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In the present research work a solution casting technique was utilized to fabricate various blends of polyvinyl
alcohol (PVA)/polyethylene glycol (PEG). Embedding PEG in PVA resulted in obvious shifts in the absorption
edge which points to a decrease in the energy gap values based on PEG content. Loss of the photon energy
was a consequence of increasing the extinction coefficient at high wavelengths. The PEG content increased the
refractive index of the PVA in the produced PVA/PEG blends. The direct and indirect energy gap values were
decreased whereas the Urbach energy values were increased with increasing the PEG content. The exact electron
transition which is responsible for the absorption process was determined successfully based on the complex optical
dielectric functions. In addition, some other optical parameters were estimated to more understand fully the effect
of embedding the PEG in the PVA. The Fourier transform infra red spectroscopy was used to determine the

characteristic functional groups of both the PVA and the PEG.
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1. Introduction

Recently, the improvement of polymeric materials by
modification of their physical properties has become of
concern in order to fulfil the increasing requirements
in various industrial applications such as cables, mate-
rials of electronic packaging, and jackets, and films of
capacitors [1]. Light weight, reprocessability and low
density are common features of the polymer matrices
of concern. In addition, the optical properties of poly-
mers, copolymers, polymer blends and polymer compos-
ites have received considerable attention resulting in in-
creased understanding of their structures and the possi-
ble applications in various optical devices and industrial
applications [1, 2].

In the past decade polymer blends have become in-
creasingly used commercially and industrially, surpass-
ing copolymers and also homopolymers [3]. Physically,
mixing two polymers or more is known as the process of
blending which results in modification of the structure
of the homopolymers used with lower cost compared to
synthesising of a new material. For instance, easy prepa-
ration and developing the electrical conductivity were a
few of the advantages of a polymer blending process of
PVA and PEG [4].

Due to its interesting optical properties, PVA is con-
sidered as one of the most significant commercial poly-
mers. The instability of the vinyl alcohol monomer with
respect to acetaldehyde is the reason PVA is prepared by
first polymerizing vinyl acetate followed by converting
the produced polyvinyl acetate to PVA [5]. Because of
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its high refractive index, excellent elasticity, lack of color
and low cost, PVA has been utilized as a nonlinear op-
tical element, a polymer waveguide and for the replace-
ment of glass in its uses in industrial applications. In
addition, the development of PVA based complexes can
be achieved effectively due to the existence of hydroxyl
groups on the carbon chain backbone of PVA which pro-
vides a source for hydrogen bonding that facilitates this
process. In order to enhance the application of PVA in
the pharmaceutical and clinical fields, polyethylene gly-
col (PEG) is a promising candidate to blend with PVA
to improve its physical properties [6].

PEG has a number of useful features, having good pro-
tein adsorption resistance, superb water solubility, low
immunogenicity and low toxicity. PEG causes no dam-
age when it contacts with the lips or skin; therefore it is
suitable to be used in various applications as a coating
material for biotechnical applications [7]. Also, it can be
used as a binder in the preparation of ceramics and its
significant physical and chemical properties enable it to
be used in various applications in industry, e.g., [4, 8].

In this study a solution casting method was used to
prepare PVA /PEG blends with various contents of the
components. The casting technique was chosen because
it is an easy and a simple method, cheap, producing a uni-
form thickness distribution and providing the maximum
optical purity. The produced samples were character-
ized by Fourier transform infra red spectroscopy (FTIR).
The reflection and absorption spectra were utilized to es-
timate some required optical parameters to understand
the effect of embedding PEG in PVA on their structure
and optical properties.
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2. Material and methods

2.1. Sample preparation

PVA (M, =~ 115,000 g/mol) was purchased
from LOBA CHEMIE PVT. Ltd., India, while PEG
(M, = 4000 g/mol) was obtained from Fluka Chemical
Co., Germany. These two homopolymers were used with-
out further purifications. A solution casting method was
used to prepare the films of the samples. Powder of the
PVA was dissolved in distilled water at 80°C with gentle
stirring for 120 min then left to cool to room temperature.
The PEG powder was dissolved in distilled water at room
temperature for 60 min. The solutions of PEGgg_, were
added slowly to the PVA, solution with different ratios
under stirring for 60 min. Consequently, the solutions of
the blends were poured into glass dishes and placed in a
vacuum at 45 °C for 48 h. After cooling to room tempera-
tures, the films were taken out and kept in desiccators to
ensure good drying. The produced films had an average
thickness of &~ 0.0053 & 0.001 cm. The blends of PVA,
/PEG1p0— were prepared with different ratios where z
had the values of 100, 93, 86, 79, and 72 wt%.

2.2. UV-visible measurements

A UV-visible spectrophotometer (V-550 JASCO Corp,
Japan) was used for the measurements of the UV-vis ab-
sorption spectra in the range of wavelengths 190900 nm
for the prepared film samples.

2.3. Reflection measurements

A UV-vis-NIR spectrometer (UV-3101 PC, Shimadzu
Europe, Germany), was used to detect the reflection
spectra in the range of wavelengths 190-900 nm.

2.4. FTIR measurements

A FTIR spectrometer (FTIR — 460 plus, JASCO
Corp., Japan) was used to measure the FTIR spectra
in the wave number range 4000-400 cm™!.

3. Results and discussion

3.1. FTIR analysis

FTIR spectroscopy was used to figure out the prob-
able interaction between the functional groups of PVA
and PEG. In a range of wave numbers from 4000 cm ™!
to 400 cm~ !, FTIR absorption spectra were measured
for the various contents of blends of PVA/PE as shown
in Fig. 1. For PVA| Fig. 1 and Table I illustrate a charac-
teristic absorption band in the range of 3000-3400 cm ™!
that appeared also in all the blends which is ascribed
to the symmetrical stretching vibrations of O—H groups.
As listed in Table I, the bands existing at 2930 cm~! and
1711 cm~! are attributed to —H asymmetric stretching
vibrations of the alkyl groups and to the C=0 stretching
vibrations of the vinyl acetate groups of PVA, respec-
tively. The CH2 bending group and CH2 wagging vibra-
tions of PVA appeared at 1428 cm~! and 1331 cm™!,

PAV / PEG PAV / PEG PAV / PEG
100/0 (wt.%) 93 | 7 (wt%) 86 /14 (wWt.%)
P
2
<
1000 2000 3000 4000 ~ 1000 2000 3000 4000 1000 2000 3000 4000
Wavenumber (cm”) Wavenumber (cm”) Wavenumber (cm”)
PAV / PEG PAV /| PEG
79 121 (wt%) 72 128 (wt.%)
7]
o
<
1000 2000 3000 4000 1000 2000 3000 4000
Wavenumber (cm”) Wavenumber (cm")
Fig. 1. FTIR spectra for pure PVA and various ratios

of blends of PVA/PEG (wt%).

respectively. Also, the observed band at 1093 cm™!
was ascribed to the —O stretching vibrations of acetyl
groups of PVA.

In the case of PEG, Table I shows some of its charac-
teristic bands. The C-OH groups of PEG were observed
at 942 cm~! and 948 cm ™! only for its high contents as
in the blends of (PVA/PEG 79/21 wt%) and (PVA/PEG
72/28 wt%), respectively. However, the skeletal vibration
group of PVA, which was observed at the wave numbers
843 and 921 cm™!, disappeared after blending different
contents of PEG with PVA. The stretching vibrations
band of the C~C group was detected nearly at 844 cm ™!
after blending PVA with different contents of PEG while
it was not observed in case of pure PVA. Also, the C-H
stretching vibrations band was observed in the range of
2933-2893 cm~! depending on the quantity of PEG in
the blends [9, 10]. The observed shift in the positions
of some functional groups of both PVA and PEG in the
blends, as the bands of CH2 wagging vibrations, C=0
symmetric stretching, CHy bending, CHy wagging vibra-
tions and C-H stretching vibrations, indicates the inter-
action between their chains and the presence of polymeric
structure changes.

3.2. Optical absorption spectra

The study of the optical absorption spectra is one of
the most interesting methods for developing an under-
standing of the structure and energy gap of polymeric
materials [11, 12]. The measurements of the optical ab-
sorption were carried out to detect the effect of these
ratios of embedding the PEG in the PVA. Figure 2a illus-
trates the absorption spectra for all of PVA /PEG blends
in the UV-vis region 190-900 nm. The measured spec-
tra show an absorption band (shoulder) at about 276 nm
for PVA and its position exhibited a very slightly blue
shift with increasing PEG content in the blends becom-
ing 280 nm for PVA /PEG 72/28 wt%. These observed
shoulders are attributable to the absorption by simple
carbonyl groups along the PVA chain [13].
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The wave numbers of assignments of the absorption bands deduced from FTIR spectra for different con- TABLEI
centrations of PVA/PEG (wt%)
PVA/PEG S n(lj;(?tric CHs -0 C-oH strgtj—llin S mz;lt—llrical strgtzgin Skeletal Wf Hi2n
[wt%)] 4 . bending | stretching | bending . . & . . . & vibration ) gg. &
stretching vibrations | stretching | vibrations vibrations
100/0 1711 1428 1093 - 2930 30003400 - 843-921 1331
93/07 1707 1438 1100 - 2933 30003400 844 - 1331
86/14 1705 1445 1105 - 2872 3000-3400 841 - 1350
79/21 1703 1445 1120 942 2881 3000-3400 844 - 1338
72/28 1707 1443 1098 948 2893 3000-3400 844 - 1346
600 TABLE II
(a) PVA/PEG 5004 (b) c]
10 I 00| ) Absorption edge Aeqq, direct E4y and indirect E;, en-
3 s s 0 400 ergy gap, the estimated energy gap E, from ¢; — E plot
[ 12128 ||~ 300 T 300 and the Urbach energy Eu estimated for various ratios
g ostt & o S of PVA/PEG (in wt%)
<
100 100 PVA/PEG | Aeqqg Eqq E;q4 E, Ey
"1T2 5 i 56 R R R [wt%] [eV] leV] [eV] [eV] [eV]
E(eV) E(V) 100/0 6.247 | 6.351 | 5.267 | 5.242 | 0.228
:ZZ © s00] @ 93/ 7 6.195 | 6.324 | 4.913 | 4.942 | 0.248
° ~ o 00 86/14 6.182 | 6.304 | 4.818 | 4.822 | 0.257
g 400 % 00 T 79/21 6.155 | 6.292 | 4.732 | 4.714 | 0.299
; 0 Ll 72/28 6.256 | 6.341 | 4.801 | 4.800 | 0.272
200 200
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R T A "Tr i s e T35 56 3.8. Skin depth
E (eV) E (eV) E (eV)

Fig. 2. (a) UV-visible absorption spectra for the var-
ious ratios of the PVA/PEG blends. The variation
of the absorption coefficient « versus photon energy
for (b) pure PVA, (c) PVA/PEG 93/07 wt%, (d)
PVA/PEG 86/14 wt%, (e¢) PVA/PEG 79/21 wt%, and
(f) PVA/PEG 72/28 wt%.

The variation of the absorption coefficient a (cm™1)
with energy E (eV) acts as a significant identification
tool for polymeric materials providing optical informa-
tion about them. The absorption coefficient a (cm™!)
was estimated according to Eq. (1) [14]:

absorbance

a(v) = 2.303 sample thickness’ (1)
Figure 2b—f illustrates the variation of a (cm~!) with
E (eV) for all the blends; they all showed an increase
in the absorption near the edge which is a result of the
creation of neutral excitations and/or the transition of
electrons from the valence band to the conduction band.
Figure 2b—f shows a steep rise in « near the absorption
edge and there is a straight line relationship versus F
that can be determined in the high a-region. The ab-
sorption edge values were determined from the intercept
of an extrapolation to zero absorption with the pho-
ton energy axis [15]. As shown in Table II the calcu-
lated values of the absorption edges decreased with in-
creasing PEG content up to the blend of (PVA/PEG
79/21 wt%) followed by an increase for the blend
of (PVA/PEG 72/28 wt%).

Skin depth ¢ is also known as the penetration depth
and it describes the distance that an electromagnetic
wave can penetrate into a polymeric material. The skin
depth was estimated as a function of wavelength by using
the following relation [16]:

M) = —, (2)

where « is the absorption coefficient. Figure 3a shows
the variation of the skin depth ¢ with wavelength for
the various PVA/PEG blend ratios. For all the stud-
ied films the skin depth increased as the wavelength in-
creased. However, by increasing the content of PEG in
the PVA/PEG blend, the skin depth showed an obvious
decrease in its values due to an increase in the absorp-
tion possibility. Consequently, we can conclude that skin
depth was transmittance related [16].

3.4. Interband transitions

The Davis and Mott formula (Eq. (3)) describes the
absorption coefficient « for a simple parabolic band as a
function of photon energy in the case a radiation quan-
tum is absorbed by a material; as used by one of us pre-
viously [17]:

aFE =B(E-Ey)™", (3)
where B is a constant that depends on the transition
probability, F is the optical band gap, F is the photon
energy and m is an index with the values of 2, 3, 1/2 or
3/2, depending on the nature of the electronic transition
responsible for the absorption. The dependence of (aF)?
on the photon energy F (eV) for the various PVA/PEG
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Fig. 3. (a) The skin depth versus the wavelength for
the various ratios of PVA /PEG blends. The dependence
of (aF)? on the photon energy for (b) pure PVA, (c)
PVA/PEG 93/07 wt%, (d) PVA/PEG 86/14 wt%, (e)
PVA/PEG 79/21 wt%, and (f) PVA/PEG 72/28 wt%.

blends are shown in Fig. 3b—f all of which exhibit a linear
behavior that proves the existence of the direct transition
(i.e., for m = %). The optical gap was estimated from the
intercept on the energy axis of the linear fit to the large
energy data of the plots.

However, plotting (aE)l/ 2 versus the photon energy
E (eV) as shown in Fig. 4, indirect transition (i.e., for
m = 2), the plots can be is resolved into two distinct
straight-line portions. The straight line obtained at lower
photon energies, corresponding to phonon-absorption
process, cuts the energy axis at F;; — E,. The other
line represents the dependence in the high energy range,
corresponding to a phonon-emission process, and cuts the
energy axis at E;;+ E,. From the energy intercept of the
two straight line portions, the value of E;; can be esti-
mated [15]. Table II shows a decrease in the values of
energy gaps of both the direct and indirect transitions,
with increasing PEG content embedded in PVA up to
the blend PVA/PEG 79/21 after which they increased.
The decrease in the energy gap values is attributed to the
formation of the localized states in the band gap by em-
bedding PEG in PVA [18]. The formed localized states
act as trapping and recombination centers which results
in an alteration in the optical band gap. Also, the change
in the PVA structure as a result of increasing the disor-
der degree by adding PEG can explain the decrease in
the direct and indirect optical band gap [19].

In amorphous and disordered material, the observed
Urbach tail plays an important role in describing well
their properties of electronic transport. The strains in
the network of the material, which are enough to force
the states into the forbidden gap, result in the forma-
tion of the band tail states that decay exponentially in
the band gap. Thus, it is noted that the Urbach tail
acts as an indicator of the defect levels which exist in the
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PVA/PEG 86/14 wt%, (d) PVA/PEG 79/21 wt% and
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Fig. 5. The dependence of In(a) on the photon en-
ergy for (a) pure PVA, (b) PVA/PEG 93/07 wt%, (c)
PVA/PEG 86/14 wt%, (d) PVA/PEG 79/21 wt%, and
(e) PVA/PEG 72/28 wt%.

forbidden band gap. In this region the absorption process
is ascribed to the transitions between extended states in
one band and localized states in the exponential tail of
the other band [19]. The Urbach energy was calculated
from the following empirical formula that we developed
previously [20]:

a = agexp(E/Ey), (4)
where «q is a constant and the Urbach energy Ey cor-
responds to the band tail width of the localized states
in the band gap. The straight lines observed in plot-
ting In(«) versus energy E as shown in Fig. 5, indi-
cate that the absorption spectra of the different blends of
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(PVA/PEG) confirm the rule of Urbach. Table II lists the
calculated values for Fy for all of the samples which were
estimated from the reciprocal of the slopes of the linear
portions of the plots in Fig. 5. The increase in the Fy
values with increasing the content of PEG in PVA /PEG,
as illustrated in Table II, can be an indication of increase
of the amorphous phase in the blends. However, in case
of PVA, the lesser value of Fy in comparison with those
of the blends means that the PVA had a wider energy
band gap [21].

3.5. Optical constants

One of the fundamental properties of polymeric ma-
terials is their refractive index due to its important re-
lationship with the local electric field and the electronic
polarizability inside the material. Recently, great atten-
tion has been paid to enhancing the refractive index of
a transparent polymer by blending it with another poly-
mer in order to use it for production of photonic appli-
cations [22, 23]. The refractive indexes of our PVA /PEG
blends were calculated from the reflection and absorption
spectra, in a range of wavelengths 190-900 nm, by using
the following relationship [14]:

e (L) e .

where R is the specular reflection and k is the extinc-
tion coefficient corresponding to the imaginary part of
the complex refractive index that can be calculated from
Eq. (6) [14]:
a

k= (6)
where « is the absorption coefficient and \ is the wave-
length. Figure 6a shows typical dispersion curves of the
refractive index of the various contents of PVA/PEG
blends showing a slow decrease of the refractive in-
dex with increase of the wavelength. In Fig. 6a the
PVA refractive index increases with increase of the con-
tent of PEG in the PVA/PEG blends up to PVA/PEG
79/21 wt% above which it decreased. The increase of
the refractive index of the PVA/PEG blends compared
to that of the pure PVA can be an indication of an in-
creasing density of the blends which results in developing
the interatomic spacing according to the famous formula
of the Clausius—Mossotti [24, 25].

The loss in the electromagnetic energy, as a result
of scattering and absorption per unit thickness, when
the electromagnetic wave propagates through the mate-
rial, is described by the extinction coefficient k. The
obvious variation of the extinction coefficient k& with
wavelength, especially at high wavelengths as shown in
Fig. 6b, gives evidence of light photon—polymeric medium
interaction [26].

The well known formula for the complex dielectric
function is € = ¢, + ig;, where &, is the real part and
g; is the imaginary part of dielectric constant. The real
part of dielectric constant is associated with the disper-
sion which depends mainly on the motion of electrons in
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Fig. 6. (a) Variation of the refractive index with the
wavelength for various ratios of the PVA/PEG blends.
(b) The variation of the extinction coefficient k with
the wavelength for the various ratios of the PVA /PEG
blends. The variation of the real part (c), the imaginary
part of the dielectric constant (d), and the optical con-
ductivity (e) with the wavelength for the various ratios
of the PVA /PEG blends.

optical medium through the transmission of light. On
the other hand, the imaginary part is responsible of the
dissipative rate of electromagnetic wave propagation in
medium. The real and imaginary parts of dielectric con-
stant are described by the following equations in terms
of the refractive index and extinction coefficient [24]:

e =n? — k2, (7)

g = 2nk. (8)
Figure 6¢c and d shows the dependence of €, and ¢, re-
spectively, on the photon energy E (eV) for all the blends
of PVA/PEG. The values of both ¢, and ¢; increased with
increase of the PEG content in the PVA /PEG blends and
then decreased for the highest content of the PEG em-
bedded in PVA (PVA/PEG 72/28 wt%). The calculated
values of ¢, were higher than these of ¢;, as ¢, is based
on the values of n? while ¢; depends on both the n and k
values with k& being affected by the absorption coefficient
variations [27]. Based on the well-known Penn model ex-
hibits the dependence of the real part of the dielectric
constant €, on the optical band gap F, varies according
to Eq. (9) [28]:

e (0) ~ 1+ (%)2 (9)

Equation (9) shows an inverse relationship between e,
and F, which is in a good agreement with the results of
this study since PVA had the lowest value of ¢, as shown
in Fig. 6¢ while it had the highest value of E,; (the direct
E,, and indirect E; ) as tabulated in Table II.

In addition, the interaction between the blends and the
electromagnetic radiation was confirmed by the observed
increase in the values of &; with increasing wavelength.
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Fig. 7. The dependence of the imaginary part of the
dielectric constant &; on the photon energy for (a)
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86/14 wt%, (d) PVA/PEG 79/21 wt%, and (e)
PVA/PEG 72/28 wt%.

The interband absorption process describes the electron
transition process between the bands of the solid mate-
rials. However, the absorption edge originates from the
onset of optical transitions across the fundamental band
gap of a solid [19].

Basically, €; distinguishes the transfer of electrons from
occupied to unoccupied states [19]. It was found that
there was a strong relationship between the imaginary
part of the dielectric constant and the absorption coeffi-
cient. A short time ago it was found that the fundamental
absorption edge determined from the dielectric loss ver-
sus photon energy was so close to that obtained from the
Tauc formula which was proved by Yu et al. [29]. For all
of our different blends the optical dielectric loss versus
photon energy is shown in Fig. 7; all samples illustrated
a near linear behavior at high energy. The close similar-
ity between the optical band gap values determined from
Fig. 4 and the values estimated from Fig. 7, as shown in
Table II, indicates that an indirect allowed transition was
dominant in all the samples. Also, estimating the optical
band gap values was successfully achieved by two power-
ful ways, the Tauc formula and the gained fundamental
absorption edge from the dielectric loss vs. photon en-
ergy, as presented in this study.

The optical conductivity o, describes the optical re-
sponse of the tested sample material and according to
the Gaussian system of units, it has the dimensions
of frequency o,, was calculated from the following for-
mula [30]:

anc
Oop = ?7 (10)
where ¢ is the velocity of light in space, a is the ab-
sorption coefficient and n is the refractive index. The
variations of the optical conductivity o,, with the in-
cident energy of the photons for the various blends of

PVA/PEG are shown in Fig. 6e. A considerable increase
in the values of o,, was observed with increasing PEG
content in the blend up to PVA/PEG 79/21 wt%, then
it decreased. The increase in the values of o, is a result
of increasing the density distance by increasing the con-
tent of PEG. On the other hand, the observed decrease
of o,, of PVA/PEG 72/28 wt% is due to the decreased
density of localized states in the gap as a consequence of
the decrease in the density of defect states [31].

4. Conclusions

A simple casting method was used to prepare different
ratios of PVA/PEG blends. The existence of an interac-
tion between PVA and PEG was demonstrated for the
blends by the shift in the absorption spectra to lower
photon energy. The decrease in the direct and indirect
energy gaps of PVA by blending it with PEG is suggested
to be a result of creation of subband gaps between the
valence and conduction bands. The increase in the val-
ues of the Urbach energy of PVA by blending with PEG
is a result of forming disordered blends. Increasing the
density of PVA by adding PEG explains the enhance-
ment in the refractive index of the blends than PVA.
For all the blends, the increase of the extinction coeffi-
cient at high wavelength is ascribed to scattering and los-
ing small photon energy. The complex optical dielectric
functions were effectively used to confirm that the elec-
tron transition that was responsible for the absorption
process was an indirect allowed transition. The optical
band gap and the real and imaginary parts of the opti-
cal dielectric constants were all increasing while the skin
depth was decreasing with increase of the PEG contents.
The shift in the position of the functional group of PVA
and PEG gives an indication of the possible interaction
between them.
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