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Abstract Molecular dynamics (MD) simulations is used to
study the adsorption of polyethylene (PE) and poly(ethylene
oxide) (PEO) on the functionalized single-walled carbon
nanotubes (SWCNTs). The effects of functionalization factor
weight percent on the interaction energies of polymer chains
with nanotubes are studied. Besides, the influences of differ-
ent functionalization factors on the SWCNT/polymer interac-
tions are investigated. It is shown that for both types of poly-
mer chains, the largest interaction energies associates with the
random O functionalized nanotubes. Besides, increasing tem-
perature results in increasing the nanotube/polymer interaction
energy. Considering the final shapes of adsorbed polymer
chains on the SWCNTS, it is observed that the adsorbed con-
formations of PE chains are more contracted than those of
PEO chains.

Keywords Nanostructures - Polymers - Molecular
dynamics - Adsorption

1 Introduction

Due to remarkable mechanical, thermal, and electronic prop-
erties of carbon nanotubes (CNTs) [1-3], they are considered
as good candidates for polymer matrix reinforcement to
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enhance their mechanical [4-6], electrical [7, 8], thermal [9,
10], and optical [11] properties. However, the difficulty in
uniform dispersion of CNTs in polymer matrices limits this
applicability. This drawback is related to the bundling of
CNTs which is caused by van der Waals (vdW) interactions
between walls of nanotubes. To overcome this difficulty, dif-
ferent approaches including covalent and noncovalent
functionalization of CNTs have been utilized.

Rosca et al. [12] studied the effects of acid concentration,
temperature, and oxidation duration on the oxidation of multi-
walled CNTs (MWCNTSs) in nitric acid by sample weight,
Raman spectrum, solubility, morphology, and alignment.
They revealed that in addition to functional groups on the
MWCNT, functionalized amorphous carbon generated during
the digestion of the nanotubes also affects the solubility.
Osswald et al. [13] used in situ Raman experiments to monitor
the structural changes in MWCNTs upon oxidation. They
showed that the formation of defects and functional groups
on MWCNTs can be controlled by in situ Raman spectrosco-
py. Datsyuk [14] investigated the influence of oxidation on the
structural integrity of MWCNTs. They discussed the control-
ling possibility of the functionality. It was observed that the
defect population/formation on the CNTs is increased by ox-
idation with nitric acid.

Scheibe et al. [15] quantified the functional groups formed
on the surface of oxidized MWCNTSs. They clarified that re-
duction via NaBH4 is an efficient tool to prepare MWCNTs
with high hydroxyl group content from oxidized MWCNTs.
The adsorption of 1-naphthylamine, 1-naphthol, and phenol
on as-prepared and oxidized MWCNTs was studied by Sheng
et al. [16]. They observed that 1-naphthylamine, 1-naphthol,
and phenol are adsorbed spontaneously and thermodynami-
cally favorable on the MWCNTs. Wepasnick et al. [17] ex-
plored the effects of six commonly used wet chemical oxi-
dants including HNO3, KMnO4, H2SO4/HNO3,
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(NH4)2S208, H202 and O3 on the surface chemistry and
structure of MWCNTs. It was observed that the distribution
of oxygen-containing functional groups is not affected by the
reaction conditions (e.g., w/w% of oxidant), but depends on
the identity of the oxidant.

Chiang et al. [18] studied the variation of MWCNTSs nature
due to different degrees of oxidation. They proposed the oxi-
dation mechanism of MWCNTs in mild H2SO4/HNO3 mix-
ture as a good oxidation mechanism. Andrade et al. [19] eval-
uated the effects of temperature on the nitric acid oxidation
MWCNTs. Based on their results, the generation of oxidized
industrial grade MWCNTs is strongly depends on the temper-
ature. Pandey et al. [20] established an approach for wet mech-
anochemical oxidation CNTs to reach a uniform
nanodispersion of the CNTs. They observed that the mechan-
ical properties of nanocomposites reinforced with wet
mechanochemically oxidized CNT (McCNT) are better than
those of acid-oxidized CNTs. In addition to the mentioned
experimental approaches, some simulations have also been
performed in this field. A survey on the CNTs decorated by
different atoms using quantum chemical and molecular dy-
namics is given in [21].

Besides, numerous experimental [22-32] and simulation
[33-43] works are conducted to study the noncovalent
functionalization of CNTs. Foroutan and Nasrabadi studied
the interaction between SWCNTs and polythiophene (PT),
polypyrrole (PP), poly(2,6-pyridinylenevinylene- co —2,5-
dioctyloxy- p-phenylenevinylene) (PPyPV), and poly(m-phe-
nyl-enevinylene-co —2,5-dioctyloxy- p-phenylenevinylene)
(PmPV). Based on their results, it was observed that in a
polymer/CNT system, the structure of polymer chain and
nanotube radius strongly affects the intermolecular interaction
[35].

Tallury and Pasquinelli studied the interfacial properties of
SWCNTs and polymer chains with flexible [36] and semiflex-
ible and stiff backbones [37]. They observed more distinct
conformations in the wrapping of polymer chains with stiff
and semiflexible backbones. The interactions between cyclo-
dextrins (CDs) and CNTs were studied by Pang et al. [38].
Based on their results, it was revealed that the structures of
CDs such as substituted group and position strongly affect the
conformation of polymer chain adsorbed on the CNT surface.

Roubhi et al. [41] studied the influences of different factors
such as SWCNT geometry, temperature, and polymer chain
length on the PE/SWCNT interactions. They also studied the
adsorption of poly(phenylacetylene), polystyrene sulfonate,
and polyvinyl pyrrolidone on the surface of SWCNTs [42].
They showed that the effect of temperature on the polymer/
nanotube interaction energy is small. Jilili et al. [43] used first-
principles calculations to investigate the binding of poly[(9,9-
bis-(6-bromohexylfluorene-2,7-diyl)-co-(benzene-1,4-diyl)]
to SWCNT and graphene. They showed that conjugated poly-
mer can be used for noncovalent functionalization.

@ Springer

In this article, using MD simulations, the adsorption of PE
and PEO chains on functionalized SWCNTs are investigated.
As it was previously mentioned, both covalent and
noncovalent functionalizations have been used to improve
the applicability of CNTs in nanotube reinforced polymers.
To the authors’ knowledge, in all of the aforementioned pa-
pers, only one of covalent and noncovalent functionalizations
has been considered. Herein, the effect of employing the co-
valent and noncovalent functionalizations simultaneously on
polymer/SWCNT interaction is investigated. The results can
be useful in nanocomposite manufacturing for improvement
of nanotube dispersion and better transfer of nanotube prop-
erties to the surrounded matrix. The effect of different factors
such as functionalization factor type and weight percent on the
polymer/functionalized SWCNT interactions are studied.
Besides, a commonly used simplification in the studying of
polymer chain adsorption in the SWCNTSs, in which the
SWCNT atoms are frozen during simulation, is investigated.

2 Details of MD Simulations

LAMMPS MD code [44, 45] is utilized to perform MD sim-
ulations. All of the simulations are done under the NVT (con-
stant number of molecules, constant volume, and constant
temperature) ensemble with the constant temperature of
300 K. Besides, Nose—Hoover thermostat algorithm is
employed for simulations and velocity Verlet algorithm [46]
is used to integrate the equations of motion. The timesteps and
cutoff distances are considered as 1 fs and 10 A. All of the
interactions are modeled by using the AMBER force field [47]
which is found to be a reliable force field in similar systems
[48-50]. The simulations have performed for 250 ps. The
periodic boundary conditions are applied in all of the
directions.

Based on the selected number of atoms of polymer chains,
the number of repeat units is computed. Then, the polymer
chains are constructed by putting these repeat units at the side
of each other. The functionalized CNTs are built by a
MATLAB code. Based on the chirality and length, the
SWCNT are built and then, the functionalization factors are
dispersed along the length of the nanotubes. Accordingly, the
functionalized CNTs and the chains located perpendicular to
the SWCNT axis are prepared by a self-developed MATLAB
code.

Moreover, all of the simulations were performed at the
constant temperature of 300 K. Noted that whole structures
are initially minimized and relaxed, separately, in selected
ensemble to reach their equilibrated structure, then polymers
are located near the functionalized CNTs. Also, each simula-
tion runs for three times and the average of calculated param-
eters are reported.
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3 Molecular Model
3.1 Functionalized SWCNTs

Herein, CNTs are functionalized with atomic oxygen and hy-
droxyl (O-H) groups known as functionalized factors [51]. To
this end, a (7,7) CNT with length of 110 A is selected and
components are chemisorbed chemically on its surface with
different patterns and weight percentages (functionalized fac-
tor). The weight percentage is defined as the ratio of the mass
of'the attached functional group to the whole mass of CNT. To
demonstrate this, Fig. 11, Il is revealed. As illustrated, there are
two distribution patterns for both chemisorbed components,
i.e. mapped and random, abbreviated by MO, MOH, RO-

I11.

Fig.1 [ Chemisorption of (@) atomic oxygen, (b) hydroxyl, // Schematic
of distribution pattern (@) random, (b) mapped. /// Cross section change of
functionalized CNTs

ROH, RO and ROH which are explained as regular pattern
distribution of oxygen atoms, regular pattern distribution of
O-H (—hydroxyl), random pattern distribution of combination
of oxygen atoms and O-H (—hydroxyl), random pattern distri-
bution of oxygen atoms and random pattern distribution of O-
H (~hydroxyl), respectively. Initial relaxation process shows
that according to chemisorption component, the cross section
of CNT changes considerably. This is depicted in Fig. 11II. As
shown, circular shape of CNT cross section is altered to poly-
gons with sharp corners at the site of hydroxyl chemisorption,
whereas atomic oxygen chemisorption changes the cross sec-
tion of CNT to oval-like shape or any noncircular soft corner
shapes. It should be noted that in some models of functional-
ized CNTs with mapped distribution pattern, initial curvature
is initiated in the CNT. Also, it is observed that in the models
with random distribution patterns the circular shape of CNT is
almost preserved, whereas the diameter rises slightly to its
equilibrium value which is small enough and can be
neglected.

3.2 Polymer Chains

The PE and PEO chains are selected to study their adsorption
on the SWCNT surface. The polymer chains repeating units
are shown in Fig. 2. PE chains are selected with 100 mono-
mers which contain 602 atoms including 200 C and 402 H
atoms. Besides, PEO chains having 86 monomers mean 172
C, 86 O, and 346 H atoms. As it can be seen, the number of
atoms are approximately equal. It should be noted that, as the
results of physical adsorption of polymers on CNTs are insen-
sitive to the initial configuration of the simulations models, the
polymers, initially, are located parallel to the axis of function-
alized CNTs.

4 Results

The adsorption energy of the polymer/nanotube system is ob-
tained as

E inter — E polymer-CNT (E polymer +E CNT) ( 1 )

in which Ejy, is the interaction energy and Epoiymer- cNT>
Epolymer and Ecnr are the potential energies of polymer/
nanotube system, polymer and nanotube, respectively.

0)

n n
PE PEO

Fig. 2 Repeat units of polymer chains
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Fig. 3 Comparison of the interaction energies of polymer chains with free and frozen O functionalized SWCNTs.

It has been observed that during simulation, the change of
pure SWCNT without functionalization can be neglected. So,
to decrease the computation time, different researchers have
fixed all of the nanotube atoms, meaning that the SWCNT is
frozen [30, 36, 37, 41, 52]. To investigate this property for
functionalized SWCNT, the adsorption of PE and PEO poly-
mer chains is studied for free and frozen nanotubes. The re-
sults for mapped and random O functionalized SWCNTs are
given in Fig. 3.

It is observed that, generally, the difference between inter-
action energies of polymer chains with free and frozen
SWCNT is large and cannot be neglected. For both of the
considered chains, the interaction of polymer chain with free
functionalized SWCNTS is less powerful than that in the fro-
zen SWCNT/polymer systems.

A similar trend is observed for both of the chains. Besides,
by comparing the graphs associated with mapped and random
functionalized SWCNTs (a and ¢, b and d), one can conclude
that for free and frozen SWCNTs, the systems containing

random functionalized nanotubes have larger interaction en-
ergies with polymers as compared to mapped functionalized
SWCNTs. Other types of functionalization lead to same
results.

In Table 1, the interaction energies of PE chain/different
functionalized SWCNTs are compared with those reported
in [41] for PE chain/unfunctionalized SWCNTs. According
to this table, one can observe that functionalizing SWCNTs
by different weight percentages of O factors can decrease the
interaction energies. However, OH factor increases the
polymer/SWCNT interaction energies. So, it can be used to
enhance the strength polymer/nanotube interface which in
turn promotes the mechanical properties of SWCNT rein-
forced polymers. For random mixed functionalized SWCNT,
both decrease and increase occur.

In Figs. 4, 5, and 6, the interaction energies of PE and PEO
chains are illustrated versus the weight percent of functional-
ized factor. By these figures, the interaction strength between
different functionalized SWCNTs with PE and PEO chains

Table 1 Comparison interaction

energies of PE chain/different Functionalization Type

Functionalizing factor weight percent

functionalized SWCNTs (in

kcal/mol) with those of PE chain/ 0[37] 2 4 6 8 10
unfunctionalized SWCNTs
Mapped O -497.31  -312.57 —247.3426  —425.55 —133.99 -621.74
Mapped OH —497.31  —-766.37 43.39 —645.51 —549.19 -740.44
Random mixed —497.31  —394.2328  —573.6519  —266.9307 —452.8003  —553.9406

@ Springer
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can be compared. Interestingly, for all of the functionalization
types, the curves associated with PE and PEO polymers ex-
perience same trends. It is seen that for all of the cases, the
PEO/nanotube interactions are more powerful than PE/
nanotube interactions. This is true for mapped and random
functionalized SWCNTs.

For the mapped OH functionalized SWCNTs, which is
given in Fig. 4a, the minimum interaction energies associates
with the weight percent of 4 %. Besides, the maximum inter-
action energies occur at 10 % weight percent. It is seen that
increasing functionalization weight percent results in increas-
ing the interaction energy for both chosen polymer chains.
Figure 4b shows the interaction energies of polymer chains
with random OH functionalized SWCNTs. The PE/SWCNT
minimum and maximum interaction energies occur at two and
six weight percentages for PE chain, respectively. The mini-
mum and maximum values of PEO/SWCNT curve happens at
2 and 10 %, respectively.

For mapped O functionalized SWCNTs, Fig. 5a, the max-
imum and minimum interaction energies of both investigated
chains occur at 10 and 8 %, respectively. Represented in
Fig. 5b are the interaction chains of polymer chains with ran-
dom O functionalized SWCNTs. It is seen that the curves are
completely parallel. The maximum value occurs at 6 %. The

h
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Fig. 4 Comparison of the interaction energies of (a) mapped and (b)
random OH functionalized SWCNTs with PE and PEO polymer chains
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Fig. 5 Comparison of the interaction energies of (a) mapped and (b)
random O functionalized SWCNTs with PE and PEO polymer chains

interaction energies of polymer chains with mixed functional-
ized SWCNTs are given in Fig. 6. An approximately same
trend is observed for both chains. Besides, minimum interac-
tion energy happens for 6 % weight percent. Moreover, the
maximum interaction energy is for 10 % functionalization
factor weight percent.

The effect of different functionalization factors are investi-
gated in Fig. 7a, b for PE and PEO chains, respectively. It is
seen that for both type of chains, the largest and smallest
interaction energies of polymer relate to random oxygen and

g
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$
b4

- -
e

Ty
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Fig. 6 Comparison of the interaction energies of random mixed
functionalized SWCNTs with PE and PEO polymer chains
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mapped oxygen functionalized SWCNTs, respectively. The
order of the interaction energies, from smallest to largest, is
observed as random mapped O, random mixed, mapped OH,
random OH, and random O. So, it can be concluded that
random functionalization results in better reinforcement of
SWCNTs by polymer chains. Besides, for random
functionalization, O factors are better candidate to
functionalize SWCNTs. However, mapped OH functionalized
nanotubes have better interactions with polymer chains.

As it was previously mentioned, the time of 250 ps can be
considered as the time at which the systems are relaxed. So,
this time is considered as the time after which the adsorbed
polymer chain configurations do not change. The represented
snapshots are stable for a long period of time. In fact, after
about 200 ps, the conformations of polymer chains do not
change and only small translation and rotational motions hap-
pen. The final conformations of PE and PEO chains at the side
of functionalized SWCNTs with 6 % weight percent are given
in Figs. 8 and 9. Note that gray, white, and red colors are used
to show C, H, and O atoms, respectively. It is seen that PE
chains are adsorbed in more compact form than their PEO
chains counterparts. Moreover, the PE/SWCNT interaction
surfaces are higher than those of PEO/SWCNTs. For the

@ Springer

Fig. 8 Final conformations of PE chain at the side of functionalized
SWCNTs with 6 % weight percent. a Mapped OH SWCNT. b Mapped
O SWCNT. ¢ Random mixed SWCNT. d Random OH SWCNT. e
Random O SWCNT

mapped functionalized SWCNTs, the PE chains are adsorbed
with approximately linear shapes. However, the PEO chains
are contracted at the side of random functionalized SWCNTs.
Considering PEO chains adsorbed on SWCNTs functional-
ized by different type of factors, one can conclude that rather
than interaction with SWCNTSs, the atoms of PEO chains pre-
fer to interact with each other.

By comparing the conformations of PE chains adsorbed on
the SWCNT surface for O and OH functionalized SWCNT,
one can find that PE chains adsorbed on the both mapped and
random O functionalized SWCNTs try to be in the maximum
contact with SWCNT (Fig. 8b, ¢). In other words, more poly-
mer atoms are in contact with SWCNT. However, the PE
chains adsorbed on the counterpart OH SWCNTs have more
contracted forms (Fig. 8a, d). So, one can conclude that for the
PE/O functionalized SWCNTs, the governing interaction is a
polymer/nanotube one. For PE/OH functionalized SWCNTSs,
the self-interaction of PE chains does not let the polymer
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expand completely on the nanotube surface and be in full
contact with it.

As it can be seen in Fig. 9, for the PEO chains, due to the
large internal interactions of polymer atoms, the chains are not
allowed to be in an efficient contact with SWCNT. This can be
seen for both O and OH functionalized SWCNTs and mapped
and random distribution patterns.

Comparing the results with the previous ones for PE chains
adsorbed on the pristine SWCNTs [41], it can be concluded
that adding functionalization factors on the nanotube surface
results in PE chains with more contracted conformations. In
other words, the PE chains have more extracted forms on the
pristine nanotube surface. Comparing the results of PEO/

Temperature (K)

(b)
Fig. 10 Interaction energies of (a) mapped OH and (b) mapped O

functionalized SWCNTs with PE and PEO polymer chains versus
temperature

functionalized SWCNT with the obtained results of pristine
SWCNT [53], similar observations are obtained.

The effect of temperature on the interaction energy of PE
and PEO/SWCNTs is investigated in Fig. 10. Two samples
mapped O and mapped OH functionalized SWCNTs are con-
sidered here. The weigh percent of functionalization factor is
4 %. The range of 200-500 K with the step of 50 K is selected.
For both of the factors and polymer chains, increasing tem-
perature leads to increasing the interaction energy. It can be
related to larger kinetic energies of chain atoms at higher tem-
peratures. In fact, increasing temperature results in expansion
of polymer chains. So, more atoms of chains can be exposed
to the nanotubes. Hence, the interaction energy increases.

To study the effect of SWCNT diameter on the nanotube/
polymer interaction, a (10,10) SWCNT with the same length
is considered. Moreover, a (12,0) SWCNT is considered to
investigate the effect of nanotube chirality. The radius of this
SWCNT is approximately equal to the radius of (7,7)
SWCNT. The interaction energies of these nanotubes func-
tionalized by random mixed O and OH factors are given in
Fig. 11. Comparing the curves, it is observed that the interac-
tion energies of polymer/(10,10) SWCNT are larger than those

@ Springer



Braz J Phys (2016) 46:361-369

368
200—— -
~-PE+(7,7)
~+-PE+(10,10)
4008 | ¥ PE+(12,0)

Interaction Energy (Kcal/mol)

600+ b -

P imrmrmms el %

$--==="" ! i .

' : f S
R 3 4 5 & 7 8 v 10
Functionalaized Factor Weight Percent
(a)
-400¢
- PEO+(7,7)

~+-PEO+(10,10)
6001w PEO+(12,0) |

Interaction Energy (Kcal/mol)

\\ i "J
_1400. i i i i i ¥ i J
1400, 3 4 5 6 7 8 9 10
Functionalaized Factor Weight Percent

(b)
Fig. 11 Interaction energies of different random mixed functionalized
SWCNTs with (a) PE and (b) PEO chains versus functionalized factor
weight percent

of polymer/(7,7) SWCNT. It can be associated to the larger
surface area of the nanotubes with larger diameters which
increases the probability of the interaction between polymer
and SWCNT atoms. Besides, the (12,0) SWCNT has larger
interaction energies with polymer chains than (7,7) nanotube.
So, one can conclude that zigzag nanotubes have better
noncovalent interactions with polymer chains.

5 Concluding Remarks

The adsorption of PE and PEO chains on SWCNT surface was
studied. MD simulations were used to do this. It was shown
that the commonly used assumption for pure SWCNTs by
which nanotubes are frozen during simulations cannot give
reliable results for polymer/ functionalized SWCNT interac-
tions. Besides, the PEO/SWCNT interaction energies are larg-
er than those of PE/SWCNT. Comparing the results of differ-
ent functionalization factors, random functionalization of
SWCNTs with oxygen atoms gives the largest polymer/
SWCNT interaction energies. Finally, the final conformations
of adsorbed chains were given. It was observed that PEO
chains prefer to have less contracted forms compared to their
PE counterparts.

@ Springer
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