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1. Introduction

Crystallization and melting of polymer chains on
graphene and graphene oxidet

Arman Ghasemi,? Yangchao Liao, @2 t* Zhaofan Li, €2 ® Wenjie Xia 2 *© and

Wei Gao () 2.9

This study employs all-atomistic (AA) molecular dynamics (MD) simulations to investigate the crystalliza-
tion and melting behavior of polar and nonpolar polymer chains on monolayers of graphene and gra-
phene oxide (GO). Polyvinyl alcohol (PVA) and polyethylene (PE) are used as representative polar and non-
polar polymers, respectively. A modified order parameter is introduced to quantify the degree of two-
dimensional (2D) crystallization of polymer chains. Our results show that PVA and PE chains exhibit signifi-
cantly different crystallization behavior. PVA chains tend to form a more rounded, denser, and folded-
stemmed lamellar structure, while PE chains tend to form an elongated straight pattern. The presence of
oxidation groups on the GO substrate reduces the crystallinity of both PVA and PE chains, which is derived
from the analysis of modified order parameter. Meanwhile, the crystallization patterns of polymer chains
are influenced by the percentage, chemical components, and distribution of the oxidation groups. In
addition, our study reveals that 2D crystalized polymer chains exhibit different melting behavior depending
on their polarity. PVA chains exhibit a more molecular weight-dependent melting temperature than PE
chains, which have a lower melting temperature and are relatively insensitive to molecular weight. These
findings highlight the critical role of substrate and chain polarity in the crystallization and melting of
polymer chains. Overall, our study provides valuable insights into the design of graphene-based polymer
heterostructures and composites with tailored properties.

into fully ordered hierarchical structures,®® which affects the

Confined polymer chains absorbed on the surface of two-
dimensional (2D) materials have emerged as a new class of
heterostructures and building blocks for various novel nano-
materials and nanodevices. The confinement has a significant
impact on determining the mechanical and physical properties
of nanocomposites and nanostructures made of polymer/2D
material heterostructures."™ Polymer crystallization, due to
confinement, transforms randomly entangled polymer chains
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morphology of the 2D crystalline region and the interface pro-
perties between the polymer chains and 2D materials.'™?
Confined polymer chains on graphene-based nanosheets find
applications in diverse fields, such as conductive composite
materials,'® flexible electronic devices such as solar cell elec-
trodes,"” energy storage systems such as supercapacitors and
lithium-ion batteries’® and sensing devices like humidity
sensors.'® To achieve the desired functionality of these 2D
heterostructures, it is vital to have a thorough understanding
of the atomistic mechanism of 2D polymer crystallization.
Polymer chains absorbed on the surface of a 2D material
experience one-dimensional (1D) confinement, meaning they
are confined perpendicularly to the substrate surface. When
provided with enough kinetic energy, the chains can move in
the in-plane direction, leading to the formation of monolayer
crystals with lamellar structures made up of folded chains
called lamellae, which have specific lengths, orientations, and
curvatures.””*! Graphene and graphene oxide (GO) monolayers
are typical substrates for absorbing polymer chains to achieve
unique mechanical, thermal, and electrical properties. GO is
particularly attractive due to its tunable microstructure and
physical properties, which can be engineered by controlling
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the percentage, chemical components, and distribution of its
functional groups. This make it a versatile material for various
nanomaterials and nanodevices.”>*’

Previous studies have investigated the interactions between
bulk polymers and graphene or GO nanofillers to understand
how the confinement of bulk polymer chains affects the
mechanical strength of polymer nanocomposites.>>=1137124-26
However, these studies did not consider the crystallization behav-
ior of atomically thin polymer chains, which differs from those in
the bulk state. Additionally, previous studies have only focused
on non-polar polymer chains on the surface of pure graphene
sheets and nanotubes, thus, limiting the examination of hydro-
gen bonding interactions within the polymer chain or with the
substrate.»*'>?1>728 Moreover, some previous studies have ana-
lyzed the crystallization behavior of polymers when they are
melted, providing insight into the impact of substrate confine-
ment on polymer chain crystallization and melting.*”*° However,
these studies only considered Lennard-Jones (L]) non-bonding
energies and neglected other types of interactions such as electro-
static and hydrogen bonding, which have a significant effect on
the crystallization and melting of polymer chains.

To address the issues mentioned earlier, we report a study
on the crystallization and melting of polymer chains on the
surface of graphene and GO using all-atomistic (AA) molecular
dynamics (MD) simulations. We take into consideration all
forms of interactions between the polymer chains and the sub-
strates. Our study focuses on the crystallization and melting
behavior of the polar polymer Polyvinyl alcohol (PVA) and the
nonpolar polymer Polyethylene (PE) on monolayer graphene
and GO substrates. We aim to examine the impact of polymer
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Fig. 1 Schematic of the chemical structures and representative AA
models of (a) PVA and (b) PE used in the simulations. Orange, red, and
green spheres represent C, O, and H atoms, respectively.

Dynamics (VMD).*' The atomistic models of PVA and PE are
shown in Fig. 1, where the carbon, oxygen, and hydrogen
atoms are represented by orange, red, and green colors,
respectively.

The non-reactive all-atomistic Optimized Potential for
Liquid Simulation (OPLS-AA) force field was chosen for this
study since no bond breaking was expected in the simulations.
OPLS-AA calculates the energy for bond stretching, angle
bending, and dihedral deformations, as well as non-bonded
energy terms. The energy values predicted by this force field
for organic materials have been shown to be in good agree-
ment with density functional theory calculations.?® The val-
idity of the OPLS-AA force field for polymer and organic
material simulations has also been confirmed in other
studies,?** and it has been successfully used for simulations
of GO.>>?° According to the OPLS-AA force field, the total
energy is calculated as follows:

Noond g Nangle - Neoriion 4 g N-1 2\ 6 0
by a; n; O; (o] 149

Viotal = E —Hry = 10,)" + E jk (O — Boy)” + E E — 1+ (=1)"" cos(ndy)] + E E 1€ <) - : t i l?.]
— 2 — — 2 T 4me 1

ij ijk ikl n=1 i=1 j>i y y

polarity and substrate properties on these behaviors. This
work allows us to explore the interplay between the polymer-
substrate interaction and the polymer-polymer interaction in
the context of atomically thin chains. While our simulation
setup may not directly represent practical thin film systems, it
serves as a simplified model to gain fundamental understand-
ing and insights into the behavior of atomically thin polymer
chains on graphene and GO substrates. By studying this
system, we can elucidate the underlying mechanisms govern-
ing the crystallization behavior and provide fundamental
knowledge that can inform the design and fabrication of novel
2D-material/polymer hybrid structures.

2. Methods

2.1. All-atom molecular dynamics simulation

In this work, all polymer chains are built using in-house
MATLAB and Python scripts, and all the AA-MD simulations
are conducted with the open-source package Large-scale
Atomic/Molecular Massively Parallel Simulator (LAMMPS).*°
The simulations are visualized using Visual Molecular

12236 | Nanoscale, 2023, 15, 12235-12244

where Npond, Nangles Niortion, and N are number of bonds,
angles, dihedrals, and total atoms, respectively; 7, To, and Th,
are distance, equilibrium distance, and coefficient of the bond
between atoms 7 and j, respectively. 0, 6y, and K, , are angle,
equilibrium angle, and coefficient of the angle between atoms
I, J, and k, respectively; ¢, and K, are dihedral angle and
coefficient of the dihedral between atoms i, j, k, and [, respect-
ively. In the L] energy term, the parameter ¢; represents the
depth of the potential well, while ¢; represents the finite dis-
tance, where the inter-particle potential is zero. Additionally,
parameters g and ¢ in the Coulomb electrostatic interactions
refer to charge value and dielectric constant, respectively.
Furthermore, the geometric mixing rule is applied to deter-
mine the coefficients between atoms with different types (i.e.,
6 = (0:05)"” and e = (ee;)""”). The force field parameters for
the atoms involved in the simulations in this work are
extracted from the OPLS parameter database®” based on the
type of atom and surrounding atoms, bonds, and functional
groups. The detailed force field parameters are given in
Table S1 in the ESL.{

Square-shaped graphene and GO monolayers are placed in
the xy plane and positioned at the center of a simulation box

This journal is © The Royal Society of Chemistry 2023
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with dimensions of 20 nm x 20 nm x 12 nm. The molecular
weights of the PVA and PE chains considered ranged from
4 kDa to 20 kDa. The system employs periodic boundary con-
ditions (PBCs) in all directions. After the initial system setup,
molecular statics minimization method is applied to minimize
the total potential energy of the system. An initial velocity is
then assigned to the system based on Gaussian distribution at
the desired temperature. A cutoff value of 10 A and a time step
of 1 fs are used for all MD simulations. Moreover, all simu-
lations related to polymer -crystallization are conducted
through heating-cooling cycles, with an annealing temperature
of 1100 K and a cooling rate of 50 K ns™". Detailed descriptions
of polymer generation and equilibration, and annealing
process are presented in the ESL}

2.2. Quantification of polymer crystallization

A polymer crystal is typically made up of straight or rod-like
polymer segments. The order parameter 1, which describes the
degree of crystallinity in a polymer segment of length 2k +
1 monomers, is given by:*®

1 & y
APl =

Here, the chord vector d,, is calculated as d,, = (rs1 — Fn_1)/
|Fi1 — rn—1|, which gives the local direction of the polymer
segment, and d’ represents the average chord direction within
the segment. The parameter k denotes the number of carbon
atoms in a continuous polymer chain, with only the carbon
atoms on the main chain considered in the calculation of 4.
The value of A describes the average deviation of the chord
from the overall direction of the chain. A polymer segment
from n — k to n + k is considered straight if the value of 1 at
atom n exceeds a threshold of 0.9. In this study, k = 5 is used,
implying that the minimum length of a segment is 11 mono-
mers. It should be noted that while 1 is a useful parameter for
evaluating the degree of crystallinity in bulk polymer systems,
it is not suitable for assessing the degree of crystallinity for
atomically thin polymer chains. The 1 of polymer single chains
as studied in this paper is influenced by various factors such
as chain conformation (or shape), chain length, interactions
and bonding, temperature, environment, and external
fields.?*™*" Therefore, it is necessary to perform certain modifi-
cations to the order parameter A.

To address this issue, we introduce a modified 4, to quanti-
tatively describe the degree of crystallization of polymer chains
on graphene and GO monolayers. 4, is calculated using the
following equation:

AL
2R,

Am (3)
where L. and R, are the contour length and radius of gyration
of the polymer chains, respectively. The radius of gyration
parametrically describes the “size” of the chain as it is defined
below:

This journal is © The Royal Society of Chemistry 2023
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(4)

where 1., is the center of mass of the polymer and r; is a
vector from center of mass to each atom of the polymer. The
Am considers the effect of chain sizes L. and R, on 4, and thus
more accurately describes the crystallinity of the polymer chain
than A alone. In other word, the larger the value of A, the
greater the degree of crystallization in the polymer chain.

We further calculate the orientational order parameter (P,)
to characterize the alignment properties of the polymer
chains. (P,) is defined below:"*

(P)) == (3 cos* p—1) (5)

1
3
where f is the angle of the polymer single segment with
respect to a reference direction, and the reference direction is
chosen to be the direction of the largest eigenvalue of the gyra-
tion tensor of the full polymer chain; () symbolizes an ensem-
ble average. Note that (P,) = 0 and (P,) = 1 indicate completely
random alignment and perfect alignment of polymer chains
along the reference direction, respectively, and 0 < (P,) < 1
indicates partial alignment.

3. Results and discussion

3.1. Crystallization of single chain on graphene monolayer

Our simulations have revealed a lamellar-folded type of 2D
polymer crystallization on a graphene sheet, driven by two
main interactions: the polymer-substrate interaction, which
confines the out-of-plane displacement of the polymer and
guides its folding, and the polymer-polymer interaction,
which also influences the polymer folding. The interplay
between these interactions can result in different lamellar pat-
terns and shapes. In the following sections, we investigate the
primary factors that influence the curvature and thickness of
these lamellar structures.

The chemical composition and molecular weight of the
polymer are two key factors that impact the degree of crystalli-
zation, radius of gyration, and lamella thickness of a 2D crys-
tallized polymer chain. In Fig. 2(a) and (b), we show examples
of single PVA and PE chains crystallized on a graphene mono-
layer with molecular weights of 10 kDa and 20 kDa. The 2D
crystal structure of PVA appears more circular and tightly
packed in comparison to PE, resulting in a smaller overall
structure, shorter folded rod segment length, and a higher
number of folded stems. The parameter /3, defined as the ratio
of the length to width of rod segments in a lamellar crystalline
region, is smaller for PVA chains confined on the surface of a
graphene substrate compared to PE chains under similar crys-
tallization and confinement conditions, indicating that PVA
chains tend to form more folded stems than PE chains. This is
because PVA is a polar polymer, resulting in stronger inter-
actions within the polymer chain through hydrogen bonds.
Additionally, the shorter rod segment length of PVA results in

Nanoscale, 2023,15, 12235-12244 | 12237
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Fig. 2 Crystallization of single (a) PVA chain and (b) PE chain with two
molecular weights (i.e., M = 10 kDa and M = 20 kDa) on the surface of
graphene monolayer. The carbon atoms of graphene are represented by
dark blue spheres. The dashed loops and the arrows show the typical
rod segments formed due to crystallization. The white line represents
the scale bar for the system size. (c) Modified order parameter 4., and
orientational order parameters (P,) of single PVA and PE chains of
different M on the surface of graphene monolayer. Five independent
simulations are performed to obtain the average values of 1,, and (P;)
for each molecular weight.

a more circular shape of the lamellar region, as illustrated in
Fig. 1(a) and (b). Our simulations indicate that increasing the
molecular weight of the polymer chain (i.e., chain length)
results in thicker lamellar regions for both PVA and PE.

To better understand the degree of crystallinity of the
polymer chains, we examined the modified order parameter
m (eqn (3)) and orientational order parameters (P,) (eqn (5)).
As illustrated in Fig. 2(c), at the same molecular weight, a PE
chain has a slightly higher A,, than a PVA chain, indicating
that PE has a higher degree of crystallinity compared to PVA.
This is due to the weaker intra-chain interactions of non-polar
PE, which favor highly crystalline morphologies on the surface
of a graphene monolayer, resulting in a larger A,,. Fig. 2(c) also
demonstrates that the crystallinity of both PVA and PE chains
increases with molecular weight M, with A, increasing as M
increases. Moreover, (P,) of the PE chain is larger than that of
the PVA chain when M = 20 kDa, indicating that the PE chain
has a higher degree of alignment along the direction of the
maximum eigenvalue of its gyration tensor. As (P,) of both
PVA and PE chains increases remarkably with the increase of
M, it implies that the polymer chain of large molecular weight
has a higher degree of alignment property (Fig. 2(c)). In

12238 | Nanoscale, 2023, 15, 12235-12244
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general, the PE chain with large molecular weight tends to
form a long strip-like alignment pattern, while the PVA chain
alignment is more concentrated around the center of mass. In
our simulations, it is observed that polymer chains prefer to
form a monolayer covering the surface of graphene, due to the
strong two-dimensional confinement. However, as the quantity
of chains continues to increase, the formation of bilayers or
even multilayered polymers is also possible. It is anticipated
that the impact of graphene’s confinement decreases beyond
the initial polymer layer. The transition from monolayer to
multilayer polymers under confinement conditions presents
an intriguing problem for future exploration.

3.2. Effect of GO substrate on single chain crystallization

In this section, we investigate the influence of the oxidation
degree (i.e., percentage of oxidized area) and distribution type
of the oxidized area (i.e., random type and island type) of the
GO monolayer on the crystallization behavior of the polymer
chains. Fig. 3(a) and (b) depict the crystallization of single PVA
and PE chains with molecular weight of 10 kDa on the surface
of a GO monolayer having randomly distributed oxide-func-
tional groups at levels of 10%, 30%, and 40%, respectively.
Unless otherwise stated, the ratio of epoxide to hydroxyl oxi-
dized functional groups in GO is 4 to 1. We observe that, in
contrast to the graphene substrate, the presence of oxidized
functional groups on the GO surface hinders the formation of
lamellar structures with a high degree of crystallinity in PVA
and PE chains. This can be attributed to the additional con-
finement of the absorbed polymer chains by the functional
groups of GO in the in-plane direction, partially restricting
their movement along this direction, thereby leading to a
reduced degree of crystallinity of the confined chains.

Furthermore, the 1, of PVA chains for different oxidation
percentages is shown in Fig. 3(c), which is approximately 3.5
for all three cases. This is half of the corresponding value of 7
for PVA chains crystallizing on pristine graphene (Fig. 2(c)),
indicating that the oxidation percentage has no significant
impact on the crystallization of PVA chains above a certain
threshold. This suggests that the functional groups on the GO
surface can create strong hydrogen bonds with PVA chains,
thereby reducing the degree of 2D crystallization. The analysis
of Ay, also reveals a lower crystallinity of PE chains with
increasing oxidation ratio and the presence of oxidizing
groups due to the constraints caused by functional group-PE
bonds (the A, of PE chains crystallized on pristine graphene
and GO are about 9 and less than 6, respectively). Since the
polymer-functional group bonds are weaker in PE than in PVA,
the functional groups have a weaker confining effect on PE
compared to PVA, resulting in a difference in the crystallinity
of PE chains on the GO surface for oxidation ratios of 10% and
30%. However, for oxidation ratios of 30% and higher (e.g,
40%), the functional group-PE bonds are enough to saturate
the confining effect of the functional groups.

The distribution of GO’s functional groups is another factor
that can influence the degree of crystallization and pattern of
confined PVA and PE chains on the surface of the GO sub-

This journal is © The Royal Society of Chemistry 2023
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Fig. 3 Crystallization of single (a) PVA chain and (b) PE chain with M = 10 kDa on the surface of a GO monolayer having 10%, 30%, and 40% ran-
domly distributed oxide-functional groups. (c) Modified order parameter 1, and orientational order parameters (P,) of single PVA and PE chains on
the surface of GO with randomly distributed oxide-functional groups and different oxidation percentages. Crystallization of single (d) PVA chain and
(e) PE chain with M = 10 kDa on the surface of a GO monolayer having 10%, 30%, and 40% island-type distributed oxide-functional groups, respect-
ively. (f) Modified order parameter J,,, and orientational order parameters (P,) of single PVA and PE chains on the surface of GO with island-type dis-
tributed oxide-functional groups and different oxidation percentages. The ratio of epoxide to hydroxyl oxidized functional groups in GO is 4 to 1.
Epoxy-oxidized and hydroxyl-oxidized carbon atoms are highlighted in white and cyan, respectively. The white line represents the scale bar for the
system size. Five independent simulations are performed to obtain the average values of A, and (P,) for each oxidation percentage in panels (c)

and (f).

strate. GO can exist in different types of heterostructures
depending on its synthesis method.*” For example, it can take
the form of a heterostructure consisting of several separate
islands of functional groups within graphitic regions, which is
different from the form shown in Fig. 3(a) and (b) where func-
tional groups are evenly distributed throughout the sheet.
Fig. 3(d) and (e) show the crystallization of a single PVA and PE
chain with M = 10 kDa on the surface of GO monolayer with
island-type oxidized regions. It is observed that PVA chain par-
tially attaches into the edge of oxidized islands, while the PE
chain stays on the graphitic regions. Comparing Fig. 3(c) and
(f), we observe that at 10% oxidation ratio, the crystallization
of PVA on island-type GO is essentially the same as on evenly/
randomly distributed GO (1, = 3.5), while PE crystallizes sig-
nificantly more on island-type GO. For oxidation ratios of 30%
and above, there are no meaningful patterns or differences
observed in the polymers’ crystallization between these island-
type GO and evenly/randomly distributed GO. These obser-
vations suggest that it is possible to engineer a desired design
for the morphology of polymer 2D-material heterostructures by

This journal is © The Royal Society of Chemistry 2023

customizing the oxidized regions in a GO substrate. Notably,
the influence of the percentage of oxidation of the GO sub-
strate and the distribution of its functional groups on the
alignment properties of the polymer chains (both PVA and PE
chains) is relatively random, making it difficult to find signifi-
cant rules from the analysis of (P,) in Fig. 3(c) and (f).
Furthermore, simulations were performed to investigate the
impact of oxidized functional group chemical components on
the crystallization process of PE and PVA chains. Specifically,
we analyzed the absorption and crystallization of a single PVA
and PE chain with M = 10 kDa on the surface of a 30% oxi-
dized monolayer GO substrate with randomly distributed func-
tional groups and two different compositions of chemicals: all-
epoxide groups and all-hydroxyl groups compositions. The
results of these simulations are shown in Fig. 4(a) and (b). Our
findings reveal that PVA can partially crystallize on GO sub-
strates with all-epoxide groups, but it completely loses its
crystal structure when absorbed by GO with all-hydroxyl
groups. However, the chemical components of the oxidation
functional group have no significant impact on the crystalliza-

Nanoscale, 2023,15, 12235-12244 | 12239
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tion of the PE chain. This observation is confirmed by the ana-
lysis of A, in Fig. 4(c), which shows that the PVA chain has a
much larger modified order parameter (4, ~ 6) on GO sub-
strate with all-epoxide groups than on GO substrates with all-
hydroxyl groups (4, ~ 4), while the PE chain shows no signifi-
cant change in 4, on both GO substrates. Furthermore, the
analysis of (P,) shows that the type of oxidation of the GO sub-
strate has a weaker effect on the alignment properties of the
PE chains, as evidenced by the values of (P,) that are all
around 0.6 (Fig. 4(c)). However, hydroxyl-oxidation makes the
PVA chains have a higher alignment due to the tendency of
PVA chains to present a stretched and low crystallinity confor-
mation on the hydroxyl-oxidized GO substrate.

The impact of the chemical components of oxidation func-
tional groups of GO on the crystallization behavior of PVA and
PE chains can be explained as follows: the hydroxyl group
(-OH) is a polar functional group that can form hydrogen
bonds with (-OH) functional groups on the PVA chain, which
confines the PVA from moving along the in-plane direction
and restricts chain folding, resulting in non-crystallized con-
fined polymer chains. In contrast, the non-polar PE chain
tends to avoid oxidized regions, whether they are epoxide-
reach or hydroxyl-reach, and instead preferentially stays on the

(a) Epoxide oxidation Hydroxyl oxidation
[ =
©
L
o
<
o
(b)
£
o
L
o
w
o
c) 8
(©) PVA
EmPE

<4 [

2

0 .

Epoxide Hydroxyl
Oxidation type

0 Epoxide Hydroxyl
Oxidation type

Fig. 4 Crystallization of single (a) PVA chain and (b) PE chain with M =
10 kDa on the surface of GO monolayers with 30% randomly distributed
all epoxide functional groups and all hydroxyl functional groups. The
white line represents the scale bar for the system size. (c) Modified order
parameter 1,,, and orientational order parameters (P,) of single PVA and
PE chains on the surface of GO with randomly distributed oxide-func-
tional groups and different oxidation types. Five independent simulations
are performed to obtain the average values of 1, and (P,) for each oxi-
dation type.

12240 | Nanoscale, 2023, 15, 12235-12244

View Article Online

Nanoscale

graphitic regions. Therefore, both types of functional groups
have a similar level of adverse effect on PE crystallization.

3.3. Melting of crystallized polymer chain on graphene
monolayer

Melting behavior refers to the loss of crystallinity in the struc-
ture of a crystallized polymer. For a confined, crystallized
polymer, melting involves overcoming existing barrier inter-
actions, such as van der Waals, electrostatic, and hydrogen
bonds, that keep the chain in a folded lamella shape. As the
temperature of the confined polymer and its substrate
increases, the distance between the folded stems (i.e., rod seg-
ments in Fig. 2) of the lamella increases, and eventually, the
chain starts to unfold. This is considered the starting point of
the melting process. The melting process is complete when
the chain is completely unfolded. Therefore, the point at
which melting is complete depends on the shape and thick-
ness of the lamellas.

The melting point is determined based on measuring the
change in the potential energy coming from non-bonded inter-
action (i.e., interactions between atoms not linked by covalent
bonds) as a function of temperature.*® This potential energy is
referred to as non-bonded energy. Fig. 5(a) illustrates the corre-
lation between non-bonded energy E,, and temperature T for
crystallized PVA on a graphene substrate. During the initial
stage, a slight increase in the distance between the folded
chains causes a gradual increase in non-bonded energy. At
this stage, non-bonded interactions are still able to maintain
the chain in a folded shape despite the increase in tempera-
ture. Once the onset of melting is reached, a significant jump
in the non-bonded energy curves is observed, marking the
starting point of melting in the crystalized PVA chain. As the
temperature continues to rise, the increasing kinetic energy
acts as a driving force to separate the folded chain segments of
the crystal structure, leading to the breaking of many non-
bonded interactions between chain segments. This causes a
more abrupt increase in the non-bonded energy as tempera-
ture increases. The unfolding process continues until the
entire crystal structure has melted (the second black point),
after which the increase of non-bonded energy is mainly due
to the change of chain-substrate interactions when the chain
substrate distance increases, leading to a smaller slope of the
non-bonded energy. A melting temperature is defined as the
average temperature of the starting and final points of the
unfolding process. The analysis shows that the melting temp-
erature T, of single-chain crystalized PVA increases with
increasing polymer molecular weight.

Additionally, the conformation of a PVA chain with a mole-
cular weight of 10 kDa during the melting process is shown in
Fig. 5(c). At room temperature (7 = 300 K), the PVA chain is
crystallized on the surface of the graphene substrate. As the
temperature increases to 710 K, the crystalized PVA begins to
unfold, and this process continues until 780 K, at which point
the chain becomes fully unfolded. Fig. 5(d) shows a decrease
in the degree of crystallization (A,,) with increasing tempera-
ture during the melting process. The observed trend in Ay, is

This journal is © The Royal Society of Chemistry 2023
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Fig. 5 (a) Change in total non-bonded energy E,, versus temperature T for crystallized PVA/graphene heterostructures with different polymer chain

molecular weights (i.e., M = 6, 10, 20 kDa). The black dashed lines represent the linear fit of E,,—T curve. The two black points indicate the starting
and fully melted states of polymer chain melting, respectively. The red stars imply the melting temperature T,,, of the polymer, which is the average
temperature of starting point and final point of the unfolding process (fully melted state). (b) T,,, versus M for PVA chain crystallized on graphene. (c)
The conformation of the melting process of the 10 kDa PVA chain on the surface of the graphene substrate at four different temperatures (i.e., T =
300, 710, 780, 855 K). (d) Am versus T for PVA chain crystallized on graphene.

consistent with the conformation of the PVA chain as shown in
Fig. 5(c). Note that we do not analyze the threshold of the
order parameter to describe the cross-phase transition of the
polymer chain and that the modified order parameter con-
sidered in this work gives us information about the degree of
crystallinity.

The melting behavior of crystallized polyethylene (PE)
chains on a graphene substrate was studied using a similar
approach as that used for PVA chains. Fig. 6(a) shows that the
melting behaviors of single PE chains differs from that of PVA

chains in two significant ways. First, PVA exhibits three
different slope regimes in its non-bonded energy-temperature
curves, whereas PE only exhibits two. The intersection of these
two slopes indicates the melting of the entire PE crystal struc-
ture (marked by a black star). Second, while the melting temp-
erature of PVA depends on the molecular weight of the chains,
the melting temperature of PE does not significantly change
with increasing molecular weight. This difference can be
attributed to the fact that PE does not form thick lamellar
regions on the graphene surface, even for chains with high
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Fig. 6 (a) Change in total non-bonded energy E,, versus temperature T for crystallized PE/graphene heterostructures with different polymer chain
molecular weights (i.e., M = 4, 10, 20 kDa). The black dashed lines represent the linear fit of E,,,—T curve. The black stars imply the melting tempera-
ture T, of the polymer. (b) T, versus M for PE chain crystallized on graphene. (c) The conformation of the melting process of the 10 kDa PE on the
surface of the graphene substrate at four different temperatures (i.e., T = 300, 560, 610, 700 K). (d) A, versus T for PE chain crystallized on graphene.
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molecular weight, and there are no hydrogen bonds between
the folded segments of the PE lamellar regions, in contrast to
the hydrogen bonds formed within the folded segments of PVA
chains. Consequently, the unfolding process of PE consumes
much less energy than that of PVA, resulting in a lower melting
temperature for PE, which is relatively insensitive to molecular
weight. In accordance with the conformation shown in
Fig. 6(c), the degree of crystallization A, of PE decreases
during melting, as demonstrated in Fig. 6(d). We further ana-
lyzed the radial distribution function of the polymer chains
during the melting process, for providing basic information on
the local structure and density variations (see Fig. S1 and S2 in
the ESI}). It is found that the radial distribution functions of
both PVA chains and PE chains exhibit significant changes
during the melting process, implying a shift from higher crys-
tallinity at low temperatures to lower crystallinity at high temp-
eratures for the polymer chains. Finally, it is noted that the
structure and dynamics of PE chain on graphene substrate has
been studied by Gulde et al."* using molecular dynamics simu-
lation, where they found the crystalline patten of PE similar to
those discovered in present study. In addition, they observed
heterogeneous polymer melting via a transient floating phase
on a picosecond time scale upon quasi-instantaneous sub-
strate heating. In present work, we revealed distinct crystalliza-
tion lamellar patterns and melting behavior between the polar
polymer PVA and the non-polar polymer PE.

4. Conclusions

In conclusion, we use all-atom molecular dynamics simu-
lations to study the crystallization of PVA and PE chains on gra-
phene and GO substrates. Our simulations reveal that the
interplay between the polymer-substrate interaction and the
polymer—polymer interaction can result in different lamellar
patterns and shapes, and that the degree of crystallinity, lamel-
lar thickness, and curvature of the polymer chains are strongly
influenced by the chemical composition and molecular weight
of the polymer, as well as the distribution and chemical com-
ponents of the functional groups on the substrate. Specifically,
we found that PVA chains tend to form more tightly packed
and circular 2D crystalline structures with more folded stems,
while PE chains form larger and more highly crystalline struc-
tures due to their weaker intra-chain interactions. The PE
chains have a higher degree of alignment compared to the
crystalline pattern of PVA chains. Additionally, we have shown
that the distribution of functional groups on the substrate can
significantly impact the crystallization behavior of the con-
fined polymer chains, with PVA chains being more sensitive to
the polar -OH functional groups and PE chains being more
sensitive to the graphitic regions. Furthermore, we studied the
melting behavior of the confined, crystallized polymer chains
by measuring the change in non-bonded energy as a function
of temperature, and found that the melting of PVA and PE
chains was different due to the differences in the hydrogen
bonding within their lamellar regions. The melting tempera-
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ture of PVA chains increases with increasing molecular weight,
whereas the melting temperature of PE chains is relatively
insensitive to molecular weight. Our findings provide new
insights into the underlying mechanisms governing 2D
polymer crystallization on graphene and GO substrates and
have important implications for the design and fabrication of
novel 2D-material/polymer hybrid structures for a variety of
applications.
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