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Abstract: In this work, samples of PVDF/Annatto (PVDF/An) were synthesized and characterized as a function of 
annatto concentration. The FT-IR results show the incorporation of An in the polymeric matrix, without changing the 
relative percentage of the β phase. The UV optical properties were studied by the UV-Vis technique. The addition of An 
to PVDF changes the optical absorption in the UV region from 200 nm to 650 nm. The optical transmittance decreases 
from 60% for PVDF/An 0% to 0% for PVDF/An 5% at 540 nm. The optical absorption edge is redshifted from 251 nm to 
645 nm, and the width at half weight increases approximately 1083 %, reaching 355 nm. For doped samples, the 
extinction coefficient presents two peaks at 470 nm and 499 nm, which might be associated with bixin. Skin depth results 
show a 64% decrease in Ecut-off from 6.18 eV to 2.50 eV. The addition of An shifts the optical bandgap toward lowest 
energies. Urbach energy decreases as An content increases. This result is consistent with the results observed for the 
absorption edge and the optical bandgap. Finally, the obtained results show that PVDF/An samples are potential 
candidates for optical and photonic applications. 
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INTRODUCTION 

Poly(vinylidene fluoride), PVDF, is a semi- 
crystalline polymer of great interest in studies involving 
films and composites, primarily due to its polymorphism 
and the sensitivity of its structure to processing 
conditions. PVDF can crystallize in five crystalline 
phases: α, β, γ, δ, and ε. However, most studies focus 
on α and β phase due to their enhanced mechanical 
and ferroelectric properties. Nevertheless, the 
proportions of the α, β, and γ crystalline phases may 
vary depending on the solvent used, solvent 
evaporation, thermal history, and the presence of 
incorporated components in the polymeric matrix [1, 2]. 
The β phase is associated with the all-trans 
conformation of polymeric chains and the alignment of 
electrical dipoles related to C–F bonds. For this reason, 
the β phase is related to piezoelectric, ferroelectric, and 
dielectric properties of the PVDF matrix [1, 2]. The β 
phase is the most studied for electro-electronic 
applications. The addition of different fillers can 
improve piezoelectric and ferroelectric properties and 
also improve the optical properties of the PVDF matrix. 
Among these improvements, it can be cited 
enhancement of UV optical absorption, optical 
fluorescence, and optical bandgap change, associated 
with structural disorder [3-6]. In this sense, PVDF can 
be treated as a functional matrix whose response 
depends on its crystalline structure and the chemical 
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nature of the incorporated material. In previous 
research, UV-Vis techniques have been used to study 
the optical properties of PVDF/Nd2O3, including the 
optical absorption coefficient, extinction coefficient, 
skin depth, and Urbach energy. This study shows that 
the dopant addition changes the interaction between 
the doped material and electromagnetic radiation [3]. 
Similar studies have been performed in other systems, 
such as neodymium compounds, organic complexes, 
and natural fillers, in which the optical response of 
PVDF becomes dependent on the interaction between 
the polymer and the incorporated component [4-6]. 

In this context, annatto (*Bixa orellana* L.) is a 
natural colorant from yellow to orange and flavoring 
agent. The principal interest in this natural material is 
due to the presence of pigments in its seeds, derived 
from norbixin, bixin, along with methyl bixin, β-carotene, 
lutein, cryptoxanthin, and zeaxanthin [7]. In annatto, 
bixin is the majority carotenoid present. In contrast, 
norbixin is primarily associated with the transformation 
of bixin in an alkaline medium, which alters the 
pigment's polarity and affinity for the medium [8-11]. 
These compounds present conjugated systems that 
favor electronic transitions in the visible region of the 
electromagnetic spectrum, which explain the 
characteristic color of materials derived from annatto 
[11, 12]. All these characteristics make annatto an 
interesting filler for polymer materials. In the literature, 
different studies report the incorporation of 
annatto-derived materials into polymeric matrices, such 
as PMMA, PANI and PHB [13-15]. In another study, 
norbixin extracted from annatto was used to produce 
conductive composites for electrochemical sensors 
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and to promote bone tissue repair [15]. These studies 
show that annatto-derived materials can be used for 
optical and technological applications. Therefore, the 
objective of this work was to synthesize and 
characterize the optical properties of PVDF samples 
doped with annatto (An) or (PVDF/An) as a function of 
An concentration via the UV-Vis technique. 

MATERIALS AND METHODS 

PVDF powder was donated by Arkema of Brazil 
(KynarTM) without pooling or purification. 
Dimethylformamide (DMF) (99.8% purity) from Vetec™ 
was used as the solvent. The seeds of Bixa orellana L. 
were harvested from the annatto tree and used as the 
source of the natural dopant incorporated into the 
PVDF matrix. Annatto seeds were dried in an oven at 
50 °C for 168 h. Subsequently, the dried material was 
ground using a Britânia™ BMX400P knife mill and, 
later, a zirconia microbead mill. Following this step, the 
resulting powder was sieved through a 0.250 mm (60 
mesh) screen, yielding an annatto powder with 
controlled particle size. To prepare the pure PVDF 
sample, 120 mg of the polymer powder was dissolved 
in DMF at room temperature. For the PVDF/An 
composites, the An loadings were 1%, 2%, 3%, 4%, 
and 5% by mass relative to PVDF. The PVDF and An 
powders were dissolved separately in DMF at room 
temperature. Subsequently, the PVDF and An 
solutions were mixed, stirred, and poured into glass 
Petri dishes according to the proportions established 
for each composition. Finally, the samples were 
oven-dried at 50 °C for 16 h to remove the solvent and 
form the films. The obtained samples were identified as 
PVDF/An 0% (pure PVDF), PVDF/An 1%, PVDF/An 
2%, PVDF/An 3%, PVDF/An 4%, and PVDF/An 5%, 
respectively. FT-IR/ATR measurements were 
performed using a Bruker Invenio R spectrometer, 

equipped with a diamond ATR unit. The scan was 
performed over 4000–100 cm⁻¹ with 64 scans at a 
resolution of 1 cm⁻¹. Background spectra were 
automatically recorded and subtracted, and the 
resulting spectra were saved in OPUS software. The 
UV-Vis measurements were performed using a 
Shimadzu spectrophotometer model UV-2700i with 
diffuse reflectance in the wavelength range of 
200–1400 nm, and the LabSolutions acquisition 
program provided diffuse transmittance and 
absorbance results. 

RESULTS AND DISCUSSIONS 

The obtained samples presented thicknesses of 
0,050 ± 0,007 mm, 0,052 ± 0,008 mm, 0,056 ± 0,005 
mm, 0,062 ± 0,004 mm, 0,066 ± 0,005 mm e 0,074 ± 
0,005 mm for PVDF/An 0%, PVDF/An 1%, PVDF/An 
2%, PVDF/An 3%, PVDF/An 4%, and PVDF/An 5% 
respectively. These results are the average of 
measurements taken at six points on the sample. 

The FTIR spectrum of the PVDF/An films, shown in 
Figure 1, exhibited vibrational bands characteristic of 
the polymer matrix, consistent with different crystalline 
phases of PVDF. For PVDF/An 0%, it is possible to 
observe the typical absorption peaks of α-phase at 
1424, 1381, 1212, 975, 855, 795, 763, 615, and 530 
cm−1. For β-phase, the peaks were found at 1275−1279, 
840, and 511 cm−1, and for γ-phase at 1234, 834, 812, 
778, and 484 cm−1 [1,4]. PVDF exhibits a peak at 1401 
cm-1 which is associated with CH2 wagging mode [16]. 
For doped samples, the contribution of annatto to the 
composite must be interpreted in light of the 
preparation method employed. Since the material used 
consisted of dried, ground, and sieved *Bixa orellana* L. 
seeds. Thus, the powder incorporated into the film 
represents a complex plant matrix rich in annatto 

 

Figure 1: Measurements of FT-IR/ATR for PVDF/An as a function of An concentration.  
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constituents, particularly compounds associated with 
carotenoids such as bixin [7-12]. In this context, the 
region between 1713 and 1717 cm⁻¹ is particularly 
significant, as it corresponds to the C=O stretching 
range associated with carbonyl/carboxyl groups and 
has been reported in materials containing annatto [17]. 
In polymeric materials containing annatto, bands near 
1713 cm⁻¹, accompanied by absorptions around 1562 
and 1161 cm⁻¹, were also associated with the 
presence of constituents compatible with bixin [14]. 
Similarly, in pigments extracted from *Bixa orellana* L. 
seeds, absorptions in the region near 1717 cm⁻¹ were 
attributed to the dye's carbonyl groups, accompanied 
by bands near 1608 and 1563 cm⁻¹ [18]. In the region 
of 1608 and 1562–1563 cm⁻1, the bands can be 
related to the conjugated system of the organic fraction 
of annatto. The absorption around 1562 cm⁻¹ is usually 
associated with the C=C stretching of conjugated 
systems. The band near 1608 cm⁻¹ can be assigned to 
the vibrational region of conjugated organic structures 
and carbonyl groups in annatto. In PVDF/An 
composites, these bands are less intense due to the 
low amount of dopant, but they tend to become more 
noticeable in samples with higher annatto 
concentration. From Figure 1, it can be observed that in 
the region between 1500 cm-1 and 1800 cm-1, PVDF/An 
0% shows no vibrational peaks. However, for doped 
samples in this region, some noise in the results may 
be related to the addition of annatto. For doped 
samples, the region around 1254 cm⁻¹ can be 
attributed to a combination of OH angular deformation 
and C–O stretching, and the region around 1160 cm-1, 
is related to the stretching of the asymmetric OC=C 
bond in annatto [17]. The peak at 1160 cm-1 overlaps 
with the PVDF peaks at 1167 cm-1 and 1170 cm-1, 
which correspond to the asymmetric and symmetric 

CF2 stretching vibration, respectively [16]. At lower 
wavenumbers, the doped sample presents a signal 
near 962 cm⁻¹, which is consistent with sp² C–H 
out-of-plane deformations, while the band near 682 
cm⁻¹ may be associated with O–H out-of-plane 
deformation [17]. Taken together, the results indicate 
that incorporating An into the PVDF matrix preserves 
vibrational signatures consistent with oxygenated 
groups, carbonyls, and conjugated systems 
characteristic of the organic fraction of annatto. Thus, 
FTIR analysis indicates that PVDF/An films retain the 
main vibrational structure of PVDF and exhibit discrete 
yet consistent contributions arising from the presence 
of the natural dopant. The low relative intensity of these 
bands in the composites aligns with the concentrations 
used, given that annatto was incorporated in a small 
proportion relative to the polymer matrix. Nevertheless, 
the changes observed in the regions associated with 
carbonyls, oxygenated groups, and conjugated 
systems confirm the incorporation of annatto powder 
into the PVDF films. 

From Figure 1, taking the peaks at 840 cm-1 and 
763 cm-1 and using the Salimi method (Eq. 01), it is 
possible to determine the relative percentage of β 
phase (Fβ%).  

!!% =
!"#!

!.!"(!"#!)!!"#!
         Eq. 01 

Where !"#! is the absorption of β phase and !"#! is 
the absorption of α phase. The obtained results were 
approximately 72 %, 75 %, 74 %, 74 %, 73 %, and 74% 
for PVDF/ An 0 %, 1%, 2 %, 3 %, 4 %, and 5%, 
respectively. The results did not show a significant 
variation with An addition and remained practically 
constant. For optical applications, this result is very 

 

Figure 2: Optical absorbance increases and optical transmittance reduction caused by An addition in the PVDF matrix as a 
function of An concentration.  
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important, since an external electric field can control 
the optical properties in ferroelectric materials [19]. If 
Fβ(%) remains constant, it means that the polar phase 
remains constant, which is indicative that the 
ferroelectric properties are preserved. If the 
ferroelectric properties do not change, the control of 
optical properties is preserved as well. However, 
further studies are needed to confirm this. 

 

Figure 3: Optical absorption coefficient results and optical 
absorption edge indication for PVDF/An samples as a 
function of An content. 

Figure 2 displays the experimental results for optical 
absorbance (A) and transmittance of PVDF/An 
samples as a function of concentration. In pure PVDF 
(PVDF/An 0%), the optical absorption observed 
between 250 nm and 400 nm is attributed to the 
electronic transition of the fluorocarbons (F–C) [4]. For 
doped samples, the addition of An broadens the 
absorption at 505 nm and presents four additional 
peaks at 287 nm, 432 nm, 458 nm, and 494 nm. These 
peaks can be attributed to the bixin that presents peaks 

at 285-293 nm, 429 nm, 457 nm, and 487 nm [20,21]. 
In Figure 2b, PVDF/An 0% presents an optical 
transmittance of almost 60% at 540. For doped 
samples, the optical transmittance at 540 nm 
decreases to 0%.  

From optical absorbance it is possible to obtain the 
optical absorption coefficient (α′) by Beer-Lambert’s 
formula α′ = 2,303 !

!
, where d is the thickness of the 

sample. In Figure 3, the results for all compositions are 
displayed. The literature reports that the spectral 
distribution of the optical absorption coefficient near the 
band edge can be attributed to the electronic transition 
between higher occupied molecular orbitals (HOMO) 
and lower unoccupied molecular orbitals (LUMO) of the 
molecule, and the absorption edge in isotropic material 
gives the optical band gap (Eg) [22]. Thus, the 
absorption edge analysis may provide information on 
the band gap behavior of the PVDF matrix. Pure PVDF 
presents an absorption edge at 251 nm and a width at 
half weight of 30 nm. In a previous work, the authors 
found absorption edges for pure PVDF at 249 and 255 
nm [3, 6]. The absorption edge around 200 nm is 
related to the semi-crystalline characteristic of PVDF 
[3]. Doped samples present high optical absorption in 
the UV and almost the entire visible region of the 
electromagnetic spectrum. The absorption edge is 
red-shifted from 251 nm to 645 nm, and the width at 
half weight is 355 nm. The observed red-shift might be 
related to a decrease in the optical bandgap.  

From optical absorption coefficient is possible to 
calculate the extinction coefficient by the equation 
! = !!!

!!
, where ! is the wavelength of incident photon. 

This parameter is important because it describes the 
loss of wave energy to the sample (optical loss), and is 
related to the imaginary part of the complex refractive 
index by the relation: ñ = ! + !" , and !  is the 
refractive index [6]. In Figure 4a, for PVDF/An 0%, the 
value found at 200 nm is 0.048 and them decreases as 

 

Figure 4: Results of the calculation of Extinction coefficient (a) and skin depth (b) showing the increase in both parameters for 
PVDF/An samples as a function of An content. 
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a function of wavelength up to 430 nm and them 
increases. On the other hand, PVDF/An 5% presents a 
value of 0.057 at 200 nm and then shows two peaks at 
470 nm and 498 nm with values of 0.253 and 0.248, 
respectively. This behavior might be related to bixin 
present in the annatto powder, and the displacement of 
the observed peaks might be related to the interaction 
between annatto and the PVDF matrix. For optical 
applications, as harvesting materials, high values of κ 
over a broad region of the electromagnetic spectrum 
are desirable [23]. High values of κ indicate strong 
photon absorption, which leads to a rapid decay of the 
electric field amplitude and a small skin depth. Thus, it 
is important to know the skin depth ( ! ) or 
depth-penetration behavior. Skin depth (!) represents 
the exponential decay of the incident photon in a 
medium of finite electrical conductivity, and is related to 
α' by the following relation ! = !

!!
 [3]. In Figure 4b, the 

parameter ! for PVDF/An 0% at 1 eV presents a value 
of 0.01 cm, and after 1.93 eV the values found 
decreases, reaching the Ecut-off at 6.18 eV. From Figure 
4b, it is possible to see that An addition into the PVDF 
matrix displaces the Ecut-off to lower energies (2.50 eV) 
for all doped samples. Since skin depth depends on 
optical transmittance (T), these results indicate that 
PVDF loses its transparency with An addition.  

For crystalline materials with high optical absorption 
> 104 cm−1, the coefficient !!  has a frequency 
dependence given by 

!′ℎ! = !′(ℎ! − !!)!    Eq. 1 

where !! is the optical energy gap, and r is the power 
factor of the transition mode that can assume values of 
1/2 and 2 for allowed direct and allowed indirect 
transitions. The parameter !′  is an 
energy-independent constant called the band tailing 

parameter. From Eq. 01 it is possible to determine Eg 
plotting (!′ℎ!)

!
!  against photon energy (ℎ!)  and 

taking the extrapolation of linear part up to this 
intercept the energy axis. PVDF samples may present 
both direct and indirect bandgap energies. The direct 
bandgap is related to optical transitions, and the 
indirect bandgap is important for understanding 
thermodynamic behavior and electrical conductivity. In 
Figure 5, both indirect and direct optical bandgap 
results are displayed. As can be seen, PVDF/An 0% 
presents an indirect optical bandgap of 4.93 eV and a 
direct bandgap of 5.48 eV. In a previous work for pure 
PVDF, the values found for indirect and direct bandgap 
were 5.1 eV and 5.6 eV, respectively [6]. Other works 
report an indirect bandgap of 4.82 eV and 4.96 eV, and 
values of 5.56 eV and 5.66 eV for direct bandgap [3, 
24]. Thus, the obtained results are in agreement with 
the literature. From Figure 5, it is also possible to 
observe that the An addition decreases the indirect 
bandgap by 1.85 eV and the direct bandgap by 2.15 eV, 
representing a decrease of approximately 60%. This 
behavior might be associated with the increase in 
unstructured bulk defects caused by An addition, and 
corroborates with the absorption edge results. 

Generally, polymers present localized states 
associated with their bandgaps [22]. These localized 
states may increase if structural defects increase, 
causing the Urbach tail to broaden and the energy gap 
to widen. The Urbach rule can determine the extent of 
the band tail 

α′   =   α!  exp
!"
!!

         Eq. 02 

where !! is a constant, EU is the activation energy 
sometimes called Urbach energy, and represents the 
width of localized states within the bandgap [25]. The 
plot of !"(!′) against photon energy (ℎ!) is used to 

 

Figure 5: Tauc plot for the obtention of indirect and direct optical bandgap energy for PVDF/An samples as a function of An 
concentration. 
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analyze the optical absorption near to the band edge. 
The slopes of its linear part are inversely proportional 
to the EU. Thus, an increase in the slope indicates a 
decrease in EU, suggesting an increase in localized 
states within the material and an increase in structural 
disorder [26]. The results for Urbach energy and optical 
bandgap are plotted in Figure 6. As can be seen, the 
incorporation of annatto into the PVDF matrix 
decreases EU from 0.598 eV to 0.147 eV as the An 
content increases. This behavior might be associated 
with defects induced in the polymeric matrix by dopant. 
These induced defects increase structural disorder, 
which in turn increases the density of localized states, 
narrowing the energy barrier for electronic transitions 
and reducing Eg [26]. This reduction in the bandgap 
energy means PVDF/An composites require less 
energy for optical absorption, justifying the redshift 
observed in the optical absorption edge. This work 
shows that the optical response of PVDF/An is 
governed by a highly interconnected network of 
electronic and structural parameters. The addition of 
filler increases structural disorder and structural defects, 
thereby decreasing the optical bandgap energy and 
allowing PVDF/An to absorb lower photon energy. This 
absorption increases the extinction coefficient near the 
band edge and reduces the penetration depth. 

 

Figure 6: Comparison among the results of Indirect and 
direct optical bandgap and Urbach energy results for 
PVDF/An samples as a function of An concentration. 

CONCLUSION 

In this work, annatto powder was used as a dopant 
for PVDF polymer as a function of concentration. FT-IR 
measurements showed that An addition in the 
polymeric matrix did not change the relative 
percentage of the β phase. From UV-Vis 
measurements, it was observed that An addition 
broadened absorption at 505 nm, presenting four 
additional peaks attributed to bixin. PVDF/An 0% 
presents an optical transmittance of 60% at 540 nm. 

For other compositions in this region, the transmittance 
drops to 0%. For PVDF/An 0%, the optical absorption 
coefficient presents an absorption edge at 251nm. 
However, for other compositions, the absorption edge 
is shifted to 645 nm. The addition of An to the PVDF 
matrix increases the extinction coefficient, presenting 
two peaks at 470 nm and 498 nm, associated with the 
bixin. This indicates that electromagnetic waves lose 
more energy in this region than in others. From the skin 
depth, it was observed that the Ecut-off decreased from 
6.18 eV to 2.50 eV, indicating that PVDF loses its 
transparency. The results also show a decrease in 
bandgap decrease as a function of An content, which is 
consistent with the absorption edge results. The 
decrease in bandgap is associated with an increase in 
structural defects, which increases the density of 
localized states. The localized states are related to the 
Urbach energy, and a decrease in this energy indicates 
increased structural disorder. The obtained results 
showed that EU decreases with An addition, indicating 
an increase in structural defects and a decrease in the 
bandgap. Finally, the reduction in optical transmittance, 
the redshift of the absorption edge, the increase in the 
extinction coefficient, the reduction in the Ecut-off, and 
the observed reduction in bandgap and Urbach energy 
indicate that PVDF/An samples are potential 
candidates for optical and photonic applications and for 
UV protection. 
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