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Abstract

®

CrossMark

The effect of gamma, ~, radiation on the surface morphology and the optical properties of a

prepared alpha-methyl curcumin: PMMA film were studied under different doses (7, 14, 21 and
28 Gy) of ~-rays emitted by '*’Cs source. To monitor the effect of ~ radiation on the prepared
sample, the UV-visible absorbance and transmittance measurements of the pristine and the
irradiated sample were carried out in the spectral range 400-900 nm at room temperature. An
optical microscope and image J software were utilized to examine any changes in the surface
morphology for the pre and post irradiated samples. The obtained results indicated that the
surface morphology, linear and nonlinear optical properties of the films have been affected by v
radiation.

Keywords: gamma-ray, surface morphology, optical constants, nonlinear optical properties, UV—
visible spectra

(Some figures may appear in colour only in the online journal)

1. Introduction

During the past four decades, the search for materials pos-
sessing high nonlinear optical properties is a continuous issue
due to their importance. Materials that have high nonlinear
optical properties shows efficient performances in various
photonic applications, viz., data storage [1, 2], optical bi-
stability [3], optical switching [4], optical limiting [5-7],
optical phase conjugation [8] etc. Most of these applications
depends on the third-order nonlinear optical susceptibility,
x®, ( the real and imaginary parts), the nonlinear refractive
index, n,, and the nonlinear absorption coefficient, 5. The
researchers in this field followed two paths to find materials
having such properties, the first is the study of the nonlinear
optical properties of the existing and known materials such as
the dye solutions [9], the dye doped polymer films [10], the
vegetable oils [11-14], the metal oils [15-18], the single
crystals [19], the liquid crystals, [20] the nanoparticle

0031-8949,/20,/045804+10$33.00

composites [21] etc. Researchers have also been working on
the manufacturing and synthesis of new materials for the
same purposes, such as the phthalocyanine compounds
[22, 23], the curcuminoids compounds [24-27], etc. The
second path was to develop the nonlinear optical properties of
the materials by studying the effect of many parameters on
their properties such as the effect of the concentration [28§],
the wavelength [29], the incident intensity [30], the temper-
ature [31], the salt concentration [32], the glucose con-
centration [33], the pH concentration [34] to name a few.
Owing to the development of radiation techniques during
the last fifteen years such as the use of gamma, -, radiation
intensive researches have been directed towards the
improvements of various properties of number of materials.
Machnowski et al [35] have studied the effect of y-ray on the
mechanical properties and susceptibility to biodegradation of
natural fibers. Rani ef al [36] studied the effect of ~-ray on
structural and thermal properties of hydroxyl propyl methyl
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Figure 1. Synthesis of the alpha-methyl curcumin.

cellulose polymer. Eid ef al [37] studied the effect of y-ray on
the optical energy gap of poly(Vinyl Alcohole). Brostow et al
[38] studied the effect of y-ray on polystyrene. Arshak and
Korostynska [39] studied the effect of 7-ray on tellurium
dioxide. Martel-Estrada et al [40] studied the effect of y-ray
on the thermal properties of chitosan. Darwish et al [41] have
studied the effect of y-ray on the structural, electrical and
optical properties of nanostructure thin films of nickel
phthalocyanine. Kilic et al [42] studied the effect of «-ray on
the mechanical and dielectric properties of volcanic basalt.
Tahir [43] studied the effect of y-ray on the optical properties
of Cds thin films and Song et al [44] studied the effect of -
ray on the properties of aluminum dihydrogen triphosphate.
Ramya et al [45] studied the effect of 7-ray on enhancing
magnetic behavior and cell proliferation dual metal ions. Al
Harbi and Aly [46] studied the effect of «-ray dose on the
optical properties of (AsTe) (GeSe,) 9p_(x = 5) thin films.
Mustapha et al [47] find out the influence of ~-ray onto
transparent indium tin oxide thin films and Babu et al [48]
studied the effect of «-ray on the structural optical and elec-
trical properties of nanostructured CdHgTe thin films and
Salari et al [49] studied the effect of v-ray on structural and
surface properties of ZnO thin films. Ramya et al [50] studied
the effect of y-ray on (methyl methacrylate)-reduced graphene
oxide composite thin films for multi-functional applications
and Paula et al [51] studied the effect of ~-ray on poly-
caprolactone /zinc oxide nanocomposite films. Karmaker et al
[52] studied the effect of +-ray on the fabrication and char-
acterization of PV A-gelatin-nano crystalline cellulose, Elamin
et al [53] studied the effect of y-ray on the optical properties
of TiO, and ZnO thin films and Nabiyev et al [54] studied the
effect of ~-ray on the morphological properties of HDPE+%
ZrO, polymer nanocomposites.

The current work aims to synthesis of a new organic
material with high nonlinear optical properties, as well as
improves these properties by exposing it to gamma ()
radiation. To achieve this goal, one of the curcumin com-
pounds was prepared since curcumin has high nonlinear
optical properties [24, 26, 27]. Curcumin is the yellow pig-
ment that is responsible for the yellow color of the root of the
plant curcuma longa L [55]. It has been shown to exhibit a
wide range of biological activities the most prominent
amongst are the anticancer, anti-inflammatory, antioxidant
and the antibacterial [56-58]. Curcumin can exist as a tau-
tomeric mixture of the enol and the diketo tautomers with the
enol form as the major component in both the solid state and
solution [59]. The enol form is the tautomer that is respon-
sible for the long wavelength band appears near 430 nm in the
electronic spectrum of the curcumin [60]. It has been shown

that the addition of water to the ethanolic solution of curcu-
min shifts the tautomeric equilibrium towards the diketo form
giving rise to a new band in its spectrum at 355 nm [61]. This
may suggest that the major optical properties of curcumin are
due to its enolic form.

In this work, the surface morphology, the linear and the
nonlinear optical properties of the alpha-methyl curcumin:
PMMA film are investigated using an optical microscope,
image J software, and spectra measurements. The effect of the
~ radiation on the surface morphology, the linear and the
nonlinear optical properties of the alpha-methyl curcumin:
PMMA film are reported. The extinction coefficient, k, the
refractive index, n, the real, £;, and imaginary, &,, parts of the
dielectric constant, the nonlinear refractive index, n,, the
linear optical susceptibility, x" and the third-order nonlinear
optical susceptibility, x> for the pristine and the +-irradiated
sample are determined.

2. Experimental

2.1. Synthesis of alpha-methyl curcumin

The alpha-methyl curcumin compound was prepared
according to Lei ef al [62]. In a 100 ml round-bottomed flask
a mixture of boron oxide (1.81g, 0.026 mol), mono-
ethanolamine (0.74 ml), trimethyl borate (4 ml) and DMF (12
ml) were placed. To this mixture a mixture of vaniline (7.60
g, 0.05 mol) and 3-methyl-2, 4-pentanedione (2.97 g, 0.026
mol) was added. The reaction flask was placed in an ultra-
sonic cleaner (40 kHz, 500 W) and the reaction mixture was
irradiated at 80 °C for 30 min. At the end of the reaction, the
mixture was poured onto a 200 ml of warmed acetic acid (5%
V/V). Post filtration of the crude product it was chromato-
graphically separated on a 200-300 mesh silica gel using
petroleum ether/diethyl ether (2:1) as an eluent. Alpha
-methyl curcumin was obtained as yellow powder mp.
186°C-187°C. IR (KBr disc) cm™': 2926, 1626,1598, 1458,
949,787; '"H NMR (CDCls) (tautomeric mixture of enol and
diketo forms) é: 17.2 (s, 1H, chelated —OH), 7.96-6.69 (m,
10H, Ar-H + -CH=CH-), 5.90 and 5.84 (s, 2H, OH), 4.20
(s, 1H,=CH-), 3.95 and 3.93 (s, 1H, —-OCH3), 2.16 and 1.50
(s, 1H, —CHj3). The purity of the studied compound was
checked by its elemental analysis data which indicates
acceptable purity. Elemental analysis: Calcd. for C,,H»,04:
C, 69.19; H, 5.80; Found: C, 69.10; H, 5.94. Figure 1 shows
the synthesis of alpha-methyl curcumin.
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Figure 2. Surface morphology of alpha-methyl curcumin: PMMA sample: (a) showing the optical images of the sample in the pristine case
and under irradiation for increasing ~-ray dose from top to bottom, (b) the surface profile of the selected white dashed line in (a). (c) Is the 3D

analysis of the entire surface of the film in (a).

2.2. Preparation of sample

The thick films of alpha-methyl curcumin: doped by the poly
(methyl methacrylate) (PMMA) were prepared by dissolving
8 mg of alpha-methyl curcumin in 1 ml of chloroform (CF)
and 100 mg PMMA in 1 ml of chloroform (CF). After that,
the dissolved solutions were stirred for 10 min on a hot plate,
the solution then moved to sonicator for 30 min. After the
material have completely dissolved in CF the solution of
alpha-methyl curcumin was mixed with PMMA solution and
stirred again for 15 min to generate a homogenous solution.
Then, a drop cast method was used to prepare a thick film

from the alpha-methyl curcumin: PMMA and the films were
left overnight to make sure that the solvent slowly evaporated
from the mixture. A digital micrometer (Leybold-heraeus,
Germany) was used to measure the film’s thickness and found
it be 60 pm.

2.3. Irradiation of sample

137Cs is the source for v-ray used in the present study, it emits
energy of 662 keV with a dose rate of 48 Rad min~'. This
source is available in the Department of Physics, College of
Education for Pure Sciences, University of Basrah, Iraq. The
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Figure 3. The UV-visible absorbance (A) against wavelength of the

alpha-methyl curcumin: PMMA the pristine film and the v-irradiated
films with different doses.
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Figure 4. The variation of the transmittance (7) % against
wavelength of the alpha-methyl curcumin: PMMA film pristine and
the 7-irradiated films to different doses.

sample was irradiated with the ~-ray for different times, viz.,
14.58, 25.16, 43.75 and 58.33 min, i.e. doses of (7, 14, 21 and
28) Gy, respectively. Post each irradiation, an image was
taken to the samples using the optical microscope (Leica DM
500) to determine the changes in the surface profile of
the films.

2.4. Surface morphology analysis of the samples

The characterization of surface morphology of the pristine
and the ~-irradiated samples with different doses (7, 14, 21
and 28) Gy were studied using an optical microscope along
with open source Image J software to analyze the taken
images by the optical microscope. Figure 2(a) shows the
pristine and the y-irradiated samples surface images. As can
be seen in figure 2(a)(i), the pristine film is smooth,
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Figure 5. The variation of the absorbance (A) against the -
irradiation dose for the alpha-methyl curcumin: PMMA film.
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Figure 6. The variation of the reflectance, (R)%, against wavelength
of the alpha-methyl curcumin :PMMA film pristine and the ~-
irradiated to different doses. Inset is the magnification of reflectance
curves in the 775-900 nm range.

homogeneous and uniform. It can also be seen that the mat-
erial (alpha-methyl curcumin and PMMA) is distributed
regularly all over the substrate without any noticeable cracks,
defects or pinholes. However, the film irradiated with 7 Gy -
dose, as displayed in figure 2(a)(ii), shows defects on its
surface and the color of the film changes from orange to
yellowish-orange. Additionally, pinholes are clearly appeared
on its surface with different shapes and sizes. These changes
in the surface are due to the effect of « radiation on the
sample. When the dose was increased to 14 Gy, the film
obviously shows a black line an indication of a chemical
bleaching process on the surface (see figure 2(a)(iii)). The
appearance of cracks and a black area on the film’s surface
indicates an increase in the area of bleaching of the irradiated
sample with 21 Gy ~v-dose as evident from figure 2(a)(iv).
Clear damages occurred in the width of the cracks and the
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Figure 7. The variation of the extinction coefficient, k, against
wavelength of the alpha-methyl curcumin: PMMA film the pristine
and the v-irradiated to different doses.
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Figure 8. The variation of the refractive index, n, against wavelength
of the alpha-methyl curcumin :PMMA film pristine and the ~-
irradiated to different doses. Inset is the magnification of refractive
index in the 775-900 nm range.

emergence of a larger number of black areas as the dose
increased to 28 Gy, which confirms that a large proportion of
the irradiated sample has been exposed to bleaching, as
shown in figure 2(a)(v). The surfaces of the films were studied
using Image J software to identify the changes occurred on
their surfaces as the dose increased. Figure 2(b) from, top to
bottom, shows the surface profile of the selected area of the
original film (dashed white line). Based on the generated
plots, it is clearly revealed that the gray scale of the sample
increased which further confirmed that the cracks, defects,
and pinholes becomes deeper as the sample exposed to a
higher dose. The 3D analysis (figure 2(c) from top to bottom)
is also indicates that these changes on the surface occurred
due to the high ~- dose. The surface profile and the 3D
analyses (figures 2(b) and (c)) are supportively confirmed the
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Figure 9. The variation of the real part of the dielectric constant, ¢,
against wavelength, of the alpha-methyl curcumin: PMMA film
pristine and the ~-irradiated to different doses. Inset is the
magnification of real part of the dielectric constant in the 775-900
nm range.
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Figure 10. The variation of the imaginary part of the dielectric
constant, £,, against wavelength, for the alpha-methyl curcumin:
PMMA film pristine and the ~-irradiated to different doses. Inset is
the magnification of imaginary part of the dielectric constant in the
775-900 nm range.

changes in the surface morphology in the optical images of
the samples post exposed to y-irradiation.

2.5. UV—-visible spectroscopic study

Optical measurements of the pristine and the ~-irradiated
samples were performed using UV-visible spectrophotometer
(Jenway-England-6800) with a double beam in the wave-
length range 400—900 nm at room temperature.
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Figure 11. The variation of (nz—l)f1 against (hv)2 of the alpha-
methyl curcumin: PMMA film pristine and the y-irradiated to
different doses.

3. Results

The absorbance, A, and the transmittance, 7, measurements of
the pristine and the ~-irradiated samples at the four mentioned
doses, are shown in figures 3 and 4 respectively. From
figure 3 it can be seen that the absorption differ when it was
exposed to y radiation, also it can be seen that the absorptions
of doses 7, 14, 21 Gy are higher than the pristine case while
for dose 28 Gy it is lower than the pristine . Figure 5 displays
the relation between the absorbance and the radiation dose at
the wavelength 490 nm. The choice of this wavelength is
based on the fact that the pristine has maximum absorption at
this wavelength. It can be seen from the curve of figure 5 that
the absorption of the sample increases for irradiation dose of 7
Gy, then decreases for higher doses but still higher than the
pristine sample and finally decreases sharply at the dose
28 Gy.

As for the transmittance, from figure 4, it’s behavior is
inverse compare to the absorbance, where the transmittance
increase with increased dose but it is lower than the pristine
while it is higher than for dose 28 Gy compare to the pristine.
The increase in the absorbance and the decrease in the
transmittance post the irradiation of the sample with 7 Gy -
dose may be due to changes in the surface roughness and
created defects in the sample, as a result of sample exposure
to high dose of ~y radiation. Since the absorbance and trans-
mittance depends mainly on the material structure, surface
roughness and defects [63], as it is noted from section 2.4, the
surface of the sample has changed and become more rough,
also the formation of defects post-exposure to ~ radiation,
therefore the absorbance increases and transmittance decrea-
ses as the sample exposed to 7 Gy y-dose. The decrease in the
absorbance and the increase in transmittance for 14 and 21 Gy
radiation doses are attributed to the bleaching process
occurred (see figure 2(a)). Owe to the bleaching process at 21
Gy dose larger parts of the sample included compared to the
14 Gy radiation dose, this leads to a decrease in the absor-
bance and an increase in the transmittance of the former case

more than the latter one. For the 28 Gy dose, it is noticed that
large parts of the sample have been damaged due to the
bleaching process (see figure 2(a)(v)), therefore the absor-
bance becomes lower and the transmittance becomes larger
compared to the pristine and to the other 7-irradiated doses
cases.

The reflectance, R, the absorption coefficient, «, the
extinction coefficient, k, the refractive index, n, and the real,
€1, and the imaginary, €,, parts of the dielectric constant of the
pristine and the 7-irradiated samples can be obtained using the
spectra of absorbance and transmittance and the following

relations [64]
R=1—- |JTexp(A), (D

a= 2.303é, 2)

L

a
k=—"2, 3
47 )
L _L+R R o @
1-R (1 + R)?

g = n? — k2, &)

&y = Zl’lk,

where L and A are the sample thickness and the wavelength
respectively. Figures 6-10 shows variations of R, k, n, €, &5,
against wavelength for the pristine and the v-irradiated sam-
ples. Likewise absorbance, A, it is observed that R, k, n, ¢;
and ¢, values for v-irradiated with doses of 7, 14 and 21 Gy
samples are higher compare to the pristine sample, while for
the dose 28 Gy they are lower than that of the pristine sample.
Also it is observed from figure 6 that the reflectance decreases
with increasing dose up to 21 Gy compare to the pristine
while it is lower for the dose 28 Gy. From the figure 7 it can
be seen that the extinction coefficient increase with the
increase of dose up to 21 Gy compare to the pristine case then
it is lower compare to the pristine for the dose 28 Gy. The
refractive index is higher than the pristine case for doses 7-21
Gy, but decreases lower than the pristine at higher dose as can
see in figure 8. The same behavior is noticed for the real and
imaginary parts of the dielectric constant (see figure 9). Insets
in figures 6, 8—10 are the magnification of parts of the
reflectance, refractive index, real and imaginary parts of the
dielectric constant variations against wavelength in the
775-900 nm range. As the wavelength increase the reflec-
tance, R, stay constant in the wavelength range 400—485 nm
then increases smoothly at A = 525 nm then decreases almost
exponentially for A > 525 nm for the pristine and the irra-
diated samples. The same behavior is seen for the refractive
index, n, and the real part of the dielectric constant, ;. The
extinction coefficient, k, and the imaginary part of the di-
electric constant, €,, both increases for increasing the wave-
length up to A = 485 nm then decreases almost sharply.
Based on equation (7) [65] the dispersion energy para-
meter, E,, for the pristine and the v-irradiated samples can be
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Table 1. The values of the dispersion energy parameter, E,, the single-oscillator energy, Ey, the static refractive index, n,, the linear optical
susceptibility, ¥, the third-order nonlinear optical susceptibility, x®), and the nonlinear refractive index, n,, of the pristine and the ~-

irradiated alpha -methyl curcumin: PMMA film.

Gamma dose (Gy) Ey (eV) Ey(eV)  ng P P x 10712 (esu) o x 10712 (esu)

Pristine 5.955 2.513 1.835 0.188 0.215 4.416

7 8.576 2.301 2.174  0.296 1.315 22.802

14 8.451 2.433 2.115  0.276 0.992 17.681

21 7.554 2.502 2.004 0.240 0.566 10.647

28 5.037 3.007 1.640 0.134 0.055 1.264
obtained increased with the increasing of y-ray dose compare to the
E 1 pristine case so that the parameters listed in the table 1 all

2 1 _ £0 2 . .
(n®—1) = % EE (hv)~, (7)  increased sharply as the absorption does then decreased
d 0Ld

where E,, h, v are single-oscillator energy, the Planck’s
constant and the frequency of incident photon respectively.
The values of Ey and E, for the pris tine and the ~y-irradiated
samples can be obtained, via drawing a relation between
(n*—1)"" as a function of (h)? . Figure 11 displays variation
of ("*—1)"" against (hv)>.

The intersection of each straight line with the y axis
resulting from the plot gives value equals to (Ey/E,), and the
slopes of the straight lines equals to (—1/EyE,). The calcu-
lated values of E, and E, for the pristine and the ~-irradiated
samples are given in table 1. The values of E, and E; can be
used subsequently to evaluate the values of the static refrac-
tive index, no, which represent the refractive index at zero
photon energy for the pristine and the v-irradiated samples,
can be determined via the following equation [65]

nozz(l + %)
0

®)

The values of the static refractive index, ng, for the pristine
and the y-irradiated samples calculated using equation (8) are
listed in table 1.

The linear optical susceptibility, X(l), the third-order
nonlinear optical susceptibility, X(3), and the nonlinear
refractive index, n,, of the pristine and the ~-irradiated sam-

ples can be evaluated using the following relations [66]

E,
W = = 9
X 47TEO ( )
Y® = 1.7 x 107104 (esu), (10)
3)
1y = 22T X ), (11)
ny

The computed values of &, X(3) and n, are listed in table 1.
As can be seen in table 1 that the value of dispersion energy
for the samples increases for radiation dose 7 Gy and
decreases for radiation doses 14, 21 but still higher than the
pristine sample, while for the radiation dose 28 Gy it became
lower than the pristine case. Similar behaviors are observed
for the static refractive index, ng, the linear optical suscept-
ibility, x", the third-order nonlinear optical susceptibility,
x®, and the nonlinear refractive index, n,. The opposite is
true for single-oscillator energy, E,. Since the absorption

slowly.

It is known that many photonic and nonlinear optical
devices needs materials with high values of the refractive
index, n, the nonlinear refractive index, n,, and the third order
nonlinear optical susceptibility, x(3), [67, 68] and since the
alpha-methyl curcumin: PMMA film under irradiation with -
ray dose of 7 Gy shows high values of these parameters, this
makes it suitable for photonic and nonlinear optical
applications.

4. Conclusion

In this work, the curcuminoid alpha-methyl curcumin was
prepared with the aid of ultrasonic waves. Alpha-methyl
curcumin: PMMA film was prepared using casting method.
Optical microscopy and Image J software program were used
to investigate the surface morphology of the obtained film.
The absorbance and the transmittance data which were
obtained at room temperature by using UV-visible spectro-
photometer are used to determine the optical parameters of the
sample. The table 1: the values of the dispersion energy
parameter, E,, the single-oscillator energy, Ey, the static
refractive index, no, the linear optical susceptibility, x", the
third-order nonlinear optical susceptibility, x‘*, and the
nonlinear refractive index, n,, of the pristine and the y-irra-
diated alpha -methyl curcumin: PMMA film. The influence of
~-ray with different doses (7, 14, 21 and 28 Gy) on optical
parameters of the alpha-methyl curcumin: PMMA film was
studied. It was found that the absorbance, A, the reflectance,
R, the extinction coefficient, &, the refractive index, n, the real,
€1, and the imaginary, ¢,, parts of the dielectric constant, the
nonlinear refractive index, n,, the linear optical susceptibility,
x" and the third-order nonlinear optical susceptibility, x*,
increased with the increased dose of the vy ray, where the
increase is larger for the radiation dose 7 Gy and less for
radiation dose 21 Gy, but for the dose 14 Gy is in the middle.
As for radiation dose 28 Gy, it was found that the values of
these optical parameters are less than the pristine sample. The
objective of the current research is achieved by finding a new
material that possesses high nonlinear optical properties and it
is possible to improve these properties by exposing them to
the appropriate dose of ~y radiation. It is also found that the
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radiation dose of 7 Gy is the optimum dose for the sample to
show better properties. The results obtained of the alpha-
methyl curcumin: PMMA film makes it good candidate for
the use in photonic applications.
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