https://doi.org/10.1557/jmr.2014.237 Published online by Cambridge University Press

Molecular dynamics simulation on the interaction between
single-walled carbon nanotubes and binaphthyl core-based

chiral phenylene dendrimers

Zunli Mo,a) Xiaobo Zhu, Guorui Wang, Weiwei Han, and Ruibin Guo

Key Laboratory of Eco-Environment-Related Polymer Materials, Ministry of Education of China, Lanzhou 730070,
China; Key Laboratory of Polymer Materials of Gansu Province; and College of Chemistry and Chemical
Engineering, Northwest Normal University, Lanzhou 730070, China

(Received 17 April 14; accepted 14 August 14)

Single-walled carbon nanotubes (SWCNTs), which have a unique electronic structure, nanoscale
diameter, high curvature, and extra-large surface area, are ideal for making a new class of
nanocomposites. In this study, under the condensed phase optimized molecular potentials for
atomistic simulation studies force field, classical molecular dynamics simulation is used to

study the molecular interactions between SWCNTSs and the molecules of binaphthyl core-based
chiral phenylene dendrimers (GO—G2). The simulation results revealed that both G2 and G1
molecules have obvious attractive interactions with SWCNTSs, and theoretically demonstrated the
possibility of noncovalent functionalization of SWCNTSs with chiral dendrimers. The influence
of temperature on composites was also studied, and the results indicate that the interaction
decreases strongly for SWCNTs@G1 and SWCNTs@G?2 with increasing temperature.

The possibility during real-world composite processing would create the desired structure bridges
between nanotubes and chiral dendrimers, which can be used to produce nanocomposites such
as highly sensitive as well as enantioselective fluorescent sensors.

I. INTRODUCTION

Since their discovery in 1991, carbon nanotubes (CNTs)
have attracted great attention due to their marvelous
properties, such as excellent stiffness against bending,
high electrical conductivity, and tensile strength.
Nowadays, CNTs are considered to be the most promis-
ing class of systems for the development of applications
in the field of nanotechnology.'™ Polymer materials rein-
forced with nanoparticles (e.g., nanosphere, nanotube,
clay platelet) have recently received tremendous attention
in both scientific and industrial communities with
their extraordinary enhanced properties.* Therefore,
single-walled carbon nanotube (SWCNT) based polymer
nanocomposites are of considerable current interest to
scientists and engineers because of their unique physical
and mechanical properties that are not attainable with
conventional composites.'®!!

CNTs can be functionalized covalently or noncovalently
for improved dispersion in matrix. Covalent functionaliza-
tion introduces atomic defects and internal stresses into the
nanotubes, which thereby deteriorates their mechanical
properties.'>'? Therefore, it is desirable to explore the pos-
sibility of optimizing noncovalent intermolecular interac-
tions between CNTs and polymers in view of achieving
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strong interfacial binding in a system.l‘Hg In the case of
nonfunctionalized SWCNTs@polymer composites, the
nature of interfacial bonding energy comes from elec-
trostatic and van der Waals force in the composite
system. The strength of the interfacial binding depends
on the geometrical conformation of the polymers with
respect to the nanotube. Hence, chiral dendrimers are
selected for the simulation of SWCNTs@dendrimer
nanocomposites.

Dendrimers, which are considered as a new class of
polymer and possess many interesting and unique
properties, are hyperbranched macromolecules. However,
dendrimers are different from many classical polymers,
such as linear and branched polymers, in which they are
well defined, with a high degree of molecular uniformity
and monodispersity, as well as a highly functional surface.
Low generation dendrimers have an open structure in a
general way, but the structure becomes more globular and
dense as the generation increases. One of the most
synthetically challenging areas in the field of dendrimer
chemistry is preparation of chiral dendrimers,® 2
which open the possibility to study the effect of the
chirality in macromolecular systems. In addition, poten-
tial applications of chiral dendrimers, e.g., molecular
recognition,” sensor technology,”** and catalyst*>*'
have been investigated in detail. In spite of these
exciting observations through experimental methods, the
mechanism of interactions between chiral dendrimers and
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SWCNTs remains unclear. Molecular dynamics (MD)
simulation is a powerful tool which allows one to
examine properties that are not accessible to experi-
mental approaches. Here, MD simulation is used to
investigate the interaction between binaphthyl core-
based chiral phenylene dendrimers®® and SWCNTs.

Il. SIMULATION DETAILS
A. Computational method

Here, MD simulations were carried out with a commer-
cial software package called Materials Studio developed by
Accelrys Inc. The condensed phase optimized molecular
potentials for atomistic simulation studies (COMPASS)
module in the Materials Studio software was used to
conduct force-field computations.”> The COMPASS
was a parameterized, tested, and validated first ab initio
force field, which enables an accurate prediction of various
gas phase and condensed phase properties of most of the
common organic and inorganic materials.”’ And the MD
simulation for each case study was performed long
enough to observe several cycles of thermal vibration.
The interval of each MD simulation step was typically
1 fs. All calculations were carried out at the initial tem-
perature of 298 K except special conditions, using NVT
ensemble.

B. Force field

As we know, the main goal of simulations of the
systems containing a large number of particles is gener-
ally to obtain the systems’ bulk properties which are
primarily controlled by the location of atomic nuclei, so
the knowledge of the electronic structure that provided
by the quantum mechanic techniques is not critical.
Thus, we could have good insight into the behavior of a
system if reasonable, physically based approximation of
the potential (force-field) can be obtained, which can be
used to generate a set of system configurations which
are statistically consistent with a fully quantum mechan-
ical description. A force field in molecular mechanics
and MD is the average description of the existing inter-
actions among various atoms in a molecule or a group
of molecules in terms of function and parameter sets.
As stated above, a crucial point in the atomistic simula-
tions of multiparticle systems is the choice of the force
fields, a brief overview of which is given in this section.
In general, the nonbond energy of a molecular system
includes the following term?®:

Enonbond - EVdW + ECoulomb + El-lfbond . (1)

The nonbond interaction term, E,,ppond> accounts for the
interactions between nonbonded atoms and includes the
van der Waals energy (E,qw), the Coulomb electrostatic

energy (Ecoulomb), and the hydrogen bond energy
(Ex-bonda)- The COMPASS force field uses expressions
for Ecoutoms and Eyqw as follows>?:

qiqj
Ecoulomb = ~ 2
oulom| ;je rij ( )

Aij  Bij
Egw="Y |22 22| | 3
e [19 16} e

where ¢ is the atomic charge, € is the dielectric constant,
and r;; is the i—j atomic separation distance. A; and B;
are fitted from quantum mechanics calculations and
are implemented into the Discover module of Materials
Studio, a powerful commercial atomic simulation program
used in this study.

C. Molecular model
1. Molecular model of a (10,10) SWCNT

To simulate the interactions between CNTs and
GO0-G2, an armchair SWCNTs and three chiral dendrimer
models are selected as the representative elements for the
simulation. Initially, the dendrimers GO-G2 were put
near the middle of SWCNTSs in a distance of about 9.5 A
within the cutoff distance of van der Waals interactions.
The dimensions of the simulation cell were maintained as
50 A x 50 A x 50 A. In this study, the molecular model
of a (10,10) SWCNT was established using Materials
Studio. The electronic structure of the carbon atoms in
the SWCNT model was sp® hybridization. The modeled
SWCNTs had a finite length of 9.7 nm with a diameter of
1.38 nm. The computer graphics picture of the SWCNT
model is shown in Fig. 1.

The unsaturated boundary effect was avoided by adding
20 hydrogen atoms at each end of the SWCNT. The model
had 400 carbon atoms and 40 hydrogen atoms. C—C and
C-H bond length was 1.42 and 1.10 A, respectively.
The hydrogen atoms had charges of +0.1268 e, and the
carbon atoms connecting hydrogen atoms had charges

FIG. 1. Molecular model of a (10,10) SWCNT.
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of —0.1268 e, thus the SWCNT was neutrally charged.
This model was used for molecule interactions.

2. Molecular model of the investigated
chiral dendrimers

The simulated chiral dendrimers (GO, G1, G2) were
binaphthyl core-based chiral phenylene dendrimers.
The chemical structures and molecular models of GO-G2
are provided in Figs. 2 and 3.

To make a direct and comparable measurement of
the interaction energies between SWCNTSs and chiral
dendrimers, the simulated models of G0-G2 were
selected with comparable numbers of atoms and molecular
weights (GO: 76 atoms, 590.722; G1: 156 atoms, 1199.51;
and G2: 315 atoms, 2416.07). The number of atoms and
monomers is small (about 182 atoms per molecule, which
corresponds to 2 monomers for GO, 1 monomer for Gl1,
and half a monomer for G2), and the results of our
simulation describe the behavior of the small part of the
whole composites.

Energy-minimization molecular mechanics were per-
formed using Materials Studio to find the thermal stable
morphology and achieve a conformation with minimum
potential energy for the chiral dendrimers. This minimum
energy conformation of the molecule was used as initial
status in the following MD computation. As shown in

FIG. 3. Molecular models of GO-G2.

Figs. 2 and 3, the chiral dendrimers were twisted to
achieve a low potential energy.

lll. RESULTS AND DISCUSSION

Figure 4 shows the snapshots of dendrimers and
SWCNTs observed before and after the simulation.

The simulation showed that the three dendrimers would
stretch and move toward the nanotube until they finally
wrapped on the surface of the helix of the nanotube,
and the equilibrium was achieved at last. Particularly, the
aromatic rings of GO-G2 orientated to align their ring
planes parallel to the SWCNT surfaces during the MD
simulations, which may be related to the m—n interactions
between the aromatic rings and the SWCNTs, and the
strong polarity of dendrimers cannot be neglected.

In the case of nonbond SWCNTs@polymer composites,
the nature of interfacial bonding energy comes from
electrostatic and van der Waals force in the composite
system. Generally, the interaction energy is estimated from

I(c) ) h\lnuln-] mode | S“Iul‘nln! ;ndo]

FIG. 4. The initial and simulated models of the composite (a) for GO,
(b) for G1, (c) for G2.
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the difference between the potential energy of the com-
posite system and the potential energies for the polymer
molecules and the corresponding SWCNTs as follows:

AE = Eyya — (Eswents + Edendrimer) (4)

where E,, is the total potential energy of the composite,
Eswenrs 1S the energy of the CNT without the dendrimer,
and Egengrimer 18 the energy of the dendrimer without the
nanotube. In other words, the interaction energy can be
calculated as the difference between the minimum energy
and the energy at an infinite separation of the CNT and
the dendrimer matix.*'~>

Figure 5 shows the energy evolution of
SWCNTs@dendrimer (GO—G2) composites, including total
energy, potential energy, and kinetic energy. The kinetic
energy was almost the same for the three dendrimers, and
SWCNTs @GO has the lowest potential energy and total
energy. Figure 6 shows the total energy at different
temperatures during the simulation and we can find that
the total energy of SWCNTs@dendrimer (GO-G2) has
the same tendency to rise during the simulation, and
obviously SWCNTs@G2 has the highest total energy
while SWCNTs@GO has the lowest total energy at the
same temperature. Figure 7 shows the interaction during
the wrapping process for SWCNTs@dendrimer (GO-G2)
composites at the very beginning of the simulations.
For SWCNTs@GO0 and SWCNTs@G1, the attractive in-
teraction increases respectively to —50 and —90 kcal/mol,
while for SWCNTs@G@G2 it increases to —140 kcal/mol,
which is much stronger. Both SWCNTs@GI1 and
SWCNTs@G2 are molecules with more groups of aro-
matic rings in the backbone, so the interaction energy
between chiral dendrimers and SWCNTs may be greatly
influenced by aromatic rings, and related to the delocalized
n-bonds on the SWCNTs due to sp? hybridization with
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FIG. 5. Energy evolution of SWCNTs@dendrimer (GO-G2) compo-
sites.

n-bonds of aromatic rings. Thus, the interaction is mainly
based on van der Waals forces or n—m stacking.

To assess the temperature dependence of the intermo-
lecular interaction between the dendrimers and SWCNTs,
MBD simulations were carried out at different temperatures.
The temperature was varied between 298 and 548 K in
steps of 25 K. Figure 8 shows the temperature dependence
of the intermolecular interaction. It was shown that the
interaction decreases weakly with increasing tempera-
ture for SWCNTs @GO, so the temperature influence is
neglectable. However, the interaction decreases strongly
with increasing temperature for SWCNTs@G1 and
SWCNTs@G2, which may be caused by the aromatic
rings and geometrical conformation of the dendrimers.

For analysis of specific interactions, radial distribution
function (RDF) was examined to research the system.
Figure 9 shows the RDF curves for the pairs of atoms in
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FIG. 6. Total energy evolution for SWCNTs@dendrimer (GO-G2)

composites at different temperatures.
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FIG. 7. Interaction energy evolution for SWCNTs@dendrimer
(G0-G2) composites during 200 ps simulation.
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FIG. 8. Intermolecular interaction as a function of temperature.
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FIG. 9. RDF curves for SWCNTs@dendrimer (GO-G2) molecules.

the SWCNTs@dendrimer (GO—G2) molecules. It can be
clearly seen that the RDF for these three cases is almost
identical except that SWCNTs@GO has the longest peak
while SWCNTs@G?2 has the shortest. Meanwhile, there
is a sharp peak at about R = 1.3 A, which is attributed to
chemical bonds of dendrimer chain itself, and this result
shows the highest probability for strong interaction in the
system. The other two smaller peaks appear at R = 2.7 A
and R = 3.7 A which is mainly caused by intra- and
intermolecular interaction in nonbonding interaction.
Thus, the probability for the distance of 1.3 A is a balance
distance for the electrostatic interaction of these
composite materials because of their contrary charges,
which could make the composite combination effec-
tively. And theoretically demonstrated the possibility
of noncovalent functionalization of SWCNTs with
chiral dendrimers.

IV. CONCLUSION

In this study, the molecular interactions between
SWCNTs and the molecules of chiral dendrimer GO-G2
were conducted with MD simulation. The simulation
results revealed that both G2 and GI molecules
have obvious attractive interactions with SWCNTs.
The results also show that the aromatic ring structures
of G0—G2 aligned the aromatic ring planes toward the
SWCNT surface and wrapped around it, mainly depend on
the delocalized m-bonds on the SWCNT wall due to sp”
hybridization with m-bonds of aromatic rings. The tem-
perature influence is neglectable for GO but strong for G1
and G2.

The results theoretically demonstrated the possibility
of noncovalent functionalization of SWCNTs with chiral
dendrimers. The possibility of noncovalent functionaliza-
tion of SWCNTs with chiral dendrimers during real-world
composite processing would create the desired structure
bridges between nanotubes and chiral dendrimers, which
can be used to produce nanocomposites such as highly
sensitive as well as enantioselective fluorescent sensors,
due to dendritic arms of GO-G2, which might have con-
tributed to their chiral optical effects probably because
of the increased steric interaction between the adja-
cent arylene units in the dendrons, and for GO-G2 the
optically active binaphthyl cores lead to enantioselective
recognition of the chiral substrates. These sensors will
be useful in the high throughput combinatorial chiral
catalyst screening.
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