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Computer Simulation Approach

Alejandro Heredia"*, Maria Colin-Garcia®, Maria del Pilar Carreén-Castro’, Debarati Mukherjee®,

Bruno Abreu¢, David William Britt’, Joana Catarina Mendes*

“Departamento de Quimica de Radiaciones y Radioquimica, Instituto de Ciencias Nucleares,
Universidad Nacional Autonoma de México, Circuito Exterior, Ciudad Universitaria, Apartado Postal
70-543, C.P. 04510, D.F,, México
bInstituto de Geologia, Universidad Nacional Auténoma de México, C.P. 04510, D.F., México
“Centre for Mechanical Technology and Automation, Department of Mechanical Engineering,
University of Aveiro, 3810-193 Aveiro, Portugal
“Biological Engineering, Utah State University, 84322-4105, Old Main Hill, Logan, Utah, USA

Received: January 25, 2016; Revised: April 22, 2016; Accepted: June 18, 2016

In this work we study hydroxylated carbon nanotube (CNT) assembly on polyamide (PA)
and polypropylene (PP) polymers activated by UV radiation from a theoretical and experimental
perspective. Molecular computer simulation was done to understand the stable conformations and
bulk properties (molecular dynamics) of the polymers before and after exposure to UV radiation at
the molecular level. Our experiments suggest that PA presents more —OH active groups, producing a
more hydrophilic surface, whereas PP exhibits less potential UV activation. These results suggest that
it is possible a facile covalent functionalization method to tune organic polymer surface properties
through SWCNT anchoring for nanotechnological applications requiring defined surface roughness
and chemical functionality on inexpensive polymers.
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1. Introduction

Carbon nanotubes (CNTs) exhibit a number of
advantageous physical properties for many potential
industrial and technical uses from different synthesis
sources'2, For instance, they exhibit excellent thermal
conductivity, mechanical strength?, optional semi-
conducting/ metallic nature and advanced field-emission
behavior?, that have been utilized in a number of different
devices for several years*. In field emission behavior,
which has been utilized for the stable anchoring of
CNTs, is stressed as a route for new technological
digital devices®. For this reason, thin films composed
of CNTs and different polymers are an emerging class
of materials with exceptional electrical, mechanical,
and optical properties that can be readily integrated into
many novel devices*®. However, deposition of CNT films
on polymers remains a technological challenge due to
the inherent hydrophobicity of the polymer surfaces’!°
when water solutions of CNT derivatives are used.
Another important aspect of hydrophobic polymers
is that they readily bind proteins in the blood stream,
limiting their use in vivo as stable implant materials'’;
this limitation presents a new path for hydrophilic
surface modification through CNT derivatives. Many
methods are common for anchoring of CNTs as dry
surface techniques like corona discharge'?, oxygen
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plasma'?, and UV radiation in the presence of ozone®.
These methods effectively modify the surface properties
of polymers, ceramics and glasses’.

The main effects of these treatments include cleaning
(conversion of liquid films or solid contaminants into
gaseous, volatile products), ablation/etching out of
weak layers at the microscopic scale or even, selective
etching of low molecular weight polymer chains and
modification of chemical structures of surfaces through
reactions of free radicals with surrounding gases™1%-13-15,

Out of these techniques, the UV/O, treatment/exposure
is a convenient dry oxidizing method for activating the
physicochemical features of polymer surfaces and other
carbon materials'. It is a cost effective, environmentally
friendly, rapid, and convenient technique’. This is
primarily because the process can be conducted under
atmospheric pressure, resulting in lower equipment and
running costs. The individual and combined effects
of UV light and ozone have been studied for various
polymer surfaces, including styrene-butadine-styrene
rubber (SBS)'S, polydimethylsiloxane (PDMS)®"7,
polyethylene (PE)'$, polyethylene terephthalate (PET)'",
polypropylene (PP)®, polyetheretherketone (PEEK)*, as
well as other surfaces. Here, we present an experimental
and molecular modeling study for the anchoring of
the CNT onto the organic polymers polyamide and
polypropylene (Figure 1), which in addition to study
the design of new surfaces, may lead to the design
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Figure 1: Polymers used as templates, PA (a) and PP (b), for the
deposition of SWCNT (c¢). Some chemical groups such as the C=O
in polyamide (black arrow) might promote stability to the interaction
with the SWCNT.

of sensors and CNT based composites??. Nowadays
CNTs can be purchased form many different sources.

2. Method

The substrates used were polypropylene (CAS number
9003-07-0) and polyamide (CAS number 63428-84-2)
polymers (Figure 1). Nanotubes selected were single-
walled CNTs (SWCNT were purchased from Cheap
Tubes Inc, USA) with diameters ranging from 50 to 80
nm, length ranging from 10 to 20 um, with an aspect
ratio from 222 to 400, and a bulk density of2.16 g/cm?.
The production of a suspension of SWCNT into a base
fluid is not a straightforward process, as the SWCNT
tend to agglomerate and settle with time. Thus, it was
necessary to perform a chemical activation on the bulk
SWCNT, based on the procedure described by Esumi
et al.,”* and applied previously to produce stable water
suspensions of SWCNT. The suspension was prepared
with 1g of SWCNT in 40 ml of a mixture of HNO, and
H,SO, (1:3 volume ratio) or HNO, and refluxed at 140°C.
These were then washed with deionized water until the
supernatant attained a pH of 7. The cleaned SWCNT
were then collected and dried in vacuum at 100°C.
The nano-fluids were prepared by ultrasonic mixing
along with a magnetic stirrer, for 60 minutes in order to
achieve a homogeneous suspension of SWCNT into the
base fluids. The prepared nano-fluids were of different
volume fractions of SWCNT (0.25, 0.5, 0.75, 1.0, 1.5
%) in distilled water, ethylene glycol (EG) and distilled
water (30% EG, 60% EG). The effect of the exposure
to the UV on the hydrophobicity of the surface of the
polymers was measured using the contact angle method
(Rame Heart model 100 Co., U.S.A) values of water on
the polymer surfaces (Table 1). The sessile drop contact
angle method was used for this characterization and the
Laplace-Young method performed for calculation. For
our study 3 spots were spread over the samples surface
to obtain the average (Table 1).
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Table 1: Contact angle of untreated and UV treated PA and PP
polymers.

Sample Exposure Contacot
duration (hr.) angle (°)
PA (control) 0 76.5
PP (control) 0 99.6
PA 1 36.9
PP 1 77.17
PA 2 46.79
PP 2 81.89
PA 3 36.05
PP 3 68
PA (Sample stored in water) 1 68.21
PP (Sample stored in water) 1 75

2.1. UV activation of the polymer substrates

These polymers, due to their high content of C-H
chemical groups (Figure 1), present a high hydrophobic
nature. Since SWCNT suspensions are water-soluble, it
is necessary to make the polymer surfaces hydrophilic
by exposing them to UV radiation, in order to make
them interact. Ultraviolet activation was performed
with a mercury lamp (Pen ray UVP, UVC Light
Sources, Model 11SC-2, 270V, primary energy being
254 nm, Cambridge, UK) over a period of 0 up to 3
hours (Figure 2) at a constant distance of ca. 2 mm
from the surface of the polymers.

2.2. Computer simulation by Molecular Mechanics
(MM+)

Molecular modeling studies were performed using
the molecular mechanics method as implemented in
the HyperChem program Version 8.0. (HyperCube,
Canada)®. Geometry optimizations were used to find
the coordinates of molecular structures that represent a
minimum potential energy. Full geometry optimization
was performed using the HyperChem settings in the
MM+ force field, the Polak-Ribiere conjugate gradient
algorithm and a root mean square gradient of 0.0001
kcal-A-'-mol™'. Molecular dynamics relaxation of the
optimized structures was employed to look for possible
local minima (step size of 0.001 ps, constant simulation
temperature of 300 K). The organic molecules were
geometrically optimized to determine the most stable
conformation (MM+ method). In the case of the
SWCNT it was obtained the most stable conformation
and further, -OH groups added and optimized. The
organic molecules, PA and PP, were chosen to interact
with the SWCNT-OH (11.3 in diameter and 19.5A
length, 120 OH groups).

The optimized geometries obtained by the MM+
molecular mechanics method were further optimized
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Figure 2: Polymers are put close to the UV lamp (left) and afterwards the contact angle measurements obtained (right) for PP (A) and PA (O) .

with PM3 semi-empirical methods by selecting the
molecule and imported to a new work space. In semi-
empirical calculations, full geometry optimization were
performed with the RHF basis, Polak-Ribiere conjugate
gradient algorithm, and an RMS gradient of 0.0001
kcal-A-'-mol"' as recommended in the HyperChem
manual and mentioned previously as the most suitable
method for organic molecules.

3. Results and discussion

Experimental results of the PA with SWCNT (Figure
2 right) show lower contact angles, what preliminary
agrees with the molecular model with PA interacting
to the SWCNT.

3.1. Computer simulation

In order to understand the possible interactions
between chemical groups from individual PA and PP
molecules due to docking with the SWCNT, we have
performed MM+ simulations (Table 2) in gas phase
and with water molecules. Ultraviolet functionalization
with NH, and O, of carbon nanotubes produce NH, and
-OH groups which in turn might yield covalent bonds
with other organic compunds®. For this reason, we
included in our models the SWCNTSs with OH chemical
groups. By combining geometrical optimization and
molecular dynamics for establishing relaxation of
the optimized structures, we determined a number of
local minima energy for every molecule, evaluated at
different conformations. The most stable structure that
was obtained for our models is the PA in water, with
an energy of -1230 kcal mol™'. In this conformation,
it was possible for amide groups to approach to the
regions that are rich in —OH in the SWCNT (Figure 3C).

Table 2: Local energy minima for the different molecular conformations.

Energies (kcal/mol) ~ Closest distance (A)

SWCNT -128

SWCNT-OH 6479

PA+SWCNT 30.2 2.6
PP+SWCNT 4 2.9
SWCNT+H20 -1128
PA+SWCNT+H20 -1230
PP+SWCNT+H20 -1122

Figure 3: Models of the (A) SWCNT and PA, (B) SWCNT and PP
and (C) the model of the SWCNT functionalized with —OH groups
in a water box. The PA is closer to the SWCN than the PP polymer
model (see closest distances in Table 2).

In the molecular dynamics results (Figure 4. Ekin,
Temp, Etot and Epot corresponds to kinetic energy,
temperature, total energy and potential energy respectively),
water molecules bring a reduction in total energy (Figure
4 A,B ca. 250 kcal/mol vs ca. 0 kcal/mol) the PP fits
in well with the experimental contact angle results as
more hydrophobic (Figure 2 and 4 C,D).
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Figure 4: Molecular dynamics of the PA (A, B) and PP (C, D) polymers (energies in kcal/mol and temperature in K). The simulation results in PA
show a significant reduction in (A) total and potential energy before (1 total energy, 2 kinetic energy, 3 temperature, 4 potential energy) and (B) after
its incorporation in water molecules (1 kinetic energy, 2 temperature, 3 total energy 4 potential energy) whereas in (C) PP with no water molecules
and (D) after combination with water molecules the total and kinetic energies and temperatures (1) are very similar, excepting potential energy (1).

The polyamide is active in the infrared in its chemical
groups (C=0, NH and C-H) and we have also identified
the infrared spectrum of the so called “amide” group
corresponding to two bands at 1650 and 1550 cm™ 77,
Albeit the polyamide identified bands are shifted in
the PM3 simulations (the ones at 1981 and 1919 cm™)
(Figure 5) we implemented a correction factor already
used for PM3 semi-empirical method?. We performed
a correction of the frequencies by a factor is 0.82. This
is 1981 (0.82) =1624 cm™ and 1919 (0.82) =1573 cm!
it means a shift of almost the 20% of the experimental
IR amide bands. A similar procedure was performed
on the polypropylene PM3 FTIR simulation (with a
correction factor of 1.005 for the band at 2836 cm™ and
0.95 for the band at 3069 cm™"). Here, some difficulties
must be overthrown to identify the specific C-H-related
chemical groups by regions. The reason of this difficulty,
is the homogeneous (CH-based) chemical structure of
the polypropylene distinctively at the ca. 3000 to 2800
cm and ca. 900 to 600 cm' regions® (Figure 5).

4. Conclusions

Here is shown a possible way to align SWCNT
to obtain a carbon nanotube high surface density

incorporated in the surface of polymer slabs. This
proposal opens the way to implement additional steps
to the mechanically assisted assembled polymers'’. The
results indicate that the simulated UV irradiation might
be useful in increasing the hydrophilicity of polyamide
and polypropylene polymers. The experimental method
presented here proposes a potential functionalization
of organic polymers with high performance to further
control the surface roughness through SWCNT anchored
for nanotechnological applications. The theoretical
response of polyamide and polypropylene polymers
with SWCNT was investigated. The lowest energies
(more stability) in the PA model with one molecule
of polyamide interacting with one SWCNT shows the
more hydrophilic behavior than in polypropylene after
—OH chemical adjustment. The infrared spectra are
not giving the complete, accurate information perhaps
to a deficient simulation time. The correction factor
for the IR bands, shows a clearer inconsistency in the
experimental FTIR from amide I and II bands from
the polyamide than in the simulated polypropylene,
although a more accurate study might give a more
correct infrared signal of the PA and PP polymers.
In our group, we consider activating PA and PP to
anchor functionalized CNT through different methods.
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Figure 5: Simulated infrared spectra of (A) polyamide and (B) polypropylene. Corrections in the spectra are performed to identify the

experimental bands.

Our results here show a preliminary improvement in
binding SWCNT to organic polymers that in turn will
be useful for aligning CNT to obtain a high surface
density of bioactive CNT.
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