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Chapter I 

INTRODUCTION 

 

1.1 Background and rationale  

Polymer/carbon nanotubes (CNTs) nanocomposites have been fabricated from 

its good processability characteristics of the polymer and excellent functional properties 

of the CNTs. The unique properties of CNTs are high electrical and thermal 

conductivity, excellent stiffness against bending and high tensile strength. Using CNTs 

as reinforcement can enhance the properties of polymer. Therefore, Polymer/CNTs 

nanocomposites are suitable for producing capacitor, car component and electrical 

component and etc. Although CNTs have excellent properties but, one of their 

disadvantages is aggregation of CNTs main by van der Waals interactions. This 

phenomenon results in the poor adhesive between polymer and CNTs. Polypropylene 

is the polymer that was selected for this study.  To explore this problem, biopolymers 

particularly for amylose and chitosan can be used to reduce CNTs aggregation by 

wrapping the outer surface of CNTs. Moreover, amylose and chitosan can also improve 

the properties of isotactic polypropylene. Therefore, the aim of this project is to 

investigate the structural and interactions of biopolymers and CNT by means of 

molecular dynamics (MD) simulation in vacuum condition for 100 ns with Amber 16 

program. 

 

1.2 Literature reviews 

Nanocomposite is a multiphase solid material in which at least one of the phases 

shows dimensions of less than 100 nanometers called “nanofillers” or “nanoparticles” 

[1]. The result of the addition of nanofillers in ceramic, metal or polymer can enhance 

the thermal and mechanical properties, including toughness and electrical and thermal 

conductivity. The examples of nanofillers added to composite are clay, gold particle 

and carbon nanotube [1-3]. Applications of nanocomposites can be used as capacitors, 

car components and in drug delivery [4, 5]. 
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Carbon nanotubes ( CNTs)  are tube- shaped materials with diameter in 

nanometer scale and length up to several centimeters.  They have high curvature and 

extra-large surface area.  CNTs are composed of one carbon atom linked to three other 

carbon atoms by covalent bonds [6-8]. CNTs are attractive to research interests due to 

their unique properties such as high electrical and thermal conductivities, excellent 

stiffness against bending, high tensile strength, highly flexible, low mass density, very 

elastic and good electron field emitters [9-11]. They are made up from folding of 

graphene sheet, in which one sheet of graphene produces single- walled carbon 

nanotube ( SWCNT)  with diameter of around 0. 4 nanometers, while the folding of 

multiple sheets becomes multi- walled carbon nanotube ( MWCNT)  with diameter of 

around 100 nanometer [2] (Figure 1.1). 

 

 

Figure 1.1 The 3D structures of single-walled and multi-walled carbon nanotubes 

  

Polymer/CNT nanocomposites comprise a polymer or copolymer with CNT 

nanofiller. CNT is used as nanofiller in polymer for improving the mechanical, thermal 

and electrical properties of polymer [12-16]. In this work, the polypropylene (PP)/CNT 

nanocomposite is focused. PP is widely used in many industries due to its several 

beneficial properties, including low mass, high tensile strength and chemical resistance. 

However, it shows the low properties of thermal stability as well as electrical 

conductivity [17, 18]. Thus, the addition of CNT into polymer matrix is able to improve 

those properties. Deng and co-worker [19] investigated the dispersion of CNT in 

PP/CNT nanocomposite using scanning electron microscopy (SEM) (Figure 1.2a) and 

they found that CNTs were aggregated and showed a poor dispersion in polymer matrix, 

leading to a difficulty in synthesis of PP/CNT nanocomposite. Moreover Syamol and 
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co-worker [20] indicated that isotactic polypropylene (iPP) could poorly wrap around 

CNT outer surface and the intramolecular interactions between iPP units themselve 

were also found using molecular dynamics (MD) simulation (Figure 1.2). 

 

 

Figure 1.2 a) SEM image of PP/CNT nanocomposite and b) the last snapshot of 

PP/CNT system [19] 

 

Biopolymers with notable chemical and biological properties are such as 

amylose (AMY) and chitosan (CS) [21]. AMY is formed by α-D-glucose units through 

α(1→4) glycosidic bonds [22-24]. Meanwhile chitosan is formed by a large sequence 

of glucosamine (GlcN) and n-acetyl glucosamine (GlcNA) units as shown in Figure 

1.3. Zang and co-worker [25] added AMY, CS and the other polysaccharides into CNTs 

for investigation of cell behavior. They found that AMY and CS, which can wrap 

around CNT (Figure 1.4), led to a decrease in the CNT aggregation and enhance cell 

adhesion. In addition Xie and co-worker [26] studied the intermolecular interactions 

between AMY and CNT using MD simulations at 300 K. The results showed that AMY 

wrapped around CNT outer surface through van der waals interaction and it can 

encapsulate into CNT cavity.  Aztatzi-Pluma and co-worker [27] used MD simulation 

for studying interactions between chitosan at different degrees of deacetylation (DD) 

and CNT at 300 K for 3.5 ns. They found that the interaction between the chitosan and 

the CNT are dependent on the %DD. The results from MD displayed that 6 0% DD of 

chitosan showed the strongest interaction with CNT because it has the lowest 

interaction energy.  Rungrotmongkol and co-worker [4] suggested that chitosan can 

wrap around CNT main by van der Waals interaction. 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

4 

 

 

 

Figure 1.3 2D structures of a) amylose and b) chitosan 

 

 

Figure 1.4 Transmission electron microscopy (TEM) image of a) amylose-CNT  

b) chitosan-CNT and Atomic force microscopy (AFM) image c) amylose-CNT and  

d) chitosan-CNT [25] 

 

Basu and co-worker [28] investigated the blending of AMY/PP. They suggested 

that AMY can interact with PP, leading to an enhancement of melt flow index of PP. 

However, the information at molecular level regarding the main interaction of AMY 

with PP has not been well revealed.  Furthermore Salmah and co-worker [29] studied 

properties of PP/chitosan nanocomposite by adding chitosan and modified chitosan into 

PP matrix. It was found that chitosan and modified chitosan increase in young modulus 

and thermal property. In addition, chitosan and modified chitosan interacted with PP. 

However, the lack of information about main interaction of amylose and chitosan with 

PP have not well understood. In this work, PP/CNT nanocomposite is focused to reduce 

CNT aggregation by wrapping biopolymers, i.e., AMY and CS, around its outer surface 

using MD simulation in vacuum condition with Amber 16 program for 100 ns. 
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1.3 Objectives of the study 

To study the effect of AMY and CS non- covalently modified on SWCNT 

towards the binding of the three different PPs (aPP, iPP and sPP)  using molecular 

dynamics simulation. 

 

1.4 Scope of research 

This thesis investigates the binding interactions, molecular dynamics behavior 

and binding affinities of AMY and CS with isotactic propylene/carbon nanotube 

nanocomposite by means of MD simulation for 100 ns in vacuum condition at 298 K. 

 

1.5 Research procedures 

1. Literature reviews 

2. Prepare CNT, amylose, chitosan and polypropylene parameters by 

antechamber module 

3. Build different models of amylose, chitosan, (10, 0)SWCNT and three 

typs of PPs (aPP, iPP and sPP). 

- Amylose, chitosan, PP and (10,0)SWCNT is built by tlEaP module 

implemented in AMBER16 package, and using GYCAM_06J-1 

forcefield for construct amylose and chitosan. 

4. Construct complexes of CNT/aPP, CNT/iPP, CNT/sPP, 

CNT/AMY/aPP, CNT/AMY/iPP, CNT/AMY/sPP, CNT/CS/aPP, 

CNT/CS/iPP and CNT/CS/sPP for MD simulation. 

5. Simulate all systems with AMBER 16 at 298 K in vaccum condition for  

100 ns 

5.1 Minimization: molecules were minimized with 3,000 steps of 

steepest descents (SD) and conjugated gradient (CG) 

5.2 Heating: The systems were heated till 298K temperature. 

5.3 Production: MD run at 298 ns for 100 ns 

6. Analyze structural and dynamics properties as follows: 
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- Stability of all complex by root mean square displacement (RMSD) 

calculation  

- Van der Walls (vdW) and electrostatic (ele) interaction energy 

- Distance between center of gravity of CNT and center of gravity of 

each units of polymers 

- Radius of gyration (Rg) of polymer 

7. Summary, and thesis and publication preparations 

 

1.6 Expected beneficial outcome from the thesis 

Molecular dynamics simulation information of biopolymer with 

polypropylene/CNT nanocomposite will be obtained and can be used to improve the 

adhesive of isotactic polypropylene to carbon nanotube. 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Chapter II 

THEORIES 

 

2.1 Molecular dynamics (MD) simulation 

 MD simulation is one of theory of computer simulation. In recent years 

computer simulation has become a major tool for material science, complementing both 

analytical theory and experimental. This interest is due both to the many fundamental 

scientific questions that material systems and to the technological importance of 

material science. So, MD simulation is used to assist to experimental limitations, such 

as experimental processes are difficult, expensive, and takes a long time. The equations 

of motion follow from Newton’s second law [30]. Fundamentally, the acceleration of 

particles can be calculated by the first-order derivative of velocity (Vi) or second-order 

derivative of the atomic position (ri) with respect to time t (eq.1). 

Fi = miai = mi
𝑑𝑉𝑖

𝑑𝑡2 = mi
𝑑2𝑟𝑖

𝑑𝑡2                 (1) 

Where Fi is the total force exerted on the particle i 

mi is mass of the particle i  

ai is acceleration of the particle i at  

t is time 

 

In addition, the external force acting on the particle i can be obtained from the negative 

gradient of potential energy (U) [31] as shown in eq. 2 

     Fi = -
𝑑

𝑑𝑟𝑖

U                 (2) 

Combination of all mentioned equation leads us to obtain (eq. 3) 

 Fi = -
𝑑

𝑑𝑟𝑖

U = miai =mi 
𝑑𝑉

𝑑𝑡
 = mi 

𝑑2𝑟𝑖

𝑑𝑡2                (3) 

 

In molecular system, the potential energy is the summation between the bonded 

and non-bonded interactions of particles. Bonded interactions compose of covalent 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

8 

 

bond-stretching, angle-bending, and dihedral angle potentials as described by harmonic 

oscillator function. Meanwhile, non-bonded interactions consist of electrostatic (ele) 

and van der Waals (vdW) interactions, which are described by coulomb potential and 

Lennard-Jones (L-J) potential, respectively. The sum of potential energy interaction can 

be expressed as follows:  

U = Ebonded + Enon-bonded                                (4) 

U = (Ebonds + Eangles+ Edihedrals)bonded + (Eele + EvdW)non-bonded                     (5) 

U = ∑
1

2𝑏𝑜𝑛𝑑𝑠 kb(r-req)
2 + ∑

1

2𝑎𝑛𝑔𝑙𝑒𝑠 kӨ(Ө - Өeq)
2 + ∑

1

2𝑑𝑖ℎ𝑒𝑑𝑟𝑎𝑙𝑠 Vn(1 + cos(nϕ - γ))  (6) 

       + ∑
𝑞𝑖𝑞𝑗

𝐷𝑟𝑖𝑗

𝑎𝑡𝑜𝑚𝑠
𝑖<𝑗  + ∑ (

𝐴𝑖𝑗

𝑟𝑖𝑗
12 −  

𝐵𝑖𝑗

𝑟𝑖𝑗
6  )𝑎𝑡𝑜𝑚𝑠

𝑖<𝑗   

Where kb is the force constants for bond-stretching 

kӨ is the force constants for angle-bending 

req is the equilibrium bond length 

Өeq is bond angle 

Vn is the height of rotational barrier 

n is the periodicity of rotation  

ϕ is the dihedral angle in the conformation of molecule in the phase shift angle, 

γ.   

 

As previously mentioned, the non-bonded energy accounts for the electrostatic 

and van der Waals energies of the pair-wise sum of all possible interactions on atoms i 

and j. An electrostatic energy relies on the Coulomb’s law which corresponds to the 

atomic charges, qi and qj, of atom i and j, respectively. Whereas, D is the effective 

dielectric constant. The van der Waals interactions are commonly used to describe steric 

interactions of molecule. Typically, the van der Waals energy is the sum of the 

attraction and repulsion between particles. The attractive interaction of van der Waals 

rapidly occurs in a short-range proportional to 1/r6 of the L-J potential. While the 

repulsion occurs with distance of interacting atoms become slightly less than the sum 

of their radius determined by the proportion of 1/r12. The Aij and Bij are constant factors 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

9 

 

which are dependent on the specific type of atom i and j. The position and velocity of 

atoms based on equation of motion can be calculated at time t+Δt. 

 

2.2 The MD Algorithm 

 There are various algorithms such as Verlet algorithm, leapfrog algorithm, 

velocity Verlet algorithm etc. All algorithms are used for approximating the positions, 

velocities and accelerations with Taylor’s expansion can be expressed as following 

equations 7-9: 

r(t+∆t) = r(t) + v(t)∆t+ 
1

2
a(t)∆t2 + …    (7) 

v(t+∆t) = v(t) + a(t)∆t + 
1

2
b(t)∆t2 + …   (8) 

a(t+∆t) = a(t) + b(t)∆t + …     (9) 

The algorithm which is commonly used for molecular modeling is the Verlet algorithm, 

as shown in equations 10 and 11 

r(t + ∆t) = r(t) + v(t)∆t+ 
1

2
a(t)∆t2                       (10) 

r(t + ∆t) = r(t) - v(t)∆t+ 
1

2
a(t)∆t2                       (11) 

with combinations of these two equations, one gets 

r(t + ∆t) = 2r(t) – r(t - ∆t)+ a(t)∆t2                  (12) 

This technique determines the new position at time t + ∆t or t - ∆t from the current 

position and acceleration 

However, algorithm that default of AMBER program is leapfrog algorithm. The leap 

frog scheme is equivalent to the Verlet algorithm, but solves for the velocities at half 

time step intervals: 

v(t + 
∆𝑡

2
) = v(t - 

∆𝑡

2
) + 

𝑓(𝑡)

2𝑚
∆t               (13) 

r(t + ∆t) = r(t) + v(t + 
∆𝑡

2
) ∆t               (14) 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

10 

 

leap frog approach is that the velocities are not known at the same time as the positions, 

making it difficult to evaluate the total energy (kinetic + potential) at any one point in 

time. We can get an estimate from: 

v(t) = 
𝑣(𝑡 + 

∆𝑡

2
) + 𝑣(𝑡 − 

∆𝑡

2
)  

2
                (15) 

 

2.3 Particle mesh Ewald (PME) method 

 Ewald summation was developed as a method in theoretical physics, long before 

the advent of computers. The Ewald summation method is a conventional method for 

computing the electrostatic interaction in a periodic boundary condition. Total 

electrostatic energy, including the contribution from the image cells. In the particle 

mesh method, just as in standard Ewald summation, the generic interaction potential is 

separated into two terms. The basic idea of particle mesh Ewald summation is to replace 

the direct summation of interaction energies between point particles. 

ETOT = Esr + Elr                   (16) 

with two summations, a direct sum  Esr of the short-ranged potential in real space 

Esr =  ∑ 𝜑(𝑟𝑗 −  𝑟𝑖)𝑖,𝑗                     (17) 

that is the particle part of particle mesh Ewald) and a summation in Fourier space of the 

long-ranged part 

Elr =  ∑ ɸ𝑙𝑟(𝑘)|𝜌(𝑘)|2
𝑘                   (18) 

 

where ɸ𝑙𝑟 and 𝜌(𝑘) represent the Fourier transforms of the potential and the charge 

density (that's the Ewald part). Since both summations converge quickly in their 

respective spaces (real and Fourier), they may be truncated with little loss of accuracy 

and great improvement in required computational time. To evaluate the Fourier 

transform 𝜌(𝑘)  of the charge density field efficiently, one uses the Fast Fourier 

transform, which requires that the density field be evaluated on a discrete lattice in 

space. 
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2.4 Cutoff distance 

 All non-bonded pair interactions acting on the i atom over the containing 

millions atoms in simulation system takes a very computational expense. To overcome 

this limitation, the non-bonded terms in van der Waals and electrostatic are 

considerably truncated in more compacted region called cutoff radius, to reduce the 

time-consuming of MD simulation. Normally, the cutoff limit is set around 10-12 Å 

centered on the focusing atom. An applied cutoff may not have accuracy of the 

calculated forces, however, other rest atoms are assumed to have less effect due to too 

long length. 

 

2.5 Periodic Boundary Conditions (PBC) 

 Small sample size means that, unless surface effects are of particular interest, 

periodic boundary conditions need to be used. Consider 1000 atoms arranged in a 10 × 

10 × 10 cube. Nearly half of the atoms are on the outer faces, and these will have a large 

effect on the measured properties. Even for 106 = 1003 atoms, the surface atoms amount 

to 6% of the total, which is still nontrivial. Surrounding the cube with replicas of itself 

takes care of this problem. Provided the potential range is not too long, we can adopt 

the minimum image convention that each atom interacts with the nearest atom or image 

in the periodic array. In the course of the simulation, if an atom leaves the basic 

simulation box, attention can be switched to the incoming image. This is shown in 

Figure 2.1. Of course, it is important to bear in mind the imposed artificial periodicity 

when considering properties which are influenced by long-range correlations.  
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Figure 2.1 Periodic boundary conditions. As a particle moves out of the simulation 

box, an image particle moves in to replace it.  

 

2.6 Root mean square deviation (RMSD) 

 The stability of MD systems was analyzed by Root mean square deviation 

(RMSD). RMSD is a measure of the different coordinates between MD structures at 

time respected to initial structure. The RMSD of atoms is calculated by three 

coordinates (x, y, z) shown in equation 19: 

 

〈𝑢2〉 = √
1

𝑛
∑ ((𝑎𝑖𝑥 − 𝑏𝑖𝑥)2 + (𝑎𝑖𝑦 −  𝑏𝑖𝑦)2 +  (𝑎𝑖𝑧 −  𝑏𝑖𝑧)2 𝑛

𝑖=1                (19) 

 

where 〈𝑢2〉  is mean square displacement of atoms 

n is atoms of molecule 

a and b are coordinate at points of starting and MD production 

 

2.7 Radius of gyration of polymers (Rg) 

The radius of gyration (Rg) calculation was used to identify the mean squared 

distance of each point on the molecule from its center of gravity using equation 20: 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

13 

 

𝑅𝑔 = √
1

𝑁
∑ (𝑟𝑖 −  𝑟𝑚)𝑖=0

𝑁

2
                 (20) 

 

Where N is the number of atoms 

ri denotes atomic position 

rm denotes the mean position of all atoms 

 

2.8 Electrostatic (ele) and Van der Waals (vdW) interaction energy 

 In this study using pairwise in cpptraj to calculate the van der waals (vdW) and 

electrostatic (ele) interaction. This option has two related functions: 1) Calculate 

pairwise energy (in kcal/mol) or 2) Compare pairwise energy of frames to a reference 

frame. Both interaction energy can be calculated by equations 21 and 22: 

 

∆Eele = ∑
𝑞𝑖𝑞𝑗

𝐷𝑟𝑖𝑗

𝑎𝑡𝑜𝑚𝑠
𝑖<𝑗                     (21) 

∆EvdW =  ∑ (
𝐴𝑖𝑗

𝑟𝑖𝑗
12 −  

𝐵𝑖𝑗

𝑟𝑖𝑗
6  )𝑎𝑡𝑜𝑚𝑠

𝑖<𝑗                   (22) 

Where i and j are atoms, which corresponds to the atomic charges,  

          qi and qj, are atomic charge of atom i and j, respectively 

         D is the effective dielectric constant. 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

CHAPTER III 

RESEARCH METHODOLOGY 

 

3.1 Molecular models of amylose (AMY), chitosan (CS), polypropylene (PP) 

and carbon nanotube (CNT) 

 The 3D structure of AMY containing 30 units of alpha-D-glucose (4GA residue) 

was constructed using the tLEaP module implemented in AMBER 16.  In case of 3D 

structure of CS, it has two models which consist of 30 (30CS) and 50 (50CS) units and 

are generated by tLEaP module. All models of CS are the neutral with 60 %DD. The 

three types of polypropylene (PP) , including atactic polypropylene ( aPP) , isotactic 

polypropylene ( iPP)  and syndiotactic polypropylene (sPP)  consisting of 30 repeating 

units of PP were generated using the Material Studio 5. 5 Suite.  Note that, the methyl 

groups are randomly positioned in aPP form, whereas the methyl groups are constructed 

along the same side and alternate side of the polymer chain in iPP and sPP systems, 

respectively. The (10,0) zigzag of single-walled CNT with a diameter of 7.8 Å, chiral 

vectors n =  10 and m =  0, containing 30 repeating units was built using the Material 

Studio 5. 5 Suite.  Subsequently, the CNT was wrapped spirally with amylose in 

according to the previous research [26].  AMY was parameterized by Glycam_06j- 1 

force field [32], while all PPs and CNT were treated by the General Amber Force Field 

(GAFF) [33].  In total, there are twelve generated systems without and with AMY and 

two length of CS including system i:  CNT/ aPP; system ii:  CNT/iPP; system iii: 

CNT/sPP; system iv:  CNT-aPP wrapped with amylose ( CNT/ AMY/ aPP) ; system v: 

CNT-iPP wrapped with amylose (CNT/AMY/iPP); system vi: CNT-sPP wrapped with 

amylose ( CNT/ AMY/ sPP) ; system vii and viii CNT-aPP wrapped with two length of 

CS (CNT/30CS/aPP and (CNT/50CS/aPP; system ix and x CNT-iPP wrapped with two 

length of CS ( CNT/ 30CS/ iPP and ( CNT/ 50CS/ iPP)  and system xi and xii CNT-sPP 

wrapped with two length of CS (CNT/30CS/sPP and (CNT/50CS/sPP).  Each PP was 

placed in parallel with the length (x axis) of CNT as shown in Figure 3.1 and 3.2 
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Figure 3.1 The initial structures of CNT/ PPs nanocomposite without and with AMY 

modification for MD study:  a)  CNT/ aPP, b)  CNT/ iPP and c)  CNT/ sPP d) 

CNT/AMY/aPP, e)  CNT/AMY/ iPP and f)  CNT/AMY/sPP.  PP ( red)  was placed in 

parallel with the X axis of CNT and AMY ( green)  was spirally wrapped around CNT 

surface.  
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Figure 3.2 The initial structures of CNT/PPs nanocomposite with CS modification for 

MD study:  a)  CNT/ 30CS/ aPP, b)  CNT/ 30CS/ iPP and c)  CNT/ 30CS/ sPP d) 

CNT/ 50CS/ aPP, e)  CNT/ 50CS/ iPP and f)  CNT/ 50CS/ sPP.  PP ( red)  was placed in 

parallel with the X axis of CNT and CS (light blue) was spirally wrapped around CNT 

surface.  
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3.2 Molecular dynamics (MD) simulation 

MD simulation was performed under vacuum condition using AMBER16 

package with the NPT ensemble at 1 atm and 298 K using a time step of 2 fs. The 

SHAKE algorithm [34] was applied to all bonds involving hydrogen atoms. The long-

range electrostatic interactions were calculated using the Particle Mesh Ewald (PME) 

summation method [35]. Prior perform MD simulation, the hydrogen atoms were 

minimized with 3,000 steps of steepest descents (SD) and conjugated gradient (CG). All 

systems were heated up to 298 K for 100 ps and equilibrated at 298 K for 5 ns. Finally, 

the production stage was performed until 100 ns and the structural coordinate was saved 

every 2 ps for analysis. The root-mean square displacement (RMSD), radius of gyration, 

and van der Waals and Electrostatic interactions were calculated by the cpptraj module 

[36] implemented in AMBER16 while the distance between the centers of gravity of 

each polymer unit and CNT was computed with FORTRAN script [5].  

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

CHAPTER IV 

RESULTS AND DISCUSSION 

 

4.1 System stability 

- The CNT/PPs systems without and with AMY non-covalent modification CNT 

surface 

To estimate the system stability of the CNT/PPs nanocomposites without and 

with AMY non-covalent modification on the external surface of single-walled CNT, 

the root-mean-square displacement (RMSD) of each system relative to the minimized 

structure was calculated along the simulation time and plotted in Figure 4.1 The RMSD 

values of PP (dark green) of three systems without amylose wrapping (Figure 4.1a-c), 

including CNT/aPP, CNT/iPP and CNT/sPP, rapidly increase at the first 60 ns and 

fluctuate in the range of ~16-20 Å until the end of the simulations. In case of AMY 

wrapped on CNT, the RMSD values of PP showed relatively lower fluctuation and 

reached the equilibrium state after ~ 40 ns for the CNT/AMY/iPP and CNT/AMY/sPP 

systems (Figure 4.1e-f) and 60 ns for the CNT/AMY/aPP system (Figure 4.1d). This 

is in contrast to AMY, in which the RMSD of 6 Å compared to its initial structure with 

a very low fluctuation was observed along the simulations in these three systems. As 

expected, no structural change of CNT was detected as seen by RMSD close to 0 Å. 

Taken together, all six studied systems seem to enter the equilibrium state at ~ 60 ns 

and thus the atomic coordinates in the last 40 ns were collected for further analysis. 
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Figure 4.1 All-atom RMSDs of complex (black), CNT (red), PP (dark green) and AMY 

( blue)  relative to their initial structures for the six studied systems:  a)  CNT/ aPP,  

b)  CNT/ iPP and c)  CNT/ sPP d)  CNT/ AMY/ aPP, e)  CNT/ AMY/ iPP and  

f) CNT/AMY/sPP.  

 

- The CNT/PPs systems with different length CS  non-covalent modification 

CNT surface  

To measure the system stability of the CNT/PPs nanocomposites with different 

length CS non-covalent modification on the external surface of single-walled CNT, the 

RMSD value of each system relative to the minimized structure was calculated along 

the simulation time and plotted in Figure 4.2 The RMSD values of PP (dark green) of 

all systems, rapidly increase at the first 10 ns and fluctuate in the range of ~11-12 Å 

until the end of the simulations. In the same way, RMSD of CS of all systems fluctuate 

in the range of ~4-6 Å, compared to its initial structure with a very low fluctuation was 

observed along the simulations. In case of CNT, no change was observed as seen in 

RMSD analysis which is close to 0 Å. The four systems, there are CNT/30CS/aPP, 

CNT/30CS/iPP, CNT/30CS/sPP and CNT/50CS/iPP seem to enter the equilibrium state 

at ~ 40 ns. But the two systems, consist of CNT/50CS/aPP and CNT/50CS/sPP reach 
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the equilibrium state at ~60 ns. Therefore, the atomic coordinates in the last 40 ns were 

collected for further analysis. 

 

Figure 4.2 All-atom RMSDs of complex (black), CNT (red), PP (dark green) and CS 

(blue) relative to their initial structures for the six studied systems: a) CNT/30CS/aPP, 

b) CNT/30CS/iPPand c) CNT/30CS/sPP d) CNT/50CS/aPP, e) CNT/50CS/iPP and f) 

CNT/50CS/sPP.  

 

4.2 Effect of AMY and CS on polypropylene binding toward carbon nanotube 

The final orientation of PPs and AMY wrapped on CNT taken from the last MD 

snapshot of each system is depicted in Figure 4.3 In case of no AMY modification on 

CNT, the results reveal that all three PPs preferentially interact within themselves, 

resulting in a non-spiral shape (Figure 4.3a-c). This observation strongly correlated 

with previous studies [20, 37, 38]. Interestingly, the AMY conjugating on CNT could 

enhance the efficacy of PPs bindings to become significantly to locate closer towards 

CNT with a formation of a spiral-shaped structure of PPs (Figure 4.3d-f).  This process 

occurred by a significant reduction of distances between the center residue located on 

each amylose spiral and the adjacent one, resulting in a compact molecular structure, 

which facilitates the space for PPs recognition to interact with either AMY or CNT. In 

the CS modification on CNT surface systems, all PPs cannot wrap CNT in spiral-shape, 
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but the most of PP units wrapped on the CS outer surface better than directly wrapped 

CNT surface.  

 

 

Figure 4.3 The last MD snapshots of a)  CNT/ aPP, b)  CNT/ iPP, c)  CNT/ sPP,  

d) CNT/AMY/aPP, e) CNT/AMY/iPP and f) CNT/AMY/sPP systems, where PP and 

AMY structures are shaded by red and green. 
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Figure 4.4 The last MD snapshots of a)  CNT/ /30CS/aPP, b)  CNT/ 30CS/iPP,  

c)  CNT/ 30CS/sPP, d)  CNT/ 50CS/aPP, e)  CNT/ 50CS/ iPP and f)  CNT/ 50CS/sPP 

systems, where PP and AMY structures are shaded by red and light blue. 

 

4.3 The averaged distance measured from Cg of PP and AMY units to 

surface of CNT  

- The CNT/PPs systems without and with AMY non-covalent modification CNT 

surface 

Furthermore, in order to compare the binding capacity between PPs toward  

CNT without and with AMY conjugation on the external surface, the distances  

measured from the center of gravity (Cg) of each unit of PPs to surface of CNT (d(PPCg- 

CNTSurface) )  averaged over the last 4 0  ns were calculated in relative to the  

distance measured from Cg of each AMY unit to surface of CNT (d( AMYCg- 

CNTSurface) ) .  These distances versus simulation time are plotted and given in Figure 

4.5 It can be clearly seen that all AMY units well interacted with the CNT outer surface 

with the averaged d( AMYCg-  CNTSurface) not exceed 5 Å ( Figure 4 . 5a) .  The AMY 
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wrapping could importantly decrease the averaged d(PPCg- CNTSurface) for the iPP and 

sPP systems from 7 Å (Figure 4.5b) to 3 Å (Figure 4.5c) for the systems without 

and with AMY non- covalently modified on CNT surface.  However, only the 10 aPP 

units of one end exhibited a similar tight binding on the CNT/AMY whilst the rest units 

show a high fluctuation as detected which study. Taken together, the use of conjugated 

AMY on CNT exterior leads to an enhanced interfacial adhesion of PPs toward CNT, 

which is in a good agreement with the electrostatic and van der Waals attractions as 

discussed later.  

 

Figure 4.5 Plots of a)  the averaged distance measured from Cg of each AMY unit to 

surface of CNT (d(AMYCg- CNTsurface)), and the averaged distance measured from Cg 

of each PP unit to surface of CNT (d(PPCg- CNTSurface)) for the systems b) without and 

c) with AMY modified CNT surface  

 

- The CNT/PPs systems with different length CS  non-covalent modification 

CNT surface  

The average distances from the center of gravity (Cg) of each unit of PP surface 

of CNT (d(PPCg- CNTSurface)) at last 40 ns were calculated in relative to the distance 

measured from Cg of each different length CS unit surface of CNT (d(30CSCg- 

CNTSurface) and d(50CSCg- CNTSurface)). The results shown in Figure 4.6, d(30CSCg- 

CNTSurface) and d(50CSCg- CNTSurface)) (Figure 4.6a,c) have the distance in range of 

3.5-10 Å and 3.5-11 Å respectively. In addition, d(PPCg- CNTSurface) of the system 30 

and 50 CS units are in range of 8-16 Å  and 5-18 Å respectively. 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

24 

 

Figure 4.6 Plots of a)  and c) the averaged distance measured from Cg of each 30CS 

and 50CS units to surface of CNT in the x axis (d(CSCg- CNTSurface)), and the averaged 

distance measured from Cg of each PP unit to surface of CNT in the x axis ( d( PPCg- 

CNTSurface) )  for the systems b)  without and d)  with different repeating units of CS 

modified CNT surface  

 

4.4 Radius of gyration of polymers (Rg) 

The radius of gyration (Rg) calculation was used to identify the mean squared 

distance of each point on the polymer, PP or AMY, from its center of gravity [39].In 

case of no conjugated AMY on CNT (Figure 4.7a-c), the Rg of all three PPs 

dramatically reduce within the first 20 ns and consequently retain fluctuated of 8-11 

Å until the end of simulation. This is because PPs preferentially interact with each other 

rather than spirally contact with CNT as described above. Interestingly, the use of AMY 

non-covalently modified on CNT significantly increases the Rg stability of iPP and sPP 

after 40 ns (Figure 4.7e-f), reflecting the stable conformation of partial spiral form for 

these PPs. However, in the aPP system (Figure 4.7d), the Rg fluctuation is similar to 
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that of no AMY conjugation due to the high flexibility of one terminal end (Figure 

4.5d), which was also reported previously [37]. Note that, the Rg plots of AMY are 

likely comparable for all three systems (Figure 4.7d-f), which was significantly lower 

than those of PPs in terms of value and fluctuation. On the other hand, Rg of different 

length CS non-covalently modified on CNT shown in Figure 4.8, Rg of CS of all 

systems is rapidly decrease at first 5 ns of simulation. Rg of PP is higher than CS 

because PP cannot wrap CNT surface in spiral-shape.  

 

 

Figure 4.7 Plots of Radius of gyration (Rg) of polymers, PP (black) and AMY (red), 

versus simulation time for a) CNT/aPP, b) CNT/iPP, c) CNT/sPP, d) CNT/AMY/aPP, 

e) CNT/AMY/iPP and f) CNT/AMY/sPP systems. 
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Figure 4.8 Plots of Radius of gyration (Rg) of polymers, PP (black) and AMY (red), 

versus simulation time for a) CNT/30CS/aPP, b) CNT/30CS/iPP, c) CNT/30CS/sPP, 

d) CNT/50CS/aPP, e) CNT/50CS/iPP and f) CNT/50CS/sPP systems. 

 

4.5 Distance of end-to-end chain of polypropylene   

In order to characterize the distance of end-to-end chain of PPs upon the 

molecular complexation toward CNT for both without and with AMY and CS 

modification on tube exterior, the distance of end-to-end chain of PPs was measured 

between center of gravity of the first unit of PP and center of gravity of the last unit of 

PP from all simulation. The results of the systems without and with AMY are plotted 

and compared in Figure 4.9 As expected, in the iPP and sPP systems, the AMY 

wrapping enhances to the spiral form of PPs, whilst more distance of end-to-end chain 

was observed in the aPP system. It confirms that aPP is less spiral. In case of the systems 

without AMY, demonstrated that the distance is higher than systems with AMY due to 

PPs which is not spiral-shape and also at the end chain of PP. Considering the systems 

modified by different length CS (Figure 4.10), the distance of end-to-end chain of PPs 

are higher than CNT modified by AMY. It confirms the non-spiral-shape of PPs. 
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Figure 4.9 The distance of end-to-end chain of PPs for a)  CNT/ aPP, b)  CNT/ iPP, c) 

CNT/ sPP, d)  CNT/ AMY/ aPP, e)  CNT/ AMY/ iPP and f)  CNT/ AMY/ sPP systems 

calculated from the last MD snapshot in Figure 4.3.  

 

 

Figure 4.10 The distance of end-to-end chain of PPs for a)  CNT/ 30CS/aPP,  

b)  CNT/ 30CS/iPP, c)  CNT/ 30CS/sPP, d)  CNT/ 50CS/ aPP, e)  CNT/ 50CS/ iPP and  

f) CNT/50/50CS/sPP systems calculated from the last MD snapshot in Figure 4.4.  
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4.6  Electrostatic and van der Waals interactions energy  

- The CNT/PPs systems without and with AMY non-covalent modification CNT 

surface 

The electrostatic (ΔEele) and van der Waals (ΔEvdW) interaction energies 

between PP and CNT for the systems without and with AMY modification evaluated 

using the cpptraj module implemented in AMBER16 are given in Figure 4.11. 

Considering all systems without AMY wrapping, the ΔEele and ΔEvdW values between 

PPs and CNT are 2800 kcal/mol and -350 kcal/mol, respectively, suggesting that the 

vdW interaction is the main force for molecular complexation. Interestingly, in case of 

the systems with AMY non-covalently conjugated on CNT, both interaction energies 

of all PPs are dramatically reduced to -1500 and -800 kcal/mol for ΔEele and ΔEvdW, 

respectively. From this analysis, it can be concluded that AMY wrapping could promote 

the binding efficacy of PPs toward CNT through both ele and vdW interactions in 

accordance with the previous works [20, 40-42]. For the ele interaction energy of PP 

with AMY and CNT (PP-AMY(CNT/AMY) and PP-CNT(CNT/AMY)) for CNT/PPs (Figure 

4.12), it shows that the attractive and repulsive forces are found. In contrast, the vdW 

interaction of PP-CNT(CNT/AMY) is stronger than PP-AMY(CNT/AMY) by c.a. 100-150 

kcal/mol.  
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Figure 4.11 Electrostatic and van der Waals interaction energies ( ΔEele and ΔEvdW) 

between PP and CNT without (black) and with AMY modification (light grey). 

 

 

Figure 4.12 Electrostatic and van der Waals interaction energies ( ΔEele and ΔEvdW) 

between PP and AMY (PP-AMY(CNT/AMY), black) and CNT (PP-CNT(CNT/AMY), light 

grey) of the AMY modification system  
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- The CNT/PPs systems with different length CS  non-covalent modification 

CNT surface  

The ΔEele and ΔEvdW interaction energies between PP and CNT for the systems 

with different length CS modification evaluated using the cpptraj module implemented 

in AMBER16 are given in Figure 4.12. Considering all systems with 30CS wrapping, 

the ΔEele and ΔEvdW values between PPs and CNT/30CS of -1000 kcal/mol and -800 

kcal/mol, respectively, suggesting that the ele interaction is the main force for 

molecular complexation. Interestingly, in case of the systems with 50CS non-covalently 

conjugated on CNT, both interaction energies of all PPs are dramatically reduced to -

3000 and -1200 kcal/mol for ΔEele and ΔEvdW, respectively. For the ele interaction 

energy of PP with 30CS and 50CS (PP-CS(CNT/30CS) and PP-CNT(CNT/50CS)) for CNT/PPs 

(Figure 4.13 and Figure 4.14), it shows that the attractive forces are found and the ele 

interaction of PP-CS(CNT/30CS) and PP-CNT(CNT/50CS) are stronger than vdW interaction.  

 

Figure 4.13 Electrostatic and van der Waals interaction energies ( ΔEele and ΔEvdW) 

between PP and CNT with 30 ( black)  and 50 CS repeating units modification ( light 

grey). 
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Figure 4.14 Electrostatic and van der Waals interaction energies ( ΔEele and ΔEvdW) 

between PP and 30CS (PP-30CS(CNT/30CS), black) and PP and CNT (PP-CNT(CNT/30CS), 

light grey) of the 30 units CS modification system 

 

Figure 4.15 Electrostatic and van der Waals interaction energies ( ΔEele and ΔEvdW) 

between PP and 50CS (PP-50CS(CNT/50CS), black) and PP and CNT (PP-CNT(CNT/50CS), 

light grey) of the 50 units CS modification system 
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4.7 Conclusion 

In the present study, the all- atom MD simulation for 100- ns reveals that AMY 

non- covalently modified on CNT outer surface could induce the PPs binding toward 

CNT with a formation of better-formed nanocomposite, especially for the iPP and sPP 

systems in the AMY modification.  This structural transformation occurrs by a 

significant reduction of distance between the center of gravity of end-to-end of iPP and 

sPP. However, the aPP is not completely wrapped with CNT due to the high flexibility 

of its terminal chain.  The radius of gyration results support that iPP and sPP could 

spirally wrap with CNT in a presence of AMY in a correspondence with the enhanced 

orderliness of angle distribution in between PP chain itself.  

In case of CNT modified by CS, the binding of PPs on CNT is found inin snack-

like manner, in which the distance of end-to-end of PP is higher than AMY systems 

and Rg of PP is higher than Rg CS. Moreover, the main interaction causing PPs to 

become spirally contacts with CNT/AMY is electrostatic attraction. Taken together,  

AMY and CS wrapped around CNT exterior could significantly increase the interfacial 

adhesion of PPs toward CNT, which can be used as a rational guide for the synthesis of 

PPs/CNT nanocomposites for further applications. 
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