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Marcello Malagùb,a,∗, Alexey Lyulinc, Elena Benvenutia, Angelo Simoneb

aEngineering Department, University of Ferrara, Via Saragat 1, 44122 Ferrara, Italy
bFaculty of Civil Engineering and Geosciences, Delft University of Technology, P.O. Box 5048, 2600 GA Delft, The Netherlands

cDepartment of Applied Physics, Eindhoven University of Technology, P.O. Box 513, 5600 MB Eindhoven, The Netherlands

Abstract

We carry out molecular-dynamics simulations of single-walled carbon nanotubes (CNTs) embedded in a coarse-

grained amorphous monodisperse polyethylene-like model system. The roles of nanotube diameter and chirality

on the physical and structural properties of the composite are thoroughly discussed for several CNTs with different

diameter and chirality. We show that the glass-transition temperature of the polymer matrix increases with the diameter

of the CNT while chirality effects are negligible. A denser and ordered layered region of polymer matrix is found

in the vicinity of the nanotube surface. The density and ordering of this crystallized layer increases with the CNT

diameter. All simulations indicate that chirality does not affect the atomic structure of the crystallized highly ordered

layer surrounding the CNTs. Despite the simplicity of the polymer model, our results are qualitatively comparable

with those obtained from experiments and numerical simulations that consider a chemically-specific polymer matrix.

1. Introduction

When carbon nanotubes (CNTs) are used as inclusions in polymeric materials, important changes in the atomic

structure of the hosting matrix can take place. Experimental evidence on a large class of CNT-polymer composites

indicates that nanotubes can promote crystallization [1–9]. Despite the growing interest in carbon nanotube-polymer

composites, CNT-induced effects on the polymer structure are still not well characterized due to the complexity of

the interactions at the nanoscale [10–13]. Several factors can influence the nucleating effect of CNTs [14]: nanotube

diameter and chirality, presence of surface functional groups, use of surfactants, CNT volume fraction, and type of

polymer (it is worth mentioning that, besides CNT-induced crystallization, negligible [15] and anti-nucleation [16,

17] effects have been observed in a small number of polymer types). Here, by using molecular-dynamics (MD)
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simulations, we present a preliminary study of CNT-induced crystallization ordering with a focus on the roles of CNT

diameter and chirality.

The nucleation of a crystallized polymer layer around a nanotube is highly beneficial to the enhancement of the

composite thermal and mechanical properties [18–20]. Although changes in the structure of the polymer matrix are

limited to the nanoscale, their influence at the macroscopic level is significant [20–23]. A detailed characterization

of the atomic structure of the crystallized polymer layer, however, is not trivial. Being the nanotube size comparable

to the characteristic length scale of the matrix atomic structure, the size of the CNT diameter might influence the

ordering of the polymer chains. As observed experimentally from the analysis of crystallized polyethylene on different

nanofillers [24] (single- and multi-walled CNTs, carbon nanofibers and graphene), small-diameter fibers cause the

polymer chains to align along their axis. In addition, molecular crystallization might also be influenced by the CNT

chirality [14].

The experimental quantification of structurally-induced effects of the CNT on the polymer matrix is very diffi-

cult to accomplish due to the small size of the crystallized layer [25]. Moreover, it would be extremely challenging

to isolate effects from other sources (e.g. preparation procedure and experimental technique). For these reasons,

molecular-dynamics, which is here used to study structure and mobility of the polymer chains surrounding the nan-

otubes, has been typically employed. Minoia et al. [26] reported diameter effects on the structure and adhesion of

single polyethylene chains on single-walled CNTs and negligible chirality effects. In contrast, Wei [27] observed

chirality effects from MD simulations on single-walled CNTs surrounded by one layer of polyethylene chains. To

investigate the more complex structure of a composite having a large number of polymer chains, Falkovich et al. [28]

compared the ordering of an R-BAPB polyimide matrix in the vicinity of a flat graphene layer and a small diameter

single-walled CNT. Their results show higher ordering in the case of the graphene sheet. However, their study does

not provide a comprehensive description of diameter-induced modifications (only one nanotube was considered) and

does not explore chirality effects. Furthermore, all the above results might be limited to the specific polymer con-

sidered in the simulations. Hence, a detailed and more fundamental understanding of CNT-induced effects and the

interaction between polymer chains and filler is still lacking.

The purpose of this study is therefore twofold: to assess nanotube-induced effects on the atomic structure of

the surrounding polymer matrix, and to provide a description of size and chirality effects that can be observed in

a wide range of single-walled CNT-polymer composites. In the MD simulations we employ a simple model of a

CNT-polymer composite consisting of a single single-walled CNT embedded in a polymer matrix. We also avoid

polymer chemistry-specific effects by using a simplified polyethylene-like coarse-grained (CG) model that has the

added advantage of reducing the computational effort for the long relaxation time of the system –this simplified CG
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model is intended for the investigation of CNT-induced effects on an amorphous monodisperse polymer polyethylene-

like matrix rather than on a specific polymer matrix. Diameter and chirality effects are here explored by means of

a detailed fully-atomistic single-walled CNT model. Non-bonded interactions are defined between nanotube and

polymer chains and within the polymer chains.

To assess the influence of the nanotube-polymer interaction, the variation of the composite glass-transition tem-

perature is discussed. Next, a comprehensive and detailed analysis of the structural properties of single-walled CNT-

polymer composites is carried out by investigating density profile and ordering of the polymer chains around the

nanotube. Throughout the paper, we qualitatively compare our results with experimental and modeling literature

findings to validate the reliability of the atomistic model.

All the simulations and the corresponding results will help to elucidate nanotube-induced diameter and chirality

effects at the level of the structure of the interface of the hosting polymer matrix. To the best of our knowledge,

none of the previous studies in the literature provides such an extensive investigation and a basic understanding of

single-walled carbon nanotube-effects in polymer-based composites.

2. Model and simulation details

Since we are interested in exploring features of an archetype single-walled CNT-polymer composite, a CG model

is adopted for the polymer chains. Effects induced by the specific chemistry of the polymer matrix are therefore

not considered. In view of the investigation of size and chirality effects, a fully-atomistic representation of different

single-walled CNTs is employed. Despite its simplicity, this atomistic model yields results in agreement with those

from experiments and atomistic simulations with real polymers as discussed in the next section.

In the simulations, each polymer chain consists of 300 identical monomeric units, here referred to as beads. As-

suming r as the distance between two beads, covalently bonded interactions are described by the interatomic potential

U(r) = −0.5KR2
0 ln

[
1−
(

r
R0

)2
]
+ 4εp

[(
σp

r

)12
−
(

σp

r

)6
+

1
4

]
. (1)

The first term, which is attractive and defined according to the Finitely Extensible Nonlinear Elastic (FENE) po-

tential [29], depends on the stiffness K and the maximum elongation R0 of the polymer bonds. The second term,

which, conversely, is repulsive, is a truncated Lennard-Jones (LJ) potential defined in terms of beads characteristic

length-scale σp and energy εp parameters. Although common practice suggests the use of dimensionless LJ units for

the quantities in (1), Kremer and Grest [29] suggested some values by comparing the dynamics of entangled FENE
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chains melts and real polymers. Accordingly, we take parameters σp, εp, K and R0 equal to 5.1 Å, 0.8903 kcal/mol,

30εp/σ2
p and 1.5σp, respectively. These values were suggested for amorphous monodisperse polyethylene-like sys-

tems. The interatomic potential (1) does not include bending and torsional contributions. Hence, the effect of the

polymer chains flexibility on the physical properties of the composite is not examined in this work. The modified

Morse potential [30] is employed to model the CNTs adopting the same parameters defined in our previous work [31].

Further, the 12-6 Lennard-Jones potential has been considered for polymer-polymer and polymer-CNT non bonded

interactions. In particular, the parameters σpc and εpc for the LJ interactions between polymer beads and CNT carbon

atoms are calculated with the Lorentz-Berthelot rules

σpc =
1
2
(
σp +σc

)
and εpc =

√
εp εc, (2)

where σc and εc are the LJ parameters for CNT carbon atoms [32].

The starting configuration of a CNT-polymer composite was generated by randomly packing stretched polymer

chains in a large simulation box with one single-walled CNT at the center aligned in the z-axis –the Packmol pack-

age [33] was used for this task. The number of polymer chains, which depends on the nanotube diameter, corresponds

to a nanotube volume ratio υCNT approximately equal to 0.6% [20, 34] at 100 K and to a weight fraction wCNTof

approximately 2% (see Tables 1 and 2). The initial configurations were relaxed at the rather high initial temperature

of 800 K in an NVT ensemble for 0.5 ns. Since the volume of the CNT and the density of polymer at 800 K are

known, the approximated volume of the composite at that temperature can be estimated. This information was used

in the next step where the size of the simulation box was reduced until the desired volume was reached. Each system

was further relaxed at 800 K in an NPT ensemble at 0 atm—indistinguishable from 1 atm since pressure fluctuations

are in the range of about ±50 atm—for 10 ns, a period that was long enough to reach equilibration (checked by mea-

suring the variation of the energy). This initialization phase, used to reach the equilibrium volume of the composite,

was preferred over a single NPT ensemble since it leads to a shorter computational time and equivalent equilibrated

configurations. Finally, all systems were further cooled down in an NPT ensemble at a cooling rate of 0.1 K/ps (see

Figure 1 for a typical snapshot of an (8,8)-polymer composite at 100 K).

(6,6)-polymer (8,8)-polymer (10,10)-polymer (12,12)-polymer
d [Å] 8.14 10.86 13.57 16.28

υCNT [%] 0.64 0.62 0.62 0.62
wCNT [%] 2.09 2.00 1.98 1.95

Table 1: Diameter d of the embedded armchair single-walled CNTs and nanotube volume fraction υCNT and weight
fraction wCNT in the (n,n)-polymer composites.
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(10,0)-polymer (14,0)-polymer (17,0)-polymer (21,0)-polymer
d [Å] 7.83 10.97 13.32 16.45

υCNT [%] 0.63 0.62 0.62 0.62
wCNT [%] 2.08 2.00 1.98 1.95

Table 2: Diameter d of the embedded zigzag single-walled CNTs and nanotube volume fraction υCNT and weight
fraction wCNT in the (n,0)-polymer composites.

Figure 1: Illustration of an (8,8)-polymer composite equilibrated at 100 K (part of the polymer matrix has been
removed for better visualization of the embedded nanotube). Polymer chains are displayed in different colors, the
nanotube in gray.

All simulations have been performed using the Large-scale Atomic/Molecular Massively Parallel Simulator (LAMMPS)

software package [35]. We choose periodic boundary conditions in all three directions. The Newton’s equations of

motion were integrated with the velocity Verlet algorithm using a time step of 1 fs. The Nosé-Hoover thermostat

and barostat were used. For each system, three different initial configurations were generated and the corresponding

results were averaged. The LAMMPS input scripts can be downloaded from the authors’ website.

Next, four armchair ((6,6), (8,8), (10,10) and (12,12)) and four zigzag ((10,0), (14,0), (17,0) and (21,0)) nanotubes

with different diameters are used to assess chirality and size effects. Throughout the paper, the standard notation

employing the couple of integers (n,m) to describe single-walled CNTs [36] is adopted. Moreover, the notation

(n,m)-polymer denotes a polymer composite with an (n,m) single-walled CNT. The diameter of the nanotubes was

calculated as

d =
acc
√

3(n2 +m2 +nm)

π
+ t (3)
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Figure 2: Density-temperature curves for bulk polymer and an (8,8)-polymer composite. Solid lines indicate linear
fits to calculate the glass-transition temperature. Dashed lines denote the estimated value of Tg.

where acc = 1.421 Å is the length of the carbon-carbon bonds and t = 3.4 Å the nanotube thickness [37].

3. Results and discussion

3.1. Glass-transition temperature

In nanocomposites, the glass-transition temperature (Tg) is one of the simplest way to characterize the interaction

between polymer chains and filler. Figure 2 shows the density-temperature curves for the bulk material and an (8,8)-

polymer composite. The bulk Tg was estimated as 200.9 K and corresponds to the dimensionless quantity 0.448 εp/kB,

with kB the Boltzmann constant. This result is in good agreement with theoretical [38] and numerical [39–41] esti-

mates for FENE polymer melts –these values vary between 0.43 and 0.47 εp/kB. The obtained Tg, however, is lower

than that for real polyethylene (between 220 and 280 K [42–46]). Nevertheless, a quantitative comparison between

the estimated glass-transition temperatures and those for real polyethylene is beyond the scope of the this study and

the model employed in our simulations. The atomistic coarse-grained model for the polymer chains is employed to

provide general insight into a wide range of polymer-based materials. Indeed, as discussed next, the obtained results

are in line with those from real composites. As depicted in Figure 2, the glass-transition temperature increases to

Tg = 206.0 K for the case of the (8,8)-polymer composite denoting attractive interactions between the nanotube and

the surrounding polymer chains [47]. More precisely, since the glass-transition temperature of the composite is higher

than that of the bulk matrix, CNT-polymer interactions are stronger than those between polymer beads. Notewor-
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thy, the variation of Tg is comparable with the variation obtained from experimental and numerical studies on real

single-walled CNT-polymer composites. Liang and Tjong [48] estimated the glass-transition temperature of CNT-

low density polyethylene composites about 10 K higher than that for pure polymer matrix. Grady et al. [49], from

experiments on CNT-polystyrene composites with a nanotube weight fraction varying between 1 and 30%, reported

Tg values 6-7 K higher than those for pure polystyrene. Sterzyński et al. [50] obtained the Tg of polyvinyl chloride

matrix about 9 K lower than that of the corresponding CNT composite with a CNT concentration of 0.01-0.02 wt%.

For poly(methyl methacrylate) composites an increase of about 2 K was observed with a content of CNTs of about

0.5 wt% [51]. Wei et al. [52], using molecular dynamics simulations of single-walled CNT-polyethylene composites,

estimated Tg about 20 K higher than that of the bulk material.

The influence of the nanotube atomic structure on the glass-transition temperature was investigated as well. In

Figure 3a, size and chirality effects on Tg are depicted for all simulated CNT-polymer composites.

3.1.1. Size effects

The composite glass-transition temperature, while remaining higher than the bulk Tg, clearly increases with the

curvature of the nanotube (Figure 3a). This can be explained by considering that the number of non-bonded interac-

tions between polymer beads and nanotube atoms increases with decreasing d [53] as shown in Figure 3b. Conse-

quently, the mobility of the polymer chains surrounding the nanotubes decreases.

It is worth mentioning that also the value of the carbon nanotube weight fraction can influence Tg. Nevertheless,

as indicated in Tables 1 and 2, the variation of wCNT is small, especially if compared with the changes in the CNT

diameter. Therefore, it is reasonable to assume that the trend of the composite glass-transition temperature Tg is

mainly caused by the variation of the nanotube diameter d.

3.1.2. Chirality effects

As depicted in Figure 3a, the estimated values of Tg for armchair and zigzag composites differ by less than 1%.

Since armchair and zigzag configurations represent the two extremes, minimum and maximum value, respectively, in

terms of chirality, these results suggest that chirality-induced effects on Tg are negligible.

3.2. Density profiles

Typically, in confined geometries and polymer composites with particle inclusions, a better packing of monomer

units is observed around the interface [47, 54]. As depicted in Figure 4, this is also the case for the single-walled CNT-

polymer composites considered in this work. Concentric wall-induced layers can be identified around the nanotube. A

detailed investigation of the density profile was therefore carried out to understand structural changes in the polymer

matrix in the vicinity of the nanotube.
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Figure 3: (a) Glass-transition temperature of (n,n) armchair and (n,0) zigzag single-walled CNT-polymer composites
as a function of the nanotube diameter d compared to the bulk glass-transition temperature. (b) Schematic of the
interaction region (blue) of a single-walled CNT atom (red) with the surrounding polymer [53].

Figure 4: Snapshot of an (8,8)-polymer composite cross section at 100 K (monomer beads in blue, single-walled CNT
carbon atoms in gray).
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Figure 5: Density of an (8,8)-polymer composite at different temperatures as a function of distance r from the nanotube
wall (all curves have been normalized with respect to the bulk density ρbulk at the corresponding temperature).

To start with, the evolution of the density profile at different temperatures has been examined. As illustrated in

Figure 5, the number of wall-induced layers and their density increase while cooling the system. The intensity of

the peaks is higher close to the nanotube surface and it decays until the composite density equals that of the bulk.

Noteworthy, the peak-to-peak distance remains constant and equal to about σp at all temperatures. This suggests

that the bonds connecting two polymer beads in different layers (whose equilibrium distance is 0.97σp) are mainly

orthogonal to the nanotube surface and to its longitudinal axis. Consequently, a higher ordering of the monomers,

which increases by decreasing the temperature, is observed around the nanotube (this will be discussed in more detail

in the next section).

3.2.1. Size effects

Figure 6 shows a comparison of the density profiles for different armchair composites at (a) 800 and (b) 100 K.

Similar profiles are observed for all the examined armchair composites. The number of layers and the peak-to-peak

distance is the same. Moreover, the thickness of the perturbed region of polymer matrix (i.e. the interphase) does not

change with the diameter of the nanotube—analogous results were obtained by Brown et al. [55] with MD simulations

on a polymer matrix with spherical inclusions—and is about 25 Å. Therefore, as schematically shown in Figure 7,

for CNT-polymer composites with equal υCNT, the volume fraction of such interphase layer increases by decreasing

the diameter of the nanotube. This size effect might have a role in the trend of Tg observed in Section 3.1.1 since the

glass-transition temperature of the highly ordered polymer region is higher than that of the amorphous bulk polymer.
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Figure 6: Density profile for different armchair composites at (a) 800 K and (b) 100 K as a function of distance r
from the single-walled CNT wall (all curves are normalized with respect to the bulk density ρbulk at the corresponding
temperature).

Nonetheless, the density of the wall-induced layers increases with the nanotube diameter –weaker maxima and minima

can be noticed for smaller nanotubes. This is in agreement with the results from Falkovich et al. [28] obtained with

MD simulations of R-BAPB composites with graphene and a (5,5) CNT.

3.2.2. Chirality effects

Chirality effects on monomer packing are negligible. This can be deduced from Figure 8 where the density

profiles of composites with single-walled CNT of comparable diameter ((12,12) armchair and (21,0) zigzag) are

shown. Analogous conclusions hold for the other composites.

3.3. Ordering of monomers

Based on the analysis of the density profile, a higher ordering of the polymer bonds was observed in the vicinity

of the nanotubes. However, the previous results do not provide a comprehensive description of the changes that

nanotubes induce in the matrix atomic monomer structure. In this section we carry out a detailed investigation into

the orientation of the polymer bonds with respect to the nanotube longitudinal axis and surface.

Similar to Falkovich et al. [28], we employed histograms showing the probability P of the orientation of the

polymer bonds as a function of the distance from the nanotube wall. The monomer orientation is measured according

to the angles φ and θ between the polymer bonds and the nanotube axis and surface, respectively. The results are
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Figure 7: Schematic showing the region of polymer with higher ordering (highlighted in brown) in (a) (6,6) and
(b) (12,12) single-walled CNT-polymer composites with υCNT = 0.6%. Since the thickness of the perturbed polymer
phase, about 25 Å, does not change with the nanotube diameter d, its volume fraction increases by decreasing d.
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Å
]

ρ
(r
)/

ρ b
ul

k

Figure 8: Density profile for (12,12) armchair and (21,0) zigzag single-walled CNT-polymer composites at (a) 800 K
and (b) 100 K as a function of distance r from the nanotube wall (all curves are normalized with respect to the bulk
density ρbulk at the corresponding temperature).
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derived by averaging the bond orientation sampled every 5 ps within a time interval of 10 ns. The bin size of the

histograms was chosen equal to 1◦ for both angles φ and θ and 1 Å for the distance r.

The ordering of the monomers was first assessed in a polymer matrix system without carbon nanotube. In this

case, we estimated the probability of the bonds to align with the x-axis of the simulation unit cell (analogous results

were produced estimating P with respect to the y- and z-axis). As depicted in Figure 9, the histogram evaluated at

100 K does not show preferential orientations of the polymer bonds. Therefore, in absence of carbon nanotubes, the

matrix is amorphous. In contrast to this, as illustrated in Figures 10a and 11a for an (8,8)-polymer composite, higher

ordering is already visible at 800 K in the polymer interfacial layer (r∼4-5 Å). In particular, while the ordering with

respect to the nanotube axis is very mild, most of the polymer bonds are nearly parallel to the nanotube surface. By

decreasing the temperature, the ordering increases and more ordered layers form (see Figure 10b-d and 11b-d). In

the first layer, located between 4 and 5 Å from the nanotube wall, the probability of orientation along the nanotube

axis presents a high peak between 0 and 5◦ and, especially at low temperatures, lower peaks at larger values of φ .

Regarding θ , we observe only one peak at 0-10◦. This suggests that polymer bonds at the interface, while being

parallel to the nanotube surface, are preferentially aligned with the nanotube axis. Conversely, in the second layer

positioned at 6-7 Å, polymer bonds are mainly orthogonal to the nanotube surface since the angle distribution peaks

are at 70-90◦ for φ and θ . This pattern of alternating layers of parallel and orthogonal bonds repeats while moving

far from the interface. However, the ordering decays with r since the influence of the nanotube over the polymer

atoms vanishes. These results indicate the nucleation of an ordered region that has been experimentally observed in

several real single-walled CNT-polymer composites [14], as widely reported for CNT-polyethylene [6, 7, 12, 56–58].

Analogous observations were made for other semi-crystalline polymers such as isotactic polypropylene [2, 34, 59],

poly(vinylidene difluoride) [60, 61] and poly(vinyl alcohol) [18, 62]. Based on Raman spectroscopy on CNT-poly(ε-

caprolactone), Chatterjee and coworkers [21] showed the formation of an ordered polymer structure oriented along

the surface of the nanotubes. Regarding amorphous polymers, Dingemans and coworkers [20, 63, 64] reported the

growth of a crystalline domain of polyetherimide matrix along the CNT surface.

3.3.1. Size effects

A quantitative assessment of size effects on the monomer ordering is shown in Figure 12 based on the estimation

of the fraction ψα(r) of polymer bonds not exceeding a given angle α with the nanotube axis. The results have been

reported only for (6,6)-polymer and (12,12)-polymer composites. At 800 and 100 K, the fraction φα of monomer

bonds shows a high peak at r = 4−5 Å and then decreases moving far from the nanotube surface. This denotes the

higher ordering of the polymer matrix in the vicinity of the nanotube as previously discussed. At 800 K size effects

are minimal. On the contrary, at 100 K, stronger ordering is noticed for the composite with the nanotube with larger
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Figure 9: Probability P of the angle φ between the polymer bonds and the x-axis of the unit cell for a pure polymer
matrix system at 100 K. Histograms at higher temperatures are analogous, indicating no crystallization high ordering
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Figure 11: Probability P of the angle θ between the polymer bonds and the surface of an (8,8) single-walled CNT
at (a) 800, (b) 500, (c) 300 and (d) 100 K: the nanotube initiates crystallization high ordering at the interface. The
ordering increases while cooling the system.

diameter. Consequently, increasing the nanotube curvature hinders the ordering of the surrounding polymer chains.

For temperatures between 800 and 100 K (e.g. 300 K) we observed results in between those shown in Figure 12.

Minoia et al. [26], performing MD simulations at 300 K of single polymer chains on single-walled CNTs, related this

diameter effect to the higher binding energy observed in the case of nanotube with lower curvature as more bending

of the polymer chains is required to maintain their atoms in close contact with small diameter CNTs. Although a

bending contribution is not explicitly implemented in the FENE potential, the repulsive term in (1) provides flexural

stiffness to the polymer chains. Therefore, despite the increase of CNT-polymer interaction for smaller nanotubes (as

illustrated in Figure 3b), higher ordering is observed when the curvature of the nanotube decreases.

3.3.2. Chirality effects

Figure 13 shows that the ψα(r) profiles for (12,12) armchair single-walled CNTs are closely akin to those obtained

with (21,0) zigzag nanotubes. The small differences in ψα(r) arise from the size effects –the (21,0) zigzag single-

walled CNT, having a larger diameter, leads to a slightly higher ordering. Therefore, as observed for the variation of

Tg and the density profile, chirality effects in armchair and zigzag composites are negligible.
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Figure 12: Fraction φα of monomer bonds at a distance r from the nanotube wall and at an angle θ < α to the axis of
armchair (12,12) (solid lines) and (6,6) (dashed lines) single-walled CNTs at (a) 800 and (b) 100 K. The angle α is
equal to 2.5◦ (black lines), 5◦ (red lines), 10◦ (blue lines) and 20◦ (green lines).
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Figure 13: Fraction φα of monomer bonds at a distance r from the nanotube wall and at an angle θ < α to the axis
of (12,12) armchair (solid lines) and (21,0) zigzag (dashed lines) single-walled CNTs at (a) 800 and (b) 100 K. The
angle α is equal to 2.5◦ (black lines), 5◦ (red lines), 10◦ (blue lines) and 20◦ (green lines).
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4. Conclusions

We assessed diameter and chirality effects on physical and structural properties of single-walled CNT-polymer

composites by means of molecular-dynamics simulations. Attractive non-bonded interactions between the polymer

matrix and the carbon nanotube yield a composite glass-transition temperature higher than that of the bulk matrix and

a crystallized highly ordered layer of polymer chains in the vicinity of the nanotube wall. In particular, our simulations

revealed that density and monomer ordering of the polymer matrix rapidly increase close to the nanotube surface. The

main conclusions regarding size and chirality effects are summarized below.

Size effects. The glass-transition temperature of the composite increases with the curvature of the nanotube while

the thickness of the crystallized highly ordered layer surrounding the nanotubes does not change with the size of the

nanotube. Nevertheless, the nanotube diameter influences its density profile and ordering. Namely, increasing the

nanotube diameter increases the ordering of the polymer chains around the nanotube surface. Therefore, the results

show that higher glass-transition temperature Tg does not lead to higher ordering in the polymer. The estimated values

of Tg depend on the number of CNT-polymer interactions, while the ordering of the polymer chains depends on their

possibility to maintain the monomers in close contact with the nanotube atoms.

Chirality effects. The effects induced by the nanotube chirality, on the contrary, were negligible, with the results

obtained for armchair and zigzag single-walled CNTs with similar diameter showing only minor differences. Hence,

our findings suggest that the orientation of the periodic atomic structure of the nanotube along its longitudinal axis

influences neither the density profile nor the ordering of the crystallized highly ordered polymer layer.

The relevance of our results has to be considered in the light of the characterization and design of CNT-polymer

materials. Structural changes induced by nanotubes embedded in a polymer matrix might have interesting implications

for physical and mechanical properties of the composite. More specifically, as the ordering of the polymer chains

around the nanotube increases with its diameter, the role of size effects on the macroscopic mechanical properties of

CNT-polymer composites might be significant.

Although a direct and quantitative comparison between the proposed MD model and real CNT-polymer composites

was difficult and beyond the scope this work, the obtained results were meaningful. Indeed, despite the simplicity of

the atomistic representation employed for the polymer chains and the composite, the results are in good agreement

with experimental and modeling literature findings that show nucleation of a crystallized or highly ordered polymer

layer around the nanotube surface.
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Text for the Table of Contents

Carbon nanotube (CNT) effects on the physical and structural properties of CNT-polymer composites are inves-

tigated by means of Molecular-Dynamics simulations. Results show the formation of a denser and ordered layered

region of polymer matrix in the vicinity of the nanotube surface. The density and ordering of this crystallized highly

ordered layer increase with the CNT diameter while chirality effects are negligible.
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