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Abstract: Fullerene Cg—polystyrene nanocomposite films were fabricated using solution casting method and
modified using N,-DC- plasma with varying treatment time. Plasma treatment aimed to enhance surface
wettability and optical parameters for industrial applications. For chemical modifications and new
functionalities, the plasma treated films were examined by FTIR spectroscopy, water contact angle (WCA) and
surface free energy and the results recorded the formation of new functional groups and decreasing CA with
treatment time during which the surface free energy increases from 23 to 68 mJ/m? . Optical properties were
investigated by UV-Vis. spectroscopy in the wavelength range of 200- 800 nm which illustrated a decreasing
direct and indirect optical energy band gap, Eg, with treatment time, while the optical constants showed clear
changes with plasma exposure.
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I.  Introduction

Due to recent developments in the field of nanotechnology, there has been growing interest in polymer-
matrix composites in which nano-sized fillers are distributed homogeneously (known as filler/polymer
nanocomposites), due to their unique optical, electric and magnetic properties[1].So Nowadays, polymer
nanocomposites play major roles in biomedical, electronic and optical devices[2].The polymer analyzed in this
work, polystyrene (PS), has conduction characteristics and dielectric strength that make it a promising insulator
for organic electronics applications [3] .However, like most polymers, polystyrene is chemically inert and thus
needs to be functionalized for applications that require increased wettability, adhesion, or covalent
immobilization of chemical and biological ligands [4]. Polystyrene (PS) is one of the polymers capable to
content nano-carbonic particles [5]. So incorporation of fullerene and nanotubes into chemical composition of
polymers gives one more opportunities for their study and application as composite materials (films, fibres)
serving different purposes. We select this system as both the fullerene and polymer are well-defined, high
purity, molecular species, and the ‘nanoparticle’ has an unambiguous surface chemistry and geometry. Further,
fullerenes and derivatives find wide applications in thin film composites and organic photovoltaics [6] due to
their unique structural, electronic and spectroscopic properties[7].

Modern industry requires components that are made from materials with desired mechanical, chemical,
optical and electrical properties, and are coated with different films often incompatible with the substrates. In
such cases, the surface properties should be modified without modification of the bulk properties [8].To modify
the surface properties of polymers, low-pressure cold plasma treatment is commonly used as a dry process.
plasma is a complex source of energy for surface modification, due to the large variety of components, as
excited and ionized particles, photons, radicals, all these species being capable to induce chemical reactions,
both in the plasma volume and at its interface with solid surfaces [9]. Plasma can interact with the polymers
through the formation of cross-linkages between adjacent polymer chains or by chain scission.

Improving the surface hydrophilicity is induced by forming of new oxygen containing groups on the
surface, such as carbonyl, carboxyl or hydroxyl [10] depending on the treatment conditions and gas composition
which contribute to the polymer treatment, resulting in etching, activation and/or crosslinking [11].In this work
PS/Cq nanocomposite films were treated with DC glow discharge N, plasma under different exposure times
with an intension of improving the intrinsic low-surface properties. The surface hydrophilicity of the treated
samples were examined by measuring the contact angle as a function of treatment time. Also, the determination
of the optical constants of PS/Cg, nancomposite films such as refractive index and extinction coefficient is an
important for optical applications. Furthermore, the refractive index and optical band gap are the fundamental
parameters of an optical material, because these are closely related to the electronic properties of the
material[12].

I1.  Experimental And Methodology
PS/Cqy nanocomposite films were prepared by using solution - cast technique. PS of molecular weight
135,000 in the form of grains and Fullerene (Cg) of molecular weight 720.64 were supplied by Sigma- Aldrich
company. PS and Fullerene (Cg) were dissolved using a magnetic stirrer separately in toluene with purity 99.99
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%, then the solution added to each other to obtain a solution with a concentration 1x 10* mol % the complete
dissolution was obtained at room temperature for half-hour. A mixture of the solution was cast onto a clean
glass Petri dish and left to dry at room temperature for a week. After drying, the samples were cut into
rectangular substrates (1 cm x 2 cm) with thickness range 0.22- 0.25 mm.

PS/Cg nanocomposite films were exposed to DC glow discharge plasma of low — power was generated
in Pyrex tube of (18 cm) long and (13 cm) diameter closed at each end with aluminum plate .The base pressure
is attained into the tube at (10 Torr) by using a rotary pump (Edwards H. vacuum pump, model ED 200) then
N, gas is allowed to inter the tube throw a controllable needle valve. Two plane circular stainless steel disks of
(5 cm radius) represent the two electrodes are connected to each other with four isolated rods keeping the
spacing constant at (7 cm). The two electrodes move axially forward and backward as a unit controlled by a
handle outside the tube. Plasma properties were kept constant during the experiment, as the gas pressure was 0.4
Torr, and the discharge power was about 3.5 W. The samples were supported on a glass holder and put in front
of the cathode at the edge of the negative glow. The exposure time was varied from 15 to 120 minutes.

FTIR Analysis was using an infrared spectrometer device, Vertex 70 Bruker Optics in the range of
4000- 400 cm™ for knowing the possible functional groups present with before and after plasma treatment . The
hydrophilicity of PS/Cg, nanocomposite films is usually expressed in terms of wettability that can be estimated
by contact angle measurements. Measurements were carried out with distilled water at room temperature. The
volume of the liquids drop was about 5 pl using a microsyringe. The contact angle was measured at least at five
different locations on the sample to check the homogeneity of treatment. Ultra violet and visible (UV/VIS)
absorbance, transmittance and reflectance spectra of pristine and plasma treated PS/Cg, nanocomposite films
were recorded over a wavelength range 200-900 nm using a Perkin—Elmer Lambda 950 spectrophotometer. The
optical transmission and reflectance spectra were analyzed to determine optical constants such as refractive
index n, extinction coefficient k, and absorption coefficient a. Analysis of the absorption coefficient was also
carried out to determine the optical band gap.

I11.  Results And Discussion

3.1. FTIR analysis

The most important characteristics of the surface of samples are determined by the functional groups
present in the surface layer. Fourier transform infrared (FTIR) spectroscopy is used for this purpose. Figure.l
represents IR-spectra of PS/Cq, nanocomposite films before and after N, plasma treatment with changing
treatment time. The absorption bands of PS as obtained from the untreated film are classified as The bands at
3059, 3025 cm™ due to the C-H aromatic stretching vibration, the bands at 2921 and 2849 cm™ are identified as
the stretching vibration of the aliphatic C-H bonds. The bands at 1600 cm™ and 1492,and 1450 cm™ are assigned
to the phenyl ring stretching, and the bands at and 1027, 752, and 695 cm™ correspond to aromatic C-H
deformation and skeletal vibration. Due to the interaction between Cg, and aromatic ring of the PS, there may be
overlap between bands corresponds to Cg, Which are reported to be at 1429, 1181, 577, and 528 [13] and Phenyl
ring bands of PS within ranges [14] and[5]. The FTIR spectrum shows a significant difference between
untreated and treated samples. Two bands appeared in the range 3200 - 3700 cm™, this region belongs to v(N-H)
imine group and v (-OH) hydroxyl group. At 1260 cm™ a medium peak appeared in all samples attributed to C-
N stretch . The incorporation of O, and N, functionalities on the sample's surfaces is an indication to surface
activation by N, plasma and the formation of free radical sights on the nanocomposite film's surfaces. The
activated surface either adsorbs moisture from ambient air just after removing from the plasma chamber or
abstract residual O, in the plasma chamber [15].The appearance of imine, hydroxyl and C-N functionalities on
the examined samples is the mean reason of wetting enhancement.
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Figure(1): FTIR spectra of nitrogen plasma treated PS/Cgy nanocompsites with the treatment times (a):0 min,
(b):15 min, (¢):30 min, (d): 60 min and (e): 120 min.
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3.2. Wettability and Surface free energy

Low temperature plasma treatment is known as one of the well recognized and effective means of
improving the surface wettabilities of many polymeric surfaces. Wettability can be regulated by changing
chemical composition of the surface, it is governed by molecular interaction of the outer most surface layer of a
few a angstrom units. The average values of contact angle ,thus, obtained was used for surface energy
calculations. Surface free energy, that is, the sum of polar force and dispersive force using the water and

glycerol contact angles, before and after plasma exposure were evaluated by applying Owens-Wendt method
[16].

Where y; y/and y2 are the total surface energy, polar and dispersion components of the surface free energy of

the liquid respectively. The values of y, y/and y{* , required for solid surface energy calculation were obtained
from the Tablel.

Table 1: Surface energy of liquids[17].

Liquid v (MN/m) v (MN/m) »Lv(mN/m)
Distilled water 72.8 22.6 50.2
Glycerol 63.4 40.6 22.8

The change in the contact angle on PS/Cg, nanocomposite films as a function of plasma exposure time
is shown in Figure 2.It can be noticed that as the exposure time increases, the contact angle decreases. It is
considerably, decreased to about 59-55% of its original value at an exposure time of 30 min. This percentage of
reduction reduced as the exposure time increased as it reaches to about 25-23% of its original value at 120 min.
The change in the surface free energy on PS/Cgy nanocomposite films as a function of plasma exposure time is
shown in Figure 3. The values of total surface energy, y; were estimated for the PS/Cg, films by adding polar
and dispersive components, 7, y2. It was found that values of y, increase as treatment time increase from 23
mJ/m?® reaching its maximum value of 68 mJ/m? at 120 min. Decreasing the liquids contact angle and
subsequent increasing total surface energy with increasing treatment time is a good evidence of the formation of
polar functional groups and increasing surface roughness.
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Figure(2): Variation of contact angle with respect to treatment time
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Figure(3): Surface energy of PS/Cgnanocomposite film with respect to treatment time.
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3.3. Determination of optical constants

Figure 4 shows the transmittance spectra obtained for untreated and nitrogen plasma treated PS/Cg
nanocomposite films at different durations. It is well known that the transparency of a bulk film strongly
depends on the surface roughness and an increase in the average roughness will result in a decrease in
transmittance due to light scattering effects, but the action of some species present in the plasma promotes chain
scission, and this could lead to etching and material removal, thus promoting changes in surface roughness
which in most cases positively contributes to a transparency decrease [18].

The optical absorbance for treated PS/Cg, nanocomposite films was evaluated by recording the UV-
visible absorption spectra for various N, plasma glowing duration as shown in Figure 4, the reference used for
absorption measurements is untreated PS/Cg, nanocomposite film. The absorption value of the plasma treated
film was increased when compared to the untreated film.
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Figure(4): The UV-Visible transmission and absorption spectra for pristine and plasma treated PS/Cg
nanocomposites films for different durations.

The variation of the optical bulk absorption coefficient, a, with wavelength is a unique parameter of the
medium. The importance of the absorption coefficient is related to the valuable information that can be
obtained, such as the electronic band structure and the optical energy band gap. The absorption coefficient can
be estimated from the optical absorption spectrum owing to the following equation [19] :

a(v) =2.303A/d @)

where A is the absorbance and d is the film thickness.

Figure 5 shows the absorption coefficient (o) as function of photon energy (hv) for pristine and
nitrogen plasma treated PS/Cq, nanocomposite films at different durations. It is clear from this figure that the
values of (o)) showed increase with increasing in the exposure time.
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Figure(5):The absorption coefficient as a function of the photon energy for pristine and plasma treated
PS/Cgonanocompsites films for different durations.

The index of refraction of a material is the ratio of the velocity of the light in vacuum to that of the
specimen. The refractive index of the films was calculated by the following equation [20] :
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1+R 4R )
n (2R, [ AR
1-R (1-R)

where R is the reflectance and k is the extinction coefficient.

Figure 6 shows the refractive index as function of wavelength for pristine and nitrogen plasma treated
PS/Cg, nanocomposite films at different durations. It is clear from this figure, that the refractive index decrease
with increasing 4. Meanwhile the values of (n) increase with the increasing plasma exposure time. The reason
of such behavior may be attributed the etching action of the plasma which increase roughness of film surface.

The extinction coefficient (k) describes the properties of the material with respect to light of a given
wavelength and indicates the absorption changes when the electromagnetic wave propagates through the
material. The extinction coefficient (k) was calculated using the following equation [21] :

K=all4rx (4)

where 4 is the wavelength and « is the absorption coefficient.
Figure 7 shows (k) as function of wavelength for pristine and nitrogen plasma treated PS/Cq, nanocomposite
films at different durations. It is clear from this figure, that the values of the extinction coefficient showed
increase with the increase in the exposure time.
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Figure(6): The refractive index as a function of wavelength for pristine and plasma treated
PS/Cgonanocompsites films for different durations.
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Figure(7): The extinction coefficient as a function of wavelength for pristine and plasma treated
PS/Cgonanocompsites films for different durations.

The complex dielectric constant is defined as the response of the material toward the incident
electromagnetic field. The complex dielectric constant of compound ¢ is divided into two parts real &, and
imaginary ¢;. The real and imaginary parts of dielectric constant (¢ and &) were calculated by the following
equations [22] and [23]:

s, =N —k?,

s = 2nk ©)
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Figures (8.a and b) show the real and imaginary parts of dielectric constant (e, and ¢;) as function of
wavelength for pristine and nitrogen plasma treated PS/Cq, nanocomposite films at different durations. It is clear
from these figures, that (e, and &) for pristine and nitrogen plasma treated PS/Cqo nanocomposite films decrease
with increasing 4. Also the values of (g, and ¢;) showed increase with the increase in the exposure time. It is
concluded that the variation of ¢, mainly depends on n® because of small values of k%, while & mainly depends
on the k values which are related to the variation of absorption coefficients.
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Figure(8. a and b): The real part (&) (a) and imaginary part (&;) (b) of dielectric constant as a function of
wavelength for pristine and plasma treated PS/Cgq nanocompsites films for different durations.

3. 4. Determination of optical band gap

The optical band gap is the value of optical energy gap between the valance band and the conduction
band. The optical band gap of the samples is determined from the absorption spectra near the absorption edges.
The relation between the optical energy band gap, absorption coefficient and energy (hv) of the incident photon
is given by [24] and[25]:

ohv =B(hv —-E_ )" (6)

where « is the absorption coefficient, v is the frequency, h is the Planck’s constant, B is a constant, E4
is the optical energy band gap between the valence and the conduction bands and r is the power that
characterizes the transition process. Specifically, r can take the values 1/2, 3/2, 2, and 3 for transitions
designated as direct allowed, direct forbidden, indirect allowed and indirect forbidden, respectively. The usual
method to determine the optical energy band gap is to plot a graph between (hva)'" and hv. The best fit of
indirect transitions is obtained for r = 2, meanwhile for a direct transition the best fit is obtained for r = 1/2 . The
indirect optical energy band gap is determined by plotting (a hv)"? against the photon energy (hv). The
extrapolation of the straight parts of the curves to the energy axis (hv) yields the indirect optical energy band
gap. To obtain information about direct and indirect transition, the optical energy gap was determined from the
analysis of spectral dependence of the absorption near the fundamental absorption. Figure (9. a and b) show the
dependence of (a hv)"? and(a hv)? on the photon energy (hv) for untreated and nitrogen plasma treated PS/Cgq
nanocomposite films at different durations respectively. The values of optical energy band gap for pristine and
plasma treated samples are tabulated in Table 2. It was found that, PS/Cg, nanocomposite films revealed a
decrease in energy gap with increase in the exposure time, this may be due to the decrease of the crystalline
nature by plasma exposure which in turn decrease the band gap[26].
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Figure(9. aand b): (o hv)"?and (a hv)? as a function of the photon energy spectra for pristine and plasma
treated PS/Cgonanocompsites films for different durations.
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Table 2: Displays the values of optical energy band gaps for pristine and plasma treated samples

Treatment time (min.) E, (indirect) (eV) E, (direct) (eV)
0 3.26 3.96

15 3.2 3.87

30 3.07 3.82

60 2.99 3.75

120 2.83 3.64

IV. Conclusion
Low power, low pressure N,-DC- plasma has been used to modify the surface and optical properties of

PS/Cgonanocompsites films . Samples prepared and exposed to N,-DC- plasma for varying treatment time. The
plasma treatment increased polar functional groups onto the surface of the PS/Cgonanocomposite films causing
decrease in contact angle and increase in surface energy, which in turn, enhance the surface wettability. The
Refractive index (n) and the real and imaginary parts of the dielectric constant were showed clear changes with
plasma exposure, while the values of direct and indirect optical energy band gap are decreased with the plasma
exposure time.
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