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Abstract

The properties of single-wall carbon nano-tubes (SWCNTSs)-polymer composite are
highly influenced by the polymer chain’s organization. Despite many experimental and
theoretical studies, the understanding of the polymer chain organization near the interface at the
atomic scale is far from complete. The reason for the lack of understanding is due to the complex
organization of polymer near and far from the surface of the SWCNT.

We have used molecular dynamics simulations to study the organization of semiflexible
polymer chains near SWCNT at different values of polymer chain stiffness, radius of SWCNT
and temperature profiles. We have taken the system at very high temperature and cooled to a
desired temperature by quenching or stepwise cooling.

In the quenching, the beads of the polymer chain organize in lamella-like patterns on the
surface of the SWCNT with the long axis of the lamella parallel to the axis of the SWCNT. In the
stepwise cooling process, the polymer beads form a helical pattern on the surface of a relatively
thick SWCNT but form a lamella-like pattern on the surface of a very thin SWCNT. We carried
out (thermodynamical equilibrium) free energy calculations for these two chain arrangements.
These calculations have shown that the free energy for the helical wrapping is smaller than for a
lamella conformation for all nano-tubes except the most narrow. The preference of helical
wrapping for the stepwise cooling process is probably due to large number of trans
conformations within the polymer chain. The free energy calculations also predicted the pitch of
the helix is always quite large (between 60° and 80¢). This prediction is in correlation with the
MD simulation results. The free energy calculations lead to minimum free energy states
corresponding to a particular chain being given sufficient opportunity to investigate many

different chain conformations. This corresponds to step-wise cooling. However, in direct cooling



the chain often gets trapped in a metastable state. The more probable (but not necessarily the
lowest free energy state) chain conformation is a hairpin (during a sudden quench).

Due to the different curvature inside the SWCNT to outside, there are increased numbers
of polymer-SWCNT bead contacts for polymers which reside inside the SWCNT. A sufficiently
long polymer chain first adsorbs on the exterior of the SWCNT and subsequently moves inside
the cavity of the SWCNT. At equilibrium, the polymer configuration consists of a central stem
surrounded by helically wrapped layers inside the nanotube. Sections of the polymer outside
the SWCNT have helical conformations (for SWCNTs of small radius) or circular arrangements
(for SWCNTs of larger radius). Polymers encapsulated within the SWCNT have an
increased chirality due to packing of the beads and this chirality is further enhanced for
moderately stiff chains.

We have explored the effect of the organizations of semi-flexible polymer on mechanical
properties such as elastic modulus and yield stress of the polymer-SWCNT composite. The
proportions of locally ordered organization of polymer chains in a sample depend on its
flexibility. For a fixed flexibility of a polymer chain, the presence of SWCNTSs improves the
proportion of regularly arranged polymers present in the composite. In turn, this improves the
elastic modulus and yield stress of the polymer of higher rigidity. The enhancement in elastic
modulus and yield stress is due to the retarded deformation of densely packed, ordered region of
polymer chains in polymer/SWCNT composite. The presence of randomly oriented chains in a

polymer sample containing regularly arranged polymer leads to the higher strain at yield point.



Certificate

Table of contents

Acknowledgements

Abstract
List of figures
List of tables

Chapter 1
1.1
1.2
Chapter 2
2.1
2.1.1
2.1.2
2.1.3
2.2
2.3
2.4
2.4.1
2.4.2
2.5
Chapter 3
3.1
3.2
321
321
3.2.2
3.2.3
3.24
3.3
3.4
3.5
Chapter 4
4.1
4.2
4.3
4.3.1
4.3.2
4.3.3
4.3.4
4.4
44.1
4.4.2
4.4.3
4.4.4

Introduction

Obijectives

Outline of thesis

Literature survey

Selection of nano-fillers for polymer/nano-composite
Granular nano-particles

Flaky nano-fillers

Fiber or tube like nano-fillers

Polymer chain organization on outer surface of SWCNT
Polymer chain organization inside the SWCNT
Mechanical properties polymer nano-composite
Mechanical properties of pure polymer

Mechanical properties of polymer/SWCNT composite
Conclusions

Molecular dynamics simulation

System

Equation of motion

Boundary conditions

Non-bonded interaction potentials

Bond interaction potential

Bond angle potential

Torsion angle potential

Velocity-Verlet algorithm

Parameters

Conclusions

Polymer chain organization onto a long SWCNT
Problem statement

System and simulation methodology

Parameters studied

Radius of gyration R,

Radial density distribution function g(x)

Bond order parameter S

Chirality of organization, C

Results and discussions

Single polymer chain near SWCNT of radius 3.8 A
Effect of radius of the SWCNT

Bond orientation order parameter (S)

Energies of interactions

iii
vii
Xvii

el
PFBEBocorwr

12
14
19
19
20
24
44
44
45
47
47
48
49
49
49
50
53
55
55
57
58
58
58
59
59
60
63
70
72
74



4.4.5
4.4.6
4.5
45.1
452
4.6
Chapter 5
5.1
5.2
521
522
5.3
53.1
532
5.3.3
534
5.4
55
Chapter 6
6.1
6.2
6.2.1
6.2.2
6.3
6.3.1
6.4
6.4.1
6.4.1.1
6.4.1.2
6.4.1.3
6.4.2
6.4.2.1
6.4.2.2
6.5
Chapter 7
7.1

Appendices

The effect of changing epp

Multi chain system

Free energy model

Model results

Implications to quenching

Conclusions

Polymer chain encapsulation into SWCNT
Problem statement

System and simulation methodology
Parameters

Polymer chain organization over the SWCNT by quenching

Results and discussions

Short chains

Long chain

Effect of chain flexibility

Mixtures of short and long chains
Chirality of polymer morphologies
Conclusions

Mechanical properties of polymer/SWCNT composite

Problem statement

System and simulation methodology

Equilibration

Simulation using uni-axial tension

Parameters

Parameters observed

Results and discussion

Pure polymer

Morphology of pure polymer of small system
Morphology of pure polymer in a large system
Mechanical properties of pure, semi flexible polymers
Mechanical properties of polymer SWCNT composite
Equilibrated samples of polymer SWCNT composite
Deformation of polymer/SWCNT composite samples
Conclusions

Conclusions and suggestions for future works
Suggestions for future works

Appendix 1
Appendix 2
Appendix 3

Biography of author

Vi

76

77

80

86

91

92

99

99

103
103
104
104
104
111
121
123
126
131
138
138
139
140
140
142
142
143
143
143
145
147
152
152
154
162
164
167

169
177
187

193



Figure No.

Figure 2.1

Figure 3.1

Figure 3.2

Figure 3.3

Figure 3.4

Figure 4.1

Figure 4.2

Figure 4.3

List of figures

Title
Planner network of hexagonally orientation of sp? hybridized
carbon atoms in SWCNT. Two principal unit vectors aj, a, are
used to define the hexagonal lattice.
Schematic of a polymer chain segment.
Schematic of non bonded interactions between polymer beads
along its backbone.
Schematic of harmonic spring between two adjacent polymer
beads.
Variation of persistence length of polymer chain of chain length
100 at 300K with k,. The other parameters are listed in table 3.1

Schematics of polymer configuration for bond oreder parameters:

1 : bjb;j
b; = =(l; + l;+1); 1; is bond vector (a) Spp, and cosa; = —~—
2 7 pjl|bjsal
bj.b
(b) Sen and cosa; =
|bjlIbswentl

Variation of radius of gyration, Ry of polymer of 500 beads with
temperature during stepwise cooling.

Structure of Polymer chain adsorption and organization on
SWCNT at 300 K during quenching process (a) Snapshot at
different time and (b) variation of polymer-polymer bond order
parameter, Spp, With time for quench cooling process. The chirality

(C) of polymer chain organization is found 0.008 at (11000ps).

vii

Page No.

12

45

48

48

52

61

62

64



Figure 4.4

Figure 4.5

Figure 4.6

Figure 4.7

Figure 4.8

Figure 4.9

Structure of polymer chain near SWCNT at 300 K during gradual
cooling process (a) snapshot at different time and temperature and
(b) variation of polymer-polymer bond order parameter, Spp, with
time for gradual cooling. The chirality (C) of polymer chain
organization is found 0.049 at (11000ps).

The distribution of values of ¢ angle of polymer arranged on
SWCNT of radius 3.8 A during gradual cooling and quench
cooling. The data points in plot are the average of four set of
simulations. The error bars are the standard deviation of four data
points.

Radial density distributions, g (), of polymer chain in the
polymer/SWCNT composite at 300 K (a) quench cooling process
and (b) gradual cooling process.

Equilibrium structure of polymer (N, = 1000) adsorption on the
SWCNT surface by quench cooling process at T= 300 K. The
chirality (C) of polymer chain organization over SWCNT are
found 0.047 (for r = 7.7 A) and 0.039 (for r = 3.8 A).

Equilibrium structure of polymer (N, = 1000) organization on the
SWCNT surface by a gradual cooling process at T = 300 K. The
chirality (C) of polymer chain organization over SWCNT are
found 0.195 (for r = 7.7 A), 0.11 (for r = 3.8 A) and 0.027 (for r =
3.8 A).

Bond order parameter of polymer/SWCNT composite at 300 K:

viii

66

67

69

70

71

73



Figure 4.10

Figure 4.11

Figure 4.12

Figure 4.13

(a) quench cooling process and (b) gradual cooling. The polymer
chain length N, = 1000 and SWCNT of the radius from 1.9 to 9.5
A have used for simulation during gradual and quench cooling
from 800 K to 300 K.

Variation of various components of energy of equilibrated
polymer (N, = 1000) with increasing of the radius of SWCNT
from 1.8 to 11.5A at T = 300 K during quenching and gradual
cooling process: (a) non-bonded energy of polymer chain (Epp),
(b) non-bonded energy between polymer and SWCNT (Epy), (C)
bonded energy (Egong), (d) bond bending energy (Egend), and (e)
torsion energy in the polymer chain (Etorsion)-

Equilibrium structure of polymer (Np = 1000) adsorbed on the
SWCNT surface at T = 300 K for constant epy = 0.006 eV and
various epp during two different cooling processes.

Equilibrium structure of ten polymer chains containing 100 beads
each on SWCNT of different radii (a) on SWCNT of radius 1.9 A
during quenching, (b) on SWCNT of radius 3.8 A during
quenching, (c) on SWCNT of radius 1.9 A during gradual cooling,
and (d) on SWCNT of radius 3.8 A during gradual cooling. The
chirality (C) of polymer chain organization over SWCNT are
found 0.010 (a), 0.005 (b), 0.014 (c) and 0.055 (d)

Schematic for lamella structure when absorbed on SWCNT. In this

diagram, we have shown two hairpins of length d,and lamella

76

78

79

81



Figure 4.14

Figure 4.15

Figure 4.16

Figure 5.1

Figure 5.2

Figure 5.3

Figure 5.4

length L. These are all variables over which the free energy is
minimized.

Free energy for dimensionless bending constant of x/kgT = 200 for
the helix pattern (continuous line) and lamella pattern (dashed
line).

Tilt angle (dashed line) and number of loops (continuous curve)
for the helix pattern.

Free energy for a dimensionless bending constant of x/kgT = 150
for the helix pattern (continuous curve) and lamella pattern
(dashed curve).

Snap shots of polymer during quench cooling process at different
time. Polymer chain of 1000beads and SWCNT (r=11.5A and
L=47A).

Snapshot of a short polymer chain (N, = 25) encapsulation and
organization on SWCNT at different time steps during stepwise
cooling from 800 K to 300 K: (a) interior (b) exterior surface of
SWCNT of radius 11.5 A and length 47 A.

Organization of polymer chains (Np = 25) on the exterior of
SWCNTs of various radii. (a) - (c¢) Snap-shots of the chain on
nanotubes of radius (a) 1.9 A, (b) 5.8 A and (c) 11.5 A. (d)
Variation of bond order parameter Spy with radius of the SWCNT.
Organization of a polymer chain (N, = 25) in the interior of a

SWCNT of various radii. (a) - (c) Snapshot of the chain over

87

89

90

104

106

107

109



Figure 5.5

Figure 5.6

Figure 5.7

Figure 5.8

Figure 5.9

SWCNT of radius (a) 1.9 A, (b) 5.8 A, and (c) 11.5 A. (d)
Variation of bond order parameter Spy with SWCNT radius.
Comparison of variation of Epy of a short polymer chain (Np = 25)
on interior and exterior surface of SWCNT.

Arrangement of polymer (N, = 25) at exterior and interior surface
of SWCNT of radius 11.5 A and length 47 A. (a) Snapshot of
polymer chain at exterior (b) snapshot of polymer chain at interior
and (c) variation in number of contacts between beads of polymer
and SWCNT with the distance of polymer bead from the bead of
SWCNT.

Snapshots of a long polymer chain (N, = 1000) on the interior and
exterior surface of SWCNT of radius 11.50 A and length 47 A at
different time intervals and conditions as indicated.

Comparison of variation of non-bonded energy per bead with time
for a polymer chain of N, = 1000 beads on inner and outer surface
of the SWCNT of radius 11.5 A and length 47 A: (a) Epy and (b)
Erp. Epno and Epyy are energy for interaction of polymer-SWCNT
beads outside and inside the SWCNT respectively. Eppo and Epp
are energy for interaction of polymer-polymer bead outside and
inside the SWCNT respectively.

Radial distribution function, g (x) for polymer chain near the
surfaces of a SWCNT of radius 11.5 A and length 47 A. ¢

represents the distance from the axis of the SWCNT outwards.

Xi

110

112

113

115

116



Figure 5.10

Figure 5.11

Figure 5.12

Figure 5.13

Bond order parameter, Spy (§) of the polymer chain organization
on inside and outside the SWCNT radius 11.50 A and length 47 A.
The value of £ is representing that distance from axis of SWCNT.
Arrangement of single polymer chains near a short SWCNT
(length = 47 A) of various radii. The rows headed “inside” and
“outside” indicate the arrangement of sections of the chain inside
and outside the SWCNT, respectively. The values of the Spy are as
follows: (a) Spny = 0.96 and 0.59 at axis of SWCNT and exterior
surface, respectively, (b) Spx = 0.96, 0.6, and 0.45 at SWCNT
axis, layer on interior surface, and exterior surface, respectively,
(¢) Sen= 0.91, 0.63, and — 0.21 at axis of SWCNT, layer on
interior surfaces, and exterior surface, respectively, and (d) Spx =
0.96, 0.21, 0.20, and —0.36 at axis of SWCNT, 1% layer, 2™ layer
at interior surface, and exterior surface, respectively.

Snapshot of arrangement of polymer chain (with N, = 500) on
SWCNT of radius 11.5 A and length 47 A at (a) k, = 0.02, (b) k, =
0.09, (c) ko= 0.35 and (d) k,= 0.52 eV. The system is cooled in
steps to a temperature of T = 300 K from 800 K as stated earlier.
The various non-bonded interaction parameters for polymer and
the SWCNT, gpp = 0.009, gpy = 0.006, eny = 0.004 eV, N, = 500.
Snapshots of short (25 beads per chain) and long (500 beads per
chain) polymer chain on the interior and exterior surface of

SWCNT of radius 11.50 A and length 47 A.

xii

118

120

122

124



Figure 5.14

Figure 6.1

Figure 6.2

Figure 6.3

Figure 6.4

Figure 6.5

Snapshot of a multi-chains polymer system (single long chain
containing 500 beads and 20 short chains containing 25 beads
each) on a SWCNT (radius = 11.5 A, length = 47 A) with (a) k,=
0.02, (b) ky,=0.09, (c) k,=0.35, and (d) k,= 0.52 eV. First row of
figures represents the side view and second row corresponds to the
top view of the system. Red colour chain represents long chains
and green colour corresponds to short chains.

Snapshots of Polymer chains at various values of chain stiffness,
Ko (a) 0.02 eV (b) 0.1 eV and (c) 0.2 eV. To visualize the polymer
chains distinctly, we have used multicolor polymer chains.
Snapshot of polymer matrix at different values of k, (a) 0.02 eV
(b) 0.1 eV and (c) 0.2 eV, at 300 K. To visualize the polymer
chains distinctly, we have used multicolor polymer chains.

The radial density distribution between polymer to polymer beads
at various values of polymer chain stiffness at 300 K at just before
deformation.

The stress-strain responses of tensile deformation of pure
polymers with various value chain stiffness. The tensile
deformation of polymer system has done at a temperature, 300K
and strain rate 10'%™.

Variation of radial distribution function gee (%) of polymer chains
during its deformation at various strain (a) k, = 0.2 eV (b) k, = 0.1

eV and (c) k, = 0.02 eV.

Xiii

125

144

145

147

147

149



Figure 6.6

Figure 6.7

Figure 6.8

Figure 6.9

Figure 6.10

Figure 6.11

Figure 6.12

Variation of Spp with increasing strain during deformation for

polymer chains with various stiffnes.

Variation of non bonded interaction energy and slope of the
energy-strain curves with increasing strain during deformation for
polymer chain with various stiffness values.

Polymer chain organization near and far from the surface of
SWCNT at various values of chain stiffness, k, (a) 0.02 eV (b) 0.1
eV and (c) 0.2 eV. The first column shows the polymer chain
organization far from the surface of SWCNT (near the boundary
of the simulation box), the second column shows polymer chain
organization on the outer surface of SWCNT and third column
shows the polymer chain organization inside the SWCNT. To
visualize the polymer chains distinctly, we have used multicolor
polymer chains.

The stress-strain  response of tensile deformation of
polymer/SWCNT composite at various values of polymer chain
stiffness. The tensile deformation of nano composite has done at a
temperature, 300 K and strain rate 10'°s™.

Variation of bond-order parameters, Spp With strain for polymers
with Kk, values 0.02, 0.1 and 0.2 eV

Variation of bond-order parameters, Spz with the strain for
samples of composite of polymer with k, = 0.02, 0.1 and 0.2 eV.

The polymer chain organization near and far from the surface of

Xiv

150

151

153

155

156

157

159



Figure 6.13

Figure 6.14

Figure A2.1

Figure A2.2

Figure A2.3

SWCNT at various values of chain stiffness during tensile
deformation. The first column shows the polymer chain
organization just before tensile deformation (at strain = 0.00), the
second column shows the polymer chain organization (at strain =
0.10) and the third column shows the configuration of polymer
chain at the strain = 1.0. The corresponding contour plot of bond
order parameter shows the polymer chain organization during
tensile deformation.

Variation of (a) non-bonded interaction energy-strain curve and
(b) slope of the curve with strain for three different
polymer/SWCNT composites.

The energy evolutions during stress - strain k, = 0.2 eV and
corresponding change in enthalpy-strain  response  of
polymer/SWCNT composite under tensile deformation at 300K.
The evolution of various structures of polymer chain as simulation
time increases during step-wise cooling from 800 K to 300 K (a)
collapse state, k, = 0.02, (b) collapse to crystalline, k, = 0.2, (c)
coil to crystalline, k, = 0.5 and (d) toroid, k,= 2 eV.

Radial distribution function g () of polymer chain structure
formation at various times during stepwise cooling from 800 K to
300 K (a) collapse state, k, = 0.02, (b) collapse to crystalline, k, =
0.2, (c) coil to crystalline, k,= 0.5 and (d) toroid, k,= 2 eV.

Radial distribution functions g () of various polymer structures at

XV

160

161

182

184

185



Figure A2.4

Figure A2.5

Figure A2.6

Figure A3.1

Figure A3.2

Figure A3.3

equilibrium.

The evolution of the number of contacts within a radius of 2o
between polymer beads for various structures as simulation
proceeds and time increase.

Number of contacts (within 26) at equilibrium (300 K) in the
aggregated state as a function of the chain stiffness.

Bond order parameter (S), for polymer chain organization as
simulation proceeds.

Snapshots of polymer chain on substrate during the period it is
being pulled parallel to the x-axis at various values of external
force, Fxext InpN at T =300 K (a) 1.7, (b) 3.5, (c) 7 and (d) 70.
Snapshots of polymer chain during the period it is being pulled
perpendicular to the surface (z-direction) by different values of
external force, Foex in pN at T = 300 K (@) Fzext = 7, (D) Frext = 14,
(€) Fzext = 21 and (d) Fzext = 70.

Variation in critical force required for detachment of polymer

chain from surface due to x and z directional external force.

XVi

186

187

189

192

194

195



Table No.

Table 2.1

Table 2.2

Table 2.3

Table 3.1

Table 5.1

Table 5.2

Table 6.1

Table 6.2

Table A.1

Table A.2

List of tables

Title
Summary reported results on the polymer chain organization on
SWCNT using simulations.
Summary of reported results on the encapsulation of polymer
inside the SWCNT.
The summary of reported simulation results of mechanical
properties of polymer/SWCNT.
DREIDGING force field parameters.
Chirality values for each of the polymer chains shown in Figure
5.11. Each column corresponds to a different layer starting from
outside the SWCNT. The absence of a value indicates that such a
layer does not exist at this particular SWCNT diameter.
Chirality values for each of the polymer chains shown in Figure
5.11 (first two rows) and Figure 5.12 (last two rows). Each
column corresponds to different chain stiffness.
Mechanical properties of pure polymer samples.
Mechanical properties of Polymer/SWCNT composite.
Summary of experimental results of polymer organization on
CNT
Summary of experimental result of polymer chain encapsulations

into SWCNT.

XVii

Page No.

15

18

22

o1

129

131

148
154

169

170



Table A.3 The summary of experimental results of mechanical properties of 171
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