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Abstract:

In new era, much attention have been paid towards nanomaterial due to their greater
compatibility, high mechanical and thermal properties. CNTs are among nanomaterials having
excellent conductivity, mechanical, and morphological characteristics, however complexity of
their production and expensive nature provide an alternative option to produce functional
composite. In current research we carried out in-silico design of CNTs composite with
PLA.PLA is an organic compounds and have ability to adsorb on the surface of CNTs. Ten
SWCNT of three different dimensions were selected for the adsorption of PLA on their surface
using Density functional theory (DFT/GGA+PW91, Relativity: scaler) along with double zeta
basis set, To study the mechanism of adsorption, we determined electronic, Kinetic,
thermodynamic, and mechanical properties of CNTs before and after adsorption of PLA

adsorption..

Highest Kd is observed for 4, 4 CNT/PLA composite i.e., 2.74 x 10%° M* among armchair
CNTs composite, Among chiral composite, 2, 3 CNT exhibited strongest binding with Kd
value of 6.4321 x 108M "t whereas 4, 0 zigzag CNTs furnished binding affinity of 2.6897 x 10?
M indicating that 4, 0 zigzag CNTs complex with PLA is of strongest nature, 4, 0 zigzag
CNTs respectively owing more adsorption. Enthalpy and Entropy contribution showed the

strong binding.

On the basis of HOME - LUMO gap, it indicated that 4, 0 CNT/PLA composite is good
conductive among all with electrical conductivity of 39.7 x10S/m. Young modulus indicated
highest mechanical strength for 4, 5 CNT/PLA composite which is 9.94 x 108 Pa. The current
research reveal excellent application of CNT/PLA composite in mechanical industries to lift
heavy load with greater elongation and electronics industry with low resistance and high

conductivity.

Xii
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1 Introduction

1.1 Background

Other than precious stone, graphite and Ceo, the semi one-dimensional nanotube is another type
of carbon. Since their revelation in 1991 by lijima, carbon nanotubes (CNTSs) have caught the
consideration of scientists around the world.! 2 ® On account of the ideal plane and high
characteristic quality of the sp>—sp? covalent holding between carbon particles,* CNTs have
remarkable mechanical properties®, indicating high Young's modulus , a high elastic quality,
high crack strain and have a very little size, high thermal stability, good electrical® * |
Mechanical, Electrical and optical properties.

Research has concentrated on the reinforcement of CNT strengthened polymers composites,
including PMMA and different sorts of epoxy resin, and result in 20-50 % strengthening of
CNTs has been accomplished. Moreover numerous scientist made CNT polymer composite
yet gain little improvement like its mechanical properties, thermal stability and electrical
conductivity® ° 1. It had been pointed out that composites of CNT of ceramic production are
poor for bonding between them.!t 1213

CNT reinforced Poly Lactic Acid composites is as yet another subject. This chemical method
is to made CNT/PLA composite involve adsorption of PLA on the surface of CNT utilizing
Density functional theory method (DFT). In present research we revealed morphological
properties of CNT/PLA composite to enhanced mechanical properties, electrical conductivity,

and its strength.

1.2 Classification of Carbon Nano Tubes (CNTYs)
There are two primary kinds of CNTs, (a) single wall carbon nano Tube (SWCNT) (b)
multiwall carbon nano tube!* *® (MWCNT.)

1.2.1 Single Wall Carbon Nano Tube (SWCNT):

SWNT tubes are characterized as a one dimensional, roundly molded allotropes of carbon that
have a high surface region and aspect ratio (length to diameter ratio).The diameter range for
SWCNT is up to 0.7 nm and have variable diameter.1® 17 18
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SWCNT are further classified into three types, Chiral (n # m), Armchair (n = m) and Zigzag
(n, 0)

Chiral CNT: In chiral CNT n#m e.g., (2, 3) and (4, 3) Chiral CNTs possess metallic properties.

Arm chair: For arm chair CNTs n and m identical e.g., (2, 2) and (3, 3). Arm chair carbon Nano

have chiral angle of 30° and are metallic in nature.

Zigzag: For zigzag m=0 and n is any constant number e.g., (2, 0), (3, 0) etc. Zigzag CNT are

used in nano scale sensor.

[ T /] n,0) zigzag
,—,'L -’-/l\—‘/-li - =T

L L

AL s naptpta,
= SN -/f'\»‘/l\-/l\’// ~ S . ‘ ~ . ~¢‘
Sigin) dtinebibi armchair 71g7ag chiral

Figure 1.1 Dimension of SWCNTSs

1.3 Poly Lactic Acid:

Among wide scope of the bio-polymers accessible, Poly Lactic Acid (PLA) is one of the most
generally utilized biodegradable polymers in therapeutic because of its remarkable mechanical
properties, minimal effort, great bio-compatibility, and processablity.?° 2 22 PLA is obtained
from ring-opening polymerization of lactide, a dimer of lactic acid which is synthesized from

fermentation of cornstarch.?® According to the scheme given below scheme 1.2
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OH HsC )—J\
H
| ~H o
CH OH -H>0 | |
HsC Cc o CH
” \C/ A
CHs
o |
Lactic acid o .
Dimer
(@)
CH3 e )J\
| HC OH
CH O\FH)J\
Ho™ So < ofn |
I | CHas
o CH3

polylactic acid

Scheme 1.2 Preparation of PLA from LA

Because of the presence of a chiral carbon in lactic acid, the monomer of PLA can have two
unique arrangements (D-(dextro) or L-(levo)), and the relative properties and dissemination of
these stereo isomers impacts difference properties of the PLA. Poly lactic acid containing L-
lactic acid is termed as Poly L-Lactic Acid (PLLA) while PLA containing D-Lactic acid is
referred as Poly D-Lactic Acid (PDLA), whereas PDLLA for isomers containing both L and

D lactic acid.?* Schematic description of polylactic acid is given in Figure 1.3

Fermentation l = i \

Life cycle
of PLA

Composting — Lactic Acid
Purification S e
Polymerization

Poly lactic acid

Figure 1.3 Schematic description for the preparation of PLA from biomass
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It is realized that farming crude materials, for example, sugarcane or corn can be utilized as
essential materials in PLA synthesis. It was said that PLA can be handled like all other
thermoplastic polymers with expulsion, infusion forming, blow shaping, thermoforming, or
fiber turning forms into different items.?® PLA is a hardened and fragile polymer inferable from
its high glass transition of 55°C and melting point around 170°C. But the melting point of PLA
is dependent on nature of monomer either L-lactic acid or D-lactic acid. Due to good
mechanical and stiffness properties PLA is used to make nano composite with nanomaterials.
Table 1.1 for mechanical properties of PLA is

Table 1.1 Mechanical properties of Poly Lactic Acid (PLA)

Properties Values
Young’s modulus (MPa) 3,600
Flexural strength (N/mm2) 98
Tensile strength (MPa) 70
Elongation at break (%0) 2.4
Density (g/cm3) 1.25
Moisture absorption (%0) 0.3

In PLA, repeating unit is lactic acid in which C atom is chiral, having four different

environments.

OH

OH

()

Lactic acid

1.4 CNT Functionalization

Functionalization have different kinds depending upon nature of interaction of CNT with

polymer. It may be covalent or non-covalent, covalent functionalization is arises due to
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covalent bond formation b/w CNT and polymer at the edges or center of CNT, while in non-
covalent functionalization polymer is adsorbed on the surface of CNT due to m stacking and
Van der Waals interaction. Both of them are exohedral in their nature influencing surface of

tube but in endohedral small atoms are enter inside nanotubes.?® 2 2 Fig 1.3

non-covalent
functionalization

covalent
functionalization

carbon
nanotube
endohedral external decoration
functionalization with inorganic nanomaterials

Figure 1.4 Covenant and non- covalent functionalization of CNT

1.5 Computational chemistry

Computational science is a cutting edge field of science that used Personal Computer (PC) In
Computational science different calculations and conditions are utilized for solving unraveling
substance issues.?®> Computational science is a solid creation that assists with foreseeing the
different properties of the atoms that can't be conceivable practically. In addition, it assists with
helping the trial science to make sense of the whole novel undertaking of chemistry. It expand
the concept of theoretical chemistry and emerge them in computer technology like density
functional theory, molecular dynamic simulation, molecular mechanics.ab-initio method and

semi empirical method.*° 3!

1.5.1 Density functional theory
Among electronic structure method, DFT is considered to be the most reliable approach to
study the CNT/PLA composite. DFT approach is frequently utilized in material sciences,

chemistry and physics to explore the electronic structure techniques for many body
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framework.®? 3 3 |t has ability to calculate electronic and thermodynamic parameter of
molecular systems based on Kohn and sham’s theory explaining the density of electron and

wave functions.®®

E=Ew+Em+En+E xo Equation 1-1

Where:

E (v) total potential energy of many body electronic system

E m kinetic energy

E 5 Repulsion energy b/w two electrons

E (xc) correlation exchange energy of electron

On the basis of approximation, DFT is classified into two methods

e LDA (Local Density Approximation)
e GGA (Generalized Gradient Approximation)

Local Density Approximation

In DFT, LDA is class of approximation to exchange correlation energy and depend upon
each point in space and the value of electronic density, for example differentiation of density

of kohn-sham orbitals® exchange correlation energy is written as

E'°A (p) = [ p(r) &xc (p(r)) dr Equation 1-2
Where:

p is the electronic density
&xc IS exchange correlation energy per particle

Exchange correlation energy is further split into correlation terms and exchange linearly

Exc = EX + EC Equation 1'3
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Generalized Gradient Approximation

GGA is an expansion estimation of LDA for non-uniform electron thickness computations.
GGA connection vitality strategy is most appropriate to contemplate the association between

at least two molecules®
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2 Literature review
Due increasing demand of nano materials in technology many researcher worked on nano
materials to explore and enhanced its properties by making composite. Following literature

showing the importance of nano material and its composite

2.1 Electronic transport and conductivity

Donghui zhong et al synthesized Poly L-Lactic acid (PLLA) and Multiwall carbon Nano tube
(MWCNT) composite using solution mixing and precipitation method and characterized them
by Raman spectroscopic technique. They find electronic transport, Bio-compatibility and
thermal properties of PLLA/MWCNT composite. Figure 2.1 showing relation b/w
conductivity and loading of MWCNTSs

In their work they observed that PLLA and MWCNT interaction occur due to hydrophobic
interaction of C-CHz bond which indicate the formation of composite. Their work suggest that
when loading of MWCNT is increased their conductivity is enhanced i.e., when they loaded
14% wt MWCNT to composite their conductivity is increased by 0.2 Scm™. From above graph
it is clear that by increasing loading of MWCNT their conductivity is increased. Also their
work suggest that growth of fibroblast cell was stopped due to presence of MWCNT.?

v
o
-1 4
E -2-
) u
Z .34
E 3
'g' 4
2 4
8§ |
g -
] é “
8- = s "
‘7 T T T v T T
20

5 10 15
MWNT loading (wt % x 100)
Figure 2.1 Relation b/w conductivity and loading of MWCNT
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2.2 Effect of solvation on composite binding

Ahmed et al investigated the interaction of organic oligomers with Single Wall Carbon Nano
Tube (SWNT) in the presence of polar and non-polar solvents for different dimensions of
CNTs. Their main goal was to achieve the comparison of the result of interaction of organic
oligomers with CNTs in two solvents, polar and non-polar and for different diameter of CNTs.
Organic oligomers used for interaction are 9,9- dioctyl-9H-fluorene(FLU), 4,5-bis(decylthio)-
dithiafulvene(DDTF) and 1,4-bis(decyloxy) Benzene(BDOB) shown in Fig-1.They used
Gaussian16 builder for optimization of CNTs and their composite using three D-DFT
dispersion corrected method WB97XD, B97D and B3LYP-D3 and basis set 6-31 G(d), 6-
31++G(d,p). Fig 2.2 showing the structure of organic compounds

3 6

2 7 1 3
a I
S
Cati? 'CaHiyy C1oH2¢S
9,9-dioctyl-9H-fluorene 4,5-bis(decylthio)-dithiafulvene
(FLU) (DDTF)
6

4

3 5 0C1gHz;
1 2
CioH210

1,4-bis(decyloxy)benzene
(BDOB)

Figure 2.2 Sturucture of 9,9- dioctyl-9H-fluorene(FLU), 4,5-bis(decylthio)-
dithiafulvene(DDTF) and 1,4-bis(decyloxy) Benzene(BDOB)

In their work they noticed that Organic oligomers are strongly interact on the suface of CNTs
in the presence of polar solvents(Chlorofrom) while weekly interact in non-polar solvents, and
in case of CNTs with small diameters binding energies are more than CNTSs having largrer
diameter.®” Fig 2.3 showing interaction of oligomers on the surface of CNTs

2.3 LA-CNT Interaction and Density of states (DOS)
Alireza et al used DFT method to investigate the adsorption of lactic Lcid(LA) on the surface
of CNTs, he took armchair(n=m) for their study.They appplied hybrid DFT method with

11
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inclusion of dispersion correction and results was compared with non-corrected DFT
method.They used Dmol3 on material studio and Gernalized gradient approximation method
with double zeta basis set. The minimum adsorption energy of -13.39 kcal/mol was observed
for LA on the surface of CNTs throgh hydroxI group of LA.Fig-3

They also percieve the density of states(DOS) and projected density of states (PDOS) which
demonstrate that electronic state was granted by CNTs rahther tha LA.Fig 2.4 showing

interaction of lactic acid on the surface of CNTs.

Figure 2.3 Interaction of Lactic Acid (LA) on CNT

LA -Free

A ]
/\A CAAWY W A 0_2\/\/\A0_4

-0.8 -0.6 -0.4 -0.2
Energy in (Ha)

LA-4,4
LA-S,5

LA-E,6

LA-7,7

0.4

Energy (Ha)

Figure 2.4 The total density of states of free lactic lacid and adsorbed on SWCNTSs
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2.4 Thermal conductivity

Mohammad Alaghemandi et al explored the thermal conductivity of Single Wall Carbon Nano
Tube (SWCNT) and poly Amide (PA) composite by employing reverese non-equilbrium
Moleculer Dynamic (RNEMD) simulation method and adjust atomistic rsolution.In their work
they took 10nm length of SWCNT and four repeating unit of 6,6-polyamide of polymer in unit
cell. The temprature of the system was taken 350K and coupling time of 1ps.After performing
MD simulation they observed that thermal conductivity of composite was enhanced parrallel
to CNT but decrease in the direction of perpendicular to CNT, because when PA was oriented
parrallel to CNT, interfacial thermal resistance b/w CNT and polymer was more inflated than

in perpendicular direction. 3 Figure 2.6

Figure 2.5 An xz projection of simulation cell either with two parallel (a) or two
perpendicular (b) CNTs in the nanocomposite

2.5 Mechanical properties of CNT-PE composite

Frankland et al found out the stress-strain cuve of Carbon nano tube embeded with
polyethylene CNT/PE using Molecular dynamic(MD) simulation. For their work they took an
armchair of 10,10 and polyethylene polymer having eight chain of —CHa- with 1095 repeating
units.Thy compared the stress-strain curve of composite with long continous CNT and short
discontinious CNT.In their work they noted that composite with long chain continous CNT
allow more loading Fig 2.7 than short CNT because long continous CNT have more aspect
ratio than short CNT. % Fig 2.8

13
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Figure 2.6 Graph between Stress and strain of CNT/PE composite
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Figure 2.7 Graph between stress and strain of long and short NTs
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2.6 Problem statement
Metallic conductor being used in mechanical industry limit their scope on account of heavy
weight, safety and corrosion phenomena. Replacing CNT composite for energy transfer along

with high mechanical strength leads to corrosion reduction enhancing desirable perspective.

2.7 Objectives

Main objectives of current research are

= Design of cross linked PLA to study the effect of PLA on DOS, energy gap, band
structure and energetic parameter of CNTSs.

= To find out the strength of CNT/PLA composite based on adsorption energy and
adsorption constant.

= To study effect of PLA on electrical, mechanical and thermodynamic properties of
CNT’s.

2.8 Preface & significance of research

Carbon nano tube is very expensive and if we used it in experiment and our result are not
favorable then it is loss of chemicals, time and money. My work have much importance
because computationally i find out suitable path way for the adsorption of PLA on surface of
CNTs and investigated the properties of CNT/PLA composite on the basis of adsorption energy

and adsorption constant. Computational data tell us how to adsorb PLA on the surface of CNTSs.

15
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3 Methodology

To study the adsorption behavior of PLA on CNTs, the first step is to design different
dimensions of CNTs. Avogadro’s builder is efficient because multiple CNTs with different
dimensions with variable orientations can be designed. Avogadro builder is considered as
powerful editor to produce nano materials including polymers, organic structure and CNTs

with high visualization.

Presently ten CNTs of arm chair [(2,2), (3,3), (4,4), (5,5)], Chiral [(2,3), (3,4),(4,5)], Zigzag
[(3,0), (4,0), (5,0)] are build using this builder for the adsorption of PLA on the surface of
CNTs.%0

ADF is considered as a powerful tool to investigate the adsorption behavior, electronic
parameter, frequency calculation in material sciences, chemistry and quantum physics.

Constrained Optimization of PLA, CNT and CNT/PLA

Presently three different kind of CNTs arm chair : (2,2), (3,3), (4,4), (5,5) , chiral :(2,3), (3,4),
(4,5) and zigzag : (3,0), (4,0), (5,0) are built from Avogadro builder and then optimized before
the using DFT theory employing GGA approach and PW91basis set. Double zeta basis and
medium frozen core along with good numerical quality is chosen for parametric calculations.
On the basis of constrained optimization calculations electronic and energetic parameters
provided an estimation of electron donating and accepting regions of CNTs for providing

suitability of adsorbate attack.

PLA is built by using cross-linking polymerization process, taking three monomers with cross
linking of three repeating unit of LA and set to lowest possible energy conformation. Corss-
linked PLA structure is adsorbed on edges and center position of the surface of CNTs. Results
are compared with parent CNTs to determine adsorption energy. Optimized structure of one

dimension of CNT/PLA composite is shown Figure 3.1

17
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Figure 3.1 optimized structure of CNT/PLA composite

Frequency Calculations

Frequency calculation is performed for CNT/PLA composite to calculate the electrical conductivity of
CNT/PLA composite. In frequency calculation enthalpy (4H) and heat capacity at constant volume
(Cy) is determined to find the adsorption constant (Kd) and Gibbs free energy (4G). Adsorption
constant (Kd) have been calculated from adsorption energy (AE), the formula for Kd is given in

Equation 3-1

Kd = e AE/RT Equation 3.1

Where

K is adsorption constant

AE s adsorption energy

R is general gas constant, its value is 0.008315 kJmol*

T is absolute temperature, its value is 273.16 K

Calculation of Energy gap and electrical conductivity

Energy gap b/w HOMO and LUMO have been calculated by taking difference between them. Electrical

conductivity is calculated using AE in equation 3.2

18



Chapter-3 Methodology

AE = E nomo — E Lumo (3.2)

Electrical conductivity is conduction of electron from valence band to conduction band, lesser the
energy gap b/w these band more will be electrical conductivity. Electrical conductivity is dependent on
exponential function of AE, Equation 3.3

o= eAE/Zka (3_3)

Where

o Is electrical conductivity in Sm™.
ks is Boltzmann constant

T is absolute temperature

The flow chart for Adsorption of PLA on the surface of CNTs is described below

Amsterdam density
Function modeling
suite

Geometric Energetic

Optimization Frequency | Perdew-
3oum Calculations ~— (PWO1)
degs S1{a]5 Ther IC
)

—

Figure 3.2 Flow chart for computational modeling of CNT/PLA composite
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Chapter 4

Result & Discussion
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4 Result and discussion

Presently three different CNTs, Armchair having dimensions of (2,2), (3,3), (4,4),(5,5),Chiral
having dimensions of (2,3), (3,4),(4,5) and zigzag of dimensions (2,0), (3,0), (4,0), (5,0) are
selected for the adsorption of poly lactic acid on the surface of CNTs using DFT study.
Electronic , thermodynamic and mechanical parameters were calculated to determine the
favorable interaction of poly lactic acid on the surface of CNTSs. Reversible reaction are
associated with physio sorption having negative value of Eags while positive value of Eags are

associated with chemisorption.** 42

Eads = Ecntpea— (Ecnt +EpLA)

Where Ecnt/pLa is energy of composite and Ecnt and Epia energies of CNTs and poly lactic
acid respectively. To find morphological properties of CNTs/PLA composite, we evaluated the
geometric parameter before and after adsorption, adsorption energy (Eg), Adsorption constant

(Kay, Enthalpy (AH), Entropy (AS), Gibbs free energy (AG) young modulus (AY) and energy
gap (AE) b/w HOMO and LUMO.

4.1 Kinetic and electronic effect of adsorption

Presently ten CNTSs are selected with different dimension are selected for the adsorption of
PLA on its surface. To investigate the kinetic and electronic parameter of CNT/PLA composite
adsorption constant (Kq) AE for HOMO and LUMO s calculated.

PLA is adsorbed on different orientation of armchair CNTs and compare the energy gap for
the adsorption at center and edges of surface of CNTs. Greater energy gap showing strong
binding. Computational data revealed that stronger binding is observed in arm chair is for 4, 4
CNTs in both cases, adsorption at center as well as at edges of surface of CNTs .Because in
both cases PLA shared its electron towards CNTs and made strong bonding. Adsorption
constant for 4, 4 CNT/PLA composite at center and edges are 2.7458 x 10?° and 5.4557 x 10'°
Among chiral and zigzag the strong binding is observed for 2, 3 and 4, 0 respectively. They
have kg value of 6.4321 x 108 and 2.6897 x 10? respectively Figure 4.1 (A-D) showing the
adsorption of PLA on the edges of CNTs and Figure 4.2 (A-D) showing the adsorption of PLA
on the center of CNTSs.
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Table 4.1 Energetic parameter, adsorption energy and adsorption constant values of CNT/PLA composite
Arm chair
Adsorption of PLA on center of CNTs
CNTs E cnt Kj/mol E pLa kj/mol Ecnt+pa KI/mol | AEgkj/mol Kg (M)
2,2 -29970.00 -16328.18 -46388.16 -89.98 1.6403 x 10%
3,3 -47431.25 -16328.18 -63806.80 -47.37 1.1556 x 10°
4.4 -64454.57 -16328.18 -80889.58 -106.83 2.7458 x 10%
55 -81309.82 -16328.18 -97714.79 -76.79 4.9139 x 10*
Arm chair
Adsorption of PLA on edges of CNTs
CNTs E ont Kd/mol E pLa KJ/mol Ecnt+pa KI/mol | AE KJ/mol Kg (M?)
2,2 -29970.00 -16328.18 -46298.18 -32.21 1.4534 x 10°
3,3 -47431.25 -16328.18 -63759.43 -19.08 4.470x 10°
4.4 -64454.57 -16328.18 -80782.75 -56.12 5.4557 x 10%
5,5 -81309.82 -16328.18 -97686.55 -48.55 1.9434 x 10°
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Table 4.2 Energetic parameter, adsorption energy and adsorption constant values of CNT/PLA composite
Chiral
Adsorption of PLA on center of chiral CNTs
CNTs Ecnt ErLa EcnT+PLA AE KJ/mol Kg (M)
2,3 -36593.41 -16328.18 -52967.63 -46.04 6.4321 x 108
34 -52044.43 -16328.18 -68397.44 -24.83 5.6294 x 10*
4,5 -67235.40 -16328.18 -83599.85 -36.27 8.6928 x 10°
Zigzag
Adsorption of PLA on center of zigzag CNTs
CNTs Ecnt ErLa EcnT+pLA AE KJ/mol Kg (M?)
4,0 -32081.41 -16328.18 -48521.60 -112.01 2.6897 x 10%
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N
-
.
<
-
-~
-~
<
- -
.
<
Py
.~

Interaction of PLA on the edge of 2, 2 CNT Interaction of PLA on the edge of 3, 3CNT

«

Interaction of PLA on the edge of 4, 4 CNT Interaction of PLA on the edge of 5,5 CNT

Figure 4.1 (A) Interaction of PLA on the edge of 2, 2 CNT (B) Interaction of PLA on the
edge of 3, 3 CNT (C) Interaction of PLA on the edge of 4, 4 CNT (D) Interaction of PLA on
the edge of 5,5 CNT
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Interaction of PLA on the center of 2, 2 Interaction of PLA on the center of 3, 3 CNT

Interaction of PLA on the center of 4, 4 Interaction of PLA on the center of 5, 5 CNT

Figure 4.2 (A) Interaction of PLA on the center of 2, 2 CNT (B) Interaction of PLA on the
center of 3, 3 CNT (C) Interaction of PLA on the center of 4, 4 CNT (D) Interaction of PLA
on the center of 5,5 CNT

4.1.1 Stability of composite based on E Homo - ELumo gap

The energy gap b/w HOMO and LUMO play important role in the stability of composite,
smaller energy gap significance stronger interaction and high reactivity of CNTs with PLA.
From computational data the lesser energy gap is observed for an arm chair of dimension 4, 4
CNT/PLA composite, 0.60 eV and 0.61 eV respectively for both, adsorption at center as well
as on the edges of CNTs

Among chiral and zigzag CNTs less energy gap is observed for 2, 3 and 4, 0 CNT/PLA
composite that is 1.04 and 0.26 eV. The highest energy gap is 1.81 eV observed for 3, 4
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CNT/PLA. Computational data and HOMO, LUMO gap is shown in table 4.3 and Fig 4.2 to

4.4 respectively.

ELumo = -4.84eV
A
AE 0.60eV
Exomo = -5.44eV

Figure 4.3 HOMO - LUMO gap of 4, 4 CNT composite (adsorption at center /PLA)
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ELumo =

4.80eV

AE

0.61eV

Enomo =

R N1a\/

Figure 4.4 HOMO - LUMO gap of 4, 4 CNT/PLA (adsorption at edge) composite
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ELumo = -5.07eV
Wk
AE 1.04eV
Eromo = -6.11eV

Figure 4.5 HOMO - LUMO gap of 2, 3 CNT/PLA (adsorption at center) composite
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ELumo = -5.42eV
1;
AE 0.26eV
Enomo = -5.68eV

Figure 4.6 HOMO - LUMO gap of 2, 3 CNT/PLA (adsorption at center) composite
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Table 4.3 Energy gap after interaction of PLA on CNTs

Result and discussion

S.NO Erome ELumo AE = Enome — E Lumo
eV eV eV

4,4 CNT/PLA -5.44 -4.84 0.60

(adsorption at center)

4,4 CNT/PLA -5.41 -4.80 0.61

(adsorption at edges)

2,3CNT/PLA -6.11 -5.07 1.04

(adsorption at center)

4,0 CNT/PLA -5.68 -5.42 0.26

(adsorption at center)

4.2 Kinetic and thermodynamic effect of adsorption

Thermodynamic parameter including enthalpy and entropy are calculated to check the
spontaneity and more stable configuration of PLA/CNT composite, while Gibbs free energy
explain the interaction b/w adsorbate and adsorbent. From calculated data greater enthalpy
347.9229 KJ mol™ is observed for 5, 5/PLA composite and entropy value of 1.2141 KJ mol

1K1 for same composite.

So 5, 5/PLA composite having more stable configuration because hydroxyl group attached to

PLA is share its more electron density towards 5,5 CNT.
According to Boltzmann law of entropy
S=kinW

Where S is entropy and W shows the number of microstates and k is Boltzmann constant. From
this law larger entropy have more number of microstates which make stable configuration of

composite.

Poly lactic is an organic compound containing —COOH and —OH at terminal carbon compound,
it interact with CNTs and shared its electron towards CNTs and make strong binding.
Thermodynamic data prove strong binding is observed for 2, 2 CNT/PLA composite among
Chiral CNTs because it have more negative Gibbs free energy and greater Kq constant.
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Table 4.4 Thermodynamic data for the adsorption of PLA on the center & edges of surface of an arm chair CNT’s calculated by GGA-

PW91
Arm chair
Adsorption of PLA on center of armchair CNTs
CNTs /PLA Enthalpy Entropy Gibbs Free Energy
Kj/mole KJ/mole K KJ/mol

2,2 180.1184 0.7715

33 240.8834 0.9330

4.4 289.0363 1.046

55 343.5399 1.1849

Table 4.5 Thermodynamic data for the adsorption of PLA on the center of surface of the chiral CNT’s calculated by GGA-PW91

Chiral
Adsorption of PLA on center of surface of Chiral CNTs
CNTs/PLA Enthalpy Entropy Gibbs Free Energy
Kj/mole KJ/mole K KJ/mol
2,3 203.7029 0.8577 -52.0289
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4.3 Electrical conductivity

The ability of any material to flow electrons is called conductivity. Conductivity of material
depends upon energy gap b/w HOMO and LUMO (E,) value.®*

Relation between conductivity and Eg value is illustrated as

—AE/2KT

o=e¢e Equation 4.1

Where
AE = Enomo - ELumo Equation 4.2

Where o Electrical conductivity, Eq is energy gap between HOME and LUMO in electron volts
(eV), T is temperature in Kelvin and k is Boltzmann constant with value of constant =
1.380 x 102 JK?

Before the adsorption of PLA on the surface of CNT, energy gap and electrical conductivity is
find out. Computational data revealed that lesser energy gap is observed among arm chair for
5,5 CNT with greater electrical conductivity of 25.7 x107Sm™. Because of smaller energy gap
the electron can easily be jump from valence band to conduction and conduct electricity. Table
4.6 showing the values of energy gap and electrical conductivity of CNTSs.

For Chiral CNTs the lesser energy gap -1.04 eV is observed of 3, 4 and electrical conductivity
of 25.3 x10"7 Sm™%, Because when PLA is adsorbed on the surface of chiral CNT the electrons

are shared from PLA to CNT and energy gap of chiral is reduced.

Among Zigzag the lesser energy gap -0.26 eV and electrical conductivity of 39.7 x10*is
observed for 4, 0 CNT. Table 4.7 showing the values of energy gap and electrical conductivity
of Chiral and zigzag CNTs

When PLA is adsorbed on the center of different dimensions of armchair CNTs e.g. (2, 2), (3,
3) (4, 4), (5, 5) the lesser energy gap -0.35 eV is observed for 5,5 CNT and more electrical
conductivity among armchairs CNTSs, that is 25.7 x107S/m. Among chiral and zigzag CNTs
more less energy gas is observed for 2, 3 and 5, 0 CNTs/PLA composite having electrical
conductivity 25.3 x10”and 39.7 x10* S/m respectively. Table 4.8 and 4.9 showing the electrical
conductivity of CNTs/PLA composite.
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Table 4.6 Electronic parameter of pure Arm chair and chiral CNTSs.

Arm chair

CNTs Enomol/eV ELumoleV AE = Enomo -ELumo
eV
2.2 -5.9918 487 112
3,3 -5.6689 -4.4798 -1.20
4.4 -5.3391 -4.7406 -0.40
55 -5.2714 -4.9020 -0.36

Chiral
CNTs Enomo ELumo AE = Enowmo -ELumo/eV
eV eV

2,3 -6.3693 -4.8220 -1.54
34 -5.9350 -4.1263 1.82
45 -5.7416 -4.2716 -1.47
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Table 4.7 Electronic parameter and electrical conductivity of Zigzag CNT

CNTs Eromo/eV ELumo/eV AE = EHomo -ELumol/eV
3,0 -5.5505 -4.7627 -0.7878
4,0 -5.6355 -5.3208 -0.31
50 -4.7418 -3.4715 -1.27
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Table 4.8 Electronic parameter and electrical conductivity (S/m) CNT/PLA composite (calculated: GGA; pw91, DZ basis set and
good numerical quality)

Arm chair
Adsorption of PLA on center of armchair CNTs
CNTs /PLA | EHomo ELumo/leV | AE = Enomo - AE = Enowmo -ELumo o = e AE/2kT
eV ELumo eV
J S/m
2,2 -5.89 -4.89 -0.97 1.55 %1019 42.4 x10Y
3,3 -5.79 -4.26 -1.21 1.93 x10°%° 41.4 x104
4.4 -5.41 -4.84 -0.60 1.07x10%° 46.0 x101!
55 -5.36 -4.94 -0.39 6.24x102% 25.7 x1077
Armchair
Adsorption of PLA on edges of armchair CNTs
CNTs Enomo/eV | ELumo/eV | AE = Exowmo -ELumo/eV AE = Enowmo -ELumo o = e AE/ZkT
/PLA
J S/m
2,2 -5.89 -4.80 -1.09 1.74x1071° 36.0 x10°18
3,3 -5.79 -4.59 -1.2 1.92 x1019 49.6 x10%
4.4 -5.41 -4.80 -0.61 9.77x10%° 47.7 x10710
55 -5.36 -4.92 -0.44 7.049x10%° 35.9 x10”/
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Table 4.9 Electronic parameter and electrical conductivity (S/m) CNT/PLA composite (calculated: GGA; pw91, DZ basis set and
good numerical quality)

Chiral
Adsorption of PLA on center of surface of chiral CNTs
CNTs | EHomol/ eV | ELumol/ eV | AE = Exomo -ELumoleV | AE = Enomo -ELumo o = e AE/ZKT
/PLA
J S/m
2,3 -6.11 -5.07 -1.04 1.66x10°° 25.3 x10°Y
3,4 -6.10 -4.29 -1.81 2.89x101° 31.1 x10%
4,5 -5.88 -4.42 -1.46 2.33x101° 19.8 x10°24
Zigzag
Adsorption of PLA on center of zigzag CNTs
CNTs | EHomoleV | Evrumol eV AE = Enowmo -ELumo AE = Enowmo -ELumo o = e AE/ZKT
/PLA eV
J S/m
4,0 -5.68 -5.42 -0.26 4.165x10% 39.7 x10*
5,0 -5.60 -4.92 -0.68 1.089%x1019 31.21 x10°
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4.4 Mechanical properties of CNT/PLA composite

Mechanical properties determine a material behavior when subjected to mechanical stresses.
Among these properties young modulus is measure of solid’s stiffness or resistance to elastic

deformation , it can be defined as ratio between stress and strain®.

stress

Young modulus = .
strain

Stress = F/A
Strain = —
amn =5
Where | = original length

P=atmospheric pressure and its value is 101325pa

Al = Change in length

Young modulus = F/a
AL/l
_F l
Young modulus = <X
As F=PA, so
Y=2 XP oo, (1)

From equation number-1, it’s clear that young modulus depends upon change in length of
material, smaller the change in length of material greater will be young modulus and more will

be stiffness.

Mechanical properties of composite are significantly influenced by interfacial interaction
between nanotube and polymer matrix, which is critical for improving and manufacturing

nanocomposite.*® 46

For an armchair CNT having dimensions of (2, 2) (3, 3) (4, 4) (5, 5) with length of 999.2,
986.8, 985.6 and 978.5pm respectively. When PLA is adsorbed on the central surface of CNT
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the change in length is observed as 992.7, 985.6, 983.9, and 977.1 pm with young modulus of
2.883 x 10’

, 8.332 x 107, 5.874 x 10" and 7.081 x 10’ Pa. The lowest change in length is observed for (3,
3) CNT/PLA composite with young modulus of 8.332 x 10’ Pa among arm chair CNT.

Two CNTs are selected from chiral CNT having dimensions of (3, 4), (4, 5) for the adsorption
of PLA on its surface to investigate its young modulus.it is seen that lowest decrease in length
is observed for (4, 5) CNT. The length between C-30 and C-2 is 981.9pm before adsorption
but after adsorption its length is 982.8 with young modulus of 9.949 x 108 Pa.

For zigzag CNTs, three CNT having dimensions of (3, 0), (4, 0), (5, 0) are chosen for the
adsorption of PLA on its surface. Before adsorption the length of these CNT are 837.6 pm (C-
10 to C-27), 837.5 pm (C34-C6), 993.9 pm (C49-C18) respectively, but after adsorption their
lengths are changed into 834.0, 822.9, 975.3 pm. Lowest decrease in length is observed for (3,
0) CNT having young modulus of 2.357 x 10 Pa.

Young modulus (Pa)

1.2E+09
1E+09
800000000
600000000
400000000

200000000

2,2 3,3 4,4 5,5 3,4 4,5 3,0 4,0 5,0

Above graph showing the highest young modulus for 4, 5 CNT/PLA composite, because PLA
transfers its electronic clouds on surface of 4, 5 of CNT and enhanced its matrix density.
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Adsorption of PLA on center of armchair CNTs

Arm chair

CNTs/PLA Lengthof | CNT/PLA Length of CNT/PLA | Change in v=L xp
CNTs(pm) | composite composite (pm) length Al)l

2,2 996.2 2,2IPLA 992.7 3.5 2.883 x 107

3,3 986.8 3,3/PLA 985.6 1.2 8.332 x 107

4.4 985.6 4,4/PLA 983.9 1.7 5.874 x 10/

55 978.5 5,5/PLA 977.1 1.4 7.081 x 107

Armchair
Adsorption of PLA on edges of armchair CNTs

CNTs/PLA Lengthof | CNT/PLA Length of CNT/PLA | Change in v=L «p
CNTs(pm) | composite composite (pm) length M)I

3,3 986.8 3,3/PLA 984.4 2.4 4.166 x 107

4,4 985.6 4,4/PLA 982.2 3.4 2.937 x 107

55 978.5 5,5/PLA 977.6 0.9 1.101 x 108
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Chiral
Adsorption of PLA on center of surface of Chiral CNTs
CNTs /PLA Lengthof | CNT/PLA Length of CNT/PLA | Change in v=L xp
CNTs(pm) | composite composite (pm) length Al)l
3,4 985.2 3,4/PLA 984.2 1 9.982 x 10’
4,5 981.9 4,5/PLA 981.8 0.1 9.949 x 108
Zigzag
Adsorption of PLA on edges surface of zigzag CNTs
CNTs/PLA Lengthof | CNT/PLA Length of CNT/PLA | Change in v=L «p
CNTs(pm) | composite composite (pm) length M)I
3,0 837.6 3,0/PLA 834.0 3.6 2.357 x 107
4,0 837.5 4,0/PLA 822.9 14.6 5.812 x 108
5,0 993.9 5,0/PLA 975.3 18.4 5.473 x 108
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5 Conclusion and future perspective

5.1 Conclusion

Adsorption behavior of PLA on the surface of ten CNTs having different dimensions, is
investigated using Density Function Theory (DFT). Electronic, kinetic, thermodynamic and
mechanical parameters were calculated for deeper insight into enhancement of CNTs
properties. Electronic parameter included Exomo, ELumo, AE and electrical conductivity are
calculated. Highest electrical conductivity is observed for 4, 0 /PLA composite having value
of 39.7 x10*Sm™* because it have lowest energy gap (-0.26eV) among ten CNTs

Thermodynamic parameter included entropy change, enthalpy change, heat capacity at
constant volume and adsorption energy complexation .These parameters determined
spontaneity of PLA conjugate formation on CNTs surface and hence stability of complex.
The highest value of adsorption constant Kd is calculated for 4,4 CNT/PLA composite having
value of 2.74 x 102° M this value showing the greater stability of 4,4 CNT/PLA composite.

To find the effect of PLA on mechanical properties of CNTs, young modulus was evaluated
based on variation in length of CNTs after PLA adsorption. PLA is adsorbed on the surface of
CNTs and decrease in length is observed for each CNT. The highest young modulus is
observed for 4, 5 CNT/PLA composite with value of 9.949 x 108 Pa.

Designing of new composite of CNTs showing remarkable properties i.e., enhanced electrical
conductivity, mechanical properties and stability will provide wider applications in mechanical
and electronics industry.

5.2 Future Perspective

Carbon nano tube is playing very vital role in mechanical and electronics industries because of
its good electrical conductivity and young modulus. Adsorption of PLA enhanced its
characteristic so in future metallic wires can be replace by CNT/PLA composite where more
efficient conductivity is required i.e., electronic chips, sensor devices ,biomedical machine and

in heavy mechanical industries to lift massive load.
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