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Abstract

We report the preparation and characterizations of polymethylmethacrylate (PMMA)/zinc oxide (ZnO) doped with 1-chloro-
9,10-bis (phenyl ethynyl) anthracene (CBPEA) dye nanocomposite films by solution casting technique. The nanocomposite
films were characterized using UV—Visible, fluorescence emission, DSC, TGA and SEM techniques. The UV-Visible con-
firms an increase in the absorption wavelength from 280 to 447 nm with increase in the concentration of CBPEA dye. The
microstructural and dispersion of dopants were confirmed by FE-SEM studies. TGA and DSC results displayed the thermal
stability of the nanocomposite films. The fluorescence spectra show the emission maximum for 1.5 wt% dye at 522 nm
shifting towards higher wavelength, and anisotropic plots studies show the faster rotational diffusion with lower value of
anisotropy. Further, colour parameter such as colorimetry co-ordinates (x, y), dominate wavelength (4,), percentage of colour
purity were calculated using 1931(CIE) diagram. The PMMA/ZnO nanocomposite films doped with CBPEA fluorescence
dye show blue-green emission. The nonlinear optical (NLO) properties were studied by open and closed aperture Z-scan
technique using DPSS continuous wave (CW) laser operating at 532 nm wavelength. The two-photon assisted nonlinear
absorption, nonlinear refraction third-order nonlinear optical susceptibility (), and all-optical switching properties were
determined. The switchover property of nanocomposites from reverse saturable absorption (RSA) to saturable absorption
(SA) behaviour was observed. Therefore, the obtained results suggest that the fabricated films are suitable materials for
optoelectronics and nonlinear optical applications.

1 Introduction

Nowadays, the research work is much devoted in prepara-
tion of polymer nanocomposites using semiconductor nano-
particles (NPs) embedding in polymer network. Recently,
polymer-based nanocomposites are class of materials, have
much attention in current research, due to their good optical,
nonlinear optics, thermal, mechanical and structural prop-
erties and potential application in optoelectronic devices,
optical sensors, electrolytes, optical fibres [1-5]. Due to the
addition of semiconductor nanoparticles (TiO,, ZnO, CdS,
CdSe, ZnS, etc.) improves the linear optical and third-order
nonlinear optical, structural and thermal properties of the of
the polymer matrix [6-9]. The third-order nonlinear optical
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materials have emerged as a promising research field with
wide applications in high speed communication networks
such as optical switching, frequency converters, optical
switching, wavelength manipulation, high density data stor-
age devices, optical limiting devices and signal processing
devices [10-15]. The properties of the polymer nanocom-
posite are depending on the type of nanoparticles or fillers
present in the polymer matrix. Many inorganic materials
being explored as UV absorbers, among various semicon-
ducting materials, the ZnO NPs are suitable semiconductor
with good stabilizing property within polymer matrix [16,
17].

ZnO is a wide bandgap (3.37 eV), negative n-type semi-
conductor material with excellent chemical stability and
large exciton binding energy (60 meV). ZnO has wide
application in LEDs, electrodes, solar cells and lumines-
cence at room temperature [18, 19]. Polymethylmethacrylate
(PMMA) has moderate properties such as easy handling and
processing, low cost, highly flexible, good transparency and
light weight. In addition to these properties, PMMA has
good chemical and physical properties, hence, the PMMA
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has wide range of applications. The polymer nanocomposite
films are prepared using various methods such as spin coat-
ing, spray coating, solution casting, printing, etc [20-22].
Fluorescent dyes are the organic molecules with complex
aromatic molecular structure that absorb light and re-emit it
at a longer wavelength. Fluorescent dyes are low cost mate-
rials and easily soluble in polymer matrix and have a good
emissivity. The fluorescent dyes have potential applications
in different fields, because of wide spectral region in the vis-
ible region, shifting towards higher wavelength region [23].
Further, the fluorescent dye-doped polymer nanocomposites
have wide applications in the optoelectronic and photon-
ics devices. Dyes are playing important role in formation
of charge transfer complex during reaction of fluorescence
dye as a donor or electron acceptor in synthesis. Dye has
conjugated system, i.e. a structure with alternating double
and single bond, absorbing light in the visible spectrum.
Dye-doped polymer composite exhibits good thermal, mor-
phological and optical properties for displaying components
and optoelectronic device applications [24].

Recently, Nayak et al. have reported the dispersion of ZnS
nanoparticles in PMMA and studied the optical and electri-
cal properties for OLED applications [25]. Kulyk et al. stud-
ied linear and nonlinear optical properties of PMMA/ZnO
nanocomposite films [26]. A. Singh et.al recently reported
the atomic layer deposition of ZnO thin films on PMMA
polymer and studied its structural, morphology and pho-
toluminescence properties [27]. Zhang et al. successfully
fabricated the transparent ZnO/PMMA nanocomposites via
free radical polymerization and in situ thermal decompo-
sition, due to the dispersion of ZnO nanocrystals and the
nanocomposite films exhibit good optical and thermal prop-
erties [28]. The fluorescent dyes are playing an important
role in enhanced photochemical stability of polymers. Niu
et al. reported the anthracene derivative dye in poly (N-vinyl
carbazole) for blue light emitting diodes and shows good
device performance with maximum quantum efficiency and
brightness more than 3000 cd/m? [29]. Hong et al. studied
the dispersion of ZnO in PMMA, shows good thermal and
structural properties. They have shown the grafting PMMA,
reduce the aggregation of ZnO nanoparticles and this causes
PMMA grafted ZnO nanocomposites, enhances the thermal
stability [30]. The role of derivative of fluorescent dyes have
excellent photoluminescence and electroluminescence prop-
erties, used as light emitting materials. Anthracene moieties
will improve the structural properties, thermal stability, good
colour purity and fluorescent emission property [31, 32].

The above-mentioned research reports have motivated us
to carry out the present research work. In our previous work,
we confirmed a good interaction between four different con-
centrations of CBPEA dye-doped into PMMA/ZnO nano-
composites from the structural properties and also observed
a decreasing optical energy bandgap with increasing the dye
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concentration [33]. Herein, we focus on the optical prop-
erties of PMMA/ZnO polymer nanocomposite by adding
higher concentration of CBPEA dye. In this study, we report
the details of linear and nonlinear optical properties, thermal
and morphological properties of PMMA/ZnO nanocompos-
ites doped with CBPEA fluorescent dye. We mainly focused
on fluorescence emission properties and fluorescence polari-
zation, nonlinear optical properties with closed and open
aperture Z-scan. In addition, the LED parameters such as
colour co-ordinates, dominant wavelength and colour purity
were calculated using fluorescence emission spectra by CIE
chromaticity diagram. The thermal stability and surface
morphology have also been studied. Hence, the PMMA/ZnO
nanocomposites doped with CBPEA fluorescent dye can be
a prominent material for optoelectronic device applications
and displaying materials.

2 Experimental section
2.1 Materials

The polymer PMMA with molecular weight 400,000 g/mol
was purchased from Alfa Aesar, India. Zinc oxide (ZnO)
with molecular weight of 81.37 g/mol was purchased from
Himedia Laboratories Pvt. Ltd India was. The organic fluo-
rescence dye 1-chloro-9,10-bis (phenyl ethynyl) anthracene
(CBPEA) with molecular weight 412.91 g/mol was pur-
chased from Sigma Aldrich, India.

2.2 Preparation of PMMA/ZnO/CBPEA
nanocomposite film

The polymer nanocomposite films were prepared by solution
casting method and the experimental procedure has been
reported in our previous article [33]. PMMA/ZnO composite
with dispersion of 5 wt% ZnO nanoparticles into PMMA
polymer and PMMA/ZnO/CBPEA composites with differ-
ent wt% of CBPEA dye doping were prepared by solution
casting method using the formula:
my
M(wt%) = ———— x 100 D
my, +my
where m, and m,, are the mass of dopant and polymer,
respectively. The photographic images of the films under
room light are given in Fig. 1.

2.3 Reaction mechanism

The chemical interaction of PMMA/ZnO/CBPEA is shown
in the reaction scheme given in Fig. 2a. The stepwise
reaction can be explained as follows: The PMMA/ZnO
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Fig. 1 Photographic images of )
a PMMA, b PMMA/ZnO, ¢ (a) (b) (c) (d)
0.1 wt% CBPEA, d 0.25 wt%
CBPEA nanocomposite films
Fig.2 Reaction scheme of a (a)
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nanocomposite solution was prepared in benzene at room
temperature and stirring for 24 h. The PMMA/ZnO nano-
composite was further subjected to reaction with CBPEA in
the same solvent.

The Zn nanoparticles were uniformly dispersed in PMMA
matrix doped with CBPEA dye which was confirmed by
SEM (Fig. 6), will be explained later. Initially, the ZnO
attaches on carbonyl group of PMMA molecule and forms
the electrostatic interaction. The nanocomposite upon reac-
tion with CBPEA (containing triple bond) replace the Zn ion
and forms the z-electronic interaction with oxygen atom of
the carbonyl group of PMMA/ZnO nanocomposite. Further,
the Zn ion present in the reaction mass finds on PMMA/
CBPEA dye which is held by d-electron of Zn atom with
z-bond of the dye, illustrated in reaction scheme given in
Fig. 2b.

2.4 Characterization techniques

The structural, thermal, morphological properties linear
and nonlinear optical properties of the selected polymer

S i

N
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nanocomposite films were studied using different experi-
mental techniques. The linear absorption spectra were
obtained using JASCO 750 UV-VIS-NIR spectrophotom-
eter in the wavelength range is 200 nm to 1000 nm. The
fluorescence microscopic images were recorded using
ZEISS fluorescence microscope. The fluorescence emission
spectra were performed using HORIBA Fluromax fluores-
cence spectrometer. The thermal stability of the nanocom-
posite films explained using TGA STD Q600 V20.9 Build
20. The surface morphological studied using NANOSURF
EZ2-FlexAFM. The CIE colour parameter was calculated
using colour calculator version 7.23 software. The effect of
UV light on the polymer nanocomposites films using Cole-
Pormer UV Lamp 8 watt with wavelength of 365 nm and
254 nm were studied using the above-mentioned techniques.

The third-order nonlinear optical (NLO) properties of
CBPEA dye-doped PMMA/ZnO polymer nanocomposites
were studied using open and closed aperture Z-scan tech-
nique [34]. The main advantage of this technique is on can
measure nonlinear absorption (NLA) and nonlinear refrac-
tion (NLR) simultaneously with a single scan. Open aperture
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(OA) Z-scan helps to determine NLA and closed aperture
(CA) Z-scan to measure NLR. In the present work, we per-
formed Z-scan measurements with diode-pumped solid state
(DPSS) continuous wave (CW) laser of Gaussian beam pro-
file having 532 nm wavelength and 200 mW output power.
Schematic of the Z-scan experimental setup is shown in
Fig. 3. The laser beam was tightly focused with the plano-
convex lens having 28.6 cm focal length. The beam size
and the intensity of the laser at the focus point are meas-
ured to be 33 pm and 12.8 kW/cm?, respectively. The 1 mm
cuvette containing the polymer nanocomposite solutions
were placed on a stepper motor (100 um resolution) and
was scanned across the focus of the lens along the Z-axis
direction (laser beam propagation). The Z-scan measure-
ment of thin medium condition is fulfilled since the sample
thickness is less than the Rayleigh length (Z;=6.15 mm).
All the power transmitted through the sample was collected
in the open aperture Z-scan experiment. Whereas, only par-
tially transmitted intensity was measured in closed aperture
experiment, and the aperture size was kept at 40% of the
linear transmittance (S=0.4). The detectors were connected
to the digital electric control unit, the translation stage and
data acquisition were controlled by the computerized Z-scan
program.

Fig.3 Schematic of the Z-scan
experimental setup

DPSS Laser
532 nm
200 mW

L-Lens

B.S — Beam splitter

A - Aperture

D1 & D2 - Detectors

1.4
(a) e Pure PMMA
1 _28Snm . pMMA/ZnO
1.2 4 A - « 0.1wt% CBPEA
Y =« 0.25 wt.% CBPEA
b ,'\ = = 05wt% CBPEA
1.0 S B9 eeees 1wt% CBPEA
] l:‘ ‘, =+ 15wt% CBPEA
W\
qg 0.8 -1 E ","\ c— 456nm
s ] F *\ AN
ﬁ 0.6 4 R PN kX VA \
=) d-=t \ '.\, c . %
@ oot ’ \ '.\ ,/..' -\
204 --- A 0T
qeos 22° ze . :\_‘E_— o =, - —\ <
02--_-' A - ."';’?-T-s-.
_ oS-l Nomed
e
0.0 -

LA LA N A LB R A NN R B
200 250 300 350 400 450 500 550
Wavelength(nm)

3 Results and discussion
3.1 UV-visible studies

The UV-Visible absorption spectra of the pure PMMA,
PMMA/ZnO and CBPEA/PMMA/ZnO nanocomposite
films have been measured as shown in Fig. 4. The absorp-
tion peaks of pure PMMA and PMMA/ZnO films occurs
at 277 nm with very low intensity due to amorphous
nature of PMMA and presence of carbonyl groups [30].
The dye-doped PMMA/ZnO nanocomposites show absorp-
tion peaks at 279 nm and increases to 285 nm assigned to
n—w* transitions. The films with 0.1 wt%, 0.25 wt% and 0.5
wt% dye-doped PMMA/ZnO nanocomposites are showing
another feeble absorption peak at 383 nm, 380 nm and
384 nm, respectively, attributed to n—n* transition of the
benzene ring occurred in anthracene derivative.

The higher concentration of 0.5 wt%, 1 wt% and 1.5
wt% CBPEA dye-doped PMMA/ZnO nanocomposites
shows predominant absorption peaks at 446 nm, 454 nm
and 456 nm, respectively, with increasing intensity and
shifting towards higher wavelengths are assigned to n—m*
transition due to presence of highly conjugated carbonyl

1.2 4 (b)

467nm

CBPEA Dye

284nm

Absorbance

L v Ll v Ll v Ll v
350 400 450 500

Wavelenght(nm)

——
300 550

Fig.4 UV-Vis absorption spectra of a PMMA, PMMA/ZnO and fluorescence dye-doped polymer nanocomposite and b pure CBPEA dye
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functions with electron donor/acceptor complex due to
intermolecular hydrogen bonding in nanocomposite [23,
35].

3.2 Thermal studies

The DSC is an effective technique to study the thermal sta-
bility of the polymer nanocomposites. Figure 5 shows the
DSC thermograms of PMMA, PMMA/ZnO and CBPEA
dye-doped polymer nanocomposite films. The glass transi-
tion temperature, melting temperature and degradation tem-
perature have been determined and the results are shown
in Table 1 [22, 36]. It is observed that the dispersion of
ZnO nano powder in PMMA matrix will hinder the moment
of macromolecules and increases the 7,. From Fig. 5, it is
observed that the small changes in heat flow from exothermic
to endothermic in dye-filled PMMA/ZnO composite is due
to intermolecular interaction between PMMA and CBPEA
dye, signifies the complete solubility of dye and dispersion
of ZnO in polymer matrix [11, 17, 18]. The melting tem-
perature (7,,) is observed around 258 °C for PMMA, shifted
to 266 °C upon increase in dye concentration. The lower
wt% owing to an increase in small movement of dye mol-
ecules within PMMA chain and decreases with increase in
CBPEA dye. Another endothermic peak at 371 °C to 388 C
related to the degradation temperature (7). The degrada-
tion temperature increases with increase in concentration of
fluorescence dye into PMMA/ZnO nanocomposite, due to
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Table1 DSC results of PMMA, PMMA/ZnO and PMMA/ZnO/
CBPEA nanocomposites

Sample name Tg °C) T, (°C) T4 (°C)
PMMA 138 258 371
PMMA/ZnO 148 259 371
01 wt% CBPEA 127 256 375
0.25 wt% CBPEA 125 259 375
0.5 wt% CBPEA 119 262 381
1 wt% CBPEA 115 265 386
1.5 wt% CBPEA 113 266 388

the strong intermolecular interaction between CBPEA dye
and PMMA/ZnO nanocomposite. The calculated values of
thermal parameter for different regions are given in Table 1.

Thermogravimetric analysis (TGA) is another reliable
technique to explain the thermal behaviour and investigated
the percentage of weight loss with temperature. TGA ther-
mograms of PMMA, PMMA/ZnO and CBPEA dye-doped
polymer nanocomposite films are shown in Fig. 5. The ther-
mal stability of PMMA has enhanced upon addition of ZnO
and filled with CBPEA, due to strong interfacial interaction
of Zn atom with dye. From the TGA graph, it is observed
that the decomposition occurred in two stages. The initial
degradation appeared in the range from 150 to 200 °C with
weight loss of about 7-15%, may be due to presence and
evaporation of O—H molecules and benzene in the sample

(i)

(o]
o
1

Pure PMMA

PMMA/ZnO
+ 0.1 wt.% CBPEA

0.25 wt.% CBPEA
- 0.5 wt.% CBPEA
=== 1 wt.% CBPEA
1.5 wt.% CBPEA

[=2]
o
1

H
o
1

20 \\
0. \{t&xﬂ-ﬁ_uga
L) L) L) L) L)
100 200 300 400 500
Temprature ("C)

Fig.5 i DSC and ii TGA thermograms of (a) PMMA, (b) PMMA/ZnO, (c) 0.1 wt% CBPEA, (d) 0.25 wt% CBPEA, (e) 0.5 wt% CBPEA, (f) 1
wt% CBPEA and (g) 1.5 wt% CBPEA dye-doped polymer nanocomposites
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[24, 28]. The second degradation temperature appeared from
200 to 400 °C with thermal decomposition up to 350 °C is
observed and the percent of weight loss decreases due to
increase in dye [23, 37].

3.3 Scanning electron microscopy (SEM)

Figure 6 shows surface morphology of PMMA, PMMA/
ZnO, CBPEA dye-doped PMMA/ZnO nanocomposite films
recorded by field emission scanning electron microscopy
(FE-SEM).

It is observed from Fig. 6, that the PMMA has a smooth
surface, and 1.5 wt% CBPEA-doped ZnO/PMMA nano-
composite exhibits uniform dispersion of ZnO particles
and the greater propensity to aggregate on the PMMA film,
specified excellent compatibility between ZnO and PMMA
[28-30]. Due to CBPEA dye doping into PMMMA/ZnO
nanocomposite, the surface of the polymer nanocomposite
films shows tiny rods. The doping of CBPEA dye at 0.5 wt%
and 1.5 wt% ascribed to possess smooth surface, compared
to PMMA/ZnO [38, 39].

3.4 Fluorescence studies
3.4.1 Fluorescence emission

The fluorescence emission study is one of the impor-
tant techniques for the optical properties of the polymer

Fig.6 SEM images of a
PMMA, b PMMA/ZnO, ¢ 0.5
wt% CBPEA and d 1.5 wt%
CBPEA fluorescence dye-doped
PMMA/ZnO nanocomposite
films

|

OF= 4000  SgaAsimen Wagr WO WO alem

1'!" DO 000w SowAsiien Mg NNOCE WO« e

nanocomposites. Figure 7 shows the fluorescence emis-
sion spectra of pure PMMA, PMMA/ZnO and different
wt% of CBPEA dye-doped polymer nanocomposites.
It was observed from the figure that the fluorescence
emission occurred in the visible region and the emission
wavelength was shifted towards higher wavelength due to
increase in the CBPEA dye concentration in the compos-
ite. The fluorescence emission peak for pure CBPEA dye
shows at 606 nm. The fluorescence emission in PMMA/
ZnO composite is due to uniform distribution of ZnO
nanoparticles in the polymer matrix and enhances the
fluorescence property of pure PMMA. The PMMA/ZnO
exhibits two emission peaks at 437 nm and 460 nm in the
visible region, shifted towards higher wavelength due to
dispersion of 5 wt% ZnO nanoparticles into PMMA poly-
mer. These emission peaks in the visible region are due
to radiative recombination of electrons from the conduc-
tion band and holes from the valence band of the PMMA/
ZnO composite. The emission peak at 437 nm is due to
presence of oxygen vacancies on the surface of ZnO and
emission at 460 nm, due to presence of deep interstitial
oxygen inside the ZnO [28, 40]. The fluorescence emis-
sion of PMMA/ZnO/CBPEA fluorescent dye nanocom-
posite shows 426 nm for 0.1 wt%, whereas the emission
shows a blue-green shift towards higher wavelengths with
increase in intensity at 492 nm for 0.25 wt%, 495 nm for
0.5 wt%, 498 nm for 1 wt% and 502 nm for 1.5 wt%.
This clearly shows the blue-green shift of fluorescence
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Fig. 7 Fluorescence emission spectra of PMMA, CBPEA dye, PMMA/ZnO and 0.1 wt%, 0.25 wt%, 0.5 wt%, 1 wt%, 1.5 wt% CBPEA fluores-
cence dye-doped PMMA/ZnO nanocomposites
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emission in PMMA/ZnO/CBPEA nanocomposite is due
to the possible interaction between CBPEA dye replaces
the Zn ion and forms the n-electronic interaction with
the oxygen atom of the carbonyl group(C=0) of PMMA/
ZnO nanocomposite within the polymer matrix. The fluo-
rophore molecules interact with the PMMA/ZnO nano-
composites, and hence might be drastically changed in
the emission spectra.

Further, at higher concentration of CBPEA dye dop-
ing (0.5 wt%, 1 wt% and 1.5 wt%) in PMMA/ZnO nano-
composites, the second green fluorescence emissions
were observed at 521 nm, 522 nm 525 nm. These green
emissions in PMMA/ZnO/CBPEA nanocomposites can
be attributed to deep level emission, caused by fluores-
cent dye impurities and structural defects inherent in ZnO
nanoparticle such as oxygen vacancies, zinc interstitials
and interaction of fluorophore containing aromatic com-
pounds into polymer nanocomposite [1, 41]. The guest
(CBPEA) molecules are probably attached to the surface
of the ZnO at the oxygen vacancy sites, which signifi-
cantly reduced the concentration of oxygen vacancy sites
of ZnO. Thus, the fluorescence dye capping slows down
the decay rate of green emission peak due to energy trans-
fer, which supports the fact that CBPEA dye molecules
are attached at the oxygen vacancy sites of the ZnO with
reduced defect states [29, 42, 43].

Fig. 8 Fluorescence micro-
scopic images of a PMMA/
ZnO, b 0.1 wt%, ¢ 0.25 wt%,
d 0.5 wt% for excitation
wavelength 440 nm, e 1 wt%
and f 1.5 wt% for excitation
wavelength 530 nm of CBPEA
dye-doped PMMA/ZnO poly-
mer nanocomposites
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3.4.2 Fluorescence microscopic images

Figure 8 shows fluorescence microscopic images of PMMA/
ZnO and CBPEA dye-doped PMMA/ZnO nanocomposites,
recorded using Zeiss fluorescence microscope exhibits
green emission under blue (420 nm to 495 nm) excitation
and red emission under green (510 nm to 560 nm) excita-
tion. The same results are also observed in the lab, when the
PMMA, PMMA/ZnO and CBPEA dye-doped PMMA/ZnO
nanocomposite films exposed under UV light of 365 nm
and the photographic images are shown in Fig. 9 [40]. The
ZnO nanoparticles dispersed uniformly in polymer matrix,
containing carbonyl and benzene groups in nanocompos-
ite. Photo-induced fluorescence imaging in dye/PMMA/
ZnO nanocomposites results in the strong emission, due to
motion of the dye molecular segments within the polymer
matrix and possibility of intermolecular interactions, such
as hydrogen bonding and hydrophobic interactions from the
electron-donating and electron-accepting groups. When such
materials exposed to the light of different wavelengths, the
fluorescence emissions occur due to photochromic reaction
mechanism and such materials are called as photochromic
materials, which are suitable for optoelectronic devices [37,
44].

The same results are also observed in the lab, when the
PMMA, PMMA/ZnO and CBPEA dye-doped PMMA/ZnO
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Fig.9 Photographs of a PMMA, b PMMA/ZnO, ¢ 0.1 wt% and d 0.25 wt% CBPEA dye-doped PMMA/ZnO polymer nanocomposite films

under UV lamp of 365 nm

nanocomposite films exposed at under UV light in 365 nm
the nanocomposite films emits blue-slight green emission
with increasing doping material the observed photographic
images are shown in Fig. 9 [40].

3.4.3 Steady state fluorescence anisotropy studies

Steady state fluorescence anisotropy is an important param-
eter for studying the rotational mobility of a fluorophore
and molecular orientation. The anisotropy occurs, when
the light emitted by the fluorophore with different fluores-
cence intensity along with different axes of polarization. It
is working on the principle of photo-selective excitation of
fluorophores with polarized light. The higher the value of
fluorescence anisotropy, the faster the rotational diffusion,
the lower the value of anisotropy, the slower the rotational
diffusion [45]. This is caused by fluorescence depolarization
due to the process of fluorescence anisotropy measurements.
Fluorescence anisotropy calculations are due to the exciting
fluorophore molecules with polarized light and determining
the fluorescence intensity both with parallel and perpendicu-
lar to the excitation polarization. Fluorescence anisotropy
(r) and polarization (P) for polymer nanocomposites can be
calculated using the equations [46]:

LIyy — I
r= \'AY VH (2)
LIyy + 21y
_ IHHIVV - IHVIVH (3)

B IHHIVV - IHVIVH

where Iy and Iy, respectively, are vertically and horizon-
tally polarized fluorescent light, which are produced by ver-
tically polarized excitation light

Figure 10 shows fluorescence anisotropy with wavelength
for PMMA, PMMA/ZnO nanocomposites and CBPEA dye-
doped PMMA/ZnO polymer nanocomposite films. The value
of fluorescence anisotropy for PMMA varies from 0.1 to
0.65 with the excitation wavelength of 250 nm and varies
from 0.15 to 0.07 for 420 nm excitation. The fluorescence
anisotropy for 0.5 wt% CBPEA fluorescence dye-doped
PMMA/ZnO nanocomposite varies from 0.02 to 0.027, and

for 1.5 wt%, it varies from 0.009 to 0.033 for the excitation
of 460 nm.

Figure 10e, f show fluorescence polarization (p) graphs.
Using Eq. 3. the calculated fluorescence polarization for 0.5
wt% CBPEA dye-doped PMMA/ZnO nanocomposites var-
ies from 0.07 to 0.11, and for 1.5 wt% CBPEA dye doping
it varies from 0. 014 to 0. 049. The polarization decreases
with increase in rotation mobility [47, 48].

3.5 CIE chromaticity plot
3.5.1 Calorimetry co-ordinates

The CIE chromaticity diagram of PMMA/ZnO and CBPEA
dye-doped PMMA/ZnO polymer nanocomposite films is
shown in Fig. 11 using commission international d’Elairge
(CIE) in 1931, denoted as CIE 1931(x, y) colour space. The
CIE chromaticity colour co-ordinates (x, y) can be calculated
using emission spectra by CIE 193 1diagram, CIE introduce
three primaries X, Y, Z described as linearity of colour space
this can be mathematically expressed as:

X:k?pMﬁMML @
Y=k Z’ PF(AAA 5)
Z=k Zo POA(A)dA ©)

where k is constant (k> 0), p(4) is spectral distributions of a
given colour and x(4), y(4) representing the amounts of the
primaries X, Y, and Z required to match all monochromatic
colour of wavelengths (1) of the visible spectrum. The chro-
maticity co-ordinates function of the tristimulus values x,
y and z in CIE colour space chromaticity co-ordinates are
defined as:

_ X
x+y+z 0
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1.5 wt% CBPEA dye-doped PMMA/ZnO nanocomposite

_ y Equations (7), (8) and (9) colour space chromaticity co-
T x4y+z (®) ordinates only two chromaticity co-ordinates which are suf-
ficient to explain the colour chromaticity. In order to calcu-
_ Z late the dominant wavelength, we must first introduce the
T x4y+z ®)  identification of a colour by its x, y chromaticity co-ordinates
as plotted in the chromaticity diagram [49, 50]. The x, y
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Fig. 11 CIE 1931 Chromaticity diagram of PMMA/ZnO and PMMA/
ZnO/CBPEA polymer nanocomposites showing the colorimetric co-
ordinates in the blue-green region

Table 2 Colour parameters using CIE 1931 diagram of ZnO/PMMA/
CBPEA dye nanocomposite

Sample X y Dominant Colour
wavelength purity
(nm) (%)
CBPEA dye 0.5994  0.3935 595 98.5
PMMA 0.1744  0.0051 317 -
PMMA/ZnO 0.1529  0.0274 457 98.8
0.1 wt% CBPEA 0.1548  0.0239 454 99.0
0.25 wt% CBPEA  0.1532  0.0266 456 98.8
0.5 wt% CBPEA 0.0974  0.5292 498 86.4
1 wt% CBPEA 0.1061  0.5790 502 80.7
1.5 wt% CBPEA 0.1019  0.6261 504 83.9

co-ordinates of the light source can be considered to be mix-
ture of saturated light of a specific dominant wavelength and
white light, called an illuminate, explained using CIE.

3.5.2 Dominant wavelength (A,)

In the present study, the (x, y) colour co-ordinates visible on
the edge of the colour space of the prepared polymer nano-
composites [49]. The dominant wavelength of PMMA/ZnO
and dye-doped PMMA/ZnO nanocomposites was calculated
with the help of calorimetric co-ordinates, which is belong-
ing to blue-green emission and given in Table 2.

3.5.3 Colour purity

The measurement of colour purity is an important charac-
teristic of the light emitting devices. Colour purity is the
weighted average of the (x, y) co-ordinates relative to the
co-ordinates of the illuminate and the co-ordinates of the
dominant wavelength.

Vi) + (-)°

Colourpurity = 10)

x 100%
(xd - xi)2 + ()’d —)’i)2

The pure CBPEA fluorescence dye shows 98.5% colour
purity and ZnO/PMMA nanocomposite films show 98.8%
colour purity as shown in Table 3 and the prepared films
exhibit blue colour [50]. The maximum colour purity of 99%
observed for 0.1 wt% of CBPEA dye-doped ZnO/PMMA
nanocomposite film.

3.6 Nonlinear optical studies

3.6.1 Nonlinear absorption

The open aperture z-scan curves of the PMMA/ZnO/
CBPEA polymer nanocomposites are shown in Fig. 12.

It is observed that pure PMMA and PMZ composites
show two different nature of nonlinear absorptions. Pure

Table 3 Shows the obtained values of nonlinear phase shift (A¢), NLA coefficient (f), NLR coefficient (n,), susceptibility (;((3>), second hyper-
polarizability (y,,) of pure PMMA and PMMA/ZnO composites under CW laser excitation at 532 nm

Sample A¢ £107 n, 1078 Re ¥ Im 4® P " w T
(cm/w) (cm?/w) 107 esu 1078 esu 107 esu 10720 esu

PMMA 2.10 14.8+0.1 —1.53+0.05 —-8.14 3.34 8.14 3.87 3.68 0.52
PMMA/ZnO 3.10 2.90+0.2 —-2.28+0.1 —-12.2 0.65 12.2 5.77 4.34 0.07
0.1 wt% CBPEA 1.80 7.20+0.1 —-1.34+0.2 -7.14 1.63 7.14 3.39 2.15 0.29
0.25 wt% CBPEA 1.35 10.2+0.25 —1.08+0.15 -5.74 2.30 5.75 2.73 1.86 0.50
0.5 wt% CBPEA 1.60 -26.5+0.3 —-1.31+0.1 —17.00 -5.98 7.03 3.34 1.87 1.07
1 wt% CBPEA 2.50 -16.5+0.15 —-0.36+0.2 -1.93 -3.72 1.97 0.93 1.06 243
1.5 wt% CBPEA 2.70 -9.30+0.2 -0.22+0.1 —1.16 -2.10 1.18 0.56 1.07 2.28

@ Springer



10542

Journal of Materials Science: Materials in Electronics (2020) 31:10531-10547

Fig. 12 Nonlinear absorption
curves of a pure PMMA, b
PMMA/ZnO ¢ CBPEA -0.1
wt% d CBPEA —0.25 wt% e
CBPEA —0.5 wt% f CBPEA
—1 wt% g CBPEA — 1.5 wt%
and h doping effect of CBPEA
dye on nonlinear absorption of
PMMA/ZnO nanocomposites
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PMMA, PMMA/ZnO, CBPEA —0.1 wt% and CBPEA
—0.25 wt% show the reverse saturable absorption (RSA)
behaviour, i.e. the absorption is maximum at the focus
where the intensity is maximum (Z=0). Whereas, CBPEA
—0.5 wt%, CBPEA — 1 wt% and CBPEA — 1.5 wt% com-
posite show the saturable absorption (SA) behaviour, i.e.
the transmitted intensity of the sample reaches maximum
at the focus point (Z=0). Therefore, sign of the nonlinear
absorption is positive for SA (f <0) and positive for RSA
(> 0). The switchover property from reverse saturable to
saturable absorption (RSA to SA) has been observed for
PMMA/ZnO/CBPEA nanocomposites at 0.5 wt% doping
of CBPEA dye. In case of saturable absorbers, the mol-
ecules in the ground state become excited into the higher
energy state at sufficiently high intensity (saturation inten-
sity). When there is insufficient time for the molecules
to decay back to the ground state before the ground state
becomes depleted, the absorption subsequently saturates.
These type of SA behaviour is usually observed in vari-
ous dye molecules, and they are useful in laser cavities for
passive Q-switching and mode-locking applications in the
production of ultrafast laser pulses [51].

In order to estimate the nonlinear absorption coefficients
quantitatively and to confirm the corresponding nonlinear
absorption (NLA) mechanism, we fitted the experimental
open aperture data with the theoretical NLA model. The
solid lines in Fig. 12 represents the theoretical curves, and
open circles are experimental data. The two-photon absorp-
tion type nonlinear absorption was found to be the best
approximation since the energy bandgap of selected polymer
nanocomposites are corresponding with the energy of two
photons (E, ~2hv). The normalized transmission as a func-
tion of sample position is given by,

TZ)=1=+x & (11)
2V2(1+22/22)

where, S is the two-photon absorption coefficient, which is
found to be in the order~ 10> cmW~! for all the samples.
Loy = (1 —exp™L)/a is the effective length of the sample,
a is the linear absorption coefficient and L is thickness of
the sample. ] is the intensity of the laser beam at the focus.
The corresponding f values of the samples are presented in
Table 3.

3.6.2 Nonlinear refraction (NLR)

The nonlinear refraction curves of the PMMA/ZnO/CBPEA
polymer nanocomposites are shown in Fig. 13. We observed
negative nonlinear refraction behaviour for all the samples.
The nonlinear phase shift of the samples obtained by fitting
the closed aperture data with the following relation:

(4XAgy)
TZ)=1-
= x 9 (12

where, T(Z) is the normalized transmittance, A¢,, is the non-
linear phase shift, and X=Z7/Z,. Nonlinear refractive index
n, can be calculated using the Ag, value in the relation
A¢ = kn,l L., where k (=27/4) is the wave vector. The
obtained values of the NLR coefficients are found to be in
the order~ 1078 cm? W~! and are given in Table 3.

The third-order nonlinear refraction and absorptions
are directly related to the real and imaginary part of the
third-order nonlinear optical susceptibility, respectively.
The real, imaginary and magnitude of the susceptibility of
the PMMA/ZnO/CBPEA polymer nanocomposites were
determined using the following relations [52]:

®_ B, 0

X Xp ‘i, (13)
cn? 2

® _ % m

X (esu) = 120ﬂ2n2<W> (14)
C2n2

3 (esu) = 0 ﬂ) 15

2 = (W (15

where c is the velocity of light, n; is the linear refractive
index and w is the angular frequency of the incident pho-
tons. The obtained magnitude of the NLO susceptibility of
pure PMMA and PMMA/ZnO/CBPEA nanocomposites are
found to be in the order ~ 10~ esu. Further, the molecular
second hyperpolarizability (microscopic polarizability) of
the samples is also calculated and the values are found to be
in the order ~ 107 esu. The obtained NLO parameters of
polymer nanocomposites are compared with that of reported
materials under various continuous wave laser excitations
and are given in Table 4. It is found that the obtained results
for PMMA/ZnO/CBPEA nanocomposites are found to be
comparable with the reported materials.

Further, the one photon (W) and two-photon (7) figures
of merit for all-optical switching applications have been
studied. These two figures of merit decide the materials
suitability in the optical switching at the laser excitation
wavelength 532 nm. The calculated figures of merit for
PMZ composites have satisfied the criteria W>1 and T< 1
up to 0.5 wt% doping percentage, and did not follow the
trend thereafter. Therefore, the polymer nanocompos-
ites could be used for all-optical switching applications
only below 0.5 wt% doping. The possible reason for this
behaviour may be due to the materials switchover property
which is observed at 0.5 wt% doping concentration.
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Fig. 13 Nonlinear refraction
curves of a pure PMMA, b
PMMA/ZnO, ¢ CBPEA -0.1
wt%, d CBPEA —0.25 wt%, e
CBPEA —0.5 wt%, f CBPEA
—1 wt%, g CBPEA — 1.5 wt%
and h doping effect of CBPEA
dye on nonlinear refraction of
PMMA/ZnO composites
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Table 4 Comparison of Material Laser source £ 1074 (cm/W)  n, 107 ¥ 10  References

NLO parameters of PMMA/ (cm®/W)  (esu)

ZnO/CBPEA polymer

nanocomposites with some of Celestin blue B dye/PMMA film 532 nm; 100 mW —1.6 -0.65 166 [53]

the reported materials Leishman dye/PMMA film 532 nm: 100mW  —37.26 —418 3156 [54]
PR-PVA nanocomposite films 442 nm —380.0 - 591 [55]
Cgy-doped PMMA 635 nm; 20 mW  3.56 -0.93 5.64 [56]
Giemsa dye/PMMA film 532 nm; 100 mW —11.72 —1.45 11.43 [57]
AB 10B dye/PVA films 633 nm; 21 mW  —16.0 —1.66 2.06 [58]
MNC chalcone/PMMA film 532 nm; 200 mW  1.34 - 0.049 [59]
N-ANC chalcone/PMMA film 532 nm; 200 mW  —82.1 -0.077 144 [60]
Phthalocyanine/PMMA films 633 nm; I5mW  —-610 -71 400 [61]
5 wt% Mn-doped ZnO films 633 nm;22mW  3.23x10* -319 360 [62]
PMZ-0.5 wt% 532 nm; 200 mW  —2.65 -0.13 0.70 Present

3.6.3 Doping effect of CBPEA dye on PMZ

Figures 1h and 13h show the doping effect of CBPEA dye
on nonlinear absorption () and nonlinear refraction (n,)
of PMMA/ZnO/CBPEA nanocomposites, respectively. It is
observed from Fig. 12h that the nonlinear absorption linearly
increases with the increase in doping percent of CBPEA dye
up to 0.5 wt% and decreases linearly thereafter. The mag-
nitude of nonlinear absorption of CBPEA —0.5 wt% nano-
composites is found to be larger as compared to other com-
posites and pure PMMA polymer. However, the nonlinear
absorption behaviour switches from RSA to SA at 0.5 wt%
doping concentration and retains the same characteristic
behaviour for higher concentrations also. It demonstrates
the switchover behaviour of composites due to the pres-
ence of CBPEA dye which is effective only above 0.5 wt%
doping. Because, in order to absorb large number photons,
the adequate number of dye molecules are required so that
the molecular transition takes place from ground to excited
state. This adequacy of molecular concentration of CBPEA
dye was found at 0.5 wt% doping, as a result the switchover
behaviour from RSA to SA takes place. From Fig. 13h, it is
clear that the magnitude of nonlinear refraction is larger for
pure PMMA/ZnO and pure PMMA which linearly decreases
as the doping percent of CBPEA dye increased from 0.1 to
1.5 wt%. The change in NLO properties with respect to dye
doping is due the structural and transmittance changes in
the films. The large number of dye molecules conjugated
with PMMA/ZnO films enhanced the absorption of more
number of photons which increases nonlinear absorption ()
till 0.5 wt% and decreases thereafter due to the switchover
behaviour from RSA to SA. Whereas, the nonlinear refrac-
tion (n,) decreases with increase in dye molecules due to the
structural changes of the films. The formation of tiny rods
due to the presence of CBPEA dye are the reason to observe
the decrease in n, with doping percentage. These grains
could be larger for highest doping percentage (1.5 wt%) and

thereby increasing the surface roughness of the films, which
in turn decreased the n,. Therefore, from our studies, it is
observed that the NLO properties of PMMA/ZnO/CBPEA
nanocomposites have greatly influenced with the doping of
CBPEA dye. In fact, the doping effect at 0.5 wt% of CBPEA
has made enormous changes in the NLO results. Hence, the
CBPEA dye-doped PMMA/ZNO nanocomposites could be
used as saturable absorber materials in the Q-switching and
mode-locking applications.

4 Conclusion

In summary, the fluorescent dye-doped PMMA/ZnO
nanocomposite films were prepared using solution cast-
ing method in a polar solvent benzene. Due to capping
of 1-chloro,9,10-bis (phenyl ethynyl) anthracene dye, the
optical and thermal properties of PMMA/ZnO nanocom-
posite have been enhanced. Thermal studies confirm that
the prepared nanocomposite films exhibit an increase in the
thermal stability compared to pristine PMMA. The XRD
results confirm an increase in the degree of crystallinity,
due to presence of ZnO and fluorescent dye. SEM images
show that the ZnO nanoparticles and anthracene dye deriva-
tive dispersed uniformly in the polymer matrix. Prepared
polymer nanocomposites exhibit good optical properties due
to presence of Zn ions and fluorescence dye. UV—-Visible
spectra show the absorption in the visible region and exhibit
good electronic transitions. The presence of charge transfer
complexes and intermolecular interaction shows an optical
bandgap of 3.2 eV which decreases to 2.95 eV. The fluores-
cence emission shows a shift in maximum wavelength (4,,,,)
from 436 to 522 nm, which exhibits blue-green emission
due to the presence of anthracene molecules and ZnO NPs.
Fluorescence anisotropy values confirms the faster rotational
diffusion occurs in the nanocomposite. The CIE colorimetric
plot shows the true emission of blue and green colour and
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maximum colour purity of 99% is observed for 0.1 wt% of
dye-doped nanocomposite films. The nonlinear optical stud-
ies under 532 nm CW laser shows the switchover properties
from reverse saturable absorption to saturable absorption at
0.5 wt% dye doping. The negative nonlinear refraction was
observed in all the doping concentrations. The doping effect
of dye indicates the increase in nonlinear absorption up to
0.5 wt% and decreases thereafter, while nonlinear refrac-
tion linearly decreased with increase in doping percentage.
Further, the optical switching studies have demonstrated the
materials suitability in all-optical switching devices. There-
fore, the dye-doped PMMA/ZnO nanocomposites can be
useful candidates for optoelectronic and saturable absorber
applications.
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