4

Optics and Photonics Journal, 2025, 15(4), 35-42

"“ Scientific https://www.scirp.org/journal/opj
0 " Research :
94% Publishing ISSN Online: 2160-889X

o,

ISSN Print: 2160-8881

Optical Analysis of PVA and PVDF-Based Films
Doped with Calcium Titanate and Deci-4

Shaurya Singh, Robyn Sanderson, Padmaja Guggilla, Clyde Varner”

Department of Physics, Chemistry, and Mathematics, College of Engineering, Technology and Physical Sciences, Alabama A&M

University, Normal, AL, USA
Email: *clyde.varner@aamu.edu

How to cite this paper: Singh, S., Sander-
son, R., Guggilla, P. and Varner, C. (2025)
Optical Analysis of PVA and PVDF-Based
Films Doped with Calcium Titanate and
Deci-4. Optics and Photonics Journal, 15,
35-42.
https://doi.org/10.4236/0pj.2025.154004

Received: March 10, 2025
Accepted: April 27, 2025
Published: April 30, 2025

Copyright © 2025 by author(s) and
Scientific Research Publishing Inc.

This work is licensed under the Creative
Commons Attribution International
License (CC BY 4.0).

http://creativecommons.org/licenses/by/4.0/

(oRon]

Abstract

We investigated the optical, vibrational, and electrochemical properties of pol-
ymer films based on polyvinyl alcohol (PVA) and polyvinylidene fluoride
(PVDE), with and without the incorporation of organic dye and calcium ti-
tanate (CaTiOs) fillers. UV-Vis spectroscopy, FTIR, and Raman spectroscopy
were used to analyze the structure and bonding characteristics of the films.
Electrochemical analysis was also performed on PVDF-based composites to
evaluate their conductivity. These characterizations provide insights into how
additives influence the optical and electrical performance of polymer materi-
als.
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1. Introduction

Nanomaterials have transformed materials science by introducing unique prop-
erties arising from their nanoscale dimensions, which differ significantly from
those of bulk materials [1]-[3]. These properties stem from quantum confine-
ment, high surface-to-volume ratios, and altered atomic arrangements, enabling
exceptional electronic, optical, and mechanical characteristics [4]-[6]. Such attrib-
utes have positioned nanomaterials as critical components in applications span-
ning energy storage, optoelectronics, photonics, and biomedical technologies [7]-
[9]. Among these, perovskite-type materials, such as calcium titanate (CaTiO3)
and lithium niobate (LiNbO3), are particularly notable for their outstanding opti-
cal, dielectric, and ferroelectric properties, making them ideal for nonlinear optics,

photonic devices, and functional composites [10]-[12].
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Another key material in this domain is polyvinylidene fluoride (PVDF), a semi-
crystalline ferroelectric polymer recognized for its mechanical flexibility, piezoe-
lectricity, and intrinsic pyroelectric properties [13]-[15]. By embedding oxide
nanocrystals like CaTiO; and LiNbO; into PVDF matrices, researchers have de-
veloped hybrid nanocomposites that exhibit synergistically enhanced mechanical
strength, optical transparency, and electrical performance [16]-[18]. These hybrid
systems are particularly valued for their tunable dielectric constants, high break-
down strengths, and improved optical properties related to band gap modulation
[19]-[21]. The integration of such nanocrystals allows precise control over the com-
posite’s functional attributes, enabling tailored performance for specific applica-
tions [22] [23].

In this study, we investigated the impact of incorporating CaTiO; and LiNbO;
nanocrystals into PVDF films on their optoelectronic properties. A key focus was
the modification of the band gap, which governs light absorption and charge
transport behaviors critical to device performance [24] [25]. To characterize these
effects, ultraviolet-visible (UV-Vis) spectroscopy was utilized to measure absorp-
tion spectra and determine both direct and indirect band gaps. From these optical
measurements, additional parameters such as refractive index, dielectric constant,
and optical conductivity were derived, providing deeper insights into the mate-
rial’s behavior. These properties are pivotal for applications in flexible electronics,
sensors, and energy harvesting systems.

The ability to manipulate nanoscale interactions within these hybrid materials
enables significant enhancements in macroscopic functionality, with broad impli-
cations for next-generation technologies. For instance, the tailored optical and di-
electric properties of these composites make them promising candidates for solar
energy harvesting, flexible electronic platforms, and advanced sensing devices. By
strategically designing the composition and structure of these hybrid nanocom-
posites, researchers can unlock new pathways for developing multifunctional de-
vices with superior performance.

Over the summer, we studied how adding CaTiO; and LiNbO; crystals to PVDF
films changes their behavior. By focusing on how these additives affect the elec-
trical band gap (which is related to how the material absorbs light), and how they
change the way electricity moves through the material, to do this, we used UV-
Visible spectroscopy to measure how the materials absorb light. From the UV-Vis
data, we calculated the direct and indirect band gaps, the optical conductivity, and
some other important optical values like the dielectric constant and refractive in-
dex. We also used the data to estimate how well the material conducts electricity.
This research helps show how we can change and improve materials by adding
nanocrystals, and how this might be useful in things like solar panels, flexible elec-
tronics, and sensors. It shows that even small changes at the nanoscale can lead to

big differences in how materials perform.

2. Materials and Methods

The materials used in this study included polyvinyl alcohol (PV A), polyvinylidene
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fluoride powder, and calcium titanate ceramic powder. DECI-2 was used as the
organic dye for modifying PVA films. Dimethylformamide served as the solvent
for PVDF, while deionized water was used for dissolving PVA. All materials were
used as received, without any additional purification.

To prepare the pure and dye-doped PV A films the samples were weighed, poured
into beakers, magnetically stirred for 90 minutes, then transferred to a sonicator
for 15 minutes. Both of these were done at 70 degrees Celsius, with the sonicator
being set at 45 kHz. For dye-modified samples, a fixed concentration of DECI-2
was added to the PV A solution once it had fully dissolved. The mixture was stirred
until homogenous. Each solution was cast into clean Petri dishes or glass plates
and left to air dry at room temperature for 72 hours, resulting in thin, flexible
polymer films.

PVDF-based composites were prepared by dissolving PVDF powder in DMF.
The mixture was stirred thoroughly for two hours, to ensure uniform dispersion
of CaTiO; particles throughout the polymer. These composite solutions were then
cast onto flat glass substrates and dried in a vacuum oven at 60°C overnight to
remove residual solvent and to form consistent, solid films.

UV-Visible spectroscopy was used to investigate the optical properties of the
PVA and PVDF films. Measurements were conducted using a UV-Vis spectro-
photometer in the 200 - 800 nm range. Small rectangular samples were cut and
placed directly in the instrument’s sample holder. Air was used as the background
reference. Multiple scans were taken for each sample to ensure consistency, and
the resulting spectra were averaged to reduce noise.

Fourier-transform infrared spectroscopy was used to identify chemical bonds and
observe any structural changes due to dye or filler incorporation. Each film sample
was pressed directly against the ATR crystal, and the background spectrum was col-
lected using air. A resolution of 4 cm™ and 32 scans per sample were used to enhance
signal quality and peak clarity. FTIR results were analyzed for characteristic peaks
such as O-H, C-H, and C=0 vibrations in PVA, and CF, peaks in PVDF.

Raman spectroscopy provided additional insight into the molecular structure
and crystallinity of the samples. A confocal Raman microscope was used to collect
spectra in the 100 - 3500 cm™* range. Each sample was mounted on a clean micro-
scope slide, and spectra were taken from multiple points to ensure sample uni-
formity. Raman spectral features such as C-C, C=C, and aromatic vibrations (in
dyed PVA), as well as crystalline phases in PVDF-CaTiOs composites, were closely
examined.

Pyroelectric constant measurements were conducted to evaluate the thermally-
induced electrical response of the polymer films, particularly for the PVDF-based
composites. The samples were placed between two electrodes, and a temperature-
controlled setup was used to modulate the temperature of the films. A periodic
heating and cooling cycle was applied, and the resulting change in voltage was
measured using a high-precision voltmeter. This method enabled the study of the
material’s sensitivity to temperature variations and its potential for thermoelectric

applications.
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3. Results and Discussion

The normalized Raman spectra of PVDF at 0.2 g, 0.3 g, and 0.5 g loadings exhibit
characteristic vibrational features associated with the polymer’s semi-crystalline
phases. The intense band at 840 - 880 cm™ corresponds to the S-phase CF, stretch-
ing mode, indicative of polar chain alignment and dipolar activity. Secondary fea-
tures near 510 - 530 cm™ (CH, bending) and 1430 cm™ (CF, asymmetric stretch-
ing) confirm the persistence of crystalline ordering across loadings. Differences in
band intensities with increasing PVDF content suggest a subtle enhancement in
pS-phase population, aligning with prior reports that higher crystallinity improves
pyroelectric activity (see Figure 1).
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Figure 1. Raman spectra of PVDF and dye-doped PVA films.

For PVA, the control sample shows broad vibrational features associated with
O-H stretching (3300 cm™) and C-H/C-O stretching (2900 - 1100 cm~1). Upon
incorporation of the DECI-2 dye, new vibrational modes emerge in the 1500 -
1600 cm™ region, attributed to aromatic C=C stretching of the conjugated chro-
mophore. Enhanced peaks in the 1200 - 1350 cm ™ range arise from aromatic ring
breathing and CH in-plane bending, consistent with resonance Raman enhance-
ment. The systematic increase in intensity from 0.2 g to 0.5 g carbon-doped films
further indicates strong dye-matrix interactions, with PVA hydroxyl groups facil-
itating local ordering of the dye’s m-system. These modifications demonstrate how
structural coupling at the molecular level tunes vibrational polarizability, provid-
ing a spectroscopic fingerprint of dye incorporation.

The UV-Vis spectra of PVDF (0.2 g, 0.3 g, 0.5 g) show a broad absorption edge
in the 200 - 350 nm region, with a shallow maximum near 230 - 250 nm attributed
to 0 > o* transitions of C-F bonds. The spectra lack pronounced 7> 7* absorp-
tion, consistent with PVDF’s wide bandgap and insulating character. Differences
in the absorption tail slope across loadings suggest subtle changes in crystallinity
and light scattering (see Figure 2).
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Figure 2. UV-Vis spectra of PVDF and dye-doped PVA films.

In contrast, dye-doped PV A films display strong absorption bands in the 350 -
650 nm visible range, dominated by 7> 7* transitions of the conjugated DECI-2
dye. The control PV A film shows only weak absorption below 300 nm, confirming
its wide-bandgap insulating character. Upon dye addition, the emergence of dis-
tinct visible absorption peaks reflects effective incorporation of the chromophore
into the polymer host. Increasing dye/carbon loading red-shifts the absorption
maxima, suggesting enhanced 7- 7interactions and matrix stabilization of the dye
excited states. This behavior highlights the tunability of the optical bandgap in

polymer composites through dye incorporation, in contrast to the invariant wide-

gap absorption of PVDF.
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Figure 3. Pyroelectric response of PVDF films.

The pyroelectric current responses of PVDF films demonstrate a clear depend-
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ence on mass loading. Normalized currents increase with temperature up to 90°C,
driven by thermally activated dipole reorientation. The 0.5 g PVDF film exhibits
the strongest pyroelectric output, consistent with higher S-phase content and
greater dipole density. By contrast, the 0.2 g and 0.3 g samples show smaller, fluc-
tuating responses, likely due to lower crystallinity and heterogeneous trap states.
The sharp rise in current above 75°C for the 0.5 g film suggests a threshold-like
transition in dipolar activity as crystalline domains approach thermal reorienta-
tion (see Figure 3).

These findings confirm that the pyroelectric sensitivity of PVDF composites
scales with crystalline ordering and mass fraction, in agreement with the Raman

results that indicated enhanced S-phase stabilization at higher loadings.

4. Conclusion

Raman analysis confirmed the persistence and strengthening of S-phase vibra-
tional modes in PVDF with increasing loading, while dye-doped PV A introduced
distinct resonance Raman features tied to dye-matrix interactions. UV-Vis spec-
troscopy reinforced these observations: PVDF films retained a featureless wide-
gap absorption edge, whereas dye-doped PVA films exhibited strong visible ab-
sorption from 7> 7* transitions that intensified with loading. Pyroelectric meas-
urements directly linked structural order to functional polarization, with the 0.5
g PVDF film showing the highest thermally induced current. Collectively, these
results establish a clear correlation between vibrational, optical, and pyroelectric
behavior, providing a foundation for engineering polymer composites with tai-

lored optoelectronic properties.
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