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We applied an ex-situ casting procedure to prepare a nanocomposite (NCP) from Makrofol polycarbonate (PC) and
CdSe nanoparticles. The CdSe nanoparticles were prepared by a thermolysis procedure in the presence of N2 gas flow. Ri-
etveld refinement of x-ray data illustrated that the CdSe adopts a cubic zinc blend structure of 6.057 Å lattice parameter and
2 nm typical grain size. Samples from the prepared NCP were exposed to γ dosages (20 kGy–250 kGy). The modifications
induced in the NCP films owing to γ dosages have been studied. The γ irradiation (50 kGy–250 kGy) causes crosslinks
that reduce the optical bandgap from 4.15 eV to 3.81 eV, associated with an increase in dielectric parameters and refractive
index. This is attributed to an increase in the mass fraction of the disordered regions as specified by x-ray diffraction. The
PC–CdSe NCP was found to have a reaction to color modification which makes it suitable for saleable reproduction on a
printing press.

Keywords: gamma, nanocomposite, x-ray diffraction, UV spectra, color changes
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1. Introduction
Today, polymeric nanocomposites (NCPs) containing

polycarbonate (PC) have achieved huge awareness owed
to their distinctive size that influences their behavior.[1]

Numerous investigations have been carried out to design
nano-sized materials of superior performance in different
applications.[2,3] This has created a new era in reducing the
price and enhancing the value of the next generation of devel-
oped applications.[4] Additionally, polymeric materials have
achieved major awareness in practical applications due to their
significant intrinsic character.[5] The limited absorbance bands
and degradation of polymers have led to their use in optoelec-
tronic devices.[2] The implementation of nanoparticles (NPs)
treats any defect in polymeric matter by modifying their size
and thus their usual reliability.[6] PC is a transparent polymer
that has a suitably low density; thus it may be applied in many
industrial tools like optical fibers and microelectronic appa-
ratus. Nevertheless, enhancing the optical trend of PC is re-
quired to match novel industrial applications. Moreover, PC is
a talented host material for many NPs. The impedance of NPs
changes the character of PC without changing its toughness
and transparency. The PC has unique characteristics allowing
it to be a reasonable candidate in industrial requirements.[7,8]

Additionally, minute NPs allow the investigation of appropri-

ate surface properties due to their huge surface to bulk ratio.
CdSe is an extensively used tunable and direct-bandgap (Eg)
substance; its Eg is 1.74 eV estimated at 300 K. The huge Bohr
exciton radius causes quantum confinement in CdSe. This
makes those NPs significant, as they may be applied in op-
toelectronic applications.[9]

Additionally, γ irradiation creates free radicals through-
out degradation, and forms novel covalent bonds via
crosslinks. Thus the polymer’s macro-molecular and mor-
phological structures are affected without modifying their
configuration.[10] Consequently, lattice defects are generated
that create sensitive type, modifying the NCP character.[5]

These modifications are dependent on the structure of the
matter.[11]

Furthermore, the color changes in the NCP samples due
to γ radiation are necessary parameters that evaluate the op-
tical modification in the NCP substance. This is an essential
factor in industrial applications.[12] Several authors have per-
formed studies on the use of polymeric NCP films in dosime-
ter applications through studying their modification in optical
properties.[13–16] They accredited the modification in color in
irradiated PC to the rearranged isopropylidene radicals, strong
conjugated bonds, and production of active free radicals and
benzophenones.[17]
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In the current study, CdSe NPs have been selected owing
to their direct intrinsic Eg that allows them to be an essential
substance in several applications.[18] Consequently, the CdSe
NPs can be embedded inside the PC matrix, enhancing its op-
tical properties.[19] Additionally, PC was elected as a host mat-
ter for these NPs because PC assists in different applications
showing excellent chemical resistance.[7] The PC–CdSe NCP
is treated via radiation processing as it is a convenient tech-
nique that induces reasonable alterations of polymer NCPs. In
particularly, it is an essential route to attaining some favor-
able improvements for several applications in a wide range of
industrial fields. Our current study aims to prepare NCP of
CdSe@PC to illustrate the possibility of enhancing its perfor-
mance in numerous industrial applications.

2. Experimental details
2.1. Preparation of CdSe NPs

Nanomaterials attained by a thermolysis technique are ex-
tensively used in several prominent fields.[20–22] This is real-
ized from easy manufacture of NPs by a thermolysis procedure
producing properties including a large active surface area, en-
hanced porosity, size selectivity, exact surface composition,
high photocatalytic activity and high adsorption capacity. We
prepared CdSe NPs by applying the thermolysis procedure de-
scribed in Ref. [23]. CdO (0.45 g) and stearic acid (9 g) were
merged in a flask (three-necked) and heated at 150 ◦C in the
presence of N2 gas flow until completely dissolved. Then hex-
adecylamine (12 g) and trioctylphosphine oxide (TOPO) (8 g)
were added with strong rousing (30 min at 120 ◦C). After that,
we dissolved Se powder (0.78 g) in TOPO (9 ml) and then
speedily added it. A gradual increase in temperature (120 ◦C–
220 ◦C) formed monodisperse CdSe. Lastly, CdSe was pre-
cipitated with methanol and unglued applying a centrifuge.
Then we washed out the resultant substance using methanol
and chloroform many times.

2.2. Preparation of the PC–CdSe NCP

Several methodologies can be applied to prepare poly-
mer NCPs. These procedures can be melt intercalation, tem-
plate synthesis, exfoliation adsorption and in situ polymeriza-
tion intercalation.[24,25] Melt intercalation is the distinguish-
ing usual one owing to being environmentally agreeable. It
is also well matched with industrialized means.[24,25] The ex
situ casting procedure used for preparing NCP matter delivers
nanosize matter that is a suitable candidate for device applica-
tions in various fields.[2,3]

Makrofol DE 7-2 polybisphenol-A-carbonate (PC) of
chemical composition C16H14O3 was manufactured by Bayer
A. G., Leverkusen (Germany). Chloroform was used as a sol-
vent to PC with extensive rousing for 120 min at room temper-
ature (RT) until obtaining full dissolution. Then, we dissolved

2 g of PC in 30 mL chloroform. The product solution was
added to the pre-prepared NPs (0.5 wt%) with extensive rous-
ing to obtain the NCP by means of the mathematical equation

x(wt%) =
wf

wp +wf
×100, (1)

where wp and wf are the weights of the PC and CdSe NPs,
respectively. We then cast the mixture into Petri dishes, and
dried it for two days at 60 ◦C to wholly get rid of impurities.
Finally, NCP films of nearly 0.3 mm thickness were formed.

To recognize the mechanism of CdSe NP formation and
how the metallic ions, Se2− and Cd2+, interacted, it was pre-
dictable that full mixing of the raw materials in the prepared
solution would promote the combination of the metallic ions
with the carbonyl group present in polymeric chains. Subse-
quently, drying removed water from the mixture, solidifying
the metallic cations in the polymer cavity.[26]

2.3. Irradiation tool

The PC–CdSe NCP films have been irradiated with
γ dosage 20 kGy–250 kGy by means of 60Co equipment
(Canada Ltd.) with series of 1.173 MeV–1.332 MeV at
2.4 Gy/min (A, E.A., Egypt).

2.4. Instrumentation

X-ray diffraction (XRD) was conducted using a diffrac-
tometer (model: X’Pert-Pro MPD; Philips, Eindhoven, The
Netherlands) with a goniometer via Cu-Kα radiation. To cor-
rect the instrumental widening we applied standard LaB6. The
composition and micro-composition of the crystal were pol-
ished by means of a Rietveld outline procedure,[27] applying
the program MAUD.

The morphology of the NPs were explored by transmis-
sion electron microscopy (TEM) on a JEOL TEM (model:
JSM2010; JEOL Ltd., Tokyo, Japan).

The absorbance was measured (200 nm–800 nm) by ap-
plying a Shimadzu UV spectrophotometer (type 3101 PC,
Berkshire, UK). The CIE process was used for signifying the
colored samples. The CIELAB color difference parameters
were estimated using the mathematics previously described by
us.[28]

3. Results and discussion
3.1. Structural investigation of γ irradiated PC–CdSe NCP

Rietveld enhancement of the XRD outline of CdSe apply-
ing the MAUD program is displayed in Fig. 1(a). The prepared
CdSe adopts a cubic zinc merger structure of 6.057 Å lattice
parameter and a typical grain size of 2 mm. The TEM image
of the CdSe NPs is displayed in Fig. 1(b). The profile of the
CdSe dotted outline approved an enhanced size of nearly 2 nm,
confirming the quantum dot balance of CdSe.
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Fig. 1. (a) XRD outlines fitting resultant from Rietveld analysis of CdSe
quantum dots, (b) TEM image of CdSe NPs.

XRD was performed to investigate the modifications in-
duced in the mass fraction of the amorphous phase due to γ

irradiation. The XRD patterns of the irradiated PC–CdSe and
pristine films in the 2θ series 10◦–30◦ are shown in Fig. 2.
The patterns of the films are characterized by the presence
of a distinctive wide amorphous peak expanding in the 2θ

range 13◦–25◦ denoting that the NCP film is a partially crys-
talline with major amorphous regions. Although the concen-
tration of CdSe NPs in the PC–CdSe NCP was 0.5 w%, no
diffraction pattern is obtained for CdSe NPs and thus the wide
peak should belong to PC. Heiba et al.[29] obtained the same
trend of CdSe with PMMA polymer. They found no dif-
ference between pure PMMA and PMMA loaded with CdSe
NPs, and hence no diffraction pattern obtained for CdSe NPs.
They attributed this trend to the homogeny of distribution
of CdSe NPs throughout the PMMA. They also investigated
that if CdSe was clustered, a diffraction pattern would be ob-
tained even if its amount was small. The investigation that
the obtained wide peak should belong to PC could be con-
firmed by comparison with our recent study on pure Makrofol
polymer.[30] The patterns of the pristine Makrofol film indi-
cated the presence of the same wide peak expanding in the
same 2θ range 13◦–25◦.

The bands of the samples were fitted using a Lorentz
function. Therefore, the area of the wide diffraction peak (in-
tegral intensity, I) was calculated and is represented in Fig. 3.
The integral intensity increased up to a maximum value around
50 kGy due to initial chain scissions. This means that the γ ra-
diation with 50 kGy dosage causes the degradation of carbon-
ate and isopropyl groups in the PC chains, and then decompo-
sition of aromatic rings occurs.[28] This allows the reduction
of both the intermolecular stress in the disordered region and
the number of entanglements per molecule, hence enhancing

the chain mobility allowing molecules to be reordered.[13] The
integral intensity decreased due to the destruction of the or-
dered structure via crosslinks when irradiating above 50 kGy
and up to 250 kGy. This indicates that the γ radiation con-
verts the regularly arranged lamellas into non-arranged ones
through crosslinks.

Since the width of the halo at half maximal intensity (∆W )
is inversely proportional to the crystallite size (L), the values
of ∆W were estimated by means of the Scherrer formula

L = (0.89λ )/(∆W cosθ), (2)

where λ is the wavelength of the x-rays. The dependence of
∆W on the γ dosage is displayed in Fig. 3. ∆W shows simi-
lar values within experimental error, meaning that the width of
the lamella is not affected by the γ dosages.
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Fig. 3. Variation of I and ∆W with the γ dosage.

3.2. Optical investigation of γ irradiated PC–CdSe NCP
3.2.1. Absorption study

The absorbance spectra of the irradiated and pristine PC–
CdSe films were demonstrated to estimate the alternations in
the bandgap configuration owing to γ radiation (Fig. 4). The
alternation of absorbance with γ dosage is attributable to the
persuaded modification in the energy band owing to irradia-
tion together with the Rayleigh scattering from the implanted
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CdSe NPs.[31] A higher absorption band appeared at close
280 nm–310 nm that decreased with increasing wavelength
up to 800 nm. The reduction of absorbance with increasing
wavelength is attributable to the n–π∗ transition C=O (car-
bonyl group) and π∗–π∗ (phenyl group).[32] The formation of
color centers (310 nm–320 nm) can also be a reason.[33] At
the wavelength 290 nm, the photochemical reactions formed
in the PC matrix activated the singlet or triplet state of the
macromolecules.[30] At 320 nm–400 nm, the C–H bond was
cracked owing to γ irradiation. At 290 nm–315 nm, the bonds
matching to energy smaller than 4.5 eV and 6.2 eV were de-
stroyed owing to the γ dosages.[34] Moreover, the absorbance
rose on raising the dosage up to 250 kGy owing to the grow-
ing conjugated bonds [35]. The tiny size of the NPs gives them
a much larger surface area to volume ratio which is an impor-
tant feature for reactivity, that is, the rate at which the chemical
reaction will proceed, because more surfaces are vacant to re-
act and assist chemical processes.[36] Accordingly, the atomic
volume full of NPs reduces, hence its density and absorbance
increase.[37] In other words, the increase in absorbance with
increasing γ dosage denotes the absorption of the incident pho-
ton energy by the NCP intermediate atoms. In addition, the en-
ergy transferred by the incident γ radiation may create a new
chemical arrangement that leads to an increase in absorbance.
Moreover, the existence of extra negative charges forms new
interior bonds in the NCP due to crosslinks.
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Fig. 4. Absorbance spectra of the irradiated and pristine NCP films.

The extinction coefficient (k) is an important parameter
that provides information about the spreading and incorpora-
tion resources of the penetrated area. The compound part of
the refractive index can be calculated from

n∗ = n+ ik, (3)

where k and n are the imaginary and real portions of the re-
fractive index, respectively. k is calculated from

k = (λα/4π), (4)

where λ is the wavelength. α is the absorption coefficient that
can be considered from the formula

α = 2.303×Absorbance/Sample’s thickness. (5)

The absorbance coefficient (α) stands for the quantity of pho-
tons absorbed by matter, and hence it is used to illustrate the
variations in band construction.

3.2.2. Bandgap study

The numerical values of the bandgap (Eg) have been es-
timated by means of Tauc’s principle for direct transition,
which provides information concerning the transitions in Eg

configuration,[38]

αhν = B(hν−Eg)
n, (6)

where B is a constant, hν is the energy of the incident photons
and n is an index; its value signifies the trend of electronic
transition. n equals 1/2 or 3/2 for direct transitions, while n
equals 2 or 3 for allowed or forbidden indirect transitions.[39]

Eg is valued by scheming (αhν)1/n versus hν ; the former in-
duces the linear portion of the curvature to meet the hν axis
(Figs. 5–7).
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Fig. 5. Plot of (αhν)2 versus hν for the irradiated and pristine NCP films.
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Fig. 6. Plot of (αhν)0.5 versus hν for the irradiated and pristine NCP films.

The bandgap of the pristine PC–CdSe NCP is 4.15 eV
(n = 0.5), which is rather less than the values that were previ-
ously published for pristine PC film (4.44 eV).[40] This reduc-
tion is attributable to the presence of NPs that support the defi-
ciencies to change the inner construction of Eg.[40] The depen-
dence of the direct Eg of the PC–CdSe films on the γ dosage
is shown in Fig. 8 (using the data represented in Fig. 5). The
bandgap decreased on growing the γ dosage to 250 kGy. This
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decrease in Eg is due to crosslinking. Therefore, the amor-
phous phase of the PC–CdSe NCP is augmented through per-
suading defects and as a result forward localized states are pre-
sented in the Eg system, which causes electronic transitions
with less energy. The consequential outcome of γ on the NCP
films is the production of chemically active free radicals that
cause crosslinking. On raising the γ dosage, the creation rate
of free radicals rises, increasing the unsaturated and conju-
gated bonds and thus decreasing Eg.[35]
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Fig. 7. Plot of (αhν)2/3 versus hν for the irradiated and pristine NCP films.
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Figures 5–7 obtained from Tauc’s model together with the
optical dielectric loss function represented in Fig. 9 were con-
sidered to deduce Eg and the type of electronic transition. This
is because the optical dielectric constant is enormously influ-
enced by the band structure of the material. In addition, the
investigation of dielectric loss by applying UV spectra is con-
siderably helpful in assuming the whole band construction of
matter.[41] The imaginary portion of ε ′′ is useful for investigat-
ing the electronic transition among occupied and unoccupied
states.[39] The ε ′′ values were valued applying the formula

ε
′′ = 2nk. (7)

The ε ′′ spectra obtained for the pristine and irradiated PC–
CdSe NCP samples is shown in Fig. 9. The Eg values obtained
from ε ′′ are significantly near to those obtained from Tauc’s
model as seen in Table 1. Therefore, the type of electronic
transition is the allowed direct transition.[41]

Table 1. Optical bandgap (from Tauc’s model and ε ′′ versus hν) for the
non-irradiated and irradiated PC–CdSe NCP films.

γ dosage Optical band gap
Optical band gap from

(kGy) from ε ′′ versus hν

Tauc’s model (eV)

E2
g E1/2

g E2/3
g

0 4.21 4.15 3.84 3.91
20 4.18 4.10 3.82 3.89
50 4.11 4.05 3.80 3.85

100 4.06 4.00 3.76 3.78
150 4.00 3.96 3.60 3.71
200 3.96 3.91 3.52 3.64
250 3.92 3.81 3.44 3.58
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Fig. 9. Plot of ε ′′ versus hν for the irradiated and pristine NCP films.

3.2.3. Urbach energy study

Urbach energy Eu investigates the building of materials
through the judgment of the deficiency altitude in the forbid-
den Eg. The Eu values were computed using the formula[42]

α = αo exp
(

hν

Eu

)
, (8)

where Eu expresses the degree of disorder and αo is a
constant.[43] By scheming lnα verses hν we can deduce Eu

from the inverse of the slope of the resultant straight line.
The Eu values increased from 0.16 eV to 0.28 eV on in-
creasing the dosage up to 250 kGy (Fig. 8). The increase
in Eu is attributable to the rise of the disorder character via
crosslinks.[44]

3.2.4. Refractive index study

The refractive index n, of the PC–CdSe NCP films is es-
timated from the formula[45]

n2−1
n2 +1

= 1−
√

Eg

20
. (9)

Figure 10 shows the change in refractive index with γ dosage.
The refractive index rose on increasing the dosage up to
250 kGy. This trend is in agreement with that of Eg meaning
the authority of crosslinks. The chain scissions create lively
free radicals that permit the creation of covalent bonds via
crosslinks. This explanation is in good agreement with that
obtained previously.[46,47]
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Mostly, the dielectric properties provide information con-
cerning the optical characteristics of materials.[48] The dielec-
tric constant varies with hν , signifying that certain interactions
between photons and electrons occur in that energy range.

The dielectric constant (ε ′) is calculated from the
equation[49]

ε
′ = n2− k2. (10)

The ε ′ values are plotted in Fig. 11 against wavelength. ε ′

rises with increasing dosage up to 250 kGy. This denotes the
growth of the density of states within the forbidden gap of the
PC–CdSe NCP due to γ irradiation.[50]
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Fig. 10. Variation of n with γ dosage.
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Fig. 11. Plot of ε ′ versus hν for the irradiated and pristine NCP films.

3.3. Color alternations study

The transmittance spectrum of the irradiated and pristine
PC–CdSe NCP films (370 nm–780 nm) is displayed in Fig. 12.
The real red, green and blue lights are represented by the sets
X , Y , and Z, which are known as tristimulus values.[51] The
chromaticity coordinates and tristimulus values were valued
using the transmittance records 370 nm–780 nm (Table 2).
The tristimulus values reduced with increasing dosage up to
250 kGy. The values of x and y improved on increasing the
dosage up to 250 kGy. The z coordinate showed an inverted
trend.

The CIELAB color intercept a∗ compares the red (+a∗)
and green (−a∗), while the intercept b∗ compares the yellow
(+b∗) and blue (−b∗). L∗ expresses the lightness. A fault-
less white has an L∗ of 100, and a faultless black has an L∗

of 0. The accuracy in estimating L∗ is ±0.05 and ±0.01 for
a∗ and b∗ respectively. The variation of color intercepts with

γ dosage is represented in Fig. 13. The color intercepts a∗

and b∗ exhibited negative values that augmented with increas-
ing dosage up 250 kGy. This specifies that the green and blue
color components tend to turn to red and yellow, respectively
(Fig. 13(a)). This is related to the growth in darkness in the
PC–CdSe (−L∗) (Fig. 13(b)).

Table 2. Tristimulus values (X , Y , and Z) and chromaticity coordinates (x,
y, and z) of the PC–CdSe films as a function of γ dosage.

γ dosage (kGy)
Tristimulus values Chromaticity coordinates

X Y Z x y z

0 17.67 17.57 17.17 0.337 0.335 0.328
20 16.83 16.74 16.23 0.338 0.336 0.326
50 14.46 14.38 13.98 0.338 0.336 0.326
100 12.39 12.33 11.88 0.339 0.337 0.325
150 10.32 10.28 9.79 0.340 0.338 0.322
200 8.98 8.95 8.47 0.340 0.339 0.321
250 7.64 7.62 7.15 0.341 0.340 0.319
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Fig. 12. Transmission spectra for the irradiated and pristine NCP films.
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Fig. 13. Variation of color intercepts and color intensity with γ dosage.

The color intensity (∆E), which represents the difference
in color between the pristine and irradiated films, is calculated
using the formula used before.[29] Its variation is displayed

097802-6



Chin. Phys. B 31, 097802 (2022)

in Fig. 13(b) against γ dosage. ∆E improved on increasing
the γ dosage up to 250 kGy. The values of ∆E attained a
noteworthy color alteration, which is a satisfactory feature in
saleable reproduction on printing presses, as ∆E is bigger than
5.[52,53] This shows that the PC–CdSe NCP has a tendency to
color transformation by γ irradiation. The color fluctuations
are produced by the hot free radicals that are shaped by chain
scissions. Moreover, the hot free radicals have electrons with
unpaired spin origin color discrepancies.[29]

4. Conclusion
The γ irradiation of PC–CdSe films leads to the domi-

nance of crosslinks, which modifies their structural and op-
tical properties. Increasing the γ dosages from 50 kGy to
250 kGy leads to an increase in the mass fraction of the amor-
phous phase, reflected in a reduction in the values of the op-
tical bandgap, linked with an increase in the refractive index
and optical dielectric constant. These optical alternations may
optimize PC–CdSe NCP films for optoelectronic applications.
Furthermore, the PC–CdSe NCP films can be an adequate
match in marketable imitation in printing presses.
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177 245
[5] Alhazime A A, Elshamy N T, Benthami K, Barakat M M E and Nouh

S A 2021 J. Polym. Eng. 41 119
[6] Park J H, Park S I, Kim T H and Park O O 2007 Thin Solid Films 515

3085
[7] Nouh S A, Benthami K and Barakat M ME 2020 Radiat. Eff. Defects

Solids 175 41
[8] Bahareth R A, Barakat M ME, Alhodaib A, Aldawood S and Nouh S

A 2021 Eur. Phys. J. Appl. Phys. 94 20402
[9] Chetna T and Ambika S 2016 AIP Conf. Proc. 1728 020151

[10] Al Naim A, Alnaim N, Ibrahim S S and Metwally S M 2017 J. Radiat.
Res. Appl. Sci. 10 165

[11] Mammadov S M, Khankishiyeva R F, Ramazanov M A, Akbarov O H,
Akbarov E O and Akhundzada H N 2017 Am. J. Polymer Sci. 7 23
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