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ABSTRACT: Molecular dynamics simulations were employed to
study the bound layer in polymer/graphene-based nanocompo-
sites. We focused on the dynamic behavior of polar (poly(acrylic
acid)) and nonpolar (polystyrene) linear chains, at the interface
with graphene-based fillers, bearing different affinities with the
polymers and different nanoroughness. Four temperatures were
examined with a step of 50 K and the lowest one 100 K above the
T, of the corresponding bulk polymers. The dynamic response of
the adsorbed layer exhibited an increased departure from that of
the bulk, accompanied by a higher degree of dynamical
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heterogeneity, especially for the oxidized graphene systems. In the case of the nonoxidized analogues, an increased anisotropy of
polymer diffusion parallel and perpendicular to the filler’s plane was observed. Dynamics within the adsorbed layer exhibited
Arrhenius-like characteristics in all the examined systems, in agreement with recent experimental studies. The combination of the
results associated with backbone torsional motion and the chain desorption process revealed a strong dynamic transition near both
the examined nanosheets, almost 100 K above the bulk T,. However, in the adjacent-to-the-adsorbed layer, polymer dynamic
characteristics approached the bulk behavior. It is therefore implied that, depending on its average size, a polymer chain may
experience different dynamic regimes across its length near the interface region.

I. INTRODUCTION

Polymer/graphene composite materials are used nowadays in a
wide range of applications.'™® Because of the extended
polymer/filler interface, inclusion of a small percentage (~1
wt %) of pristine graphene (GP) or graphene oxide (GO)
nanosheets can trigger dramatic changes in the polymer matrix
behavior.'"~* Enhanced/modified properties (i.e., thermal,
electronic, mechanical, etc.) are the result of the interaction
between polymer chains and graphene sheets as well as the
chemical structure of the monomers, the molecular weight
(chain length), the structure at the polymer/graphene
interface, the crystallinity, and interchain interactions.”®
Various polymer properties in the proximity of polymer/solid
interfaces differ from their bulk values.””"* The way that the
polymer/graphene interface affects the properties of the
polymer chains, as well as the estimation of the width of the
interphase, based on the specific property under study is of
particular importance.' "

Usually, mixing of the one-atom-thick graphene flakes” with
bulk polymer leads to an increase of the glass transition
temperature (Tg),s’16 although cases of a reduction in the T,
have also been reported.'” Semicrystallization is also affected
since GP-based sheets can promote heterogeneous crystal-
lization, resulting in an increase in the crystallization
temperature (T.).*">'”'® Based on such effects, tuning of
mechanical, thermal, electrical, and permeability properties can
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technology.

Among the most frequently used polymers in GP-based
nanocomposites is polystyrene (PS). PS is a nonpolar
macromolecular matrix which upon mixing with GP-based
fillers may acquire desirable attributes, such as an electrical
response appropriate for applications in energy,23 anticorrosion
properties,”* electronic properties that can be exploited in the
fabrication of electronic parts,25’26 properties appropriate for
use as a magnetic material,”” and so on. For instance, the
percolation threshold for electrical conductivity in PSGO
systems was estimated to be close to 0.1 vol % in GO,”* while
mechanical reinforcement resulting in a 70% increase in the
tensile strength®® appears even at low filler contents (~1 wt %)
in GP.

Another polymer that has recently been studied as a polar
matrix in GO-based nanocomposites is poly(acrylic acid)
(PAA).**° PAA is a polyelectrolyte which in an aqueous
environment becomes ionized and can form membranes with
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nanosized channels for energy or water purification applica-
tions.”’ > The presence of GO acts toward improving the
mechanical stability and the electrical properties of PAA
hydrogels.”>***> Even at very low GO contents (i.e., close to
0.05 wt %), a percolated interphase’ can be developed, which
results in an enhanced mechanical and thermal behavior
compared to that of conventional hydrogels.

Irrespective of the polar or nonpolar nature of the polymeric
matrix, the formation of a bound polymer layer takes
place,""***7*" within which polymer chains appear to
undergo a dynamic transition to a rigid amorphous phase."
This transition is detected by the reduction of the dielectric
strength in dielectric relaxation spectroscopy (DRS) experi-
ments'***' and the reduction of the heat capacity step in
differential scanning calorimetry (DSC) experiments.'>'”*' It
is widely accepted that the dynamics of the bulk polymer
fraction, when entering the a-relaxation regime, follows the
Vogel—Fulcher—Tammann (VFT)*™* behavior, which is
characterized by an increase in the activation energy. The
explanation is based on the cooperative characteristics of the
diffusion.””~* However, the bound layer dynamics, in the
same regime, follows an Arrhenius-like behavior of almost
constant activation energy.'”*"**7>% An interpretation of this
phenomenon attributes it to the suppression of the cooperative
characteristics of the diffusion at the polymer/solid interface,
when the confinement length is shorter than the cooperative
length.*>*>>'=>* Another interpretation is based on an
extension of the glassy region of cooperative dynamics and a
“stronger” transition on the nanofiller compared to the
bulk.">* In this case the adhesion tension follows a quadratic
temperature dependence, implying a linear reduction of the
entropy of the bound layer and thus the absence of a heat
capacity step.'> A complex dynamical behavior of chains at the
interface has been reported as a result of an interplay between
the conformational entropy of polymer chains and the adhesive
interaction between the polymer and the substrate.’®™%

Atomistic molecular dynamics (MD) simulations have been
extensively utilized for the study of polymer/solid inter-
faces®?”7927% a5 they can offer a finer temporal and spatial
resolution compared to commonly used experimental
techniques. The filler’s surface functionalization and the
atomic-scale roughness can be represented in detail,'**>*
and the pertinent adsorption/desorption phenomena can be
monitored within time scales reaching the microseconds
range.zg’és’éé’7l Such computational studies have shown that
chain stereochemistry and stiffness are important parameters
that affect the 7prevailing configurations on the polymer/solid
interface.””" =7 Stiffer chains usually form shorter loops, while
the larger part of the adsorbed chain is distributed in tails.">”*
In addition, global chain dimensions are expected to be
affected by the ratio of the size of the nanofiller to that of the
polymer and the induced confinement conditions.”*”°

In this study, the formation of a dynamically arrested
interfacial polymer layer close to the graphene surface was
explored through a detailed analysis of the structural
characteristics and the dynamical properties of the systems.
Particular emphasis was placed in the role of the roughness of
the filler and the presence of specific interactions between the
filler and the polymer matrix (e.g., hydrogen-bonding and 7—7x
interactions), associated with the physically adsorbed polymer
layer. For this reason, detailed atomistic MD simulations were
performed in different graphene-based polymer nanocompo-
sites. In these systems, nanosheets with inherently different
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degree of roughness in the nanoscale and polymer matrices
with different affinities with the fillers have been considered.
To simulate conditions that represent a good dispersion of the
filler within the polymer matrix, a single nanosheet was
immersed in a simulation box filled by several hundreds of
polymer chains. This resulted in composites between 0.5 and
1.0 wt % in the nanofiller. The temperature (T) dependence
has also been examined through a series of simulation runs at
different temperatures. For both polymer matrices the
examined T range is well above the corresponding T, of the
bulk polymers, with the lowest temperature being ~100 K
higher.

In section II, details of the systems and the simulation
procedure are presented. In section IILA, the structural
properties of all four systems are examined, while in section
IILB the dynamics of the bound layer is compared with that of
the nonbound polymer fraction at different temperatures and
different polymer/graphene interfaces. In section IV, the key
results of this work are summarized.

Il. SIMULATION DETAILS

The simulated polymer nanocomposites were comprised by
two different polymer matrices, namely PAA and PS, with the
inclusion of different nanosheets, ie, GP and GO.”° Both
nanographene flakes are in the nanometer range and almost
quadratic, with dimensions 9 X 9 nm? and 9 X 8.4 nm” for GP
and GO, respectively. A single nanographene sheet is inserted
in a polymer matrix, almost centered in the simulation box. In
both matrices polymer chains consist of 40 monomers, which
correspond to unentangled polymer systems. Systems details,
concerning the number of polymer chains (N), the total
number of atoms (N,) in each system, the size of the cubic
simulation box (Lgoy), and the weight fraction of the nanofiller
in the polymer matrix (c), are presented in Table 1.

Table 1. Systems Details

systems N N, Lyox (nm) ¢ (wt %)
PAAGP 1300 473146 18 0.8
PAAGO 1300 479231 18 1.0
PSGP 1485 474204 22 0.5
PSGO 1485 480289 22 0.6

The filler content in all systems did not exceed 1 wt %.%°
Four combinations of polymer nanocomposites were con-
structed, as shown in Figure 1, which were labeled as (a)
PAAGP, (b) PAAGO, (c) PSGP, and (d) PSGO.

To allow for an explicit representation of hydrogen-bonded-
capable atomic pairs, we adopted an all-atom structure for
PAA.*>5 However, for PS where 7—7 interactions play the
most important role in the interactions with graPhene-based
fillers, a united atom (UA) description was used.'>”” For the
fully atomistic models, the MD runs were performed by using a
time step of 1 fs, while for the UA models a time step of 2 fs
was utilized. The energetic description of the PAA and GO
systems””> was based on the AMBER force field,”®”” while
the charge assignment on a PAA chain was based on the
Gasteiger method.”” The GO nanosheet was characterized by a
carbon-to-oxygen atom ratio of 5:1 and a hydroxyl-to-epoxy
group ratio of 3:2 approximately.””>>®" Partial char$es for the
GO were assigned as described in a previous work.”’ An equal
number of the two different oxidized groups covered both
sides of the flake (Figure S1 of the Supporting Information).
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Figure 1. Snapshots of an adsorbed chain on GP and GO nanosheets at the four studied systems: (a) PAAGP at 650 K, (b) PAAGO at 650 K, (c)
PSGP at 600 K, and (d) PSGO at 600 K. Beads colored in cyan, red, and white represent carbon, oxygen, and hydrogen atoms, respectively. The

rest of the chains in the respective boxes are omitted for clarity.

To describe the interactions between the chemical species in
PS systems, we have used the united-atom model of the
TraPPE force field."”””*> The specific UA PS model was
found to describe accurately the structure and the thermody-
namics of PS bulk chains. In addition, it was found to slightly
overestimate the diffusion coefficient of bulk PS.**** However,
since the main goal of our current work is to provide a detailed
examination of the dynamics of the bound layer, in comparison
to the bulk one, we expect that the above possible differences,
when compared against experimental data, are not critical.
Moreover, the parameters for the nonbonded interactions of
the pristine graphene carbons were taken from a potential used
for graphite.”> For the polymer/graphene interactions, the
Lorentz—Berthelot rules were used."”

All simulations were performed with the Gromacs package,*
in the isothermal—isobaric (NPT) ensemble, by usin§ the
velocity-rescale thermostat®” and the Berendsen barostat.”® All
systems were first equilibrated for at least 100 ns (depending
on temperature), while the production runs extended to
several hundreds of nanoseconds, reaching 0.5 us at the lowest
temperature examined. The PAA-based systems were exam-
ined at 500, 550, 600, and 650 K, while the PS-based analogues
at 450, 500, 550, and 600 K. For comparison purposes, the
corresponding bulk polymers (PS and PAA systems at all
respective temperatures) were also simulated and used as
reference systems. The choice of the temperatures examined
was based on a requirement that the lowest temperature value
would be ~100 K above the glass transition temperature (T,)
of the respective bulk polymers. The T, temperatures for the
pristine polymers are around 412 K for PAA* and 360 K for
PS'? for the molecular weights examined.

lll. RESULTS AND DISCUSSION

Figure 1 presents typical adsorbed chain conformations in all
four systems. Snapshots including all polymer chains are
presented in Figure S2 for the PSGO and PAAGP systems.
Compared to previous MD simulation studies,”*””" larger
systems, in terms of both number of polymer atoms and
nanofiller dimensions, are studied here. The area of the
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nanosheet and the degree of loading of the graphene filler used
in this study allow the study of polymer structural and
dynamical properties under spatial confinement conditions
similar to those realized in experimental works.”®"" In
addition, the wide temperature range examined allows for
the investigation of possible structural/dynamic transitions
related to the bound polymeric layer. The models examined in
the present effort ensure a well-defined bound layer as well as a
wide bulk region, avoiding at the same time possible finite size
effects.”’

In the case of GP, conformational transitions are present,
manifestin% a dynamic behavior known also as rippling or
w1rinkling.9 %% In addition, GO was found to exhibit a higher
tendency for curvature compared to GP.>>°* The distribution
of functional grou};s’ charges may lead to such long-lasting
curvature effects.”>”>"°

lllLA. Structural Properties. In the following, analysis of
structural/conformational properties as a function of the
distance from the nanographene sheet is presented. For this
purpose, a series of layers parallel to the graphene flake are
defined. The coordination system for the layer analysis, at each
time (), is based on the eigenvectors of the radius of gyration
(R,) tensor of the nanosheet.”” The gyration tensor (Sy) is
defined based on the distance of each atom (k) from the
Center of Mass (CM) of the molecule with mass m,,, weighted
with the mass of each atom (m;), as”’

N
1
S§=— Z mk(’i(k) - "i(CM))("](k) - ’,(CM))$

Mot k=1

S Sy S

xx Oxy Oxz

S)’x S;V)’ S)’Z

S S, S

zx Vzy Vzz

S =

(1)

In this analysis, only moieties (polymer atoms or CMs of
chains) whose projection in the x, y axes lie within the central
80% of the average dimensions of the nanosheet in these
directions are taken into account. In this way edge effects are
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avoided,'® while the tangent xy-plane describes more efficiently
the area around the CM of the nanosheet (reduced curvature).

Figure 2 portrays the density profiles for all systems at the
examined temperatures. All distances are measured with

T T
PAAGP / PAAGO T
---- 500K —— ---- 600K
---- BBOK —— ---- 650K

1.2+

1.14

1.0

0.9

PPy

0.8

0.7

0.6 4

0.5 14 T T T T T

30
z[A]

14
1.31
1.2
1.14
1.0
0.94
0.8
0.7 2
0.6+ ’ el
0.5 /

0.4
0.3
0.2

PSGP / PSGO'
---- 450K
---- 500K ——

550 K]
---- 600 K]

PPy

z[A]

Figure 2. Normalized density profiles along a direction normal to the
nanosheet plane for (a) PAAGP and PAAGO systems and (b) PSGP
and PSGO systems. The mass density profiles are shown in the
respective insets. The solid lines correspond to GP-based and the
dashed lines to GO-based systems.

respect to a plane defined by two of the principal axes of the
flake’s gyration tensor (the ones that lie almost parallel to the

flake and goes through the CM of the nanosheet). Henceforth,
this plane will be considered as the nanosheet plane. The
density values were averaged over both sides of the sheet. The
binning was based on a layer width of 0.5 A thickness, while
atoms with coordinate’s projections at the edges of the
nanosheet are not considered in the analysis. In case that the
entire nanosheet surface had been taken into account, the
height of the peaks in density fluctuations (especially of the
first peak) in all PAA and PS systems would have been
moderately reduced. In the main graphs the y-axis presents
densities normalized to those of the respective bulk polymer,
while in the insets the mass density profiles are displayed. It is
shown that the density fluctuations persist until a distance of
about 20 A, whereas for longer distances the respective bulk
values are attained.

Although the rippling of the diffusing nanosheet’” may
slightly affect the density profiles close to the surface,
qualitative information concerning the density fluctuations
on the surface can be extracted. In the PAAGP systems, a peak
is observed at a distance of almost 5 A from the GP, which
tends to become lower in amplitude and broader as the
temperature drops. The latter is followed by a minimum at a
distance of about 8 A. In the entire interval, almost three peaks
are observed. In the case of the PAAGO systems, the locations
of all peaks are shifted at slightly longer distances with respect
to the defined plane of the nanosheet. This can be accounted
for by the higher roughness of the GO due to the presence of
hydroxyl and epoxy groups. For the same reason the height of
the first peak appears lower in the case of GO, since in the first
layers, close to the nanosheet, the hydrophilic groups of the
GO inhibit a higher concentration of polymer mass. Similar
characteristics were found in a recent MD simulation study in
poly(methyl methacrylate)/GP/GO nanocomposites,’> where
it was shown that the distribution of monomers based on the
minimum distance from the surface depicts an analogous first
peak height in both nanosheets. For all PAA systems, the first
maximum in the normalized density profiles tends to decrease
in height as the temperature drops, indicating that at the low
temperature limit the density on the nanosheet and that in the
bulk converge. The adhesion tension related to such behavior
has been shown'” to follow a quadratic temperature depend-
ence.
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Figure 3. Profiles of the radius of gyration along a direction normal to the GP or to the GO flake for (a) the PAA and (b) the PS systems.

6193

https://dx.doi.org/10.1021/acs.macromol.0c01040
Macromolecules 2020, 53, 6190—6203


https://pubs.acs.org/doi/10.1021/acs.macromol.0c01040?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.0c01040?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.0c01040?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.0c01040?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.0c01040?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.0c01040?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.0c01040?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.0c01040?fig=fig3&ref=pdf
pubs.acs.org/Macromolecules?ref=pdf
https://dx.doi.org/10.1021/acs.macromol.0c01040?ref=pdf

Macromolecules

pubs.acs.org/Macromolecules

T T T T T
e ]
a)
=
PAAGP PAAGO
—— —— 500K
550K
—— —— 600K
: 650K
01 T T T T T
0.1 1 10 100
t [ns]

b)
£
PSGP PSGO
L S as0K
s - 500K
550K
et S - B00K)

0.1 T T
1 10
t [ns]

T
100

Figure 4. Desorption ACFs for (a) the PAA- and (b) PS-based systems. The adsorption state is defined based on layer0. Arrows indicate the

direction of the increase in temperature.

For the PS-based systems, as shown in Figure 2b, similar
trends with those noted in the PAA systems are observed,
concerning the magnitude of the density fluctuations. Never-
theless, it is worth noticing that in the PSGP systems the first
peak in the normalized density profiles increases as temper-
ature drops. This behavior can be attributed to the 7—n
interactions between the phenyl ring and the graphene sheet,
which induces an increased orientation.”” This is more
pronounced at 450 K and is accompanied by more intense
fluctuations in the region of 7—20 A.

In addition, the orientation of the polymer chains on the GP
and GO nanosheets is examined. Based on the second-order
Legendre polynomial (P,) of the vectors, corresponding to the
lowest and highest eigenvalues of the gyration tensor, it is
indicated for PS (Figure S3) a departure from the random
orientation state, at distances between 0 and 20 A. Close to the
surface of the nanosheet, a preferential parallel orientation of
the chains is detected. For the PSGP system, at 450 K this is
more pronounced, as the values of 1.0 and —0.5 for the
eigenvectors of the lowest and highest eigenvalues indicate
ordered chain configurations. A typical snapshot of a PS chain,
with high orientational order parallel to the surface, at 450 K, is
shown in Figure S4a. An analogous behavior close to the
nanosheet is observed for the PAA systems (Figure SS) as well.

It should be noted here that in the analysis regarding the
dynamics of the bound polymer (presented in section IIL.B),
the first peak of the density profile is considered as a signature
for the localization of atoms; therefore, the adsorbed state is
taken to extent until its first minimum.*>** As shown in Figure
2, this is located at a distance between 8 and 10 A from the
nanosheet.'>*””"*"% Because in all systems the width of the
first peak is close to S A, an atom is considered as adsorbed
when the minimum distance from every atom of the nanosheet
is less than or equal to this value. This defines the adsorption
criterion utilized in the analysis to follow. For example, in the
snapshots shown in Figure 1, all chains are at least 40%
adsorbed.

In Figure 3, R, profiles in a direction normal to the
nanosheet are presented for all four systems at the studied
temperatures. The molecular weights (MW) of the PAA and
PS chains were chosen in a manner that the two polymers
assume similar R, values in bulk (~14 A). In this way in all
four systems the ratio of polymer dimensions to the nanosheet
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dimensions is kept constant, facilitating thus the study of the
effect of the different adhesion affinity in the adsorbed-polymer
properties at the polymer/filler interface.

In the case of the PAA systems, for both GP and GO
nanofillers, chain dimensions are not significantly affected by
the adsorption. Particularly for the PAAGP system at high
temperatures, even a tendency for reduced dimensions can be
observed, which is an indication of weak adhesion.” It must be
noted that although in our analysis an effort was made to
reduce the nanosheet edge effects, instances of chains adsorbed
by both sides of the nanosheet can still be present in all
systems. These chain configurations lead to the detection of
polymer CMs at distances (vertical projection) even closer
than 2 A from the nanosheet. Such an example in the case of
the PAAGO system is provided in Figure S6.

However, the R, values of PS close to the GP and GO
nanosheets, combined with the order parameter profile,
indicate slightly more extended conformations, implying a
more efficient packing of the polymer close to the filler’s
surface. In the PSGP system an almost 10% increase in the
average dimensions of the PS coil close to the interface is
observed.

lll.B. Dynamical Properties. Desorption Dynamics. In
this section the tendency for adhesion of the polymer chains
on the surface of nanographene is studied, and the formation
of a bound layer is examined. In the layer analysis below, the
adsorbed layer (layer0) represents distances from 0 to S A
from the surface of the nanosheet, the next layer (layerl)
involves distances between S and 15 A, and the bulk layer
corresponds to distances beyond 30 A. The definition of each
layer is based on the minimum distance from the atoms of the
nanosheet, following thus the curvature of the latter."®> This
means that atoms are distributed into layers according to their
actual position with respect to the entire GP or GO sheet.

Chain desorption dynamics from the adsorbed layer can be
studied by using the following correlation function:”

{s(0g(0))
€
where g(t) takes the value of 1 if at least one atom of the chain

satisfies the adsorption criterion at time ¢ and 0 otherwise. ()
denotes statistical averaging over all chains and time origins.

h(t) =
(2)
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Because in both the glassy and amorphous regions the
segmental relaxation of the Opolymers is described by stretched
: (o 100-102 C X
exponential functions, estimation/extrapolation regard-
ing the relaxation times can be performed by fitting the

correlation spectra to the mKKW function:'%’

t t /
——|+ @ —a)exp _[_]

)

P(t) = a, exp[

i (3)
In eq 3, @, represents the fraction of fast librational motions
that are described by a simple exponential and a characteristic
time 7, while the rest of the relaxational motions are described
by a stretched exponential (ff parameter) and a characteristic
time 7,.'°" The mean decorrelation time, 7, can thus be
calculated by the expression 7. = a7, + (1 — aQ(%)F (%),
where I' is the Gamma function.

Figure 4 shows the desorption curves for the examined
systems. Fitting of the data with eq 3 provides a rough
estimation of the decorrelation times (z.). In PAA systems, at
650 K the relaxation times amount to 215 and 276 ns for
PAAGP and PAAGO systems, respectively. At lower temper-
atures desorption curves exhibit analogous behavior for
systems of both fillers. The desorption times 7. are roughly
estimated to be around 500 ns, 1 us, and S us at 600, 550, and
500 K, respectively. It must be noted that the latter times are
crude approximates which serve only to provide an order of
magnitude, since they correspond to time scales much longer
than the simulation runs.

At the temperature value which corresponds to the same
maximum distance from the T, (i.e, 650 K for PAA and 600 K
for PS), the desorption curves of Figure 4 indicate lower
residence times in the adsorbed state for PS compared to PAA.
Based on Figure 4b, the decorrelation times for PSGP are
estimated to be around 145 ns, 210 ns, 1 s, and 10 ps while
for PSGO 150 ns, 335 ns, 1.2 us, and 10 ps at 600, 550, 500,
and 450 K, respectively. In the PSGP systems, at 450 K, even
after 500 ns, as can be seen in Figure S4, a chain may remain
adsorbed although the GP undergoes intense rippling.'®

Moreover, it was found that the estimated desorption times
in all systems are much larger than the maximum relaxation
times of the polymer chains in bulk, as presented in Table
2.!%29%% The respective relaxation curves, as shown in Figure

Table 2. End-to-End Vector Decorrelation Times (7.) Based
on the ACF Curves Presented in Figure S7 and Estimated
by Eq 3

bulk PAA 7, [ns] bulk PS 7. [ns]
500 K 972 + 100 450 K 422 + 100
550 K 121 + S0 500 K 74 + 20
600 K 40 + S 550 K 28 + 5§
650 K 18 £ 2 600 K 14 +2

S7, correspond to the first-order Legendre polynomial of the
end-to-end vector (P;(t) = (é(t)¢(0)), with ¢ being the unit
vector). At the lowest temperature, after 500 ns the values of
0.4 and 0.2 are reached for the bulk PAA and PS system,
respectively. In the same time interval, the desorption curves
(Figure 4) depict the values of 0.7 and 0.8 for the PAA and PS
system, respectively. The observed behavior implies that in
both PAA and PS systems at 100 K above T, a polymer bound
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layer is present,"® which is expected to affect significantly chain
dynamics.

Polymer Dynamics Close to the Interface. To further
elaborate on the conformational dynamics of the polymer
chains at the bound layer, we have monitored the backbone
dihedral autocorrelation function (ACF):”®

(cos ¢(t) cos ¢(0)) — (cos ¢(0)*)
(cos ¢(0) cos ¢(0)) — (cos p(0)*)

P =
(p(t)) @

Here, ¢(t) symbolizes a backbone dihedral angle at time t.
Intramolecular torsional barriers are known to be closely
associated with the glassy polymer behavior,'”* and thus
calculation of the torsional decorrelation times can provide
information regarding the immobilization/vitrification of the
restricted polymer layer close to the filler’s surface. The
definition of the layers is based on the minimum distance from
the surface, following the nanosheet rippling. To improve
statistics, leaving and reentrance of atoms in the same layer was
allowed.

Figure 5 shows the ACF curves together with the fits, using
eq 3, for the adsorbed layer. For clarity, in Figure S8 only the
respective fitting curves are shown. It can be observed that in
general the decorrelation is slower in the GO systems for both
PAA and PS systems. In PAA systems, the difference between
black (GP) and blue (GO) curves at intermediate times
becomes more pronounced as the temperature drops. At the
lowest temperatures studied, the ACF curves reach the same
value of 0.2 at 100 and 200 ns in PAAGP and PAAGO
systems, respectively. It can also be observed that in the
PAAGP systems the curves exhibit stronger statistical
fluctuations. This is an indication that the PAA backbones
near GP stay for shorter times confined within layerQ
compared to the behavior observed in the PAAGO systems.

An analogous enhanced-noise/poor-statistics effect is
obvious for the PS-based systems in layer0 of both GP and
GO. It must be noticed that PS becomes physically adsorbed
on the surface (Figure S4) mostly through the phenyl ring;”’
thus, the probability of the backbone to lay within the
adsorbed layer of S A thickness is lower compared to that for
PAA. At 600 K and at intermediate times, the fitting renders
slightly faster dynamics for the PSGO compared to the PSGP
system (Figure Sb). At 450 K, after almost 400 ns, the ACFs
for both PSGP and PSGO reach values close to 0.3. Almost
100 K above the calorimetric T, of the bulk polymers, both
PAA and PS systems indicate a behavior consistent with the
presence of an immobilized bound layer, which is expressed
through the absence of decorrelation of the backbone dihedral
ACFs within a time window of almost 0.5 us.

The effect of the immobilization of the bound layer on the
dynamics of the next to the adsorbed layer (layerl) is
examined in Figure 6. In contrast to Figure 5, the GO systems
(blue curves) exhibit slightly faster dynamics, at short and
intermediate times, in both polymer systems compared to their
GP analogues (black lines). In PAA systems (Figure 6a), where
the statistics is better, it can be clearly observed that the
different adhesion properties of the two polymers, which affect
the dynamics of the bound layer, are smeared out in layerl. At
the lowest examined temperature (T = S00 K), the ACFs
describing the PAAGP and PAAGO systems are practically
indistinguishable.

The same trend is also present in the PS-based systems
(Figure 6b). Because a chain with a characteristic dimension of
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R, ~ 14 A may participate in both layers adjacent to the surface
(i.e., layer0 and layerl), it can be envisioned that a single
adsorbed macromolecule may experience heterogeneous
The restricted dynamics of

. . 61,105
dynamics across its length.””
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the bound layer is compensated by faster dynamics in the layer

adjacent to it.

To quantify the differences observed in the relaxational
characteristics of the spectra presented in Figures S and 6,
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Figure 8. Time evolution of the z-mobility ratios in the direction normal to the nanosheet in layer0 for the (a) PAA systems and (b) PS systems.

decorrelation times (7.) calculated by means of eq 3 are
presented in Figure 7. The estimated relaxation times are
plotted in logarithmic scale so that any deviations from the
Arrhenius behavior can be readily identified. We note that the
estimation of the relaxation times of the bound layer, especially
at low temperatures, is achieved by an extrapolation based on
short times, and for this reason the uncertainty in the
evaluation of the decorrelation time is rather high. Figure 7
shows the decorrelation times for PAA systems for all three
layers (i.e., layer0, layerl, and bulk). A differentiation between
the dynamics of layerO and layerl is noticed. Moreover, it can
be observed that although the times correspond to the bulk
and to layerl follow the anticipated VFT temperature
dependence,* the dependence describing layer0 seems to be
Arrhenius-like.' #3055 Thig appears to be independent of
the adhesion properties of the polymer.

In the case of the PSGP-based systems, the Arrhenius-like
behavior has been confirmed experimentally in a recent
dielectric study,17 and our simulation seems to agree with
this tendency (Figure 7b). A stronger transition is also in
agreement with the experimentally confirmed absence of a heat
capacity step for the bound layer in such nanocomposite
systems.ls’17 Nevertheless, for the PSGP systems, at 450 K, it is
possible that an even more dramatic immobilization (possible
first-order transition to a liquid crystalline phase) could be
present. In such a case layerl could follow the same bound
layer characteristics.

In all PAA and PS systems, the behavior of 7, particularly at
the lower temperature values, also indicates a decoupling in
dynamics between layerl and layer0. Moreover, the temper-
ature dependence of the 8 parameter (eq 3) for the bound
layer (depicted in Tables S1 and S2), although it takes values
between 0.3 and 0.5, does not follow a clear trend. A rather
broad distribution of relaxation times is suggested.

Anisotropy of Polymer Translational Motion in the
Composites. The existence of a bound polymer layer affects
the translational dynamics of polymer chains, inducing
anisotropy in the three directions of motion. The time
evolution of the atom displacement, Ar(t), of polymer
molecules provides a measure for the dynamic gradient in
segmental motion across different layers parallel to the
nanosheet. To quantify this, we define an effective mobility
(m), which for the case of the diffusion in one dimension (e.g.,
in the z direction, m,) is represented by the z component of
the mean-square displacement (MSD), i.e., m,(t) = MSD,(¢).
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In analogy, for the case of the diffusion in a plane, the mobility
quantity (m,,) can be defined as the sum of the x and y
components of the mean-square displacement, i.e., m,(t) =
(MSD,(t) + MSD,(t)). Finally for isotropic diffusion (bulk
systems), the effective mobility (), is the sum over the x, y,
and z components of the mean-square displacement to yield
my(t) = (MSD,(t) + MSD,(t) + MSD,(t)).

3m(t) 3m,(t)
2y (£) My (£)
the evolution of the decoupling (at short times) between the
dynamics in confined layers and the bulk dynamics.'>*” In case
the two ratios approach unity, then no decoupling is assumed.
Moreover, comparison between the two ratios may offer
information regarding the anisotropic characteristics of the
diffusion in each layer.

Here the layer definition is based again on the minimum
distance from the surface; following the nanosheet rippling, the
displacement of each atom is projected to the filler’s
coordination system to derive the components of the MSD
in the xy-plane and the z-direction parallel and perpendicular
to nanosheet, respectively. The bulk layer (i.e., far from the
filler’s surface) is compared with bulk polymer samples at all
temperatures and shows similar behavior. An atom should stay
for the entire time period in the same layer, with no
reentrances allowed (considering the saving frequency of ~1
frame every 30 ps), to be taken into account in the layer
analysis.

Figure 8 presents average segmental mobility ratios for the
perpendicular motion of the atoms belonging in the adsorbed
layer (layer0) for both polymers. Focusing on Figure 8a, a
weaker decoupling of the displacement in the z-direction from
the bulk is observed (i.e., the z-mobility ratio approaches 1) as
temperature drops.'® Another observation is that at somewhat
longer time scales the temperature dependence of the z-
mobility ratio persists in the PAAGO systems, while it reduces
in the PAAGP systems. This might be related to the affinity of
PAA to form hydrogen bonds with GO, which can survive at
that time scale,”® contributing thus to the departure of the
mobility of the hydrogen-bonded atoms from the bulk
behavior.

The z-mobility ratio increases as the temperature drops in
the PS systems as well, as depicted in Figure 8b. However, the
decoupling effect appears to be stronger for the PSGP systems,
compared to the PSGO, and the normalized coefficient
exhibits slightly lower values at all temperatures. The presence

Thus, the ratios

can provide a measure for
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Figure 9. Time evolution of the xy-mobility ratio in the direction parallel to the nanosheet in layer0 for the (a) PAA systems and (b) PS systems.

of the oxygen groups in the GO sheet may inhibit the 7—x
interactions between some of the phenyl groups of PS and the
filler, affecting thus their tendency to adsorb and therefore
influence the polymer’s local dynamics. At longer time scales,
the mobility ratios between the PSGP and the PSGO models
assume similar values, in contrast to what was observed for the
PAAGO system, presumably due to the absence of hydrogen-
bond formation in the PS-based systems.

Figure 9 shows the planar mobility ratio of atoms residing in
layer0. For PAA in systems with both nanosheets (Figure 9a),
as the temperature drops the degree of decoupling marginally
increases. Moreover, it is shown that the mobility ratio
behavior parallel to the nanosheet is markedly different
between the GP and GO systems at all the examined
temperatures. The planar mobility ratio appears to be
considerably lower in the PAAGO systems compared to that
in the PAAGP. This can be rationalized by a combined effect
related to the presence of hydrogen bonding in the GO-based
system as well as to the higher degree of roughness of the GO
sheggt,lowgvhich is known to slow down translational dynam-
ics.””

Figure 9b, portraying the behavior of the PS-based systems,
shows in general a behavior similar to that of the PAA-based
composites, but with some quantitative differences. Namely,
the mobility ratios in the PSGO system show a somewhat
stronger temperature dependence and slightly higher ratios at
lower temperatures compared to their PAAGO analogues. This
might be related to the absence of hydrogen bonding in the
PSGO system, which allows a less restricted planar transla-
tional motion that can be more easily affected by changes in
temperature.

The picture emerging from both PAA and PS systems, at all
temperatures, supports the idea that in the absence of
increased nanoroughness (ie., as in the GP nanosheet) the
mobility suppression in the z-direction is accompanied by a
less suppressed mobility in the xy-plane, implying a strongly
anisotropic diffusion. Similar results have also been observed
for the diffusion of small molecules in the calcite surface'®” and
macromolecules in the graphite surface.'”*>”*'* The higher
the suppression of the displacement in the z-direction, the
higher the mobility in the xy-plane, resulting in an average
mobility ratio closer to 1."°” The ability of smooth surfaces to
retain part of the translational entropy, at high enough
temperatures, in the xy-plane could in a thermodynamic way
explain the increased first peak in the density profile in the GP
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nanosheets. In the case of immobilization/ordering (at a lower
temperature) of the bound layer on the nanosheet, the entropy
reduction on the GP is expected to be higher than the one on
the GO.”” On a DSC thermogram, such behavior of abrupt
reduction in the entropy could be manifested as a
crystallization peak.*'”'®

Nevertheless, a higher degree of roughness, as introduced by
the hydroxyl and epoxy groups of GO, results in a more
isotropic (2m,/ M, ~ 1) diffusion compared to that in the GP-
based systems. The average mobility ratios (parallel and
perpendicular to the surface) are lower in these systems,
indicating stronger decoupling effects. Because desorption of
the atoms, when no layer reentrance is allowed, results in
noisier curves, it is clear that the PAAGO atoms remain for
longer times adsorbed, exhibiting smoother m,, curves at all
temperatures. Compared to an analysis that would allow
reentrance of the atoms in the layer, only contributions from
large displacements at longer times (>1 ns) are missed."?

At the layer next to the adsorbed (layerl, width of 10 A)
polymer atoms move faster. The normalized planar mobility
ratio assumes values higher than those in layer0, as shown in
Figure S9. These values lie within the same range for both GP-
and GO-based systems. The coefficient m, (data not shown
here) indicates also a more isotropic diffusion. In other words,
it appears that the adsorbed layer (layer0) provides a kind of
shielding/coating to the next layer from the effects of surface
roughness and hydrogen bonding (where present), as far as it
concerns polymer dynamics close to the nanosheet.'>**"%"

Dynamic Heterogeneity Close to the Surface of the
Nanosheet. To elaborate more on the degree of dynamic
heterogeneity (cooperativity in diffusion) close to the surface
of the nanofillers, one can monitor the non-Gaussian
parameter (NGP), a,, defined as

4
az(t) _ 3<Ar(t) )

T OS(ARE? (s)

where Ar(t) denotes the mean-squared displacement of the
atoms (which can be calculated in different directions) at time
t and the brackets symbolize time and ensemble average. After
time ¢, if all the atoms have traveled the same distance, a, takes
a value of —0.4. In Brownian motion, @, takes a value of 0,
while in cases where the displacements are not Gaussian
distributed, values greater than 0 appear.

In Figure S10, it is shown that the @, parameter indicates a
similar degree of heterogeneity for both pristine PAA and PS
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(b) PS systems.

systems at the examined temperatures. This suggests that in
both polymer systems the distance from T, at the
corresponding temperatures is similar. At high temperatures
and short times (~50 ps) the polymer bulk dynamics assume
rather low a, values, close to 0.5. The same quantity at the
lowest temperature reaches more than twice the value observed
at high temperature, ie., close to 1.2. Therefore, the
temperature range examined covers the transition regime
where bulk polymer dynamics change from almost homoge-
neous to strongly heterogeneous.

The behavior of the NGP of polymer atoms close to the
nanosheet, moving parallel to it (i.e, wxy), at all studied
temperatures in the composite systems is shown in Figure 10.
The definition of layers is the same as that in the study of the
MSD discussed earlier. Based on the coordination system, the
displacement is projected on the xy-plane parallel to the
nanosheet. In all models, the NGP drops when temperature
increases, as does the distance from Tg It is also evident that
for both the PAA- and PS-based systems the presence of GO
induces a higher degree of heterogeneity compared to their GP
analogues. Although close to the surface of GO the diffusion
(in all three directions) is more isotropic, the dynamic
heterogeneity (NGP) in the xy-plane is higher.

Remarkably, diffusional motion close to GP not only exhibits
lower a, values but also the degree of dynamic heterogeneity
in the xy-plane in the composite is very close to that
corresponding to the bulk polymers at the same temperature
values, which is not the case for the GO-based systems. Even at
longer time scales (~1 ns), the NGP values in the GO systems
are higher for both PAA and PS systems compared to the
respective bulk polymers at the corresponding temperatures.
The bound layer dynamics on both nanosheets does not
exhibit a suppression of the heterogeneity compared to the
bulk. The observed behavior implies that an experimental
technique capable of probing local relaxational dynamics close
to the nanofiller would have detected broader spectra in the
GO composites.

The overall analysis is consistent with the formation of a
dynamically arrested interfacial polymer layer at a temperature
almost 100 K above the bulk calorimetric T, This notion
appears to be independent of the nanofiller roughness.
Information about the global chain dynamics and the structure
of the adsorbed layer will be presented in a future work.
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IV. CONCLUSIONS

In the current work we have presented an MD simulation
study focusing on the bound polymer layer on GP and GO
nanosheets. Two polymer matrices have been used, namely
PAA and PS. The two different nanosheets bear different
degrees of surface roughness and exhibit different affinities
with the examined polymeric chains. The choice of polar and
hydrogen-bonding-capable PAA and nonpolar but 7z—=x
interaction active PS allows the examination of restricted
polymer dynamics under different conditions of adhesion with
the nanofiller. To eliminate possible size effects in the presence
of nanometer-sized graphene and graphene oxide sheets and to
accomplish an equilibrium of the adsorbed layer with the bulk
fraction, large systems, of the order of 500 X 10° atoms, were
studied. The examined temperature range covered temper-
atures between 100 and 250 K above T, for both polymers,
allowing the observation of the transition between an
immobilized layer close to the filler’s surface to a more mobile
dynamic state.

Density profiles indicate a bound layer width of almost S A.
This length is used in the layer analysis parallel to the
nanoflake. In the PAAGO system, lower densities were
detected close to the nanosheet compared to those observed
in the PAAGP system. A similar trend was also noticed in the
PS systems, indicating that the increased surface roughness of
GO leads to lower polymer densities close to the surface.

Concerning the dynamics of the bound layer, the key results
of this study can be summarized as follows: (1) The desorption
dynamics and the backbone torsional relaxation indicated that
for the polymers studied, at a temperature ~100 K above their
corresponding bulk T, a layer with suppressed mobility is
formed close to the examined nanofillers. (2) The
experimentally detected “stronger” transition/Arrhenius-like
behavior, close to the fillers surface, was observed in all the
systems, despite the differences in the filler’s nanoroughness
and in the relative affinity between the polymer and the GP-
based flake. (3) A faster, less heterogeneous, and more
anisotropic diffusional motion was present in the lower
roughness GP-based systems compared to the GO-based
systems. (4) An increased dynamic heterogeneity of the bound
layer compared to the bulk one was detected for all systems.
(5) The MSD on the layer adjacent to the adsorbed one
exhibited isotropic characteristics for all systems, independent
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of the degree of the filler’s roughness or the presence of specific
interactions.

On the basis of the above, it can be concluded that polymer
chains experience different dynamic regimes close to the
nanosheet, with the adsorbed layer providing a shielding effect
to the adjacent layer. In the vicinity of the surface, the
cooperativity is expressed as a strong dynamic decoupling
between the two layers.
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