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simulations in conjunction with the Metadynamics method to reconstruct the free energy barrier for
desorption of small molecules from a polymer surface. We use this technique to find the binding affinity
of five small binder molecules (C8, C9, C10, Eugenol and p-limonene) to a polymeric film in water solvent
thatis primarily due to the van der Waals, hydrogen bonding and electrostatic interactions. It is found that
the small molecule binding is a spontaneous process, the binding affinity is affected by their molecular
structure and polarity, the aldehydes (C8, C9, C10) have much higher affinity than the Eugenol and the
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Adsorption D-limonene, the binding affinity increases with a rise in temperature, and the aldehydes show higher
Molecular simulation temperature sensitivity than the Eugenol and the p-limonene. These findings suggest the possibility
Metadynamics of using the binding affinity, especially the binding free energy, to guide the design and selection of

polymeric barrier materials.
© 2017 Elsevier B.V. All rights reserved.

1. Introduction catalysis to separation technologies, and from membrane designs
) ) ) ) to product packaging and storage. Of particular interest are poly-
The interaction between small molecules and polymeric matri- meric materials that serve as barriers to contamination and thus

ces has been investigated in various research fields ranging from  protect products in food industries. Due to interactions between
small molecules in food and the polymeric films, the loss of con-

centration balances in food may occur that is usually perceived
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imbalances involve both the process of adsorption and diffusion [1],
i.e., the adsorption of small molecules onto the polymer surface fol-
lowed by their dissolution and diffusion into the polymer interior
under the driving force of concentration gradient. Though the tech-
nological significance of the small molecule-polymer interaction
has driven a large number of experimental [2-4]| and theoreti-
cal studies [5-7] during the last decades, only a few studies have
focused on understanding fundamentals of the adsorption process
that is useful not only in polymeric barrier material design and
selection but also in quantitative identification of important factors
that govern the small molecule adsorption.

The small molecules adsorption depends upon the rela-
tive attraction forces or mutual binding affinities between the
molecules and the polymeric films. These binding affinities are gov-
erned by thermodynamics of the interaction system and can be
characterized by the solubility parameter (8, ]2 m—3/2) on the basis
of Hildebrand'’s theory. Experimental methods (e.g., the gravimet-
ric technique [8,9], inverse gas chromatography (IGC) [10,11] and
Fourier transform infrared (FT-IR) spectroscopy [4,12]), and theo-
retical analyses (e.g., group contribution methods [5-7]) have been
used to estimate the solubility parameter and the small molecule-
polymer binding affinity. These experimental methods are mainly
based on the sorption kinetic determination under either static or
dynamic conditions and are often used to compare the barrier prop-
erty of different polymer films to several small molecules. However,
they are expensive, time consuming and labor intensive. Depend-
ing upon the experimental method used, large variations in the
measured solubility are found in the literature [3]. The theoretical
methods determine the solubility through the analysis of structural
fragments within the molecule [5-7], and are typically applicable
for systems with simple molecular structures and dominant van
der Waals forces. They usually cannot deal with complex molecules
with unknown structures or those containing hydrogen and long-
range interactions. Therefore, one needs alternative methods to
evaluate the affinity and miscibility of small molecules in polymeric
matrix for understanding their interactions and the phenomenon
of concentration imbalances.

Molecular dynamics (MD) simulations have been shown to be a
powerful method to describe interactions among materials as they
can provide structural and dynamics details that are difficult to
assess in experiments. With an appropriate interaction potential,
MD simulations can predict many thermodynamics and transport
properties of small molecules in a polymeric film such as the sol-
ubility parameter [13-15], the partition coefficient [16,17] and the
diffusion coefficient [18-20]. In MD simulations, the prediction of
binding affinity between two components is characterized through
the solubility parameter é. The role of § can be understood from the
concept of cohesive energy density Ecgp, the enthalpy change of
mixing AHp, and the corresponding Gibbs free energy of mixing
AGp, which are defined as [21,22]
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Here V;; is component’s molar volume, AE, the molar energy of
vaporization, AH, the molar enthalpy of vaporization, R the uni-
versal gas constant, T the absolute temperature, V the volume of
the mixture of two components, AS, the entropy of mixing, and
¢1, ¢, are volume fractions of components 1 and 2, respectively.
For binding or mixing to occur (i.e., AGp, <0), it is necessary that
the solubility parameters of the two components should be close
to each other, since TASy, is usually positive. Though the binding
affinity using § can be characterized for small molecule-polymer

systems, it has two main drawbacks. First, the determination of §
for small molecules and a polymeric film requires calculation of the
non-bonded cohesive energy in their gas phases (Eq.(1)). Foracom-
plex polymeric film with long chains and cross-linked structures,
this calculation is problematic as conformations of the polymer in
the gas phase are quite different from those in the condensed state.
Second, this method cannot deal with the more realistic conditions
when small molecule-polymer binding occurs in an aqueous solu-
tion. The presence of water makes it difficult to determine the exact
cohesive energy between small molecules and the polymer.

Here we present an alternative method to overcome the draw-
backs of the solubility parameter-based method for determining
the binding affinity of small molecules in a polymeric film. The
method is based on calculation of the adsorption free energy (Eq.
(3)) that is determined from the reversible thermodynamics work
by detaching adsorbed small molecules from the polymer sur-
face. The difficulty with this technique is the large number of
degrees of freedom of the binary system and their corresponding
high energy barriers between different conformations. Enhanced
sampling methods [23-26] must be used to speed up and sample
all conformational configurations that are unreachable using the
standard MD simulations. In this work, the Metadynamics method
[24] that uses a biased potential to drive a simulation towards
certain reaction coordinates is used to enhance conformational
sampling. The developed simulation method is a useful tool to
obtain a clear picture of the molecular level mechanisms of a small
molecule’s adsorption in the solution and on a polymer surface.

The objective of this work is to use the free energy-based binding
affinity assessment method to ascertain the binding affinity of small
molecules to a polymeric film that plays a critical role in the pro-
cess of concentration loss. A commercially available polymeric film
that consists of four different constituents is simulated and tested
with five small molecules (C8, C9, C10, Eugenol and p-limonene) to
assess their mutual binding affinities in an aqueous solution. The
presence of four compositions to form a complex microstructure
in this polymeric film makes it very difficult to apply the solubility
parameter-based method for the binding affinity analysis.

The outline of this paper is as follows. In Section 2, a brief review
of the material models and the simulation method is given. In
Section 3, the detailed simulation results by using the developed
method are presented, including the binder molecule conforma-
tions on the polymer surface; the binding affinity analysis and the
temperature effect. The main results are summarized in Section 4.

2. Materials and methods
2.1. Binder molecules and polymer film

The five small molecules studied in this work are Eugenol, p-
limonene and the three aldehydes - C8, C9 and C10. They are
frequently used in the food industry to obtain products with
different tastes. Their bindings with the lining polymeric films
often occur during food products storage. These five molecules are
selected based on differences in their molecular structures, func-
tional groups and polarities (see Table 1) to test the capability of the
developed binding affinity assessment method. As shown in Fig. 1,
the three aldehydes have a straight chain structure with the —CH=0
group at one end of the chain, and only differ in the chain length.
Unlike the aldehydes, both Eugenol and p-limonene have a ring
structure. They have different hydrophobicity which is reflected in
the log Pvalues listed in Table 1 with a higher value of log Pimplying
increased hydrophobicity.

The model polymer film used in the simulations is prepared by
mixing prescribed proportions of the following four components:
methyl acrylate, poly(ethylene-co-acrylic acid) (EAA), hydrogen
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Table 1

Physicochemical characteristics of the five binder molecules studied.
Flavor compounds (formula) MW? (g/mol) Melting point (°C) Density” (gcm—3) Solubility in water at 25°C® (mg/L) log P4
Octanal (CgH160) 128.21 -23 0.821 560 2.78
Nonanal (CoH;150) 142.24 -19.3 0.826 96 3.27
Decanal (C19H200) 156.27 -39 0.830 15.6 3.76
Eugenol (C12H1202) 164.20 -9.2 1.065 2463 249
D-Limonene (CioHig) 136.23 —-74.3 0.841 13.8 4.57

Obtained from PubChem (https://pubchem.ncbi.nlm.nih.gov).
a Molecular weight.
b Values at 20°C.
¢ Obtained from Handbook of Aqueous Solubility Data (2nd edition).
4 Values of log Ky, partition coefficient between n-octanol and water.
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Fig.1. Molecular structures of (a) C8; (b) C9; (¢)C10; (d) Eugenol and (e) p-limonene.

peroxide (H,0,) and poly(ethyleneimine). These four components
are randomly connected to each other through a complex poly-
merization process to form a highly crosslinked and amorphous
network structure. Thus it is very difficult to evaluate the binding
affinity through the solubility parameters. Based on the analy-
sis of possible reactions occurring in the mixture, it is assumed
that the final heterogeneous polymer film is mainly made of
poly(methyl acrylate) (PMA), the EAA, and the linear and the
branched poly(ethyleneimine) (LPEI and BPEI) polymers. Their
chemical structures are illustrated in Fig. 2.

2.2. Atomistic models

Due to the complex polymerization process of preparing the
film it is very challenging to construct an atomistic model that
accurately describes the film system. However, it is noted that the
adsorption of small molecules occurs mainly at the film surface,
a process that is not significantly affected by the film’s interior
structure. Thus, the simulated film is prepared by directly mixing
the four polymers without modeling crosslinking. By investigat-
ing these binder-film interactions, deep insights into the binding
of the small molecules with the polymer film can still be gained.
Note that the cross-linking algorithms to construct atomistic mod-
els with complex network structures are available in the literature
if the curing reaction mechanisms are known [27,28].

The atomistic model for the binding affinity analysis consists
of a slab of the polymer film and a water box containing a single
binder molecule. In Fig. 3 is shown the assembled atomistic model
of the binder-film system. The polymer film is prepared by ran-
domly mixing 12 PMA chains with 20 repeating units (n=20), 17
EAA chains with 3 repeating monomers (n=3) of 14 mers ethylene
(x=14)and 1 mer acrylic(y=1), 1 LPEI chain with 10 repeating units
and 1 BPEI chain with only 1 repeating unit (n=1). Curing reactions
among these polymers are not considered. The lengths of these

(d)
@[ o _ocH, (e
N\/\N/\/N\/\N/\/N NH;
HZN/\/N\/\NHZ .

polymer chains are chosen to reflect their proportion in the film.
The preparation of the polymer film involves the process of densifi-
cation. Here we added two impenetrable walls on either side of the
box in the z-direction of the mixed polymer system to compress
the film to its experimental density value of 1.01 gcm~3 at 300K.
Keeping the two walls fixed, the compressed film was annealed to
release internal stresses and relax the system to surface-like chains.
Subsequently the upper wall was removed and the film surface
was further relaxed to minimize the surface energy for the bind-
ing affinity analysis (Fig. 3a). The prepared polymer film measured
5.2nm x 4.2nm x 3.5nm and had 9572 atoms with a mass den-
sity of 0.968 gcm~3 in its central part at 300 K. This mass density
is slightly below the experimental value, which is not surprising
since the crosslinking reactions that have a volume shrinkage effect
are not considered in the film preparation. Even though the bottom
wall was kept fixed during the relaxation of the film, it will not affect
the subsequent binding free energy calculation since the thickness
of the film prevented it from interacting with the small molecules.

The periodic water box was prepared by using the surface
dimensions of the polymer film; 4240 water molecules were
packed in the 5.2 nm x 4.2 nm x 4.35 nm box to achieve the mass
density of 0.99 g cm~3. The single binder molecule (Fig. 1) was then
inserted near the center of the interface between the water box and
the polymer film slab to facilitate its adsorption. An impenetrable
wall was added to the top of the water box to prevent evaporation
of water molecules in subsequent simulations and was placed 20 A
from the top of the water layer, which is larger than the cut-off
distance for interaction between atoms in the MD simulation. Peri-
odic boundary conditions were applied in all three directions of the
assembled atomistic model. The surface dimensions of the poly-
mer film substrate are large enough to prevent the single binder
molecule (Fig. 3c) from interacting with its images.

2.3. Metadynamics method

The Metadynamics method developed by Laio and Parrinello
[24] is employed to calculate the adsorption free energy of binder
molecules and evaluate the binding sensitivity of the polymeric
film. This technique calculates the free energy profile (FEP) of cer-
tain chemical or physical processes along the reaction coordinates
of interest. Itinvolves adding a series of Gaussian potentials to over-
come significant energy barriers between different states and drive
the system along the reaction coordinates. By tracking and sum-
ming the added Gaussian potentials, the FEP is reconstructed and
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Fig. 2. Chemical structures of (a) PMA; (b) EAA; (c) LPEI and (d) BPEL
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(a

Fig. 3. Atomistic models of (a) the polymer film substrate; (b) the water box containing a single binder molecule (shown in blue color); and (c) the assembly of the polymer
film and the water box before carrying out the simulation (lateral view). (For interpretation of the references to color in this figure legend, the reader is referred to the web

version of the article.)

the corresponding free energy barriers to move the system from
one state to the other state are estimated. The reaction coordinates
that describe the chemical or physical processes are often referred
to as collective variables or CVs. Let s(x)=(s1(x), ..., Sq(x)) be the
d collective variables and x be system’s degrees of freedom with a
restricted number n (n <3N; N is the total number of atoms). The
Gaussian potential deposited into the system at time t is defined as

d . _ e 112
Wwmo Y e (-3 BOSGOR)
t'=1g,21g, ... i i
<t

where w is the Gaussian height, o; the Gaussian width of the i-th CV,
and 7 the frequency at which the Gaussian potential is deposited.
With this additional potential, the biased forces applied on atoms
or molecules to facilitate the system in moving along the CVs can
be written as

8Vs t) _ZBVS t) 0s;(x) 5)

0s; ox

Each time the Gaussian potential is deposited into the system,
the corresponding CVs are varied under the effect of the biased
forces. After the deposition of a certain number of Gaussian poten-
tials, the potentials associated with different values of CVs can be
identified. The free energy versus CVs (or FEP) at that time can
be reconstructed through the summation of the identified poten-
tials. The FEP eventually converges with increase in time as more
potentials are deposited and identified.

Both the Gaussian potential parameters and the CVs signifi-
cantly influence the accuracy and the efficiency of the free energy
reconstruction in Metadynamics simulations [29]. To investigate
their influences, two kinds of CVs are used and compared in the
current binder-polymer interaction simulations (Fig. 3¢): the first
CV(CV1)is taken as the distance between the centers of mass (CM)
of the binder molecule and of the polymeric film, while the sec-
ond CV (CV2) is chosen as the distance of the binder molecule CM
from the polymer surface. For CV1, the Gaussian potentials with
height 0.05 k] mol~! and width 0.35 A are deposited every 0.1 ps to
reconstruct the FEP of the binder-polymer system from the initial
attached state to a detached state. While for CV2, the finer Gauss-
ian potentials with height 0.01 k] mol~! and width 0.035 A are used
to reconstruct the FEP. They are also deposited every 0.1 ps in the

system. With these finer Gaussian parameters, more details of the
FEP can be explored.

2.4. Simulation details

The OPLS-aa force field [30] is used to describe all the inter-
and intra-molecule interactions in the binder-polymer system. By
employing this nonreactive force field, it is understood that the par-
tial charges of all atoms in the system do not change throughout
the simulation, and the binder-polymer binding process is domi-
nated by the weak bonds rather than by the covalent interactions.
The water molecules in the system are described by the TIP3P model
with a cutoff distance of 10 A[31]. The SHAKE algorithm [32] is used
to fix the bond lengths and angles of TIP3P water molecules dur-
ing the simulations. The van der Waals (vdW) and the short-range
Coulombic interactions are truncated at a cutoff distance of 104,
while the long-range Coulombic interaction is calculated with the
PPPM solver [33]. The assembled binder-polymer system (Fig. 3¢)
is first equilibrated in NVT ensemble at 300 K for 1.0 ns with a time
step of 1fs to achieve the local lowest energy configuration. After
that, Metadynamics simulations are performed for 2.0 ns by using
the adjusted Gaussian parameters and the chosen CVs. All Gaussian
potentials deposited during the 2.0 ns of simulation are collected
and used to reconstruct the FEP. All simulations are carried out
using the MD package LAMMPS [34] with the PLUMED [29] plug-in
for the Metadynamics analysis.

3. Results and discussion

In Metadynamics simulations, the FEP of the binder-polymer
system from an absorbed state to a desorbed state is reconstructed
to determine the binding affinity. The conformations of binder
molecules at the polymer surface that define the absorbed state
are thus of great importance. In Fig. 4 we have shown the equili-
brated conformations of the five small binder molecules studied
in this work after 1.0ns of standard MD simulation under the
NVT ensemble. The binder molecules initially are inserted in water
solvent near the center of the polymer surface to facilitate the
absorption process (see Fig. 3c¢). Under effects of van der Waals and
Coulombic interactions, all five binder molecules are observed to
be well attached to the polymer surface and no water molecules
can be seen in the gap between the binder molecules and the
polymer film. The aldehyde molecules (C8, C9 and C10) show an
extensive structure and align parallel with the polymer surface
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e PMA

o EAA

® PEI

Fig. 4. Equilibrated conformations of binder molecules at the polymer surface before the Metadynamics simulations: (a) C8, (b) C9, (c) C10, (d) Eugenol, and (e) p-limonene.
(a)-(c) and (e) are views from the top while (d) is a view from the lateral side of Fig. 3¢ atomistic configuration. The binder molecules are described by the dark blue atoms
while the substrate polymer film is depicted by the transparent ochre, light blue and green chains that stand for the PMA, the EAA and the two PEI polymers, respectively.
The water molecules are omitted for clarity. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of the article.)

as all their functional groups are involved in the binding process
(Fig. 4a-c). The p-limonene molecule shows a similar phenomenon
as its ring-structure plane also aligns parallel with the polymer
surface (Fig. 4e) forming a flat binding mode. On the contrary,
the Eugenol molecule tends to align perpendicular to the polymer
surface (Fig. 4d). Further analysis of the binding groups reveals
that the hydroxyl group that interacts strongly with the water
molecules keeps the Eugenol molecule from lying down on the
polymer surface. This strong interaction between the Eugenol and
water molecules is also reflected in its solubility and log P values in
water. As can be seen from values listed in Table 1, the Eugenol is
most soluble in water and least hydrophobic among the five small
molecules studied.

We also investigate the time evolution of the CM displacement
and the radius of gyration (Rg) for the binder compounds during
the equilibrium process to check the stability of the equilibrated
conformations, as illustrated in Fig. 5. Here Ry is defined as:

N 1/2

Re = 0 | S0~ rent0))? (6)

i=1

where N is the number of atoms in the binder molecule; r;(t) and
rem(t) are, respectively, the position vectors of each atom in the
binder molecule and the CM for the whole molecule at time t.
The last 0.5 ns equilibrium simulation is used for analyzing these
since the binder molecules have already been adsorbed on the poly-
mer surface. Thus, the CM displacements of the binder molecules
are measured relative to the original coordinates at t=0.5ns. As
shown in Fig. 5a, though there is a sudden movement of the C8
and the p-limonene molecules between t=0.6ns and t=0.65ns,
all five binder molecules reach their stable conformations on the
polymeric film surface before the start of the Metadynamics simu-
lations. These stable conformations of binder molecules can also be
seen in the time history of Rg (Fig. 5b). Generally, an increase of Rg

represents the unfolding of molecules to an extended structure,
while a decrease of R; means the molecules coil and collapse to
a compact structure. This is particularly true for those molecules
with long chain structure. As seen in Fig. 5b, though the variation
of R, for aldehyde molecules is greater than those of the Eugenol
and the p-limonene molecules with ring structure, the relatively
small variation values suggest that all five binder molecules reach
the stable adsorption states on the polymer surface.

In Fig. 6 we have plotted the evolution of the CM distances
between the binder molecules and the polymer film during the
equilibrium process. It is clear that the CM distances for all five
binder molecules are relatively stable beyond the simulation time
of 0.65 ns, which confirms again stable adsorption states have been
obtained. These CM distances are slightly different for each binder
molecule with the averaged values of 20.21A, 18.62A, 20.70 A,
18.21 A and 18.74 A for the C8, the C9, the C10, the Eugenol and the
D-limonene, respectively. This CM distance quantifies the binding
distance of binders on the rough surface of the polymeric film (see
Fig. 4d) and thus is chosen to be the CV1 in subsequent Metady-
namics simulations. To study the influences of the chosen CVs on
the FEP reconstruction, we also take the CM distance of the binder
molecules from the polymer surface as CV2 in the simulations. Due
to the roughness of the polymer surface, the CV2 is defined based on
the absolute positions of the CM distance of the binder molecules,
rather than as the relative distance between the binder and the
polymer surface. Over the course of Metadynamics simulations,
both CVs span at least a distance of 35 A for all binder—polymer sys-
tems explored, which can well distinguish between the adsorbed
and the desorbed states of binder molecules.

The typical Metadynamics simulation described in Section 2 is
illustrated by using the C9-polymer system at T=300K as a repre-
sentative example. During the simulation, the desorbing behaviors
of the C9 molecule from the polymer surface as a result of the
Gaussian potentials deposition on CV1 are displayed in Fig. 7. The
corresponding FEPs along the CV1 are reconstructed at different
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Fig. 5. Time histories of (a) the center-of-mass displacements, and (b) the radius of gyration of binder molecules on the polymer film during the equilibrium process at
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Fig. 6. Time histories of the center-of-mass distances between the binder molecules
and the polymeric film during the equilibrium process at T=300K.

simulation times and plotted in Fig. 8a. From the reconstructed
FEPs, it can be seen that the well depth of the free energy increases
with an increase in the simulation time as more Gaussian poten-
tials are deposited. The bottom black curve shows the convergence
of the FEPs after t>0.8 ns, which describes the physical energy
landscapes of the adsorption as a function of the CM distance
between the C9 molecule and the polymeric film substrate. The

convergence of the FEPs also implies that the C9 molecule detaches
at t=0.6-0.8 ns, which can be more clearly seen from the snap-
shots displayed in Fig. 7b—d. The strongest binding occurs when
the distance between the CM of the C9 molecule and the poly-
mer film equals 1.60 nm, which leads to the minimum free energy
with a well depth of —322.82 k] mol~!. This negative value of the
well depth suggests that the adsorption of the C9 molecule onto
the polymer surface is spontaneous and thermodynamically favor-
able. From the corresponding microstructure shown in Fig. 7a, it is
observed that the oxygen atom in the C9 molecule closely interacts
with the acrylic acid group of the EAA component in the polymeric
film, which results in the large well depth in the FEPs. Subsequently,
there are several intermediate stages (Fig. 7b-d) before the C9
molecule is fully desorbed. From Fig. 7b and c, it can be seen that
the C9 molecule starts to desorb after a certain amount of Gauss-
ian energy has been added to the system. However, the interfacial
adhesion remains at a high level due to the interactions between
the functional groups as mentioned above. From Fig. 7b to d, it can
be seen that the C9 molecule continuously moves away from the
polymer film substrate as more Gaussian potentials are deposited.
Eventually, the C9 molecule is fully desorbed from the substrate,
implying the disappearance of the van der Waals and the Coulomb
interactions between these two materials and the completion of the
detachment. Furthermore, the sequential detachment processes
also demonstrate that the C9 molecule is biased to escape from
the local free energy minimum in a non-collective manner and the
sampling time is long enough to allow the actual FEP to be filled
up by the chosen Gaussian potentials. Due to the constant Gaussian
deposition rate, the system then eventually explores the entire CV1
domain with equal probability before the detachment is completed.

Fig. 7. Snapshots of C9-polymer system in five states with different CV1 distances during the Metadynamics simulation at T=300K and (a) t=0ns, (b) t=0.7ns, (c) t=0.8 ns,
(d)t=1.0ns, and (e) t=2.0ns. Red and gray atoms represent the water molecules, dark blue atoms the C9 molecule, and atoms of other colors the polymeric film substrate.
(For interpretation of the references to color in this figure legend, the reader is referred to the web version of the article.)
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Fig. 8. Reconstructed free energy profiles of C9-polymer system at given Metadynamics simulation times after the deposition of the Gaussian potentials on (a) CV1 and (b)
CV2 at T=300K. Letters a, d and e denote the corresponding three states of the C9-polymer system depicted in Fig. 7.

Table 2

Binding free energies between the small molecules and the polymer film (k] mol-1).
Temperature  C8 c9 C10 Eugenol D-Limonene
300K (CV1) -343.17  -322.82 -360.91 -181.77  -130.62
300K (CV2) -109.12  -109.82 -13439 -75.74 -81.09
277K (CV1) -172.27  -20458 27887 —-165.77 -108.40
277K (CV2) -82.36 -79.16 -76.92 -70.23 —~74.86

These observations imply that our selection of Gaussian parameters
for the Metadynamics sampling is reasonable.

To further understand the influence of the Gaussian poten-
tial parameters and the CVs on the accuracy and efficiency of the
binding free energy calculation, the finer Gaussian potentials with
height 0.01 k] mol~! and width 0.035 A and CV2 are also used in the
Metadynamics simulations to reconstruct the FEPs. The results are
plotted in Fig. 8b for the C9-polymer system. The reconstructed
FEPs in the CV2 simulations are more structured than those in
the CV1 simulations. The finer Gaussians allow a more detailed
exploration of the entire CV2 domain, but with the compromise
of the computational efficiency. As shown in Fig. 8, it takes 200 ns
simulation time for the CV2 simulation to converge and reach the
minimum free energy, while the CV1 simulation only takes 1.2 ns.
The converged minimum free energy for the CV2 simulation is
about —109.82 k] mol~!, which is only one-third of that in the CV1
simulation. This is expected since a portion of the deposited Gauss-
ian energies is also used to bias the degrees of freedom of the
polymer film in the CV1 simulations (see Eq. (5)). Therefore, more
Gaussian energies are needed to detach the C9 molecules from the
polymer surface in the CV1 simulations and the reconstructed FEPs
are correspondingly deeper than those in the CV2 simulations. Thus
all Gaussian potentials are used to bias the C9 molecule in the CV2
simulations, and the C9-polymer binding free energy can be more
properly calculated from the well depth of the corresponding FEPs.

The Metadynamics simulations of the C8, the C10, the Eugenol
and the p-limonene molecules on the polymeric film show a similar
desorption process as that observed for the C9 case: starting from
adsorption, going through intermediate states and finally achiev-
ing the desorption. In Fig. 9 we have displayed the reconstructed
FEPs along the CV1 and the CV2 for these four binder compounds;
the calculated binding free energies are summarized in Table 2. The
FEPs of the C8 and the C10 molecules are quite similar to those of the
C9 molecule for both the CV1 and the CV2 since the three molecules
share a very similar structure with the only difference being in the
carbon chain length. In the CV1 simulations, the minimum free
energies of the C8- and the C10-polymer systems appear at the
CV distances of 20.8 A and 20.5 A, respectively, which are related to
their stable CM distances after the equilibrium process (Fig. 6). The

corresponding free energy barriers between the adsorbed and the
desorbed states are —343.17 kjmol~! and —360.91 k] mol~!, which
are close to that for the C9 case (Fig. 8a). In the CV2 simulations,
it can be seen that the minimum free energy appears right at the
(8- and the C10-polymer interfaces, with a CV distance of ~5A
due to the roughness of the polymer surface. The calculated bind-
ing free energies, —109.12kJmol~! and —134.39k] mol-! are also
close to that for the C9 case (Fig. 8b). The FEPs of the Eugenol and
the p-limonene molecules are different from those of the aldehyde
molecules (Fig. 9e and h). The lowest well depth regions of the free
energy wells in these two cases are wider than that for the alde-
hyde molecules, and span a CV distance of larger than 5 A. These
wider FEPs might be related to the ring structure of the Eugenol and
the p-limonene molecules, which allows them to possess a larger
number of conformation states at the polymer surface than that of
the aldehyde molecules with chain structures. The FEP well depths
for the Eugenol and the p-limonene molecules are much smaller
than that for the aldehyde cases. In the CV1 simulations, the cor-
responding largest free energy barriers are —181.77 kj mol~! and
—130.62 k] mol~1, respectively, for the Eugenol and the p-limonene
molecules, while their respective values are —75.74k] mol~! and
—81.09 k] mol~! in the CV2 simulations. Since a higher negative free
energy barrier means that the adsorption is more likely to occur,
it can thus be inferred from both the CV1 and the CV2 simulations
that the studied polymer film has a higher affinity for the aldehydes
than that for the Eugenol and the p-limonene.

Another advantage of the Metadynamics analysis is that sim-
ulations can be readily performed at various temperatures. It can
potentially overcome limitations of the experimental methods that
are typically restricted to the room temperature. The Metadynam-
ics simulations of the five binder-polymer systems were performed
at 277K to study the temperature effect. In Table 2, we have
summarized the binding free energies calculated from the recon-
structed FEPs along both the CV1 and the CV2 for the five binder
molecules. It can be seen that the binding free energy decreases
with the decrease of temperature for both the CV1 and the CV2
simulations, indicating the reduced binding affinity between the
binder molecules and the polymer film. However, the tempera-
ture effect is not the same among the five binders. The aldehyde
molecules are more sensitive to the temperature change than both
the Eugenol and the p-limonene molecules. This reduction of bind-
ing free energy at lower temperature can be understood from the
definition of the Gibbs free energy (see Eq. (3)). The entropy term
(TAS) to drain water molecules away from the polymer surface
generally decreases with the decrease of temperature. Thus the
adsorption process also becomes less favorable as the temperature
decreases.



Free energy (kJ/mol)

P
(@]

~—

o

Free energy (kJ/mol)
8
o

Free energy (kJ/mol)

E. Lin et al. / Colloids and Surfaces A: Physicochem. Eng. Aspects 522 (2017) 152-160 159

rd
-50 w—t=0.1nS
’ ==t=0.2ns
-100 o~=? | —tc0.ns
t=0.6ns
-150 —t=0.8nS
t=1.0ns
200 w—t=1.20S
== {=1.4ns
-250 Octanal(C8)
Ccv1
-300
-350
0 1 2 3 4 5 6

Center-of-mass distance (nm)

3 ¢
&
S &

o
o
<)

-250 Decanal(C10)
Ccv1 == t=1.4ns
-300 == t=1.6ns
.350 == {=1.8ns
-400
0 1 2 3 4 5 6

Center-of-mass distance (nm)

0
(e)
-50
w—t=0.1nS
==t=0.2ns
=——t=0.4ns
-100 t=0.6ns
==1=0.8ns
t=1.0ns
-150 —t=1.2NnS
——t=14
Eugenol e
cv1
-200
0 1 2 3 4 5 6 7 8

Center-of-mass distance (nm)

(2)°
o

-25 =—1t=0.1ns
= ===1=0.2ns
g . w——1=0.3ns
i B t=0.4ns
T = 1=0.5ns
o -75 t=0.6ns
2 =—t=0.7nS
)
?_'g -100
w

125 D-Ilg\%\ene

-150

0 1 2 3 4 5 6

Center-of-mass distance (nm)

(b)° e
-20 - ! w— t=10ns
% == t=20ns
£ . —(=40NS
S 40 t=60ns
": §/ e t=80nS
> -60 (4 t=100ns
Q " —t=120ns
o I - - = t=130ns
2 ! Octanal(cg) [=_t=200ns
I cv2
-100 A\
(Y]
-120

-0.5 0 0.5 1 1.5 2 25 3 3.5
C8 CM distance from polymer surface (nm)

(d)°
—t=10ns
-20 ——t=20ns
- ——t=40ns
g -0 t=60ns
B ——t=80ns
E) t=100ns
> —t=120nS
2 g ] == t=160ns
) 1 == =190ns
8 100 \ == t=200ns
w 1 i /’
458 1 o Decanal(C10)
\ 4 Cv2
v/
-140

-1 -0.5 0 0.5 1 1.5 2 25 3
C10 CM distance from polymer surface (nm)

H°
=—t=10ns
-10 = {=30ns
_.-20 —t=60nS
2 t=90ns
£ 30 —t=120ns
e t=150ns
=10 —t=180ns
s == {=210ns
g -50
[}
g -60
“ 70
Eugenol
. cv2
-90

1 05 0 05 1 15 2 25 3
Eugenol CM distance from polymer surface (nm)

(h)° 7
10 1 |=—t=10ns
'I ===1=30ns
_-20 = t=60ns
° t=90ns
£ -30 w—=120NS
g t=150ns
5740 —t=180ns
o == t=210ns
@ -50
<
g -60
w S
-70 D-Limonene
Cv2
-80
-90

-1 -0.5 0 0.5 1 1.5 2 25 3
D-Limonene CM distance from polymer surface (nm)

Fig. 9. Reconstructed free energy profiles under CV1 (left column) and CV2 (right column) of (a) and (b) C8-polymer system; (c) and (d) C10-polymer system; (e) and (f)
Eugenol-polymer system, and (g) and (h) p-limonene-polymer system at different Metadynamics simulation times and T=300K; CM stands for the center of mass.

4. Conclusions

By using the standard molecular dynamics and the Metadynam-
ics methods with two kinds of collective variables (CVs), we have
studied the adsorption of the five molecules, C8, C9, C10, Eugenol

and p-limonene, onto a model polymeric film and have successfully
computed the corresponding binding free energies. Even though
the choice of CVs affects the accuracy of the calculated binding free
energy for a specific binder-polymer system, it does not affect the
computed affinity of the binder molecules to the polymer film. Our
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simulations also show that the adsorption of binder molecules onto
the polymer surface is a spontaneous process with a flat binding
conformation. The aldehyde and the p-limonene molecules gen-
erally align parallel to the polymer surface whereas the Eugenol
molecules tend to align perpendicular to the polymer surface due to
their interactions with water molecules. The spontaneous adsorp-
tion of the binder molecules by the polymeric film is driven by the
negative nature of the binding free energy. The binding free ener-
gies of the aldehyde molecules are found to be higher than that of
the Eugenol and the p-limonene molecule, indicating the high affin-
ity of the aldehyde molecules to the polymer film. The temperature
generally has an enhanced effect on the binder molecule adsorp-
tion since it is found that the binding free energy increases with
the increase in temperature. However, the temperature effect is
not the same for the five molecules. It affects more significantly the
adsorption of the aldehyde molecules than that of the Eugenol and
the p-limonene molecules. Even though the proposed method pro-
vides only a qualitative prediction of the small molecule absorption
by comparing the binding free energies between different binder
compounds and the film, it is potentially very useful for the selec-
tion and the design of polymeric barrier films, especially for cases
when the polymers have a complicated microstructure.
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