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Abstract
In this manuscript, a molecular dynamics simulation is used to study the formation of multiple-strand
helix through polypyrrole induced by carbon nanotube. The results exhibit that the multiple polypyrrole
chains arranged in parallel can self-assemble to helix. The formation machenisum is also illustrated in
detail. The formation process may experience two stages which are insertion and torsion. Both the van
der Waals potential well and the π–π stacking interaction among the multiple polypyrrole and carbon
nanotube play a major role in the self-assemble process. Furthermore, a lot of factors such as the chain
number of polypyrrole, the length of polymer and the simulation temperature in�uence the �nal
con�guration of composite. This theory research can provide valuable theoretical support for design and
manufacture hybrid structures in the �elds of advanced composite materials and functional devices.

1. Introduction
Pyrrole is a �ve-membered heterocyclic compound containing a nitrogen heteroatom.[1, 2] Its structure is
shown in Fig. 1(a) and its molecular formula is C4H5N. In industrial production, pyrrole is mainly
produced by the reaction of 1,4-dicarbonyl compounds and ammonia.[3, 4] Polypyrrole which has a lot of
pyrrole monomers (Its structure is shown in Fig. 1(b)) has a special molecular structure and excellent
physical and chemical properties, which make it have broad application prospects in metal protection,[5,
6] energy,[7, 8] optoelectronic devices,[9, 10] electromagnetic shielding and stealth technology. [11–14]

Carbon nanotube(CNT), also known as bucky tube, is a one-dimensional quantum material owning
hollow cylindrical structures made of networks of carbon atoms.[15, 16] due to its special structure, it has
many signi�cant properties such as thermal conductivity, electrical properties and mechanical strength,
which excite potential applications in nanosized electronical and mechanical devices, expecially for the
fabrication of CNTs composites.[17–19] At present, the research of polypyrrole/carbon nanotube
composite materials mainly focuses on the synthesis and performance of composite materials.[20] For
example, Niloufar Behzadpour and his coworkers scrutinized synthesis and characterization of a
polypyrrole-coated multi-walled carbon nanotubes composite which is used in sonodynanmic therapy.[21]
Luo team[22] reported a polypyrrole (PPy)-coated carbon nanotube/cotton hybrid fabric, fabricated by a
highly facile and scalable knitting and chemical polymerization process, which owns high performance
�exible supercapacitors, �exible electrodes with good electrochemical performance, high stability and
superior mechanical property. Hamouma et al. [23] prepared the low-cost, conductive Pap@CNT-
NH2@PPy composites through sonochemical polymerization of pyrrole in the presence of oxidizing agent
and tosylate co-dopant (TS) which decorated on the cellulosic paper strips. The various characteristics of
modi�ed paper electrodes were examined by XPS, Raman, SEM, cyclic voltammetry and electrochemical
impedance spectroscopy. However, from the theoretical point of view, there are almost no reports on the
interaction of polypyrrole/carbon nanotube composites.

In this manuscript, we used a molecular dynamics simulation to study the formation of multiple-strand
helix through polypyrrole induced by carbon nanotube. The formation mechanism is illustrated in detail.
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The formation process may experience two stages which are insertion and torsion. Both the van der
Waals potential well and the π–π stacking interaction among the multiple polypyrrole and carbon
nanotube play a major role in the self-assemble process. Furthermore, a lot of factors such as the chain
number of polypyrrole, the length of polymer, the diameter of carbon nanotube and the simulation
temperature in�uence the �nal con�guration of composite. Although there have been reports about the
formation of helical structures by polymers in carbon nanotubes or boron nitride nanotubes, the reaction
process and reaction mechanism experienced by different reactions are different.[24, 25] This study can
provide valuable theoretical support for design and manufacture hybrid structures in the �elds of
advanced composite materials and functional devices.

2. Simulation Method
In this work, all calculations were carried out by molecular dynamics (MD) simulation, and the atomic
interaction was described by the force �eld of condensed-phase optimized molecular potentials for
atomistic simulation studies (COMPASS) [26, 27]. COMPASS is an ab initio force �eld that has been
parametrized and validated using condensed-phase properties in addition to various ab initio calculations
and experimental data, with a functional form that includes covalent terms as well as long-range, non-
bond (van der Waals (vdW)) interactions and electrostatic forces. It aims to achieve high accuracy in
prediction of the properties of very complex mixtures [28, 29].

All the simulations are done in the constant temperature and constant volume canonical ensemble (NVT).
The equations of motions were integrated using Verlet algorithm with integration time step of 1 fs and
the temperature is controlled by a Nosé–Hoover thermostat.[30] The simulation system was equilibrated
for 1000 ps to stabilize the interaction. After this stage, the total intermolecular interaction energy was
recorded for 1000 ps with an interval of 2 ps. Finally, averages were computed to get rid of the �uctuation
during the simulation.

3. Results And Discussion

3.1 Trajectory Visualization
The molecular dynamic (MD) snapshots of the helix formation process through three polypyrrole chains
and CNT are shown in Fig. 2. Each polypyrrole chain owns 60 repeat units with the length of 234.8 Å.
Initially, three polypyrrole chains are parallel with each other and all of them are inserted into the one end
of CNT. As the simulation time starts, due to the π-π interactions existing among the three polypyrrole
chains, three polypyrrole chains �uctuate like a worm crawling. At the same time, three polypyrrole chains
slide into the CNT from this end to other which is exhibited in the �rst 24 ps. With the time goes on, a part
of the three polypyrrole chains penetrate the CNT, and the all polymer chains are twisted simultaneously.
As the kinetic time continues to grow, the polymer chains twist more and more signi�cantly, and are
con�ned inside the carbon nanotube which lastly forms a perfect triple helix con�guration. Completely
the whole process needs about 90 ps. Throughout the entire process, it includes two parts: penetration



Page 4/13

and twist. The con�guration changes of this process are mainly attributed to the van der Waals potential
well and the π–π stacking interaction among the three polypyrrole chains and CNT.

Figure 3(a) exhibits the time evolution of total potential energy (EP) and Van der Waals energy (EvdW) for
polypyrrole/carbon nanotube system. In Fig. 3(a), the curves of the total potential energy and Van der
Waals energy for polypyrrole/carbon nanotube system are almost the same. Both curves show a
downward trend at the �rst 90 ps, and then remain unchanged which means that the interaction of this
system only needs 90 to reach the equilibrium. There are two in�ection points in this part of curve, which
can be divided into three different regions. Region I(0 ps-24 ps), two curves exhibit a great reducing trend
which belongs to “penetration” process. Region II (25 ps- 90ps), the energy goes on reducing which is
attributed to twist process. However, when the simulation time exceeds 90 ps (area III), the energy keeps
almost the same with little �uctuation which means that the system reaches the equilibrium. These
curves point out three key points: one is this whole process undergoes two stages; the second is 90 ps is
a long enough for the system to reach well-equilibrated; the third is the van der Waals potential well and
the π–π stacking interaction are the main driving force.

The interaction energy of polypyrrole/carbon nanotube system is shown in Fig. 3(b). To explore the origin
of this difference, the interaction energy among three polypyrrole chains and CNT was calculated using
the following equation:

E Interaction = E total -E polypyrrole –ECNT (1)

In this equation, EInteraction is the interaction energy of the polypyrrole/carbon nanotube system, Etotal is
the total energy of the composite, Epolypyrrole is the energy of individual polymer molecules and ECNT is the
energy of individual CNT.[ 24, 31]

In Figure 3(b), the curve of interaction energy can be devided into three stages similar to the reverse shape
of Fig. 3(a). In stage I, the interaction energy is about -1325.8 Kcal/mol. In this process, in addition to the
interactions among three polymer chains, there are also increasing interactions between polymers and
carbon nanotubes. In stage II, the interaction energy among the polymer molecule and CNT still keeps
increasing which gets to -2155.8 Kcal/mol. However, when the simulation time reaches 90 ps (stage III),
the interaction energy remains unchanged. The conclusion is that the interaction energy among the
polymer molecule and CNT is about -2155.8 Kcal/mol.

The concentration pro�le can give the information about the geometric parameters of the
polypyrrole/CNT composite system. The 3D periodic structures can be computed through the pro�le of
atom density within evenly spaced slices parallel to the bc, ca and ab planes. Figure 4 exhibits the
concentration pro�les of the �nal structure of the f polypyrrole/CNT composite system in the X and Y
direction. [30] In Fig. 4(a), the curve of polypyrrole is surrounded by the CNT, which means that the
polymer self-curls into the inside of CNT. However, the carbon nanotubes have undergone slight
deformation and are no longer a perfect cylindrical structure. According to the peaks detail exhibited in
Fig. 4(a), the distance between polypyrrole chain and CNT is 1.1-1.5 Å, this value is corresponded with the
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stacking distance of the offset face-to-face π–π stacking interaction, which suggests that the main
driving force is the π–π stacking interaction.[32] In Figure 4(b), the length of CNT is about 73.8 Å, which is
corresponded with the theory value of 73.79 Å. Furthermore, a little part of helix locates outside of CNT.
The total length of the helix is about 86.7 Å. According to the cure of polymer in Fig. 4(b), the helix has
gone through three turns.

3.2 The different number of polymer chain number
In this part, we investigate that how the chain number of polymer in�uences the interaction of
polypyrrole/CNT composite systems. Initially, we set all the CNT with same diameter (33.90 Å) and length
(73.79 Å) and the polypyrrole chain has 60 monomers with the length of 234.8 Å. All the different
polypyrrole/CNT composite system just change the number of polymer chain from one, two, three, four to
�ve. The initial and �nal con�gurations of composite and pure polymer chain are shown in Fig. 5(a).
When just one polymer chain existing in this system, the whole chain curves to irregular con�guration and
enters into the inside of CNT. As the chain number of polymer goes on increasing from two to four, all the
chains simultaneously curls to perfect helix structures. However, when the number of polymer chain
exceeds �ve, the polymers do not have enough space to twist and only �uctuate in a wave form. The
interaction energy for these different polypyrrole/CNT systems are shown in Fig. 5(b). As the number of
polymer chains increases, the interaction energy between polymer and carbon nanotubes gradually
increases. These are attributed to more and more van der Waals potential well and the π–π stacking
interaction existing in these systems. However, when the chain number is �ve, the interaction energy is
decreasing, this reason is that the main interaction force is between the polymers, and the force between
the polymer and the carbon nanotubes is relatively small.

3.3 The length of polymer chain
The length of polymer chain also in�uences the �nal con�guration of polypyrrole/CNT system. At the �rst
time, all the CNT are set with same diameter (33.90 Å) and length (73.79 Å). The length of polypyrrole
chain changes from 78.3 Å, 146.6 Å, 234.8 Å to 293.2 Å. The initial and �nal con�gurations of different
polypyrrole/CNT systems are shown in Fig. 6(a). When the length of polymer is too short, the CNT have
enough space to accommodate all the curled polymer chains. These can be seen in the Fig. 6(a) from I to
III. However, when the length of polymer is long enough, the intense interaction exists between the
polymers which make the inserted polymer far away from the CNT and lead the polymer do not enter into
the CNT. The �nal con�guration is displayed in Fig. 6(a)(IV). The interaction energy for these systems are
also shown in Fig. 6(b). The longer the polymer, the stronger the interaction energy existing in these
systems. If the polymer is too long, the interaction energy goes down. This is corresponded with
con�guration change which are shown in Fig. 6(a).

3.4 The different simulation temperature
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How the simulation temperature in�uences the �nal con�gurations of polypyrrole/CNT system? In this
part, all the CNTs and polypyrrole are set with the same parameters. Only the simulation temperature is
different, which is set as 100K, 200K, 300K, 400K, 500K, respectively. The �nal con�gurations of different
polypyrrole/CNT systems and pure polypyrrole chains are exhibited in Fig. 7(a). The �nal con�gurations
are almost the same when the simulation temperature changes from 100K, 200 K, 300 K to 400 K. The
higher the temperature, the more and more, more and more perfect multi-helical polymers are con�ned in
carbon nanotubes. However, when the temperature is 500 K, the polymer also twists but locates outside
the surface of CNT. The interaction energy for these different polypyrrole/CNT systems are also shown in
Fig. 7 (b). The energy difference for these systems is very small, which is corresponded with the �nal
con�gurations.

4 Conclusions
In summary, we use a molecular dynamics simulation to study the formation of multiple-strand helix
through polypyrrole induced by carbon nanotube. The results exhibit that the multiple polypyrrole chains
arranged in parallel can self-assemble to helix. The formation process experiences two stages which are
insertion and torsion. Both the van der Waals potential well and the π–π stacking interaction among the
multiple polypyrrole and carbon nanotube play a major role in the self-assemble process. Furthermore, a
lot of factors such as the chain number of polypyrrole, the length of polymer and the simulation
temperature in�uence the �nal con�guration of composite. The theory results can provide valuable
theoretical support for design and manufacture hybrid structures in the �elds of advanced composite
materials and functional devices.
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Figure 1

The structure of pyrrole(a) and polypyrrole(b)(containing 60 monomers).

Figure 2

The molecular dynamic snapshots of the self-assemble process at different time.
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Figure 3

Time evolution of total potential energy (Ep) and Van der Waals energy (EvdW) for polypyrrole/carbon
nanotube system.(a) The interaction energy for the polypyrrole/carbon nanotube system with simulation
time. (b)
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Figure 4

Concentration distribution pro�les of the �nal structure including polypyrrole and carbon nanotube in the
X(a) and Y(b) directions. The inset is the corresponding �nal structure.
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Figure 5

The initial and �nal con�gurations of different polypyrrole/CNT systems.(a) The interaction energy for
these different polypyrrole/CNT systems.(b) (The chain number of polypyrrole changes from one, two,
three, four to �ve.)
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Figure 6

The initial and �nal con�gurations of different polypyrrole/CNT systems. (a) The interaction energy for
these different polypyrrole/CNT systems.(b) (The length of polypyrrole changes from 78.3 Å(I), 146.6
Å(II), 234.8 Å(III) to 293.2 Å(IV).)
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Figure 7

The �nal con�gurations of different polypyrrole/CNT systems and pure polypyrrole chains at different
temperature. (a) The interaction energy for these different polypyrrole/CNT systems at different
temperature. (b)


