical point of view. The enzyme is made to work in aqueous media, which is why
the first solvent of choice is water, however during the degradation of the polymer more and
more ethylene glycol is produced, and it motivated us to invertigate the effect of this solvent
on the degradation process. As these two solvents are hydrophilic, we want to compare them
with a hydrophobic solvent, so we studied the case with dodecane. Finally, we performed the
same simulations in vacuum as our reference. The PMF was run in the NVT ensemble,using
100 steps, (each one equal to 0.1 A of perturbation), with 250 ps of acquisition. We only
performed these simulations on amorphous polymer, since experimentally there is no sign
of degradation onto the crystalline part of the PET. We adopted the convention that the
Gibbs free energy is zero at the beginning of the simulation. In other words it is zero at the

starting point of the equilibrated system.
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4 Results and discussion

The result section consists of three parts. First, we focus on the physical properties of the
PET alone to validate our force field and system size. Second, we extract a PET monomer
from the bulk using a potential of mean force to determine the energy needed for a biological
system to access a single chain from the bulk. In the final part, we proceed to analyse the

interfacial region by calculating structural and energetic properties.

4.1 Entanglement, density, glass transition temperature, and me-

chanics properties

16,5760 density and

We start this study with reference properties available in the literature,
the glass transition temperature (7,) which are the most common properties to look at when
studying polymers. To calculate the density and the T, of our model, eight independent
structures consisting of 12 chains of 15 monomers each were generated. Experimentally,
the density of amorphous PET at 300K is between 1.333 and 1.342 g cm 31657 with a glass
transition temperature of 342 K.% These values may vary slightly if the PET samples have
been subjected to treatments (temperature, pressure...), and generally the T, of PET varies
between 343 K and 358 K.6!

For each of the eight structures generated, we raised the temperature to 800 K for 1ns,
then cooled it down for 1ns at 550 K and equilibrated at 550 K for 2ns. Once the system
is at equilibrium at 550 K we performed a 1ns acquisition followed by 1ns of cooling down
to 540K and 1ns of equilibration and 1ns acquisition. This process is performed until we
reach a temperature of 240 K, using a 10 K step. For each temperature the density of the
system is calculated. Figure 1 shows the specific volume as a function of the temperature,
we can see an inflection in the plot which gives two regions, the T, is taken as the intercept

of the linear fits of these two regions.

However, in order to compare the simulation versus the experimental values, the re-
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lation of Williams-Landel-Ferry,%? (equation 13), which relies on the principle of time-

temperature equivalence is applied,

Gexp . _Cl (Tg, shifted — Tg, exp)

_ , 13
qsimu C'2 + Tg, shifted — Tg, exp ( )

logyo ar = logy

Were (ezp and @simy are the cooling rates of the experiment and the simulation, respectively.
In our case ge,p = 20K min~! and ¢gm. = 5Kns~'. We use the universal constants, C; and
Cy (with C; = 17.44 and Cy = 51.6 K), because it would be time-consuming to fit our own
constant.% Graphically, we obtained T,=415K. By applying equation 13, and using the
default parameters, we obtained a shifted glass transition temperature for our simulation
result of Ty simulation, shifted = 328 K. The difference between our experimental and simulated
glass transition temperatures is less than 7% and both of them are in good agreement with
other results previously published.® %% Hence, it could be concluded that our model for the
PET reproduces correctly its glass transition temperature. From this calculations, we also
obtain a density of amorphous PET at 300K of 1.316 gcm ™3, which is in good agreement
with previous results. %869

Using the eight previous systems at 300 K, we can calculate the mass of entanglement
(M,). This property describes the average molecular weight of polymer chains between two
consecutive junctions. Experimentally, for PET, this mass is between 1450 and 2250 g mol ™,
with an average at 1700 gmol ', which would be equal to a number of entanglement be-
tween 1.28 and 1.98 per chain, respectively. To calculate M, of our system we used the
primitive path analysis (PPA) method,% which has been implemented for LAMMPS output
files.%¢ After equilibration at 300 K and 2ns of acquisition we find an average entanglement
of 1.90 per chain which is consistent with experiments. Therefore, our systems are repre-
sentative of a real polymer melt, by reproducing correctly three meaningful properties of
polymers such as density, T, and M.

We turn now our attention to the reproduction of the Young modulus of PET. The
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Figure 1: Specific volume of PET with respect to the temperature. The glass transition
temperature is considered as the intersection of the two red lines. The densities of the eight
independent structures are reported here for each temperature.

Young’s modulus can be obtained experimentally by a traction test . One way to calculate
this property by MD simulation has been proposed using a method based on the fluctuation
of local density.%” Consequently, a constant NVT simulation was performed during 2ns at
300 K for each system. The predicted elastic properties by MD simulation with PCFF+
force field of PET at 300 K are given in Table 1. We can see that our results are in good
agreement with both previous results% and experiments.® ™ The Young’s modulus (E), the
bulk modulus and the Poisson’s ratio are very close to the values measured and calculated in
other works. % The value obtained for the Young’s modulus is very satisfactory, and matches
very well with experiments. This reinforces our confidence in the choice of the force field for

the extraction of a monomer from the bulk.
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Table 1: Young’s modulus (E), bulk modulus (K), and Poisson’s ratio (v) of PET
at 300 K.

Properties (GPa) E K v

Our results 3.20 &8.30 0.43
Experiment% ™  3.00 6.30 0.43
Simulation® 2.70 6.43 0.43

4.2 Extraction of a monomer from PET

In this section, we aim to model a process that helps us in the understanding of enzymatic
degradation of polymer through the calculation of a potential of mean force of a monomer
by the Umbrella Sampling (US) method. Figure 2 represents two visualizations of the final

state of the system at the end of the US calculations in water and ethylene glycol. Figure

(a) (b)

Figure 2: Molecular visualizations of the final structure after performing the chain extraction
of PET in (a) water and in (b) ethylene glycol. Polymer chains are shown in dark green,
the chain subjected to the pull-out is shown in colors, red is used for oxygen atoms, black
for carbon atom and white for hydrogen atoms. In both pictures, only the solvent molecules
within 5 A of the pulled chain are shown in blue for clarity.

2b, shows that in the case of using ethylene glycol as solvent, some of the solvent molecules
diffuse into the polymer, and therefore, weaken the polymer-polymer interaction and make
it easier to extract a chain from the bulk. This phenomena is not observed in the PET-water

system. Beside, for the PET-ethylene glycol system, a chain from the bulk "follows" the
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chain subjected to the PMF. We have to be careful here, because this event can be a rare
event only happening in this simulation with this specific configuration.

Following we develop a more quantitative analysis of these system. Figure 3 shows the
profiles of the Gibbs free energy as a function of the z-separation distance between the end of
the polymer chain (the hydrogen atom) and the center of mass of the polymer bulk (without
considering the chain in tension). In all simulations, we systematically start with the same
configuration of the polymer melt and after equilibration, we extract the same chain. In
this way we can compare the results between all the solvents. We pull-out a chain which
ends at the surface after equilibration. To summarize, at the end of our equilibration (in all
solvents), the same chain end is near the surface. We apply the US potential to the final
hydrogen of this chain relative to the center of mass of all other chains. We perform the
extraction of this chain over a length of 10 A, which represents the length of a monomer, with
a step of 0.1 A, and a simulation time of 0.25 ns for each step. This gives us a US simulation
of 25ns for each solvent considered. The management of the US is done via the COLVARS
module package®® which manages the potential that restricts the distance between the two
centers of mass. It is impossible to perform this calculation in both directions, because
once the monomer is extracted the rearrangement of the chains in the bulk does not allow
the inverse transformation. As shown in Figure 3, for all the considered solvents, water,
ethylene glycol, dodecane and vacuum, we observe a positive AG, ranging between 10 and
44kJmol™". This results clearly shows that it is not energetically favorable to extract a
polymer chain from PET. Let us first compare the profiles between water and vacuum.
The energy needed to extract a monomer into water from the bulk is about 44 kJ mol ™!,
which is the most unfavorable among all the environment tested here, whereas in the case
of vacuum it is about 23kJmol ™. This means, it is almost twice more energy demanding
to extract a monomer into water than vacuum. If we look closely at Figure 3, we can see
that even to extract half the monomer (z = SA) into water needs a significant free energy

cost about 40 kJ mol™'. The stronger free energy cost in water than in vacuum is explained
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by the disruption of hydrogen bond of water on the surface of PET in the region of the
monomer. The reorganization of the hydrogen bond network is very costly from an free
energy viewpoint. This result was expected from the uses of PET, which is mainly used for
food container and more specifically plastics bottle for drinking water. If some monomers
could partially diffuse into the water, this will lead to a natural degradation of the polymer
on the long term.

We now focus on the extraction of PET chain into dodecane as a nonpolar solvent.
The energy required to extract the monomer, is about 19 kJ mol™*, which is lower than that
needed in the void. The extraction of a PET chain into ethylene glycol is still unfavorable, but
its only requires 10 kJ mol ™" at 300 K, which means it is probably less at higher temperature.
It is also four times less than the energy needed to extract the same monomer into water.
Extracting a monomer into the ethylene glycol is more favorable than into water, the energy

for the vacuum and dodecane are in-between. It could be concluded that, as the enzymatic

40 Water ——
B Vacuum ——— |

Dodecane ———

30} | Ethylene glycol ——

AG(z) (kJ.mol™)
S

10

Figure 3: Free energy profiles of the chain as a function of the distance between the hydrogen
at the end of the chain and the center of mass of the PET, for the amorphous system. In
this figure z = 0 represents the initial position of the hydrogen atom.

degradation is taking place, the concentration of ethylene glycol increases. Therefore, it is
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easier for the enzyme to extract a chain from the bulk. To conclude this first analysis, we
can say that whatever the solvent considered in this study, it is not energetically favorable to
extract a monomer from the bulk of the polymer. Thus, it can be stated that an enzymatic
degradation will occur only if the enzyme bonds closely to the surface of PET. The catalytic
site must provide an environment more favorable for the monomer than the one provided by
the bulk.

Other questions may arise from these results : when the traction of a chain is happening,
are the chains in the close vicinity undergoing a conformational change that would modify the
state of the polymer surface and thus lead to a modification of the PET solvent interactions?
Even if Figure 2 makes a partial contribution to the answer of this question, we propose here
to investigate the modification of the surface between the initial configuration and its final
state when the monomer is extracted into water or ethylene glycol. To do this, we calculated
the intrinsic density profile in two dimensions using the Identification of Truly Interfacial
Molecules (ITIM) method.” ™ The first step of the ITIM method is to detect the set of true
interfacial atoms of the considered surface. These atoms are spotted by a program which
generates a series of probe spheres moving along the z direction along a grid of test lines.

These profiles are obtained by using the equation 14:

() = (5 200 = 5+ €l ) (1

where p(2’) is the intrinsic density profile, N is the number of atoms to be considered, A
is the surface area, z; is the z-position of the atom i, ¢ is the Dirac delta function, £ is the
instantaneous position of the surface and x; and y; are the atomic coordinates in the plane
parallel to the interface. We chose a probe of diameter 3.5 A which is the size of a water
molecule in terms of van der Waals diameter. We used a 120 x 120 grid, which allows for a
fast calculation as well as a sufficiently high resolution of 0.275 A given the box dimensions
along the = and y directions. The two-dimensional profiles for water and ethylene glycol

are shown in Figure 4. Figure 4a shows the intrinsic density of the PET surface before
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Figure 4: Intrinsic 2D density profiles calculated at two different stages of the US simulation
in water (a, b) and ethylene glycol (c, d) for the initial configuration (a, ¢) and the final one
after extracting a monomer (b, d).
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the traction of the monomer takes place, and Figure 4b shows the intrinsic density of the
PET surface when the monomer is fully extracted from the bulk into water. In each of the
presented figures, the atom subjected to traction is located at the center of the plot. The
intrinsic density in this case can be assimilated to the surface roughness. We can observe, by
comparison of the two images, that according to the color code used (the brighter the color
the higher the position of the atom), there is no disturbance at short and long distance of

the chains surrounding the chain tracted. If this monomer get extracted from the bulk, and
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be cut by the enzyme, the quantity of energy needed to extract another monomer, would
be independent of the previous degradation. For the PET-EG system, comparison of Figure
4c and Figure 4d shows that the areas of the image in Figure 4d appear in yellow, (which
means a higher positions along z), were more numerous after extraction. This confirms the
visual observation made in Figure 2b. In addition to the chain accompanying the towed
chain, we can observe that the position of the chains located at the edge of the box has
also been changed along the z axis. This shows that the presence of ethylene glycol has
a disruptive effect onto the polymer surface and increasing its concentration will probably
promotes enzymatic degradation.

By using ITIM method, 7 we calculate the density intrinsic profiles between the solvent
(water, ethylene glycol, dodecane) and the PET surface. The density profiles calculated
and presented in Figure 5 consider the surface roughness. Figure Ha, which represents the
density profile of PET-water, shows that there is no penetration of water molecules inside
the polymer, and the first 5 A layer of water molecules in contact with the PET is structured.
If we now compare Figure 5a and Figure 5b, it can be observed that, as for water, ethylene
glycol is structured by the presence of the surface over a distance of 8 A. However, unlike
water, there is a clear penetration of the ethylene glycol molecules into the PET surface,
creating a zone where a partial mixing between the polymer and the solvent occurs. This
confirms, the previous results, (PMF and 2D density profile), that ethylene glycol induces
a disruption and a local rearrangement of the polymer chains on the surface, during the
chain extraction. In this case, the interfacial region is composed of ethylene glycol molecules
and monomers. The same observations made for the ethylene glycol can be transferred to
the dodecane as illustrated in Figure 5c. We observe that the solvent is structured over a

distance of 8A, as well as a penetration of it into the polymer matrix.
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Figure 5: Intrinsic density profiles calculated for the adsorption of water (a) ethylene glycol
(b) and dodecane (c) onto the amorphous PET surface.

4.3 Work of adhesion of PET-water

For a better understanding of the enzymatic catalysis that will start in water, we need to
evaluate energy contributions between PET and water. The work of adhesion is a key-
property in this process since it is the result of a balance between the different interfacial
tensions occurring at the interface. Experimentally, the work of adhesion can be determined
via the contact angle. Indeed, the contact angle of a water droplet onto an amorphous
PET surface is about 83.5°.7 By considering the surface tension gy for the PET of about
45.6mJm~27 and the liquid-vapor surface tension of water vy at 71.8mJm™2, we can
estimate the work of adhesion at 79.9mJm™2 and the solid-liquid surface tension ~gy, at

37.4mJm~2 In this work, we measured the contact angle of water droplet on the PET
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plate. This angle was determined to 72.3° which gives an experimental work of adhesion of
93.6mJm~2. Even if the experimental values may be a little different, they can guide the
molecular simulations on the order of magnitude of the values to be obtained but also on
the difficulty and therefore the experimental uncertainty related to these measurements.
First, we have to determine the value of vy for the force field used for water. The surface
tension of liquid-vapor™ for the TIP4P /2005 water model has been extensively calculated :

we retain the value of vy = 72.0mJm~2 calculated by Goujon et al.™

This model gives a
surface tension value that is very close to the experimental value.™

We start by calculating the solid-liquid work of adhesion between the PET and water,
for an amorphous and crystalline form of polymers. The amorphous system consists of 12
chains of polymer of 15 monomers and 1000 water molecules. For the crystalline system,
a 10x7x9 cell has been generated from the crystalline structure of PET with 2000 water
molecules. PET is crystallised under one form, triclinic, and in all simulations we used the
(100) surface of the crystal lattice.®® The results of the solid-liquid work of adhesion with the
FEP method for both systems are presented in Figure 6. We obtained a work of adhesion
of 85.4 and 85.7mJ m~2 for the amorphous and the crystalline systems respectively. For the
amorphous system it leads to a contact angle of 79.2° which is between the experimental
values reported in this section. The crystalline system gives a contact angle of 79.0° but
the comparison with the corresponding experimental property is not possible. We can only
compare this result with that of a MD simulation of crystalline PET.%!' A contact angle of
102.0° was found, however this result has to be taken cautiously, because it was the result
of a direct measurement of the angle form by a nanodroplet made up of a small number of
water molecules (216). Additionally, in this study, the PET surface was kept fixed, the size
of the water droplet, and the effects of line tension were not considered. As we obtained
different results with the PMF of a monomer in dodecane, we also calculated the work
of adhesion of dodecane on PET. Experimentally, we observe a complete spreading of the

droplet onto the surface. This indicates that the work of adhesion is maximum in the case

24



of dodecane. Using MD simulations, we calculated a solid-liquid work of adhesion between
the PET and the dodecane. The composition of amorphous and crystalline PET were the
same, and we used 150 and 300 dodecane molecule for the amorphous and crystalline system
respectively. We obtained a work of adhesion of 85.3 and 86.1 mJm™2 for the amorphous
and the crystalline systems respectively. The experimental liquid-vapor surface tension of

~2.81 Using this result and equation 4, we obtained a

dodecane is about vy = 23.8mJm
value for cos 6 greater than 1, meaning that the solid-liquid work of adhesion PET-dodecane

is maximum. These results agree with the experimental observations.
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Figure 6: Cumulative work of adhesion in the forward and backward directions, of water
(amorphous black and crystal red) and dodecane (amorphous green and crystal blue) onto
a PET surface as a function of the coupling parameter \ for 40 windows and during 10 ns
of MD simulation. The value of the work of adhesion is read at A = 1.

4.4 Water nanodroplet interacting with PET

In order to complement the results obtained with the free energy perturbations on the
calculation of Wy, we propose here to address the direct calculation of the contact angle of

a nanodroplet onto PET polymer surfaces. We also examined the impact of the droplet size
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on the value of the contact angle at the molecular scale. In order to calculate the contact
angle between a water droplet and a PET surface via molecular simulations, we created an
amorphous slab of polymer composed of 300 chains of 15 monomers, which gives a block of
L,=1L,=172.0 A and L, = 41 A. For the crystalline system we built a 34x19x 10 supercell
of (100) PET, which is about 200 A for L, and L,, and 30 A for L, direction. To evaluate
the macroscopic contact angle using the equation 12, which describes the size dependence of
microscopic droplets, we simulated systems comprising of 500, 1200, 3000, 6000 and 18 000
water molecules for 4 ns. We saved the trajectories of the system every 1000 steps, which give
us 4000 configurations to analyse. We determined the contact angle by fitting a spherical
cap on the water density by using maximum likehihood method.?? Using the values obtained
from these independent simulations we calculated the macroscopic angle and the line tension
7 (see equation 12). Figure 7a represents the values of cos 6, as a function of 1/r4 for different
droplet sizes onto PET. Figure 7b also represents the evolution of the angle as a function

of the radius of the droplet. Figure 7a allows to calculate 6 for a macroscopic droplet and
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Figure 7: (a) Measurement of the cosine of the contact angle of water nanodroplets wetting
PET surfaces as a function of the inverse of the radius of contact r4, for amorphous and
crystal systems. The dashed line represent the fitted curves used to calculate 6,,. (b) Contact
angle as a function of r4 for the amorphous (black) and crystalline (red) PET surfaces. The
macroscopic contact angles ,, were calculated by extrapolating cos 6 to 1/r4 = 0 from Figure
Ta.

the value of 7 by applying a simple linear fit. We find a value of cos§ = 0.209 which gives
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a value for the contact angle onto an amorphous surface of 77.8° and cosf = 0.133 and a
contact angle of § = 82.3° for the crystalline phase. These values are in good agreement
with the experimental data and FEP results listed in the previous section. The linear
regression gives values for both phases a negative line tension 7 of —2.4 x 10~ Jm~! and of
—3.1x107" Jm™1, for the amorphous and crystal phase respectively. These values are in the
same range as calculated line tensions for linear polymers.4?#* We can conclude that both
methodologies consisting in calculating the contact angle by modelling an explicit droplet
and in calculating the work of adhesion match very well. These advanced methodologies
inform about the strength of the interaction between the PET polymer surface and water

molecules.

5 Conclusion

Our aim was to gain a better understanding of the energetics of the PET depolymerization.
Before investigating the enzymatic degradation of PET which will require more significant
computing resources and a multi-scale approach, it was essential to check the performance
of the force field and methodology to investigate structural and thermodynamic properties
of the PET-water interface. The use of more sophisticated methods for investigating the
extraction of a monomer from the PET surface,calculating the work of adhesion and the
contact angle allows us to characterize energetically some interfacial properties which could
be critical in the energy balance of the enzymatic degradation of PET.

From a functional point of view, the PCFF+ force field was shown to reproduce accurately
the density, the mass of entanglement, the glass transition temperature and Young’s modulus
of PET. As a matter of fact, MD simulations predicted a glass transition temperature of 328 K
which deviates by only 7% from experiments, an average entanglement of 1.9 per chain and
a density of amorphous PET of 1.316 gcm ™3 at 300 K. The simulated Young modulus of

3.0 GPa was found to match very weel with the corresponding experimental property. We
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used the potential of mean force approach and the Umbrella Sampling method to study the
extraction of a monomer from the PET to different media such as water, dodecane, ethylene
glycol and vacuum. First, it was established that the required free energy is always positive
regardless of the environment.The most unfavourable extraction is obtained in water with
a free energy cost of about 44kJmol™'. This high cost compared to vacuum is explained
by the reorganization of hydrogen bond network close to the PET surface around the area
where the monomer is extracted. This allows us to assert that the placement of the polymer
in the active site of the enzyme can only be done if the latter provides an environment as
favorable as the one provided by the bulk. In other terms, the chemical affinity between
the enzyme and the polymer should be, at least, the same as the polymer-polymer affinity.
Intensive calculations of potential of mean force between the enzyme and the PET could be
considered in the near future but such simulations represent an important computational
challenge because of the size of the enzyme and the degree of freedoms to be considered for
the calculation of the free energy of adsorption. In order to avoid an excessive energy cost,
it is reasonable to assume that the enzyme must be in contact with the surface for it to be
degraded. Indeed, at the beginning of the traction in water over the first two angstroms,
the required energy is of the order of 10kJmol™". From a structural point of view, if the
extraction of a bulk chain is softly done, we observed then that the surrounding polymer
chains were not impacted.

All of these results motivated us to deeply study the solid-solvent interactions, which
are described experimentally by measuring the surface tension. Therefore, we calculated
the work of adhesion of water and the macroscopic contact angle. The simulated work of

adhesion was found to be equal to 93.6 mJ m~2

and the modelling of a water nanodroplet
on PET yielded a contact angle of about 78° which compared very well with thoses deduced
from the work of adhesion and experiments. We showed that we can reproduced correctly

the energetics of the PET-water interface by using free energy methods. To finish, this study

is a first step toward understanding the processes involved in the catalytic reaction of the

28



degradation of PET by an enzyme. We are continuing this investigation, by simulating the
enzyme and its affinity with PET through a very demanding calculation of potential of mean
force. However, the work reported here provided us some fundamental answers regarding

the complex subject of enzymatic degradation and the interaction between PET and water.
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