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Abstract

This article presents two highly fluorescent donor-n-acceptor (D-n-A) moieties containing an electron-donating carbazole
and phenothiazine donors fused with electron-withdrawing pyrrolo-quinoline acceptor dyes, PQC and PQPT. We also dis-
cussed the polymerization and film-forming process of dye PQC and PQPT doped in poly (methyl methacrylate) (PMMA)
and polystyrene (PS) polymer to find their optical applications in polymer-based technology. We investigated the fluorescent
properties of dyes PQC and PQPT from 0.01 to 1 wt% in poly(methyl methacrylate) (PMMA). We also investigated the
changes in the spectrum shape and shift in wavelength with changes in poly(methyl methacrylate) (PMMA), polystyrene (PS),
and TiO, doped in polystyrene (PS/Ti0O,). The analysis of surface morphology of prepared polymer samples was done with
the help of a scanning electron microscope. The thermal and photostability of synthesized dyes in poly (methyl methacrylate)
(PMMA), polystyrene (PS), and TiO, doped in polystyrene (PS/TiO,) were investigated to get detailed information owing
to the application of fluorescent polymers in the field of optoelectronic, nanohybrid coatings in solar concentrators, etc.
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1 Introduction
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The poly (methyl methacrylate) (PMMA) is one of the most
transparent and durable materials; hence it has been used in
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LCD screens [2, 3], medical technologies, and implants [4],
solid-state dye lasers [5], signs and artistic uses [6].

The polystyrene (PS) is cheap, transparent, rigid, easy to
mould, and has good electrical properties, which open up the
application in different fields such as protective packaging
[7], automobile parts [8], insulation, and electronics [9], etc.

The multilayer films of biopolymer for controlled release
of drug molecules are extensively studied in recent years
[10-12]. The addition of small amounts of fluorescent dye
in the polymer can make the polymer fluorescent [13]. The
temperature responsive copolymer-coated silica nanopar-
ticles for long-term release of fluorescent favipiravir was
recently studied [14]. A fluorescent dye-doped in epoxy
polymer used to identify cracks and self-healing coating
[15-17], transparent biocompatible [18], grafted to glass
[19], repair of artifacts [20, 21], solar concentrators [22], and
holographic patterning [23]. Also, the dye-doped in PMMA
and PS can be used in graded-index polymer optical fiber
[24, 25], sensor application [26, 27], solvatochromic dye
for humidity measurement [28], solar collector [29, 30], and
optical bistability [31].

One of the broadly applicable donor—acceptor type dyes
are the styryl dyes which possess improved n-conjugated
structures with an increase in intramolecular charge-transfer
(ICT) mechanism. The styryl derivatives show high molar
absorptivity, good charge transfer characteristics, improved
thermal and photostability [32—-34]. Also, the metal-organic
framework shows improved photoluminescence and chemi-
cal stability [35].

By tuning donor, acceptor, and n-conjugation system
of a dye, resulted in alter the UV to near-infrared spectra
for application in various fields such as optical writing and
reading [36], red emitter [37], photonic optical fibre [38],
optoelectronic telecommunication [39], electroluminescent
materials [40], and photovoltaic [41].

The high photoluminescence and hole-transport proper-
ties are enhanced by electron-rich nitrogen and sulfur atoms
in carbazole, quinoline, and thiophene derivatives [42].
Also, carbazole, phenothiazine, and pyrroloquinoline het-
erocyclic aromatic nature make it chemically and thermally
stable, creating prominent optical materials [43].

The main aim of this research is to evaluate the effect on
fluorescence in poly (methyl methacrylate) (PMMA) and
polystyrene (PS) polymers using new pyrroloquinoline as a
common acceptor and carbazole or phenothiazine as a donor
of two novel dyes (Fig. 1).

Here, we synthesis of PQC and PQPT dye in a greener
way. The UV-vis and fluorescence analysis to determine
the modifications in photophysical spectra. We studied the
surface morphology and physical strength of polymer sam-
ples with the help of a scanning electron microscope and a
flexural test. The photostability of the dye-doped polymer
was examined by continuous exposer of radiations. The
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Fig. 1 Structures of synthesized styryl dyes

differential scanning calorimetry (DSC) with thermogravim-
etry (TGA) is widely studied to explore the thermal proper-
ties of the polymers.

2 Experimental Section
2.1 Materials and Instruments

The chemicals and solvents were from Spectrochem Pvt.
Ltd., Oxford Lab Fine Chem LLP., and Sigma-Aldrich Ltd.
The poly (methyl methacrylate) (PMMA) and polystyrene
(PS) polymer was bought from Sigma-Aldrich and used
without further purification. Both dyes absorption and fluo-
rescence properties of their respective polymer samples were
studied on a Jasco V-750 Uv-vis spectrophotometer and a
Jasco FP-8200 spectrofluorometer, respectively. We recorded
the differential scanning calorimetric (DSC) and thermo-
gravimetric (TGA) study of dyes and their polymer matrix
on a Jasco instrument. The film thickness was measured by
the Fizeau interferometer. The tensile strength, and flexural
test of polymeric samples, were carried by Instron® modal
no. 5566. The study of surface morphology of polymeric
samples by using a scanning electron microscope (SEM).

2.2 Experimental Methods

The primary photophysical study of samples was done by
using quartz cuvettes of 1 cm path length. The slit width of
5 nm was used to determine the absorbance as well as emis-
sion spectra. The experimental conditions were maintained
constant in all the experiments. The stock solution of dyes
was prepared in chloroform. The dye samples were excited at
their higher absorbance wavelength (A,,,,). The primary pho-
tophysical properties of dyes in solution state were carried
out in three different solvents with an increase in polarities
at a concentration of ~5 X 10® mol/L. The primary photo-
physical properties of dyes in poly (methyl methacrylate)
(PMMA) was carried out at different concentrations, and
the concentration of maximum fluorescence intensity was
further used for polystyrene (PS) samples.
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2.3 Greener Synthesis Procedure of Styryl Dyes

2.3.1 (E)-2-(2-(9-butyl-9H-carbazol-3-yl)
vinyl)-3,3,8-trimethyl-3H-pyrrolo[3,2-h]quinolone
(PQQC)

In a round bottom flask, added 2 ml of dichloroethane,
2,3,3,8-Tetramethyl-3H-pyrrolo[3,2-h]quinoline (1) (1 g,
0.0045 mol) and N-butyl carbazole-4-carbaldehyde (2)
(1.130 g, 0.0045 mol). Then tetra butyl ammonium bromide
(TBAB) (0.160 g, 0.0005 mol) and 5 ml of choline hydrox-
ide were added and heated at 50 °C for 3 h. The completion
of the reactionwas checked on silica gel TLC with mobile
phase (n-hexane: ethyl acetate (1:1)). Once the reaction was
completed, the removal of dichloroethane was carried on a
rotavap and filtered to get solidify the product. The obtained
crude product was purified by column chromatography using
mobile phase (n-hexane: ethyl acetate, (3:2)) to get a yellow-
colored solid. Product yield: (1.130 g, 55%), Melting point:
220 °C, '"H NMR (500 MHz, CDCl;, TMS) § 8.35 (s, 1H),
8.16 (d, J=7.7 Hz, 1H), 8.11 (d, J=15.0 Hz, 1H), 8.08 (s,
1H), 7.81 (d, /J=8.5 Hz, 1H), 7.67 (d, J=8.0 Hz, 1H), 7.50
(d, J=7.8 Hz, 2H), 7.43 (dd, J=8.2, 3.9 Hz, 2H), 7.36 (d,
J=15.0Hz, 1H), 7.32 (d, /=8.4 Hz, 1H), 7.28 (t, 1H), 4.33
(t, J=17.0 Hz, 2H), 2.88 (s, 3H), 1.87 (m, J=15.1, 7.0 Hz,
2H), 1.60 (s, 6H), 1.42 (m, J=15.1, 7.0 Hz, 2H), 0.96 (t,
J=17.0 Hz, 3H).

13C NMR (126 MHz, CDCl;) & 184.5, 159.9, 147.2,
141.4, 141.1, 140.0, 136.4, 127.6, 127.0, 126.2, 125.4,
125.3, 123.5, 123.0, 122.0, 120.7, 120.4, 119.5, 119.1,
117.8,109.3,109.2,77.2, 53.9,43.2, 31.3, 25.9, 24.0, 20.7,
14.0, ESI-MS: m/z caled for C5,H; N5 (M*): 458.2596,
found: 458.2591 [44].

2.3.2 (E)-10-butyl-3-(2-(3,3,8-trimethyl-3H-pyrrolo[3,2-h]
quinolin-2-yl)vinyl)-10H-phenothiazine (PQPT)

In a round bottom flask, added 2 ml of dichloroethane,
2,3,3,8-Tetramethyl-3H-pyrrolo[3,2-h]quinoline (1) (0.750
gm,0.00334 mol) and N-butyl phenothiazine 4-carbaldehyde
(3) (0.947 gm, 0.00334 mol). Then tetra butyl ammonium
bromide (TBAB) (0.160 g, 0.0005 mol) and 5 ml of cho-
line hydroxide were added and heated at 40 °C for 6 h. The
completion of the reaction was checked on silica gel TLC
with mobile phase (n-hexane: ethyl acetate (1:1)). Once the
reaction was completed, the removal of dichloroethane was
carried on a rotavap and filtered to get solidify the product.
The obtained crude product was purified by column chro-
matography using mobile phase (n-hexane: ethyl acetate,
(3:2)) to get an orange-colored solid. Product yield: (0.979 g,
60%), Melting point: 180 °C, 'H NMR (500 MHz, CDCl;,
TMS) 6 8.08 (d, J=8.4 Hz, 1H), 7.81 (d, J=15.0 Hz, 1H),
7.67 (d, J=8.0 Hz, 1H), 7.47 (d, /=8.0 Hz, 1H), 7.41 (d,

J=8.4Hz, 1H), 7.39 (d, J=1.5 Hz, 1H), 7.31 (d, /J=8.4 Hz,
1H), 7.17-7.13 (m, 2H), 7.10 (d, /J=15.0 Hz, 1H), 6.92 (t,
J=7.5Hz, 1H), 6.87 (d, J=4.2 Hz, 1H), 6.86 (d, /J=4.5 Hz,
1H), 3.88 (t, J=7.5 Hz, 2H), 2.87 (s, 3H), 1.81 (m, /=15.0,
7.5 Hz, 2H), 1.52 (s, 6H), 1.47 (m, J=15.0, 7.5 Hz, 2H),
0.96 (t, J=7.5 Hz, 3H).

3C NMR (126 MHz, CDCl;) & 184.1, 159.9, 149.1,
147.2, 146.3, 144.6, 141.0, 137.6, 136.5, 130.8, 127.6,
127.5, 127.4, 127.0, 126.1, 125.5, 125.2, 124.2, 122.8,
122.0, 119.1, 118.1, 115.6, 115.5, 77.2, 53.9, 47.5, 29.1,
25.8, 23.6, 20.3, 13.9, ESI-MS: m/z calcd for C;,H;;N5S
(M+): 490.2317, found: 490.2310 [44].

3 Results and Discussion
3.1 Design and Synthesis

The synthesized styryl dyes PQC and PQPT containing the
same pyrrolo-quinaldine as an acceptor with altered donor
units (carbazole for PQC and phenothiazine for PQPT). The
N-butyl aliphatic chain was strategically implemented to
reduce the recombination or association of dyes [45]. Here,
we synthesis these dyes in an environmentally benign pro-
cess by using a deep eutectic solvent. The detailed synthesis
procedure of intermediates is discussed briefly earlier in the
previous paper [44].

Choline hydroxide was prepared by adding choline chlo-
ride (2.8 g, 0.01 mol) and potassium hydroxide (1.12 g,
0.01 mol) in 30 ml of methanol and then heated at 60 °C for
12 h. Afterwards, the methanol was removed from rotavap
and further used for synthesis without purification [46].

The PQC and PQPT were synthesized by using Knoev-
enagel condensation of 2,3,3,8-tetramethyl-3H-pyrrolo[3,2-
h]quinoline (1) with N-butyl carbazole-4-carbaldehyde (2)
or N-butyl phenothiazine 4-carbaldehyde (3) in dichloro-
ethane with the presence of choline hydroxide and tetra
butyl ammonium bromide (TBAB), respectively (Refer
Scheme 1).

3.2 Preparation of Fluorescent PMMA Films, PS
and PS/TiO, Sheets

3.2.1 Preparation of Fluorescent PMMA Films

We added the PMMA grains with PQC or PQPT fluorescent
dyes in dichloromethane (CH,Cl,) solvent and sonicated for
1 h at 40 °C. The polymer blend was doped with increased
PQC or PQPT fluorescent dye concentrations from 0.01 to
1 wt%. Further on a clean glass petri dish, the polymer blend
was cast and kept dry at room temperature. The fluorescent
PMMA films were then aged for 4 h at 55 °C to remove the
remaining solvent. The obtained fluorescent films were cut

@ Springer
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Scheme 1 Synthetic procedure (
of dyes PQC and PQPT

| _N
(M)

Reagents and conditions: a) DCE, choline hydroxide, TBAB, 50 °C,3h

b) DCE, choline hydroxide, TBAB, 40 °C, 6h

into 4 cm? square portions having 100+ 10 pm thickness
[47]. Figure 2 displays a picture of the PQC and PQPT dyes
fluorescent PMMA films, which shows that the uniformity
of dye in the thin film with an increase in the concentration
having yellow and orange shades.

3.2.2 Preparation of Fluorescent PS Sheet

The Polystyrene (PS) sheets were prepared using a melt
blending process in a Rheomix 3000 blender machine hav-
ing a volume capacity of 300 cm®, and counter-rotating roller
blades were delivered to the kneader having a residence time
of 10 min at a mixing speed of 100 rpm. The 0.3 wt% of the
synthesized dye PQC or PQPT and 200 g of Polystyrene
(PS) were mixed at 220 °C for 10 min. In an electric-heat
curing press, the moulded samples were preheated for 4 min,

having a temperature of 195-200 °C, and then heat pressed.
Subsequently, the piece was then conveyed to a cold-press-
ing instantly and kept for 10 min at 30 °C [48, 49]. The col-
oured PS samples were moulded into 60 X 40 mm diameter
samples thickness of 1 mm, 2 mm, and 3 mm (Fig. 3).

3.2.3 Preparation of PS/TiO, Nanohybrid Sheet

The preparation of PS/TiO, nanohybrid sheet materials
by the same instrument which was used in the fluorescent
PS sheet preparation. The 0.3 wt% of the synthesized dye
PQC or PQPT, 0.25 wt% of TiO, powder and 200 g of
Polystyrene (PS) were mixed at 220 °C for 10 min. The
moulded sample was heated for 4 min a having tempera-
ture of 195-200 °C and then heat pressed. Subsequently,
the piece was conveyed to a cold-pressing instantly and kept

0.10 wt. % 0.30 wt. %

_,\r
R

Fig.2 Cast of increasing concentration of PQC and PQPT dyes in PMMA films
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A -.-

Fig.3 A PQC and C PQPT dyes doped in polystyrene polymer without TiO, and B PQC and D PQPT dyes doped in polystyrene polymer with

TiO, (c=0.3 wt% dye-doped)

for 10 min at 30 °C [48, 49]. The coloured PS samples were
moulded into 60 X 40 mm diameter samples having a thick-
ness of 1 mm, 2 mm, and 3 mm (Fig. 3).

3.3 Photophysical Properties

The PQC and PQPT contain the same acceptor but dif-
ferent donor moiety, which results in a change of absorp-
tion and emission spectra in the various solvent with an
increase in solvent polarity. The difference in photophysi-
cal properties causes a shift in the HOMO/LUMO energy
bandgap. Therefore, we previously studied the primary
photophysical properties of dyes in seven solvents with
increased solvent polarity. Their photophysical proper-
ties were studied in detail in a previous paper [44]. Here,
we shortly discuss the absorption and emission process
of PQC and PQPT in three different solvents with the
increase in solvent polarities are shown in Fig. 4 and tabu-
lated the calculated photophysical figures in Table 1. The
PQC and PQPT show bathochromic shifts from 402 to
405 nm and 423 to 425 nm, respectively, from toluene to
methanol. The bathochromic shift in maximum absorp-
tion wavelength specifies an increase in intramolecular
charge transfer from non-polar to polar solvent. Also, it
displays a bathochromic shift in emission spectra such as
487-517 nm for PQC and 545-605 nm for PQPT from
non-polar (toluene) to polar (methanol) solvent, which
shows that the excited state is more stabilized in the polar
solvents as compared to non-polar solvent. The calculated
full width at half maximum (FWHM) from absorption
peak was 76 nm for PQC as well as122 nm for PQPT in
toluene, which indicates that the existing dye opens up
its use in the field of optoelectronics [50]. The obtained
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Fig.4 Absorption and emission spectra of PQC (A), and PQPT (B),
in various solvents (c= ~5x 107 mol/L)

values of Stokes shift for PQC (83-109 nm) and PQPT
(119-177 nm) from toluene to methanol. The increase in
Stokes shift from non-polar to polar solvent indicates that
the emissive state is more stable than the ground state in
a molecule.

The quantum yields of dyes were calculated using the
help of standard fluorescein (¢ =0.79) in 0.1 mol/L NaOH
solution [51] using the following Eq. (1)

@ Springer
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Table 1 Experimental photophysical data of PQC and PQPT in different solvents

Comp  Solvent Apa (im)  loge”  FWHM® A, (mm)  AE V) A, (m) A,f@m) AL"(m) @
(nm)

PQC  Toluene 402 4.95 76 461 2.69 404 487 83 0.0782
DMF 404 489 79 464 2.67 406 506 100 0.0144
Methanol 405 492 718 468 2.65 408 517 109 0.0002

PQPT  Toluene 423 4.67 122 491 2.53 426 545 119 0.0922
DMF 423 4.65 128 493 2.52 425 582 157 0.0208
Methanol 425 4.56 141 498 2.49 428 605 177 0.0002

2 Absorption maxima at molar concentration of ¢ = ~5x 10~ mol/L

"Molar extinction coefficient calculated from the absorbance at c= ~5x 107 mol/L

°Full width at half maximum (FWHM)

dOnset absorption edge

“Optical band gap calculated from the equation, AE,, = 1240/A,
Excitation maxima

£Emission maxima at molar concentration of ¢ = ~5x 10~ ¢ mol/L

hStokes shift

'Fluorescencequantum yield calculated using fluorescein as a standard (¢=0.79 in 0.1 mol/ L NaOH.)

O, A, - F, - n?

H =— - = U

! A, Fy- nzt W
where A and A are the maximum absorbance value of the
standard and unknown sample, ny and n, are the refractive
indices of the standard and unknown and solvent, F, and F,
are the areas of the standard and unknown emission spectra,
@, and P, are the quantum yield of a standard and unknown
sample.

In Table 1, the quantum yield in the non-polar (toluene)
solution was more relative to the polar (methanol) solu-
tion, which signifies the presence of intramolecular charge
transfer (ICT) along with twisted intramolecular charge
transfer (TICT) in a solvent [52]. The ICT and TICT
of these compounds were investigated by using dipole
moments and Wellers and Rettig plot. The solvatofluoro-
chromic properties of dyes was investigated by using Lip-
pert—Mataga, E; (30) and McRae plot. The detailed study
of the electron transfer process was investigated briefly
earlier in the paper [44].

The molecular rotation of n-bridge in PQC and PQPT
dye in non-viscous solution causes decreases in the
fluorescence intensity. As the viscosity of the solution
increased, the fluorescence intensity was increased due to
the restriction of n-bridge rotation. In the previous paper,
we have studied the viscosity study of PQC and PQPT
dyes in the methanol: PEG 400 system, which proves that
the fluorescence intensity of dyes increases as the percent-
age of PEG 400 increases in methanol due to an increase
in viscosity of the solution [44]. The attractive results
obtained in the viscosity study of dyes make it interesting

@ Springer

to investigate the effect of dye doping in the PMMA, PS,
and PS/TiO, to open up applications of dyes in the field
of polymer.

We studied the photophysical properties of PQC and
PQPT doped in PMMA and Polystyrene polymer to get
primary properties information of dyes in these polymers.
We discussed above the brief preparation procedure of PQC
and PQPT doped polymer in the PMMA, PS, and PS/TiO,.

The optical emission spectra of PQC and PQPT fluores-
cent dye in PMMA from 0.01 to 1 wt% concentration was
shown in Figs. 5 and 6 and tabulated the obtained data in
Table 2. The one major band appears related to singlet elec-
tronic transfer from S;— S, state within the dye [53]. From,
the Beer-Lambert law concluded that 0.3 wt% is the opti-
mum dye concentration for PQC and PQPT with increasing
dye concentrations from 0.01 to 1 wt% in the PMMA poly-
mer. Figure 5 shows emission spectra of PQC and PQPT
fluorescent films, which excited at the wavelength to maxi-
mum absorption value of 404 nm for PQC and 423 nm for
PQPT. The obtained fluorescence intensity indicates that
the dye concentration doped in the polymer is significantly
effective in increasing fluorescence intensity up to the dye
concentration of 0.3 wt% for PQC and PQPT dyes. The
fluorescence intensity decreases at a maximum dye concen-
tration greater than 0.3 wt% of dye-doped in polymer with
spectra broadening. Figure 6 shows the graph of PQC and
PQPT, with a positive slope from dye concentration 0.01 to
0.3 wt% and negative slope from 0.3 to 1 wt%. For PQC and
PQPT dyes doped in PMMA polymer from 0.01 to 1 wt%
shows red-shifted in emission spectra from 504 to 549 nm
for PQC and 539-563 nm for PQPT, and full with half
maxima (FWHM) of emission wavelength was reduced from
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Fig.6 The fluorescence intensity with increasing in the dye concentration A PQC and B PQPT

Table 2 Experimental photophysical data of PQC and PQPT dye
doped in PMMA with an increase in concentration

Dye doped concen- PQC doped in PMMA PQPT doped in
tration (wt%) PMMA

Nemi® FWHM? Aemi® FWHM®

(nm) (nm) (nm) (nm)
0.01 504 117 539 123
0.05 524 94 551 93
0.10 531 86 553 88
0.30 533 85 556 87
0.50 542 76 559 84
0.75 544 78 562 79
1.00 549 77 563 77

“Emission maxima
Full width at half maximum (FWHM)

117 to 77 nm for PQC, and 123 to 77 nm for PQPT was
observed. The tabulated the results in Table 2. The above
observation can be clarified based on H and J-aggregate for-
mation. The weak fluorescent intensity in H-aggregate form
and decreased fluorescence intensity from dye concentration
more than 0.3 wt% in PMMA polymer for both PQC and
PQPT dye [54].

The obtained results of PQC and PQPT doped in PMMA
polymer show a maximum emission value at 0.3 wt%, which
is further used to study the PQC and PQPT dyes in poly-
styrene polymer.

Yang et al. studied the characterization of nano-TiO,
doped polystyrene to improve the polystyrene sheet tensile
strength and heat resistance [48]. The study shows that
0.25 wt% of TiO, doped in polystyrene shows promising
results. Hence to improve the photo-stability and efficiency

@ Springer



2448

Journal of Inorganic and Organometallic Polymers and Materials (2022) 32:2441-2454

of polystyrene polymer was studied by doping TiO, nano-
hybrid with doping of 0.25 wt% of TiO, in polystyrene.
The 0.3 wt% PQC and PQPT dye doped in polystyrene
polymer were prepared with a thickness of 1 mm, 2 mm,
and 3 mm having a doping of TiO, and without TiO,.
Figure 7 shows the fluorescence spectra of the PQC
and PQPT fluorescent sheet, which excited at its maxi-
mum absorption value of 404 nm for PQC and 423 nm
for PQPT. The tabulated obtained data is in Table 3. Both
PQC and PQPT show a blue shift in fluorescence spectra
(514 to 507 nm for PQC and 541 to 532 nm for PQPT)
with the increase in fluorescence intensity for polymer
thickness 1 mm to 3 mm in the absence of TiO, doping.
The polystyrene polymer thickness of 1 mm containing
PQC or PQPT dye-doped with TiO, shows a remarkable
increase in fluorescence intensity of 3.31 fold for PQC and
2.76 fold for PQPT as compared to polystyrene polymer
containing PQC or PQPT dye-doped without TiO,. As

50004 A —lmm
2 mm
—3 mm
4000+ —— 1 mm +TiO,
2 mm + TiO,
3000+ —3mm+TiO,

20004

10004

Emission intensity (a.u.)

450 500
Wavelength (nm)

L] v L) - L] v L) v LJ v
550 600 650 700 750 800

the polymer thickness increases from 1 to 3 mm for TiO,
doped polymers, not showing a significant increase in fluo-
rescent intensity and emission wavelength was observed
for both PQC and PQPT dye. Also, there was no signifi-
cant increase in full with half maxima (FWHM) of emis-
sion wavelength observed for PQC and PQPT dye doped
in polystyrene with the absence and presence of TiO,. The
tabulated the results in Table 3.

3.4 Surface Morphology

The highly soluble pyrrolo-quinaldine based dyes PQC and
PQPT in dichloromethane solvent have a 1 wt% dye allow-
ing the uniform formation of PMMA thin film by solution
casting process was analyzed by scanning electron micro-
scope (SEM). The thin PMMA film of PQC dye shows
smooth and without cracks surface. The SEM image of pure

s0004 B —1mm
2 mm
—3 mm
40004 —— 1 mm +TiO,
2 mm + TiO,
30004 ——3 mm + TiO,

20004

A~

L) v L) v L) L) v
450 500 550 600 650 700 750 800
Wavelength (nm)

10004

Emission intensity (a.u.)

Fig. 7 The fluorescence spectra of A PQC and B PQPT dye doped in polystyrene sheets of thickness 1 mm to 3 mm (c=0.3 wt% dye-doped)

Table 3 Experimental

A Sheet PQC doped in PS PQC doped in PS/ PQPT doped in PS PQPT doped in PS/
photophysical data of PQC and Thickness TiO TiO
PQPT in dye-doped in PS with (em) 2 2
and without TiO, A’ FWHM" X’ FWHMP Ao FWHM" X’ FWHMP
(nm)  (nm) (m)  (nm) (nm)  (nm) (m)  (nm)
0.1 514 79 539 87 542 101 551 101
0.2 510 82 539 87 534 91 550 102
0.3 508 97 539 87 532 90 550 102

“Emission maxima(c=0.3 wt% dye doped)
Full width at half maximum (FWHM)
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PMMA thin film (A), fabricated by solution casting process,
shows the same surface morphology as PMMA + 1 wt%
PQC dye thin film (B) with no significant large aggregation
formation of dyes molecules in thin-film (B), from which we
can conclude that a homogeneous distribution of PQC dye
in film formation (Fig. 8). The film surface contains very
tiny small crater-like structures with a flat bottom in both
the samples, which may form during the solvent evapora-
tion process.

The prepared polystyrene (PS) sheets of 3 mm thickness
have a 0.3 wt% of PQC dye-doped with 0.25 wt% of TiO, or
without TiO, using a melt blending process examined under
SEM image. The SEM image of pure PS (A), PS+0.3 wt%
of PQC dye (B) and PS+0.3 wt% of PQC dye+0.25 wt%
of TiO, (C) shows a uniform distribution of dye in the poly-
mer. The comparison of polystyrene (PS) polymer with PQC
dye doped in without TiO, (B) and with TiO, (C) detected
homogenous distribution of TiO, in polymer and no signifi-
cant change in the morphology of the infused TiO, (Fig. 9).

3.5 Tensile Strength and Flexural Test

The dye-doped in PMMA, PS and PS + TiO, polymers show
application in various fields, which may experience differ-
ent bend and tensile forces during its working. Therefore

Fig.8 SEM images of A Only
PMMA, B PMMA +1 wt%
PQC Dye

it is vital to study the physical strength of dye-doped poly-
mers. The Tensile strength of very flexible thin film of pure
PMMA and PMMA + 1 wt% of PQC dye and the flexural
test of PS+0.3 wt% of PQC dye with 0.25 wt% of TiO,
and without TiO, polymer at three-point bending test was
calculated by a computer-operated universal machine. We
carried out the tensile strength of the polymer sample with
a pure PMMA and PMMA + PQC dye on sample length of
20 mm, a width of 7 mm and 100 + 10 pm thickness. In con-
trast, a flexural test of PS +PQC dye with and without TiO,
polymer was carried on sample length of 5 cm, the width of
3.5 cm and thickness of 3 mm having applied traverse speed
of 10 mm/min, respectively.

The polymer samples of pure PMMA and PMMA with
PQC dye show maximum tensile strength of 2.2 MPa and
2.0 MPa, respectively, which shows that the addition of PQC
dye in PMMA polymer has much less effect on the decrease
in tensile strength than the pure PMMA polymer.

The PS +PQC dye with and without TiO, polymer show a
maximum flexural test value of 45.7 kg and 50.7 kg, respec-
tively, which shows that a 10% decrease in flexural strength
with the addition of TiO, in PS as compared to without TiO,
added polymer.

AccV SpotMagn Det WD Exp f————] 10m

100kV50 2500x SE 115

agn  Det WD BExp p———f 10sm
00x SE 94

VD Bp p——roi 10m
05

Fig.9 SEM images of A Only PS, B PS+0.3 wt% of PQC dye, and C PS +0.3 wt% of PQC dye +0.25 wt% of TiO,
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3.6 Photo-Stability

It is an essential parameter for styryl fluorescent dyes to
improve their photo-stability, as they show poor photosta-
bility under continued radiation in the presence of oxygen.
It is necessary to have a significant photostability of styryl
fluorescent dyes when its application is in the field of pho-
tonics and optoelectronic devices, and laser.

The molecular structures and different substitutes of the
dyes influence the photostability of styryl dyes. Therefore we
used a 500 W iodine-tungsten (I/W) lamp (working wave-
length range =320-1100 nm) for accelerated photostability
measurement by continuously exposing the samples. The
experimental samples were exposed to irradiation for 36 h
at 28 °C, which corresponds to one year’s exposure to the
radiation of the terrestrial solar spectrum [55, 56]. The pho-
tostability study of PQC and PQPT was carried out in the
same experimental conditions and presented the obtained
practical result in Fig. 10.

From Fig. 10, it was concluded that the fluorescence
intensity at their respective excited maximum absorption
wavelength of PQC and PQPT dye sample doped in pol-
ystyrene without TiO, with sample concentration of 0.3
wt% of 1 mm thickness was reduced by 2.85% and 3.06%,
respectively, to its PQC and PQPT dye sample doped in
polystyrene with TiO, having a concentration of 0.3 wt% and
1 mm thickness under the monitored conditions. A similar
trend was observed with 2 mm and 3 mm thickness polymer
samples. The photostability study on both the dyes shows
that the sample doped with TiO, was more stable than the
sample without TiO, after 36 h of irradiation.

—v—PQC+PS+ 'I‘i()2

—®—PQPT +PS +TiO,
—&—PQC +PS
PQPT + PS

0.964

0.954

Normalised fluorescence
intensity (a.u.)
—
N

0.94 +—>—F—>—"7"—"—7"—""—"T—"""T—""T"7

Irradiation time (hours)

Fig. 10 Accelerated photo-degradation curves of PQC and PQPT
dyes doped in PS sheet with and without TiO,
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Figure 10 shows that PQC has more photostability than
PQPT, which may be due to the improved p-conjugated
structure and influence of phenothiazine donor, which
reduces the stability of PQPT dye [44]. The above experi-
ment concluded that the addition of TiO, on the polystyrene
polymer with PQC and PQPT dye improves photo-stability.

3.7 Thermal Stability

The differential scanning calorimetry (DSC) and thermo-
gravimetric analysis (TGA) were used to study the changes
in physical properties of PMMA, polystyrene, and polysty-
rene doped TiO, with the addition of 0.3 wt% of PQC and
PQPT dyes regarding temperature from 30 to 600 °C in
the presence of nitrogen atmosphere to 20 °C/minute rise
in temperature. From Fig. 11, the thermogravimetric study
shows the minimum value of percentage weight loss in dyes
under the temperature of 180 °C. The dyes PQC and PQPT
display thermal decomposition temperature (Td) at 253 °C
with a 2.0% reduction in total weight and at 180 °C with
a 3.0% reduction in total weight. The above experiment
concluded that dyes are thermally stable up to 180 °C. The
PMMA polymer showed thermal decomposition tempera-
ture (Td) at 160 °C by a 2.2% reduction in total weight. As
the addition of 0.3 wt% of PQC and PQPT dyes in PMMA
polymer showed thermal decomposition temperature (Td) on
179 °C by 2.0% reduction in total weight and 177 °C with
a 2.0% reduction in total weight respectively, which shows
that addition of 0.3 wt% of PQC and PQPT dyes in PMMA
polymer does not show more variation in thermal decompo-
sition temperature (Td) of PMMA polymer (Table 4).

The PS polymer lost 2% mass upon heating to 334 °C
(Fig. 11). Upon addition of 0.3 wt% of PQC and PQPT
dyes in PS polymer, the lost 2% mass upon heating to
333-338 °C, which shows no significant weight loss due to
the addition of 0.3 wt% of PQC and PQPT dyes in PS poly-
mer. By adding TiO, in polystyrene polymer with 0.3 wt%
of PQC and PQPT dyes shows lost 2% mass upon heating
to 362 °C, from which it shows that the addition of TiO, in
PS polymer increases its thermal properties [57] (Table 4).

Figure 12 represents the DSC analysis of polymers. The
endothermic peak observed for PQC and PQPT at 220 °C
and 180 °C shows transition temperature for these dyes,
respectively [58]. Figure 12 depicts that there was no signifi-
cant change observed due to the addition of 0.3 wt% PQC
and PQPT dyes in PMMA and PS polymer. The addition of
TiO, in 0.3 wt% PQC and PQPT dyes in PS polymer show
the shift of decomposition temperature from 428 to 439 °C
for PQC and 434 °C to 440 °C for PQPT, which signifies
that the addition of TiO, in 0.3 wt% PQC and PQPT dyes
in PS increase the decomposition temperature.
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Fig. 11 Thermogravimetric analysis (TGA) of A PQC and B PQPT dye doped in PMMA, PS and PS/TiO,
Table 4 Experimental
Sampl PQC PQPT
thermogravimetric data of PQC ample Q Q
and PQPT in dye-doped in Thermal decomposi- % Weight loss Thermal decomposi- % Weight loss
PMMA, PS with and without tion temperature tion temperature
TiO,
Pure dye 253 °C 2.0% 180 °C 3.0%
Pure PMMA 160 °C* 2.2%* 160 °C* 2.2%*
0.3 wt% dye in PMMA 179 °C 2.0% 177 °C 2.0%
Pure PS 334 °C* 2.0%* 334 °C* 2.0%*
0.3 wt% dye in PS 333°C 2.0% 338 °C 2.0%
0.3 wt% dye in PS+0.25 362 °C 2.0% 362 °C 2.0%
wt% of TiO,
“In the absence of dye
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Fig. 12 Differential scanning calorimetric analysis (DSC) of A PQC and B PQPT dye doped in PMMA, PS and PS/TiO,
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4 Conclusions

In this article, novel fluorescent dyes containing pyrrolo-
quinoline acceptor fused with donor carbazole and pheno-
thiazine moiety, PQC and PQPT doped in the polymeric
matrix, was prepared to obtain yellow and orange light
emission in the poly(methyl methacrylate) and polystyrene
films. The dye concentrations were optimized for better
optical limiting performance doped in a polymer. The most
promising dye concentration (0.3 wt%) for both the dye
was concluded on the background of better photophysical
properties to obtain the maximum fluorescence intensity
and stability of the polymeric matrix. The bathochromic
shift was observed as the dye wt% in PMMA polymer
increased. The dye PQC and PQPT show emission at a
wavelength of 528 nm and 555 nm respectively in PMMA
polymer at the 0.3 wt% ideal dye concentration in the poly-
mer. The dye PQC and PQPT demonstrate good solubility
and compatibility with PMMA and PS polymer.

The scanning electron microscope shows uniform and
homogenous surface morphology of studied polymer sam-
ples. As well, the nanohybrid PS/TiO, polymer is promis-
ing to improve the photo-stability and thermal stability
of PQC, and PQPT fluorescent dye was observed with
enhancement in fluorescence properties of dyes, but 10%
reduced in the flexural strength of TiO, doped polymer
was observed. In addition, the improve greener way syn-
thesis procedure of dyes, optical properties and ease of
fabrication process, leading to increasing interest of these
dyes in optical devices.

We believe that the existing research work will create
more interest in researchers to carry out a more study of
these dyes for applications in the field of polymer.
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