www.nature.com/scientificreports

scientific reports

OPEN

W) Check for updates

Exploring nanoarchitectonics
and optical properties
of PAA-ZnO®@BCP wide-band-gap

organic semiconductors

A. M. Mansour™, Ali B. Abou Hammad & Amany M. El Nahrawy

This work reports the formation of polyacrylic acid (PAA)—zinc oxide (ZnO)—bromocresol purple
(BCP), (PAA-ZnO@ (0.00-0.01) BCP wide-bandgap organic semiconductors deposited onto glass
substrates via a sol-gel polymerization process. These semiconductor films were deposited on

glass substrates using a spin coating and then dried at 60 °C. The PAA-ZnO film appeared to be of
amorphous phase, and films loaded with BCP revealed semicrystalline behavior. The surface of

the films exhibited adherence and extended grains. The hydrogen bonds formed between PAA-

ZnO and the BCP dye within the PAA-ZnO®@BCP films was performed using FTIR-spectroscopy.

The prepared nanocomposites demonstrate an indirect band transition which is affected slightly

by adding ZnO and BCP dye. Optical parameters such as the absorption coefficient, the refractive
index, the dielectric constant, optical conductivity, optical depth, and optical electronegativity of the
prepared nanocomposites were studied as functions of incident light energy (wavelength). The PAA
carbonyl group n-mt* transition and BCP aromatic ring m-mt* transitions were detected at about 285
(for all samples) and 432 nm (for BCP loaded samples), respectively. The superior photoluminescence
characteristics observed in the BCP/PAA-Zn films excited with a wavelength of 250 nm indicated the
successful loading of the BCP dye during the self-aggregation of the PAA-Zn film.

Polymers mixing with nanoparticles are interesting for researchers due to their new properties, which are gener-
ated by the nanosized effect of nanoparticles. Polymer nanocomposites of different sizes, shapes, and concentra-
tions of nanoparticles are used in many potential optical, electrical, and optoelectronic applications?. Many
synthetic approaches have been used to produce nanocomposites®. The interest in the research of polymer nano-
composites is growing due to the improvement in electrical, thermal, optical, and mechanical properties and their
great potential as highly functional materials. Nanoparticles embedded in a transparent matrix, in particular, have
attracted attention as advanced technological materials due to their high transparency, high refractive index, and
attractive electrical properties*®. Polymer nanocomposites also have high thermal stability compared to virgin
polymers®’. The importance of polymers is primarily because polymers are still considered inexpensive and easy
to manufacture as an alternative material. Nanocomposites demonstrate tremendous promise in a wide range
of applications, including optoelectronics, vehicles, drugs, detectors, membranes, packaging, space, coatings,
glues, medical patient care, and others*®. The incorporation of nanoparticles into the matrix can be achieved
through three primary methods: mixing preformed nanoparticles with the matrix, synthesizing the matrix in
the presence of nanoparticles, or synthesizing nanoparticles within the matrix itself*1°.

Among the various polymers studied, polyacrylic acid (PAA) has received considerable attention due to its
excellent properties and applications in various fields, such as electrochemistry, electronics, biomedicine, the solid
electrolyte in supercapacitors, an inhibitor of effective corrosion, and ecological non-stick coating'""'%. The chemi-
cal stability of nanoparticles in electronic and electrochemical devices has also been reported to be improved by
using PAA coatings®. These types of composites have been widely used for various applications in solar cells,
wastewater treatment, protective coatings, and biomedical and optical devices'. It was also noted that PAA can
trap heavy metal ions in low concentrations and can be used as chelating agents. Therefore, it can be used to
remove toxic heavy metals from water'®. Incorporating ZnO nanoparticles into polymeric matrices modifies
their optical, mechanical, and thermal properties!®-'°. The properties of nanoparticle/polymer nanocomposites
are profoundly influenced by two factors: the dispersion of nanoparticles within the matrix and the interfacial
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interactions generated with each other®. These composites offer a distinct advantage by capitalizing on the high
surface area of nanoparticles and the mechanical strength of polymers, often displaying synergistic properties?'.

The compound 5',5"-dibromo-o-cresolsulfophthalein, commonly referred to as bromocresol purple (BCP),
functions as an organic dye primarily utilized as a pH reagent. It undergoes a color change from yellow under
alkaline conditions to red under acidic conditions?’. The remarkable alteration in color occurs as a consequence of
the dynamic polarity variation in the adjacent atmosphere and the rehybridization process of the asymmetric-to-
asymmetric resonance profile?’. Consequently, it manifests its absorption prowess when introduced to nonpolar
environments®. BCP was employed to detect uric acid, xanthine, albumin, and hypoxanthine®. For the detection
of ammonia across an extensive range of heat and humidity, a polymer film doped with BCP served as an effective
gas detector®. The development of the I-tyrosine detector involved the utilization of an enhanced BCP carbon
electrode”. A BCP film produced through thermal evaporation exhibited an optical bandgap of approximately
2 eV. Furthermore, it demonstrated photodiode behavior even in ambient situations®.

In this study, an organic semiconductor (PAA-ZnO) loaded with (0.00-0.01 mol%) BCP was produced
starting from polyacrylic acid, zinc acetate, and bromocresol purple (BCP) dye as a dopant using the sol-gel
polymerization process, as supported semiconductor organic films. The aim of this work was the investigation of
the local structure and optical modifications in PAA-ZnO induced by loading of BCP dye to the semiconductor
polymeric matrix. The semiconductor’s organic PAA-ZnO/BCP films are achieved by sol-gel process, which is a
formation method that is clean, high purity, energy-efficient, and does not cause ineffective yield on the physical
properties of the films. The microstructure of the films was characterized by X-ray diffraction, transmission, and
scanning electron microscopy (TEM-SEM). The optical properties were measured using photoluminescence and
ultraviolet-visible (UV-vis) spectroscopy.

Experimental

Sample preparation

Polyacrylic acid-ZnO@BCP (PAA-ZnO@ (0.00-0.01) BCP) organic semiconductor films with adequate structure
on glass substrates were formed by sol-gel polymerization processes and dried at 60 °C.

A (2 wt.) Polyacrylic acid (PAA, Sigma Aldrich) dissolved in 60 ml of H,O, zinc acetate (Showa: Japan; purity
98%) was first dissolved in H,O, and ethanol was then added to the PAA solution. For bromocresol purple (BCP)
dye-doped films, the required concentrations of BCP were dissolved in a mixture of H,O/ethanol before being
loaded within a PAA-Zn solution at room temperature. The organic semiconductor/BCP dye thin films were
deposited on glass substrates. Films were dried at 60 °C.

Characterization

X-ray diffraction (XRD) patterns of the films were recorded on an X-ray diffractometer (XRD-D8 Discover with
GADDS Bruker (AXS)) over the range of 5-80° at room temperature. The surface morphology of the depos-
ited films was observed with a scanning electron microscope (TESCAN: VEGA3). High-resolution Transmis-
sion Electron Microscope images were possessed using (HRTEM-JEOL/JEM 2100) by (LaB6) source at 200 kV
accelerating voltage. FTIR spectra of films nanocomposites, were verified with an FTIR spectrometer (Nicolet
Impact:400 FTIR spectrophotometer) in the range of 400-4000 cm™'. Normal transmittance and reflectance
spectra were recorded using a Jasco (V-570 UV-Vis-NIR) double-beam optical spectrophotometer in the range
0f 200 to 2500 nm. The reflectance measurement, a 60 mm UV-visible/NIR integrating sphere includes built-in
detectors for optimal sensitivity-PMT for UV-visible, InGaAs up to 1600 nm, and PbS up to 2500 nm. Trans-
mittance measurement is performed against a bare glass substrate. The photoluminescence characteristics were
assessed using the JASCO Spectrometer/Data System, with evaluations conducted at ExXBW 10 and 970 nm.

Results and discussion

X-ray diffraction

The structural demeanor of the PAA-organic complex with Zn** and BCP dye has been investigated using the
XRD analysis. Figure 1 shows the XRD pattern of films prepared with x=0, 0.003, 0.007, and 0.01 wt% BCP (the
raw data were attached as supplementary materials sm0, sm0.003, sm0.007 and sm0.01). The patterns reveal
a semicrystalline demeanor that is attributed to the polymeric PAA matrix and a lower level of calcination of
the compounds made up of structural organic ZnO nanoparticles. According to the limited calcination time
at 60 °C, the films were seen to show that the ZnO phase had partially formed, showing the dominance of an
amorphous phase and a slight amount of ZnO. The hump at 20 =28-40° and the diffraction peaks from 30° up
to 60° are for ZnO that can be indexed to hexagonal ZnO (No. 003-0891), showing its partial crystallinity. PAA-
ZnO XRD showed that BCP loading increases the degree of crystallinity'2. The appearance of weak peaks as the
BCP ratio increases within the PAA-ZnO matrix, coupled with the disappearance of the well-defined ZnO peaks,
suggests a structural transformation in the prepared nanocomposite films**-*!. This transformation arises from
the interaction between the Zn-O bonds and the functional groups present in both PAA and the BCP mixture
components®>34,

SEM

Figure 2 presents the surface morphology of PAA-ZnO-BCP through the SEM image. According to the SEM, the
surfaces of the films are highly homogeneous, flat, and dense. The SEM images show the presence of dispersed
nanospheres on the surface of the samples, and these nanospheres are attributed to ZnO nanoparticles, which are
dispersed homogeneously over the surface of the films. According to the XRD investigation, the BCP increases
the crystallinity of the ZnO nanoparticles. This behavior also appeared in the SEM image of the film loaded with
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Figure 1. XRD patterns of PAA-ZnO film loaded with different concentrations of BCP.
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Figure 2. SEM photographs of (a) PAA-ZnO composites loaded with BCP (b) 0.007 (c) 0.01.

BCP, where the ZnO nanospheres are observed on the surface of the film loaded with BCP (Fig. 2b,c) than the
PAA-ZnO film (Fig. 2a).

TEM
TEM image of PAA-ZnO (Fig. 3a and b for PAA-ZnO and PAA-ZnO loaded with 0.005 BCP, respectively) shows

the presence of spherical Nps (ZnO-Nps) which are distributed uniformly through the membrane. The dark
points in the TEM image result from the accumulation of ZnO-Nps. It is perceived that the accumulation of
particles increases with increasing BCP concentrations TEM images confirm the presence of nanospheres with
sizes are 10-23 nm, which can be related to ZnO nanoparticles.
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Figure 3. TEM photographs of (a) PAA-ZnO composites and (b) PAA-ZnO loaded with 0.005 BCP.

FTIR study

FT-IR measurements were conducted to illustrate the interaction between the PAA-ZnO-based nanocomposite
film and various ratios (0.00-0.01 wt%) of BCP. Figure 4 exhibits the FTIR spectra of PAA-ZnO, both unloaded
and loaded films. It's worth noting that these spectra feature absorption peaks at 3441 cm™' and 2931 cm™?, which
correspond to the stretching vibrations of hydroxyl groups (OH) and (C-H), respectively®*-¥’. Furthermore, it
is evident that the bands at 1435 cm™, 1072 cm™, 1016 cm™!, and 865 cm™ correspond to the absorption bands
associated with the stretching vibrations of (-OH), (C=0), and -CH, in the PAA-ZnO@ BCP films. Addition-
ally, in the loaded PAA-ZnO films, a new bond at 2345 cm ™! emerged, while the bond at 1016 cm™ disappeared.
These observations confirm the significant influence of BCP loading on the molecular structure of the PAA-ZnO
ﬁlm29,38,39.

The bands at 463 cm™ and 683 cm™! can be attributed to the Zn-O bonds, specifically the bending vibration
of the Zn-O-Zn bonds within the PAA-ZnO structure. Their intensity undergoes relative changes upon BCP
loading®®’!. Additionally, the absorption peak at 1072 cm™ is a result of the symmetric stretching vibration of
the Zn-O bond**!,

Therefore, the alterations in bond intensities in PAA-ZnO@BCP nanocomposite films following BCP loading
are indicative of changes in electron density. This, in turn, leads to an enhancement in the optical and photolu-
minescent properties of the PAA-ZnO@BCP nanocomposite semiconductor films.

UV-vis spectroscopy

The main task of UV-vis is to identify the properties of optical and electronic materials and to character-
ize absorption, transmission, and reflection materials. UV-vis absorption can be analyzed when a light beam
passes through the sample and is reflected from the surface of the sample. UV absorption is formed on a single
wavelength or a wide range of spectral wavelengths. During the transition of the electrons, the excitation takes
place at higher energy levels. UV-vis identifies the qualitative and quantitative properties of the sample under
test*". The direct and indirect bandgap types of optical transitions occur due to the interaction between the inci-
dent photons and the valance electrons. However, in the direct bandgap type, there exists a vertical transition
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Figure 4. FTIR spectra of (a) PAA-ZnO film loaded with (b) 0.003, (c) 0.005, (d) 0.01 wt% BCP.
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profile of the valence electrons to the conduction band*'. However, the indirect bandgap involves simultane-
ous interaction with lattice vibrations. At the transition from direct to direct, the electron moment stabilized
while the energy was conserved. In the other transition type, i.e. indirect type, the moment of the electron suf-
fering a change*?. Calculating the absorption coeflicient (a) is done by, I = Iyexp(—ax), where « = 2.303/x,
and hence, log(I/Ip) = (2.303/x)A. In the case of the direct bandgap, the absorption coefficient is given by,
ahv = c(hv — Eg) 17243 where c represents a constant related to the sample structure, o represents the absorption
coefficient and h is the plank constant. In the case of indirect transition, the absorption coefficient is obtained
by, ahv = c(hv — Eg)z“,

Figure 5 represents the transmission and reflection spectra of the prepared nanocomposites (the raw data were
attached as supplementary materials sm PAA(T&R), smO(T&R), sm0.03(T&R), sm0.05(T&R), sm0.07(T&R),
and sm0.01(T&R)). The figure shows a high transmittance of the tested samples that increases with increasing
wavelength. The saturation state is reached at about 350 nm for pure PAA sample and that loaded with ZnO. For
the samples that are doped with organic dye, the transmittance saturation state is reached at about 525 nm. It
was also noted that the transmittance intensity is decreased by adding ZnO as reported before by Singh et al.*
and then shows an alternating change by BCP organic dye. On the other hand, the corresponding reflectance of
all samples is very small in the same range as the wavelength. These changes in saturation limits and intensity
confirm the grafting of organic ZnO and BSP dye on the PAA polymer matrix*.

The UV-vis absorption spectra of the prepared nanocomposites are presented in Fig. 6. The absorption coef-
ficient shows an absorption peak at about 285 nm for the pure sample (PAA). This peak in the same position is
also found in the absorption spectra of the PAA loaded with ZnO and those doped with BCP organic dye. This
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Figure 5. Transmission and reflection spectra of the prepared nanocomposites.
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Figure 6. The UV-Vis absorption spectra of the prepared nanocomposites.
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absorption peak is attributed to the n-n* transition of the carbonyl group in the PAA molecule*®. Samples doped
with organic BCP dye show a second absorption peak at about 423 nm for all doping concentrations and are
assigned to m-1* transitions of the aromatic rings of the BCP molecule?>**!,

Davis and Mott expression*’ for the absorption coefficient as a function of photon energy,
a(v) = ag(hy — ) /hv, for both direct and indirect optical transitions, was used to estimate the type and
value of the band gap In this expression, the exponent n=1/2 for the allowed direct transition and n=2 for the
allowed indirect transition*®. Plotting of (ahv)? versus photon energy (hv) yields a curve with a straight portion
that has an intercept with an X axis which is equal to the optical energy bandgap.

The respective values of Eg is obtained by extrapolating to (ahv)? to 0 for indirect transitions as shown in
Fig. 7 for all synthesized nanocomposites, and Fig. 8 summarizes the change in band gap with the change of
composition. The goodness of fit of the data to the formula for n=1/2 is determined by the square of the cor-
relation coefficient (R?=1 is for the perfect fit) which was approximately 0.9995. The error for bandgap energies
is£0.003 eV. The bandgap value of PAA was found equal to 3.88 eV, which is attributed to the n-mt* transition of
the carbonyl group in the PAA molecule and it is in agreement with that reported before***°. After loading the
PAA matrix with ZnO, the band gap decreases to 3.59 eV, which is similar to that reported by Singh et al. for
polyaniline/ZnO nanocomposites*. By adding BCP dye, the main bandgap of the composite is slightly decreased
to 3.11 eV as found by Hussain et al.> for BCP dye-doped PMMA films. When the concentration of BCP organic
dye in the composite is increased slightly to 3.61 and then remains unchanged with further increase. Mansour
et al.? reported that the bandgap of BCP films did not change with the increase in the BCP concentration.
Furthermore, it was observed that by BCP doping, the second transition in lower energy was generated and
assigned to the ni-n* transitions of the aromatic rings of BCP?>%. This later transition energy did not change with
an increase in BCP concentration as was reported before by Mansour et al.>.

Figure 9 shows the variation of the refractive index for the prepared nanocomposites with the change in inci-
dent photon wavelength. The figure shows that the change of the refractive index with the wavelength change is
very small and can be considered a constant for all samples. The inset of Fig. 9 represents the change in refractive
index with the change in the composition of the samples at low and high wavelengths. It is observed that the
change is very small for all nanocomposites where the pure sample (PAA) shows a variation of about 0.1 between
the low and high wavelengths, while the other composites show nearly no change. This refractive index behavior
may be due to the change in the density of the nanocomposites with the change in the dopant concentration®.
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Figure 7. The respective values of E;p "is obtained by extrapolating to (ahv)? to 0 for indirect transitions.
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Figure 9. Variation of the refractive index for prepared nanocomposites with the change of incident photon
wavelength. The inset represents the change in refractive index with the change in the composition of the
samples at low and high wavelengths.

The nanocomposites with these candidates can be used in applications that need a constant refractive index, as
inexpensive and easily prepared materials®.

Figure 10 shows the variation of real and imaginary parts of the dielectric constants of prepared nanocompos-
ites with the photon wavelength. The real part of the dielectric constant (Fig. 10a) shows a nearly stable behavior
with an increase in wavelength for all samples. Also, the imaginary part of the dielectric constant (Fig. 10b)
shows an increase with the increase of wavelength for all samples. Both real and imaginary parts show a change
with a composition change which is a result of the change in the absorption coefficient and refractive index of
nanocomposites>.

The optical conductivity o,, of the prepared nanocomposites was obtained through***: o, = arnc(4m) ™,
where ¢, a, and n are signs of the velocity of light, the coeflicient of absorption and n the refractive index,
respectively.

Figure 11 represents the optical conductivity change of the prepared nanocomposites with the change in the
light wavelength. The figure shows a height peak at about 285 nm for all samples. This peak is attributed to the
n-7* transition of the carbonyl group in PAA molecule*®, where optical absorption in this region leads to the
charge carrier transition, which in turn increases the conductivity. Another height peak is observed only for
BCP-loaded samples at a wavelength of about 423 nm. This height peak is assigned to m-n* transitions of the
aromatic rings of the BCP molecule?*?**!, leading to an increase in conductivity in this region.

The change in optical conductivity is related to the optical depth of the prepared nanocomposites, which is
presented in Fig. 12. The optical depth shows a behavior similar to both the absorption coefficient and optical
conductivity. There are two peaks at about 285 nm (for all samples) and 423 nm (observed only for BCP-loaded
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Figure 10. The variation of real and imaginary parts of dielectric constants of the prepared nanocomposites
with the photon wavelength.

14
PAA
PAA+ZnO+0BCP
124 % + PAA+ZnO+3BCP
: + PAA+ZnO+5BCP
( +  PAA+ZnO+7BCP
ki < PAA+ZnO+10BCP
104 -3
2 8',41
2 1

i
|

N
rf.“

0 T T T T T T T T T T T T T T T
200 500 800 1100 1400 1700 2000 2300
A,nm

Figure 11. The optical conductivity change of the prepared nanocomposites with the change in light
wavelength.

samples). These peaks are related to the n-n* transition of the carbonyl group in the PAA molecule*, and n-1*
transitions of the aromatic rings of the BCP molecule?>***!, respectively.

The optical electronegativity (i) is known as the atomic tendency to gain electrons from the anionic band.
The refractive index n is used to estimate the optical electronegativity of the prepared nanocomposites through?:
Nop = (A/ 1)%2% where A is a dimensionless constant.

The optical electronegativity is nearly unchanged with incident light wavelength change for all samples,
Fig. 13. Also, it was noted that the change due to compositions is very small and is related to the change of
absorption and optical depth of the nanocomposites.

Effect of BCP dose on PL
The effect of BCP dose on the photoluminescence of PAA-ZnO nanocomposite on glass substrate and excited
at 250 nm is presented in Fig. 14 (the raw data were attached as supplementary materials smPL0.0, smPL0.003,
smPL0.007, and smPL0.01). With increasing the BCP from 0.003 to 0.01 wt% the Photoluminescence of PAA-
ZnO nanocomposite increased within the range from 411 to 824 nm. This trend is related to the formation of a
larger number of binding sites for BCP in the PAA-ZnO nanocomposite.

The BCP/PAA-ZnO films display absorption peaks within the 411-824 nm range, characterized by weak and
broad spectral shapes. The primary absorption peaks in the BCP spectra occur at 411 nm, 467 nm, and 564 nm.
These peaks are attributed to the intra-transitions originating from the loading of BCP within the BCP/PAA-ZnO
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Figure 12. The change in optical conductivity with the change in wavelength of the prepared nanocomposites.
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Figure 13. The optical electronegativity with the change of wavelength of the prepared nanocomposites.
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Figure 14. Photoluminescence spectra of PAA-ZnO film and load with different (0.003-0.01 wt%) of BCP dye.
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complex. Figure 14 reveals a distinct overlap between the photoluminescence of PAA-ZnO and the absorption
of the BCP dye, indicating a favorable condition for efficient energy transfer from the PAA-Zn nanocomposite
to the dye molecule through the Forster mechanism®.

The enhancement of the three primary peaks can be attributed to the increased BCP content, which is associ-
ated with BCP’s possession of p-p conjugated bonds, a larger real surface area, higher conductivity, and a greater
number of active sites®’.

Additionally, the change in the main peaks (411-564 nm) can indicate that there was a successful interaction
between BCP and PAA-Zn complex during the film formation. There is a relative change at higher energy (> 700
nm), which may be attributed to the lower conjugation of the BCP due to the carrier recombination occurring.

Conclusions

BCP dye was effectively loaded using sol-gel polymerization within PAA-ZnO nanocomposites. The XRD of
PAA-ZnO films shows a lower crystallinity degree determined by the locally ordered arrangement of polymeric
chains and gradually increases after the addition of BCP. The SEM with TEM confirms the compatibility between
the ZnO-Nps and PAA Polymer, therefore they can be used to form a controllable hybrid nanocomposite mem-
brane. An optical absorption peaks related to the n-n* transition of the carbonyl group in the PAA molecule and
n-1* transitions of the aromatic rings of the BCP were detected at about 285 (for all samples) and 432 nm (for
BCP loaded samples). The refractive index, the dielectric constant, optical conductivity, optical depth, and opti-
cal electronegativity of the prepared nanocomposites were extracted. The indirect band transition was displayed
for the nanocomposites. The loading of ZnO and BCP in PAA is an essential factor that affects the crystalline
degree, optical, surface morphology, and quality of PAA-ZnO/BCP films. So-gel polymerization enables short
reaction times, enhanced product purities, reduced contaminating reactions, and high energy efficiency, hence,
an effective reaction rate compared with the conventional method. This method allows for precise process control
and ensures a uniform distribution of BCP within the nanocomposite films. With increasing of BCP contents,
the BCP/PAA-ZnO films exhibited remarkable photoluminescence behavior. The examination of PAA-ZnO@
BCP nanocomposite films, characterized by their wide band gap and impressive photoluminescence, introduces
a novel approach to enhance the spectroscopic attributes of PAA-ZnO-based nanocomposite films. This devel-
opment holds significant potential for advancing optoelectronic devices, such as solar cells, supercapacitors,
photodetectors, and photoluminescence devices.

Data availability
All data generated or analyzed during this study are included in this published article and are also available as
supplementary materials.
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