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The interface of polyetheretherketone (PEEK) with carbon nanotubes (CNTs) and graphene is investigated using
density functional theory and molecular dynamics within the REAXFF-Ig interatomic interaction framework. The
dependence of PEEK adsorption energy on the polymer chain length, temperature, starting adsorption config-
uration of the fully stretched conformation, and on the nature of the substrate was investigated. Overall, the
interface between graphene and the polymers yield larger adsorption energies than the CNTs. Adsorption en-

ergies decrease with increasing temperature while for the CNT substrates, there is a slight dependence on the
initial relative orientation between the nanotubes and the extended polymer chain. This is the first study on this
interface, to the best of the authors’ knowledge, with such a wide spectrum of relevant variables.

1. Introduction

The extraordinary materials properties of nanotubes such as high
axial Young’s modulus [1], porosity [2] and electronic structure [3] can
be suitably coupled with those of polymers to enhance polymer per-
formance [4-8]. One of the most common applications is the rein-
forcement of the mechanical properties of polymer matrices with the
introduction of carbon nanotubes (CNTs) [9,10]. At the same time,
polymers may also be used to modify the properties of CNTs. For
instance, wrapping a long polymer chain around a CNT has been
observed to increase the buckling strength of the nanotube [11]. Other
important applications are the improvement of dispersion [12] and
selectivity [13] of the CNTs, which tend to form bundles in solution.
Recently, solar cells have been designed that use the controllable charge
transfer at the interface between the CNTs and P3HT [14]. As a final
recent example of the vast possibility of applications, we mention a
targeted drug delivery method developed for cancer drugs using the CNT
interface with the effective component of the drug [15].

Among the endless list of technologically important polymers, we
chose polyetheretherketone (PEEK) as a test case, due to the fact that it
has been investigated theoretically in relatively few studies in spite of its
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many desirable properties [16,17]. PEEK is a high-performance ther-
moplastic polymer with a broad range of applications, such as in
dentistry [18,19], tribology [20], and in implants [21]. Its mechanical
properties, chemical resistance, and relatively high melting temperature
make it a viable material for use in the aircraft and spacecraft industries
[22,23].

Theoretical studies of graphene/polymer and CNT/polymer in-
terfaces are performed at multiple scales ranging from coarse-grained
methods such as representative volume elements [24] to the fully
quantum mechanical treatment at the density functional theory (DFT)
level [25]. Here we study the properties of the graphene/PEEK and
CNT/PEEK interfaces with both DFT and molecular dynamics (MD),
with the aim to study the dependence of the adhesion strength of PEEK
chains on the carbon-based nanostructures on a range of parameters
such as temperature, chain length, and the length, radius and type
(armchair vs zigzag) of the CNT substrate. We present a bottom-up
approach, starting with the smallest aromatic ring units constituting a
single PEEK monomer. This allows us to understand the relative effect of
each ring in the interaction with the substrate. We then build our results
up to a single PEEK monomer and finally to 3-, 6- and 9-monomer
chains. For the PEEK subunits and the single PEEK monomer, we



Fig. 1. asingle PEEK monomer (a) divided into the three subunits CcHgO2, C;HeO2, and CgHg (b). CsHg adsorption geometries on graphene (c) and a (10,0) CNT for
four distinct orientation angles (d). The zero-angle orientation convention for the other two molecules is reported in Fig. S1 of the SI.

investigate their adhesion properties on graphene and CNT substrates
using DFT calculations. DFT not only provides an accurate description of
the interface at hand but it is also used to benchmark our MD protocol
that we use to study the adsorption of the longer polymer chains.

Our MD calculations employ the reactive force-field (ReaxFF) [26],
which was originally developed to accurately describe challenging
reactive processes. Due to its high transferability thanks to bond-order
dependence and dynamically updated atomic charges, its domain of
applications has rapidly expanded to include a very diverse collection of
systems [27], including nonreactive cases [28]. In fact, it was recently
employed in the modelling of crystalline and amorphous PEEK [17]. We
employ the REAXFF-lg (low gradient) variant [29] with improved long-
range behavior for a better description of van der Waals interactions.

The paper is organized as follows: the computational methods are
described in the next Section 2, which contains a detailed description of
the MD protocol. We then present a discussion of our results in Section 3,
while conclusions and perspectives are given in the final Section 4.

2. Computational methods

The energetics of adsorption and the adsorption geometries of a
single PEEK monomer and its three aromatic subunits (C¢Hg, C;HgOo,
and CeH403, see Fig. 1) on graphene and several CNTs were investigated
within DFT. All DFT calculations were performed using the open source
code suite Quantum ESPRESSO [30]. Ultrasoft pseudopotentials were
used to treat the interaction between the nuclei and the electrons [31]
and van der Waals interactions were included via the nonlocal exchange
correlation functional vdW-DF1 [32] with the C09 correction developed
by Cooper [33]. A kinetic energy cutoff of 30 Ryd was employed for all
calculations and a vacuum distance of at least 11 A was introduced to
avoid interaction between periodic images. Subunit and monomer
adsorption on graphene were studied using 6 x 6 and 8 x 8 simulation
cells, respectively. For these calculations a 3 x 3 x 1 Monkhorst-Pack
[34] (MP) grid was used for Brillouin zone integrations. For the
adsorption on CNT substrates, 1 x 1 x 8 MP grids were used for all CNT/
subunit interfaces while 1 x 1 x 4 MP grids were used for the calcula-
tions involving the PEEK monomer. Adsorption energies, E,, were
calculated using

E, =E —E —E, (1)

where E, , E; and E, are the energies of the total system, the substrate
(graphene or CNT) and the isolated adsorbate, respectively. The total
energy of the isolated adsorbate was calculated using a large cubic unit
cell at the T point of the Brillouin zone.

The interaction of the PEEK aromatic subunits, the monomer and the
polymer chains with both graphene and CNTs were modeled using MD
as implemented in the LAMMPS Molecular Dynamics Simulator [35,36].
Bonded and nonbonded interactions were all modeled within the unified
framework of the ReaxFF-lg force field [26,29]. An initial static

minimization using the conjugate gradient algorithm was followed by
the evolution of the system in an NVT ensemble. Quantities of interest,
such as the adsorption energy, were calculated as an average over a
suitable number of snaphots of the final portion of this NVT ensemble
evolution stage. Equations of motion were integrated using the velocity
Verlet algorithm [37] and temperature control was achieved by the
Berendsen thermostat [38] with a damping time of 0.1 ps. A time step of
0.1 fs was used in all our MD calculations. The coupling of the Berendsen
thermostat and ReaxFF is a popular protocol in literature [39].

The length of the NVT evolution stage as well as the elapsed time
between the snapshots considered in the averaging process varied with
system size. Subunits of PEEK and the full PEEK monomer were allowed
to interact with CNTs and graphene for 200 ps. The average adsorption
energy was calculated from ten equally spaced snapshots taken from the
last 50 ps of the simulation. In the MD simulations on the 3-, 6- and 9-
unit PEEK oligomers in isolation (i.e. without any substrate) the sys-
tems were kept at 10 K using the Berendsen thermostat (damping
parameter of 100 fs) for 1 ns with a time step of 0.1 fs. We monitored the
end-to-end distance and radius of gyration during the entire length of
the simulation. The initial configurations of the polymers were con-
structed using the online nanoHUB Polymer Modelling Tool [40], which
utilizes configurational bias Monte Carlo (MC) [41].

For calculations involving 3-, 6-, and 9-unit PEEK chains adsorbed on
graphene and CNT substrates, the total simulation time was increased
from 200 ps to 400 ps and the adsorption energies were calculated using
10 snapshots taken at equal intervals in the last 100 ps. The positions of
the atoms constituting the graphene and CNT substrates were held fixed
during all calculations. With increasing chain length of the polymer, the
CNT length was also increased to 5 nm, 10 nm and 15 nm, respectively,
to reduce the interaction between periodic images as much as possible.
Adsorption energies were once again calculated using the expression in
Eq. (1) where E,, E; and E, are interpreted as the average potential en-
ergy of the full system, the static potential energy of the graphene or
CNT substrate and the static potential energy of the molecule in the
configuration taken from each particular snapshot, respectively.

All calculations were conducted on periodic graphene and CNT
substrates of sufficient length so as to minimize the lateral interactions
between neighboring simulation cells. In addition to adsorption en-
ergies, we also report the end-to-end distance and the radius of gyration
of the 3-,6- and 9-unit PEEK chains both in isolation and in contact with
the substrates. The end-to-end distance is simply the distance between
the two ends of the polymer while the radius of gyration is defined by

N

1
2 _ 2
R, = My 2 m, (R, — Reom)”, (2

n=

where My is the total mass of the polymer, m, is the mass and R, is the
position vector of the nth atom, while R¢opy is the position of the center
of mass of the polymer. Both the end-to-end distance and Rg can be used
as measures for the degree of folding of the polymer onto itself.



Table 1

DFT adsorption energies, Ej, (meV/molecule), and adsorption distances (d,A) of C;HgO,, CsHeO2 and C¢Hg on graphene and on a (10,0) CNT. Values in boldface
indicate the most stable orientations for each molecular fragment.

Graphene (10,0) CNT
CyHgO> CgHeO2 CeHe C;HeO2 CgHeO2 CeHe
0° —848.1 3.27 -778.3 3.23 —616.8 3.28 —585.7 3.15 —528.1 3.13 —419.0 3.11
30° —830.0 3.28 —769.5 3.25 —613.0 3.29 —545.7 3.18 —527.9 3.12 —421.4 3.11
60° —837.3 3.27 —778.1 3.24 —-616.9 3.28 —564.9 3.16 —-560.1 3.12 —419.0 3.11
90° —862.7 3.24 —768.7 3.24 —613.0 3.29 -613.0 3.19 —564.1 3.14 —421.4 3.11

Table 2

DFT adsorption energies for a single PEEK monomer adsorbed on CNTs and on
graphene. For each CNT, its axial length (I, A) and its radius (R, A) are reported.

Energies in eV.

3. Results and discussion
3.1. DFT calculations for monomer adsorption

To obtain a deeper understanding of the interfaces, we start with a

(nm ! R Es detailed account of the interaction between a single PEEK monomer and
(10,0) 13.05 3.99 _1.317 the carbon-based substrates. First, we divide the monomer into the three
(10,0) 21.75 3.99 —-1.255 constituent subunits, as displayed in Fig. 1(a) and (b). Extra H atoms
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Fig. 2. Optimized geometries (side, top and front views) of the CNT/PEEK interfaces obtained through DFT (a-c). (a) (10,0) CNT of three lengths, (b) zigzag CNTs (I
=26.0 A), and (c) armchair CNTs (I = 25.1 A). The angle of inclination of the terminal aromatic rings is illustrated in the upper left panel. (d) The PEEK monomer on

an 8 x 8 graphene substrate from the top and from the side.



than 100 meV larger than on the CNTs. This result is a direct conse-
quence of the increased area of contact of the molecule with the sub-
strate for graphene compared to CNT, which is reduced in the latter, due
to its curvature. The distances reported in Table 1 are the average dis-
tance of the six atoms constituting the aromatic ring on each molecule to
the graphene (CNT) C atom directly below the center of the ring. In the
case of benzene, the 0° and 60° results as well as the 30° and 90° results
are very similar due to symmetry.

Following this preliminary work, the adsorption energies of the PEEK
monomer were calculated on graphene and several CNT substrates as
reported in Table 2. Due to the periodic geometry of our simulation cells,
their length were adjusted such as to minimize interaction between
periodic images. The effect of CNT length on the adsorption energies was
also investigated by calculating PEEK adsorption energies on a (10,0)
zigzag CNTs with three different lengths. In addition, the energetics of
adsorption of the monomer were calculated for CNTs of different radii
and chiralities. The adsorption geometries are presented in Fig. 2.

The initial configurations of the PEEK monomer on the substrates
were taken from 1 ns-long MD simulations at 10 K. Each system was then
subjected to a further geometry optimization using DFT. In the calcu-
lation of the adsorption energies using Eq. (1), the energy of the isolated
adsorbate, E,, was calculated, at its adsorption geometry, in a large
cubic simulation box and performing a single-step self-consistent field
run. This way of calculating E, eliminates the contribution to the
adsorption energy associated with the distortion of the molecule during
the process, and includes only its interaction energy with the substrate.
For the (10,0) CNTs (upper panels of Fig. 2), we observe a decrease of
approximately 0.06 eV in E, in going from the smallest length to the
next. This is due to the reduction in the lateral interaction between
periodic images. For the two larger sizes, however, the lateral in-
teractions appear to be eliminated and there are no significant changes
in Eb.

The effect of CNT radius on computed E;, is investigated next, by
comparing the adsorption energies on (10,0), (12,0), and (15,0) zigzag
CNTs having the same axial length of 26.01 A (panels (b) of Fig. 2).
Adsorption energies increase very slightly with increasing CNT diameter
(i.e. with decreasing curvature). As shown in Fig. 2, upon adsorption the
terminal aromatic rings of the monomer form an angle of around 50°
with respect to the central ring, and in opposite directions. This
configuration maximizes the contact area for all three subunits with the
CNTs surface while at the same time minimizing the H-H repulsion.
However, the computed Ep for PEEK adsorption is smaller than the sum
of the adsorption energies of its components.

As a means of understanding the effect of CNT type (zigzag vs
armchair) on the energetics of PEEK monomer adsorption, three
armchair nanotubes with (m,m) indices of (6,6), (7,7), and (8,8) were
also selected, with radii nearly equal to those of the previously studied
(10,0), (12,0) and (15,0) CNTs, respectively. Their axial lengths were
also kept as close as possible at 25.1 A. Similarly to the zigzag CNTs, the
adsorption energy was found to increase very slightly as a function of
CNT radius also in the case of the armchair nanotubes. The armchair and
zigzag nanotubes yield very similar energies within a few meV.

The adsorption geometry of the PEEK monomer on a flat graphene
substrate is shown in the lower panels of Fig. 2 while E, values are re-
ported in Table 2. In this case, the angles that the three PEEK subunits
form with the flat graphene surface are about 10°, 20° and 7° in opposite
directions, and are significantly smaller than the values observed for
PEEK adsorption on CNTs. Furthermore, the E, of 1.41 eV computed for
this configuration is larger by at least 80 meV than that for CNTs.

3.2. MD calculations for polymer adsorption

Before starting the MD production runs, our protocol was bench-
marked against the DFT E, values obtained for the monomer subunits
and a single PEEK unit. The adsorption energies of benzene, C;HgO2 and
CeHgO2 on a (10,0) CNT of length 13.05 A were calculated at 0 K, 100 K

Table 3

DFT and MD interaction energies (in eV) for the PEEK monomer adsorbed on
graphene and on CNTs with different radii. For MD, Ej, values are reported at
three different temperatures

DFT ReaxFF

0K 100 K 300 K

(10,0) -1.27 -1.35 -1.39 -1.39
(12,0) —-1.30 —1.45 —1.47 —-1.09
(15,0) -1.33 -1.55 -1.48 —1.42
(6,6) -1.29 —1.40 -1.47 -1.22
7,7) -1.30 —1.48 -1.36 —1.40
(8,8) -1.33 —-1.52 —-1.52 —-1.21
Graphene -1.41 -1.27 —0.88 -0.70

and 300 K, and the results, along with a comparison of the most favor-
able configurations identified using DFT, are presented in Table S1 of the
SL

ReaxFF calculations at T = 0 K are in good agreement with the DFT
results, although the ReaxFF E, values are, on average, higher in
magnitude. A similar trend can be seen in the comparison between DFT
and MD results for the adsorption of the PEEK monomer, summarized in
Table 3. Focusing on the MD results, at lower temperatures (0 K and 100
K), the E, values increase with increasing radius; at the higher temper-
ature of 300 K, the polymer has instead sufficient thermal energy to
explore more low-energy configurations and, as a result, the trend is not
necessarily obeyed. In particular, dihedral angles between the aromatic
subunits of the monomer assume values that greatly differ from those
characteristic of the configurations found at lower temperatures.
Selected adsorption geometries are reported in Fig. S2 of the SI.

MD simulations were run for isolated oligomers (containing 3, 6, and
9 PEEK units), with the goal of obtaining insight into the strength of the
intramolecular interactions. The relative stability of the adsorption ge-
ometries of the polymers on CNTs and graphene is expected to be gov-
erned by an interplay between intramolecular forces and the interaction
with the substrates. The initial and final configurations, taken from the
very last step of the complete MD runs, along with the end-to-end dis-
tance and radii of gyration are presented in Fig. 3.

For the three oligomers, the equilibrium configurations were found
to deviate heavily from their initial linear arrangements and fold onto
themselves as evidenced also by the plots of end-to-end distances and
radius of gyration. Folding occured not gradually but mostly via abrupt
changes in the geometry. As expected, the 3-monomer chain has the
smallest radius of gyration. In contrast, the radius of gyration of the 9-
monomer chain is similar to the 6-monomer chain, both between 10
and 15 A.

Finally, the geometry and energetics of adsorption of the 3-, 6-, and
9-unit polymers on the flat graphene sheet and on a (8,8) nanotube were
investigated using the same MD protocol. In addition to the length of the
chains, dependence on two more parameters, namely temperature and
the starting angle that the rod-like polymer forms with respect to the axis
of the nanotube, were investigated. A schematic representation of this
angle is reported in Fig. S3 of the SI. The starting angle that the rod-like
polymer forms with respect to the bottom edge of the rectangular gra-
phene simulation cell was instead chosen to be 45° for all calculations.
This minimizes the initial end-to-end interaction of the fully stretched
polymers in neighboring simulation cells. Once the simulation starts, the
polymer folds immediately and intra-cell interaction ceases to be an
issue. For these systems, snapshots were taken between 300-400 ps at
every 10 ps of the simulation run. Simulations were conducted at three
different temperatures (100 K, 300 K and 500 K) and, for the CNT
samples, with three different initial angles (0°, 45° and 90°).

The configurations obtained at the end of each simulation are dis-
played in Fig. 4 for the 9-monomer chain and an initial starting angle of
0° for the CNT substrate. Similar figures for the other two oligomers are
reported in Fig. S4 of the SI, while results for the 9-monomer chain on a
(8,8) CNT at 500 K for three initial starting angles are displayed in
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Fig. 3. The initial (a), and the final (b) configurations of the isolated oligomers containing 3, 6, and 9 PEEK units respectively. The end-to-end distance and radius of
gyration data from the NVT run (c).

100 K

Fig. 4. The final configuration of the 9-monomer PEEK chain on the (8,8) CNT (top panels) and graphene (bottom panels) at temperatures of 100 K, 300 K, and 500
K. The starting angle (as defined in Fig. S3 of the SI for the CNT substrate) were taken to be zero for all simulations on the CNT substrate.



Table 4

Average adsorption energies (in eV) of rod-like PEEK chains adsorbed on a (8,8) CNT and graphene, as a function of temperature and starting adsorption angles (see

text for details).

T CNT/3-PEEK CNT/6-PEEK CNT/9-PEEK Gr/3-PEEK Gr/6-PEEK Gr/9-PEEK
0= 45° 90° 0° 45° 90° 0° 45° 90° 45° 45° 45°
o
100 K -2.06 ~1.44 -1.33 -3.35 ~4.06 -5.09 -5.48 -4.56 -6.47 -4.88 -7.13 -8.70
300 K -1.22 -1.36 -2.15 -3.20 -3.84 -5.99 -3.98 ~4.49 ~6.65 -218 -5.37 -9.26
500 K ~1.25 ~1.40 ~1.28 ~2.89 -3.16 -4.32 -3.87 ~3.59 -5.21 -2.21 -5.78 ~7.80

Fig. S5 of the SI. Adsorption energies are listed in Table 4, while cor-
responding radius of gyration graphs are plotted in Fig. S6 of the SL

Analysis of the results reveals an appreciably larger adsorption en-
ergy of the polymers on the flat graphene sheet in comparison to the
CNTs: the adsorption energies on graphene are up to 1.2 eV/monomer
larger than on CNTs. However, the adsorption energy difference per
monomer appears to decrease with increasing length.

Although not quite apparent from the plots of the radii of gyration of
the polymers (Fig. S6 of the SI), a physical interpretation of the trend
observed for the E;, values can be gained from an analysis of the radial
distribution functions (for CNT substrates) and linear distribution
functions (for graphene) shown in Fig. S7 of the SI. These distributions
are constructed as the percentage of the atoms that falls within intervals
of 0.5 A for all radial distances (heights) from the CNTs surface (gra-
phene plane), and are calculated as averages over all snapshots
considered. A sharp peak is observed in many of the distributions at a
certain distance from the substrate and the positions of the maxima are
at higher distances for CNTs than graphene, indicating that for the latter
a larger percentage of the oligomer’s atoms are, on average, interacting
at shorter distances with the substrate. We can therefore conclude that
graphene appears, compared to CNTs, to be a better candidate additive
to a polymer matrix if the scope is to maximize the interaction with the
polymer components.

As concerns the temperature dependence of the interaction strength,
a general decrease in the magnitudes of E, (by more than 1 eV for the
longer polymers) is observed at 500 K. This observation applies to all
substrates including the graphene sheet and can be explained by the
smaller number of polymer and substrate atoms interacting at short
distances, as clearly seen in the radial distribution function plots.

A notable dependence of E;, values on the initial angle with the (8,8)
CNT substrate is worth mentioning. Simulations that start out when the
fully stretched polymers make an angle of 90° with respect to the CNT
axis give larger Ej, values (See Fig. S8 of the SI for a graphical repre-
sentation) compared to the other. This effect is not visible for the shorter
polymer chain but it is evident for the larger oligomers.

4. Conclusions and perspectives

DFT and REAXFF-lg-based MD calculations were employed to study
the graphene/PEEK and CNT/PEEK interfaces. This is, to the authors’
knowledge, the first joint DFT and MD calculations for these particular
interfaces. The 1g variant of the REAXFF force field and van der Waals
corrected DFT were employed to accurately model long-range in-
teractions. The energetics and geometry of adsorption of the three aro-
matic subunits of a single PEEK monomer along with the monomer itself
were investigated for both graphene and CNT substrates using DFT and
subsequently used to benchmark and validate the MD protocol. The
adsorption strength of a single PEEK monomer varies very little with
increasing radius of the CNTs and is slightly smaller on the CNT sub-
trates than on a flat graphene sheet. Moreover, the interaction strength
of the adsorbed species on zigzag and armchair CNTs are similar given
similar radii.

The dependence of PEEK adsorption energy on the polymer chain
length, temperature, starting adsorption configuration of the fully
stretched conformation, and on the nature of the substrate was inves-

tigated as well. The MD simulations show that, starting from a fully
stretched polymer configuration, all oligomers fold, to a certain extent,
depending on the nature of the substrate. Polymers on the CNTs sit, on
average, farther from the substrate’s surface compared to graphene, and
this results in significantly larger E; values for PEEK interaction with
graphene compared to CNTs.

Some more observations on various parameters that govern the
interaction strength of the polymer with the carbon nanostructures can
be made: adsorption energies are lower at 500 K, suggesting that at the
higher temperature conformations that maximizes intramolecular in-
teractions compared to adsorbate—substrate interactions are preferred.
There also appears to be a slight E;, dependence on the starting angle that
the fully stretched polymers make with the CNTs axis. This study sug-
gests that graphene could be used more effectively compared to CNTs in
instances where CNTs/PEEK stabilizing interactions are of common use
for modulating the mechanical properties of PEEK matrices, such as
mechanical reinforcement.
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