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ARTICLE INFO ABSTRACT

Keywords: The chemical cross-linking method continues to be widely recognized as the most efficient and popular strategy
Biodegradable vitamins for modifying gelatin. However, the exploration of enhancing the optical and electrical characteristics of gelatins
Biopolymers

through the use of organic molecules is still in its early stages. In this investigation, two stable dopants of ascorbic
acid adducts were synthesized via the smooth and facile procedure, and their identities were validated through
Fourier transform-infrared (FT-IR) and nuclear magnetic resonance spectroscopy techniques, including FT-'H
NMR, and FT-'3C NMR. The novel gelatin-matrix composite films were fabricated by blending vitamin C adducts
with various gelatins including pork gelatin (PG), fish gelatin (FG), bovine gelatin (BG), and chicken gelatin (CG)
using the casting method. The chemical and homogenous interactions between dopants and gelatin matrixes
were verified through several spectroscopic techniques. The XRD spectra of the composite films show a signif-
icant elevation in their amorphous structures when compared to the pure gelatin host. The FT-IR spectra of both
the gelatin matrix and their composites demonstrate strong chemical interactions among the functional groups
within the gelatin composite films. The UV-vis spectra provided the primary optical information for the syn-
thesized hybrid film. Remarkably, the index of refraction (n) and dielectric loss (¢;) magnitudes are raised, while
the average optical band gap energy (E,) decreased from 4.9 (pure gelatin) to 3.4 eV. By applying Tauc’s model,
we successfully recognized the direct electronic transition occurring between the valence band (VB) and the
conduction band (CB). The results of our research highlights that minor changes in the adduct composition
significantly impact optical and textural properties in polymer composites, offering a plethora of potential
technological opportunities. These applications include materials packaging, blocking of harmful light, and
encapsulation purposes.

Edible films
Optical properties
Band gap energy

1. Introduction

The inherent appeal of gelatin lies in its captivating chemical
composition and structure, sourced from collagen in animal skin, bones,
and connective tissues. It comprises 19 amino acids, with glycine, pro-
line, and hydroxyproline making up 57 %.(Alipal et al., 2019; Noor
et al., 2021; Rather et al., 2022) The remaining 43 % encompasses
diverse amino acids such as glutamic acid, alanine, arginine, and
aspartic acid. The chemical composition is influenced by extraction,
purification, and modification steps.(Diaz-Calderon et al., 2017) Gelatin
A and B, obtained through acidic or alkaline hydrolysis, differ slightly
but share applications in biomaterials for wound healing.(Alipal et al.,
2019; Tabata & Ikada, 1998), (Huang et al., 2020; Pgpczynska et al.,
2019).
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Gelatin’s chemical structure features a blend of single and double
uncoiled chains with hydrophilic properties. It includes a-chains (indi-
vidual polymer/single chain), p-chains (two a-chains covalently cross-
linked), and y-chains (three covalently bonded a-chains) with molar
masses of approximately 90 x 10%, 180 x 10%, and 300 x 10% g/mol,
respectively (Alipal et al., 2019; Noor et al., 2021). Additionally,
leveraging gelatin as a benign, odorless, tasteless, transparent, water-
soluble, and cost-effective biopolymer offers a strategic approach to
enhance diverse physical and biological behaviors for various industrial
and scientific applications.(Lu et al., 2022; Noor et al., 2021).

Despite gelatin’s remarkable biodegradability and biocompatibility,
it faces challenges in certain physicochemical applications(Lu et al.,
2022; Spencer et al., 2018), such as sustainability concerns (Ning et al.,
2020; Rather et al., 2022), poor thermal stability (Mozafari &
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Moztarzadeh, 2010; Quero et al., 2015; Tyuftin & Kerry, 2021), limited
solubility at low temperatures (Hu et al., 2016), and relatively weak
mechanical behavior (Quintero et al., 2006). In the endeavor of
enhancing the physicochemical properties and environmental sustain-
ability of gelatin films through the formation of gelatin-matrix com-
posites, a multitude of efforts have been observed, comprising both
metal-based (Azarian & Wootthikanokkhan, 2020; Mozafari & Moztar-
zadeh, 2010; Salahuddin et al., 2021) and metal-free approaches.(Cao
et al., 2007; Skopinska-Wisniewska et al., 2021; Yin et al., 2018) In
general, their findings indicate that the favorable outcomes are contin-
gent upon various factors, including film composition and thickness,
humidity levels, gelatin source, and the incorporation of ingredients.
(Fraga & Williams, 1985; Z. He et al., 2022; Salahuddin et al., 2021;
Tyuftin & Kerry, 2021).

Surprisingly, the literature review highlights a notable gap in the
investigation of the optical properties of gelatin-matrix composite films.
Only a few studies have allocated a portion of their research to study the
optical and electrical characteristics of these composite films, which are
composed of natural and metal-free compounds(Calixto et al., 2018;
Mozafari & Moztarzadeh, 2010) F. Quero and colleagues reported the
pioneering discovery of a gelatin-matrix composite film incorporating
cellulose in 2015. This natural composite film possesses adjustable op-
tical properties, with the ability to modify transparency to visible light
and opacity to UV light based on the weight fraction of cellulose present.
This suggests the potential application of these composites as UV-
blocking coatings for food.(Quero et al., 2015).

The chitin or chitosan- gelatin, and polysaccharide-gelatin compos-
ites.(Afewerki et al., 2019; Kavya et al., 2013; Sahraee et al., 2017) are
the widely studied gelatin composites, has gained popularity primarily
for its applications as a hemostatic agent in biomedical fields and in food
packaging processes.(Campa-Siqueiros et al., 2020) In 2018, C. Chen
and coworkers synthesized a nanocomposite material consisting of
chitin nanofibers (ChNF) and gelatin. The UV analysis revealed that the
inclusion of gelatin in the nanocomposite led to a notable enhancement
in the transmittance of ChNF. Specifically, the transmittance at 600 nm
improved from 65 % to 88.7 %. This enhancement in transparency,
coupled with the improved mechanical properties, makes the ChNF/
gelatin nanocomposite films highly promising for applications in food
packaging and biomedical industries.(Chen et al., 2018).

In 2021, LSF Leite and their research team successfully developed a
gelatin-based composite by combining tannic acid and cellulose nano-
crystals (CNC) with gelatin matrix. The composite film demonstrated an
impressive capacity to block 76 % of UV light while retaining excep-
tional transparency to visible light, making it highly suitable for pack-
aging light-sensitive foods.(Leite et al., 2021).

In 2023, Y. Huang et al. developed GTPC (Gel-Tara tannin-PVA-
CNTs), a new conductive hydrogel designed for strain sensing in both
air and underwater settings. The GTPC composite hydrogel was syn-
thesized using a simple procedure that involved combining gelatin (Gel)
and polyvinyl alcohol (PVA) as polymers, Tara tannin serves as the
bonding agent, while multiwalled carbon nanotubes (CNTs) function as
the conductive material. This innovative formulation enables rapid and
precise strain sensing capabilities in diverse environments.(Z. He et al.,
2022).

Over the decades, there was a remarkable upsurge in the utilization
of naturally occurring vitamin C (VC) and its derivatives in the fields of
medicine and pathological treatments.(Guerrero et al., 2020; Lim, 2022;
Luo et al., 2018; Mohammadi et al., 2018; Mozafari & Moztarzadeh,
2010; Quero et al., 2015; Regenstein & Zhou, 2006; H. Wang et al.,
2015) In recent times, researchers have shown sizable interest in the
reaction between excess vitamin c¢ and diazonium salts, leading to the
formation of ascorbic acid adducts. This straightforward and cost-
effective method has drawn attention as a viable approach for synthe-
sizing a range of organic molecules, utilizing the stable and benign
vitamin C adduct.(Antoniewski & Barringer, 2010; Bella et al., 1995; Li
et al., 2018; Sahraee et al., 2017; Shankar et al., 2019; Sow & Yang,
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2015; Q. Wang et al., 2020; W. B. Wang et al., 2013; Yoshioka et al.,
1998).

A groundbreaking development took place in 2022 when Bahez Y.
Ahmed and Srood O. Rashid introduced a novel Vitamin C adduct with a
sulfonamide linkage. This innovative approach aimed to enhance the
optical properties of polyvinyl chloride (PVA).(Yaseen Ahmed & Omer
Rashid, 2022).

Recently, the S. O. Rashid research group conducted two distinct
studies in 2023, revealing the promising applications of the vitamin C
adduct. In the first study, successfully integrated environmentally
friendly vitamin C adduct into zinc oxide nanoparticles (ZnO NPs). They
characterized and effectively improved the physical properties and
catalytic photo-degradation of ZnO NPs.(Kader et al., 2023) In another
research pursuit, they fabricated an innovative known as magnesium
oxide nanoparticles conjugated with ascorbic acid adduct
(MgONPs@VCA). This novel nanocomposite was utilized to catalyze the
photo-redox process for the direct thiocyanation of anilines and phenols.
(Kader & Omer, 2023) These noteworthy findings expand the potential
applications of vitamin C adducts across diverse fields, paving the way
for further exploration and utilization.

In this study, ecofriendly vitamin C adducts were produced and
recognized using FT-IR, 'H NMR and !3C NMR spectroscopy. These
adducts were then incorporated into various gelatin types, including
pork gelatin (PG), fish gelatin (FG), bovine gelatin (BG) and chicken
gelatin (CG) to fabricate gelatin-matrix film composites using standard
aqueous procedure. The newly developed metal-free gelatin composites
underwent characterization through XRD, FT-IR, and UV-visible spec-
troscopy. The experimental findings demonstrated that the ascorbic acid
adducts exhibited uniform interaction with the gelatins. The optical
properties of both gelatins and gelatin composites were derived from
UV-vis spectroscopic data. As a result, a considerable decrease in the
average band gap energy (Eg) was observed in the produced composite
films, accompanied by a significant elevation in both refractive index (n)
and dielectric loss (¢;) values when compared to pristine gelatins.(Sha-
fiee et al., 2020) Also, this study underscores that even slight modifi-
cations in the adduct composition can exert a significant impact on
enhancing the optical and textural properties of polymer composites.
Furthermore, spectroscopic investigations revealed a preference for
direct transitions in electronic band-to-band transitions. Collectively,
these aspects position the synthesized gelatin composites as promising
contributors to the progression of optical applications, including the
packaging of light-sensitive materials, optical devices, and for encap-
sulating purposes.

2. Experimental part
2.1. Chemicals, instruments and characterization

Sigma-Aldrich supplied all chemicals in their original, pristine con-
dition, and they were utilized without any pre-treatment or purification
processes. However, the gelatins (bovine BG, fish FG, chicken CG, and
porcine PG) were purchased from Mr.P Ingredients company as pre-
mium quality powders.

The chemicals used in the synthesis of vitamin C adducts and their
composites are 3,4-dichloroaniline (CgHsCI3N, 98 %, CAS number of
95-76-1) and 3,5-dichloroaniline (C¢HsCIoN, 98 %, CAS number of
626-43-7), hydrochloric acid (HCl, 37 %, CAS number of 7647-01-0),
sodium nitrite (NaNO,, 99 %, CAS number of 7632-00-0), and L-
ascorbic acid (CgHgOg, 99 %, CAS number of 50-81-7), acetone
(CH3COCH3, >99.5 %, CAS number of 67-64-1), and ethanol
(CH3CH>0H, 95 %, CAS number of 64-17-5). For all aqueous solutions
and the preparation of gelatin films, double-distilled water served as the
solvent. The reaction progresses were monitored by an aluminum TLC
plate (silica gel coated 60 with fluorescent indicator Fgs4). The TLC spots
were observed using ultraviolet (UV) light at a wavelength of 254 nm.
The recorded melting points were acquired utilizing an automated
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melting point apparatus (OptiMelt, Sunnyvale, CA, USA). For obtaining
the FT-IR spectra, the compact infrared disks were created by mixing a
small amount of the specimen with the KBr powder and applying a
pressure of 15 tons to them. Then a Perkin-Elmer spectrophotometer
(Waltham, MA, USA) operating in the range of 400-4000 cm™' was
utilized. The proton and carbon-13 NMR spectra (1H NMR and *3C NMR)
were obtained using the Bruker DRX-400 MHz instrument (Billerica,
MA, USA). The chemical shift (§) was recorded relative (downfield) to
TMS (tetramethylsilane) and expressed in ppm units. Notations such as s
for singlet, d for doublet, t for triplet, and q for quadruplet were used to
describe the spectral features. The UV-visible spectroscopic information
for both pure gelatins and their polymer composites was collected using
a PerkinElmer double-beam UV-visible-near-infrared (UV-vis-NIR)
spectrometer, specifically the Lambda 25 model. Polymeric films were
produced in varying thicknesses, and their measurements were con-
ducted using a digital handheld micrometer (51031 Kafer, Villingen-
Schwenningen, Germany) with a precision of 0.01 mm. Multiple mea-
surements, typically ranging from five to ten, were taken at different
locations on each film, and an average thickness value was employed to
measure the optical properties. The structural information of the sam-
ples was acquired using an X-ray diffractometer (X’PERT-PRO MRD).
The equipment featured a Cu Ka (A = 0.154 nm) X-ray source and
operated over the 20 range from 10° to 80°, with a scanning rate of 2°
per minute.

2.2. General procedures

2.2.1. General procedure 1 (GP1): Synthesis of ascorbic acid adducts
(dopants)

To a clear solution of aniline derivatives (10 mmol; 1 equiv. in 5 mL,
of ethanol (95 %), 12 mL of 6 N HCI). a sodium nitrite solution NaNO-
(0.76 g, 11 mmol; 1.1 equiv. in 3 mL of distilled water) was added
dropwise using glass syringes over 30 min and maintaining temperature
below 5 °C. The mixture of substances quickly transformed into a clear
solution, brownish solution. The mixture solution was stirred for 1 h to
produce a clear yellow mixture of diazonium salt. To the resulting so-
lution, a cold solution of well-dissolved L-ascorbic acid (4.67 g, 26
mmol; 2.6 equiv. in 15 mL of water) was added dropwise. In the first
stage of the reaction an elastic orange precipitate was formed which
must be separated from the L-ascorbic acid-diazonium salt solution, then
continue to add the L-ascorbic acid. A yellow precipitate was produced
which indicated adduct formation, the solution underwent vacuum
filtration and multiple rinses with distilled water to eliminate any sur-
plus L-ascorbic acid, the crude product was purified by recrystallization
with water and ethanol. Drying of the precipitate was performed in a
desiccator.

2.2.2. General procedure 2 (GP2): Fabrication of pure gelatin films

Initially, pure gelatin solutions were prepared for CG, PG, BG, and
FG by dissolving 1 g of each gelatin powder in 50 mL of distilled water at
40 °C, with 30 min of continuous stirring. Following that, the solutions
were poured into clean plastic petri dishes and allowed to evaporate
slowly at 25 °C for 96 h to form dried films. Afterward, the films were
carefully removed from the petri dishes and prepared for spectroscopic
analysis, including XRD, FT-IR, and UV-Visible spectroscopy. All spec-
troscopic data and optical properties were evaluated using the average
film thickness values (See ESI, Table S1).

2.2.3. General procedure 3 (GP3): Fabrication of gelatin matrix films

At the start, gelatin solutions (CG, PG, BG, and FG) were prepared
following the procedure (GP2): 1.00 g of gelatin powder was dissolved in
50 mL of distilled water at 40 °C with continuous stirring for 30 min.
Subsequently, these solutions were mixed with dopant solutions (0.07 g
of vitamin ¢ adducts, 0.2 mmol, 9 mL of acetone, and 3 mL of distilled
water). The resulting aqueous mixture was heated at 40 °C for 30 min.
The gelatin composite films were then synthesized by casting the
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mixture into cleaned plastic petri dishes, and the films were dried by
slow solvent evaporation at 25 °C over a 96-hour period. Following this,
the films were gently extracted from the petri dishes and prepared for
spectroscopic analysis, including XRD, FT-IR, and UV-Visible spectros-
copy. All spectroscopic data and optical properties were assessed using
the average film thickness values (See ESI, Table S2).

2.2.3.1. Synhesis of (3a): (3R)-4-hydroxy-2-oxotetrahydrofuran-3-yl,2-
(2-(3,4-dichlorophenyl)hydrazineyl)-2-oxoacetate  (3a). According to
(GP1), the chemicals were mixed: solution of 3,4-dichloroaniline (1a)
(1.62 g, 10 mmol; 1 equiv. in 5 mL of ethanol, 12 mL of 6 N HCl), sodium
nitrite NaNO, solution (0.76 g, 11 mmol; 1.1 equiv. in 3 mL of distilled
water), L-ascorbic acid solution (4.67 g, 26 mmol, 2.6 equiv. in 15 mL
water), the title compound were afforded as a yellow precipitate (2.35 g,
90 %). mp: 117 °C, Rz 0.81, (Ethyl acetate: n-Hexane 3:1); FT-IR (0):
3428, 3372, 3268, 2980, 2919, 1786, 1766, 1700, 1596, 1007, 810, 510
cm™!. 'H NMR (DMSO, 400 MHz): 511.11 (s, 1H), 8.49 (s, 1H), 7.38 (d,
J = 8.8 Hz, IH), 6.94 (d, J = 2.7 Hz, 1H), 6.75 (dd, J = 7.46 Hz and 8.44
Hz, 1H), 6.20 (s, 1H), 5.71 (d, J = 7.8 Hz, 1H), 4.72 (q, J = 7.9 Hz, 1H),
4.53 (t, J = 8.0 Hz, 1H), 4.09 (dd, J = 8.32 Hz and 8.20 Hz, 1H). 13C
NMR (DMSO, 101 MHz): § 170.71, 159.01, 156.34, 148.71, 131.83,
131.16, 120.54, 113.81, 113.22, 76.46, 70.10, 69.82.

2.2.3.2. Synhesis of (3b): (3R)-4-hydroxy-2-oxotetrahydrofuran-3-yl,2-
(2-(3,5-dichlorophenylhydrazineyl)-2-oxoacetate ~ (3b). According to
(GP1), the chemicals were mixed: solution of 3,5-dichloroaniline (1b)
(1.62 g, 10 mmol; 1 equiv. in 5 mL of ethanol, 12 mL of 6 N HCl), sodium
nitrite NaNO; solution (0.76 g, 11 mmol; 1.1 equiv. in 3 mL of distilled
water), L-ascorbic acid solution (4.67 g, 26 mmol, 2.6 equiv. in 15 mL
water), the title compound were afforded as a pale yellow precipitate
(2.369 g, 92 %). mp: 119 °C, Ry 0.75, (Ethyl acetate: n-Hexane 3:1); FT-
IR (): 3430, 3375, 3269, 2976, 2914, 1788, 1767, 1700, 1596, 1007,
807, 503 cm™l. 'H NMR (DMSO, 400 MHz): 6 11.11 (s, 1H), 8.63 (s,
1H), 6.89 (t, J = 1.8 Hz, 1H), 6.74 (d, J = 2.0 Hz, 2H), 6.19 (d, J = 4.8
Hz, 1H), 5.69 (d, J = 7.9 Hz, 1H), 4.72 (qd, J = 7.9 and 4.6 Hz, 1H), 4.59
(dd, J = 7.8 Hz and 8.2 Hz, 1H), 4.09 (dd, J = 8.2 Hz and 8.4 Hz, 1H).
13C NMR (DMSO, 101 MHz): 5 170.73, 158.90, 156.32, 150.97, 134.96,
118.35, 110.97, 76.48, 70.15, 69.81.

2.2.3.3. Synthesis of gelatin-incorporated-(3a) vitamin C adduct (VC-
3a@Gel). According to (GP3) the solutions were mixed: 3,4-dichloroa-
niline vitamin C adduct (3a) solution (0.07 g, 0.2 mmol; in 9 mL of
acetone, 3 mL of distilled water), gelatin solution (1.00 g powder of CG,
PG, BG and FG) dissolved in 50 mL of distilled water, gave the title
polymer solution as a light yellow, viscous liquid. Then the mixture
casted into cleaned plastic petri dishes, and the film was dried by slowly
evaporating the solvent at (25 °C) for 96 h. The composite films (VC-
3a@CG, VC-3a@PG, VC-3a@BG and VC-3a@FG) were then gently
removed from the petri dish and were characterized using XRD, FT-IR,
and UV-Visible spectroscopy.

2.2.3.4. Synthesis of gelatin-incorporated-(3b) vitamin C adduct (VC-
3b@Gel). According to (GP3) the starting solutions were mixed: 3,5-
dichloroaniline vitamin C adduct (3b) (0.07 g, 0.2 mmol; in 9 mL of
acetone, 3 mL of distilled water), (1.00 g gelatin powder (CG, PG, BG
and FG) dissolved in 50 mL of distilled water at (40 °C) with stirring for
30 mins) gave the title polymer solution as a pale yellow, viscous liquid.
Then the mixture casted into cleaned plastic petri dishes, and the film
was dried by slowly evaporating the solvent at (25 °C) for 96 h. The
composite films (VC-3b@CG, VC-3b@PG, VC-3b@BG and VC-
3b@FG) were then gently removed from the petri dish and were char-
acterized using XRD, FT-IR, and UV-visible spectroscopy.
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3. Results and discussion
3.1. Chemical synthesis

Both L-ascorbic acid adducts (3a and 3b) were synthesized using a
two-step chemical process in a single reaction vessel, involving diazo-
tization and coupling reactions. To start, the anilines were dissolved in
an appropriate solvent, typically ethanol, and protonated using an
excess of concentrated HCl. Following this, they were carefully diazo-
tized at temperatures between 0 and 5 °C using NaNO; to produce
diazonium salts (2a and 2b). Subsequently, the resultant diazonium salts
were coupled with an excess (2.5 equiv.) of vitamin C solution to pro-
duce the adducts. These reactions are straightforward, cost-effective,
and do not require chromatography with relatively high yield%, as
outlined in Scheme 1.

Later, we produced two sets of gelatin composite films, namely VC-
3a@CG, VC-3a@PG, VC-3a@BG, and VC-3a@FG, as well as VC-
3b@CG, VC-3b@PG, VC-3b@BG, and VC-3b@FG (see Scheme 2).
These films were created by blending the dopant adducts (3a and 3b)
with their hosted gelatin solutions (CG, PG, BG, and FG). The identity of
the resulting films and the assessment of their optical properties were
verified through XRD, FT-IR, and UV-vis. spectroscopy.

3.2. Characterization of ascorbic acid adducts (3a and 3b)

3.2.1. FT-IR

Absorption of broadband IR energy excites infrared-active com-
pounds from ground vibrational energy states to higher ones, yielding an
IR signal that aids in identifying specific functional groups and offering
pertinent insights.(Allen et al., 1993; Mohamed et al., 2017) The diag-
nostic region of FT-IR spectra for both L-ascorbic adducts (3a and 3b)
provide valuable insights into the essential vibrational stretching of
characteristic functional groups within the adduct molecules (See
Fig. 1).

The most polar group, O-H stretching vibrations, exhibit strong IR
vibrational signals at approximately 3460-3430 cm~'. Meanwhile, N-H
stretching vibrations manifest as sharp and intense doublet signals, with
asymmetric N-H stretching around 3370-3360 cm™! and symmetric
N-H stretching around 3260-3230 cm ™. The degree of broadening and
intensity observed in IR peaks serves as a strong indicator of hydrogen
bonding (HB) presence. In this context, polar groups like O-H and N-H
within adducts with minimal HB are more predisposed to forming
intermolecular HB interactions with other molecules, such as the host
polymers.(Hu et al., 2016).

The vibrational stretching signals for C-H stretching in both sp? and
sp° carbons were observed at (3095-2910 cm™1), respectively. Signifi-
cantly, the carbonyl groups in the adducts (3a and 3b) exhibit three
distinctive stretching vibrations, yielding peaks at 1788, 1766, and

ct]i::rn m:Ii:j/N?cP
cl cl

H2.
i) NaNO,/HCI

0-5°C
(1a) (2a)
® O
cl NH c N
2 j) NaNO,/HCI 2Cl
0-5°C
cl cl
(1b) (2b)

ii) L-ascorbic acid
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1700 cm™!. The two ester C = O stretching vibrations in both adducts
are observed at higher wavenumbers (approximately 1788 and 1766
cm 1) due to the inductive effect of the electronegative oxygen atoms. In
contrast, the C = O stretching vibrations in the amide groups appear at
lower wavenumbers, influenced by the mesomeric effect, providing
strong confirmation of the formation of the ascorbic acid adducts.
Moreover, the fingerprint region in the IR spectrum serves as additional
confirmation of the molecular structure of dopants (3a and 3b). Within
this region, the stretching vibrations for C-O and C-N bonds were
detected at approximately 1318 and 1190 cm ™}, respectively.

3.2.2. '"HNMR

The hydrogen arrangement within adducts was identified and char-
acterized through 'H NMR spectroscopy. The 'H NMR spectrum of
compounds (3a and 3b) was acquired by dissolving the samples in
DMSO-dg, as illustrated in Figs. 2-4

The 'H NMR spectra distinctly reveal the presence of the two kinds of
exchangeable protons (O-H and N-H) in the dopant compounds (see
Fig. 2a and 3a).(Browne et al., 2011) Specifically, the two hydrogen
signals of N-H are observed as singlets at more downfeild (higher fre-
quencies): 3a (§ = 11.11 and 8.49 ppm) and 3b (§ = 11.11 and 8.63
ppm). The (O-H) proton in 3a exhibits slight shielding effect, resonating
at frequencies around (6 = 6.20 ppm, s, 1H). Conversely, the O-H proton
in 3b is trapped and coupled with its neighboring geminal proton (Hc).
As a result, it manifests as a signal at (§ = 6.19 ppm, doublet, 2]=4.8Hz,
1H). This behavior arises from the reduced exchange rate of the O-H
proton in 3b, occurring less frequently than once per millisecond (1/
1000 s).

Regarding the three aromatic protons (Hg, Hs, and He) in dopant
(3a), they appeared as three distinct signals falling within the range of
(6 =6.7-7.4 ppm). Hs (6 = 7.38 ppm, d, J = 8.80 Hz) and Hg (6 = 6.75
ppm, dd, J = 8.80, 2.7 Hz) were coupled together through a vicinal
coupling constant (3J = 8.80 Hz). Additionally, Hy (6 = 6.94 ppm, d, J =
2.7 Hz) exhibited a slight coupling effect (meta coupling) with Hg (6§ =
6.75 ppm, dd, J = 8.80, 2.7 Hz), through a long-range coupling constant
of (*J = 2.7 Hz), as depicted in Fig. 2b. In compound 3b, the three phenyl
protons (Hy, Hy4, and Hg) appeared as two signals in the § = 6.9-6.7 ppm
range. Hy and Hg, considered equivalent protons, show slight coupling
due to a long-range meta coupling at 5 = 6.74 ppm (d, with %7 = 2.00 Hz,
2H). Meanwhile, the H, proton appears at 5 = 6.89 ppm (t, with 47 = 1.8
Hz, 1H), resulting from double long-range couplings with both Hy and
Hg protons, as illustrated in Fig. 3b.

The proton signals (Ha to Hd) originating from the lactone ring in
both 3a and 3b are highlighted in Fig. 2¢c and 3c, falling within the range
of 5 = 6.19-4.00 ppm. Specifically, the Hd proton signals of the asym-
metric carbon are observed at § = 5.71 ppm (d, with 35=7.8 Hz, 1H) for
3a and § = 5.69 ppm (d, with 351=79 Hz, 1H) for 3b. In 3a, the Hc
signals on the adjacent chiral carbon appear at § = 4.72 ppm (q, with 5J

cl o
o
cl N” jriko
H o OH

(2.5 equv.)

cl (3a, 90%)

° (o)
ii) L-ascorbic acid H o
. . _N
(2.5 equv.) cl N \[(U\O
H (o) OH
(3b, 92%)

Scheme 1. Synthesis of l-ascorbic adducts (3a and 3b).
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Fig. 1. FTIR spectrum of a dopant vitamin C adducts (3a and 3b).

= 7.9 Hz, 1H). However, in compound 3b, Hc manifests as a complex
NMR signal at § = 4.72 ppm (qd, with J = 7.9 Hz and 4.6 Hz, 1H),
confirming its geminal coupling with the hydroxyl proton (O-H), which
exhibits a 2J = 4.8 Hz coupling constant.

The remaining diastereotopic protons (CHy) in both 3a and 3b pre-
sent themselves as two pairs of unresolved triplets.(Hu et al., 2016)
Further analysis reveals the existence of two pairs of potential doublet of
doublets. In 3a, one signal appears at 5§ = 4.53 ppm (dd, J = 7.46 Hz and

8.44 Hz, Hb), while another (Ha) is observed at 5§ = 4.09 ppm, displaying
very slight spin coupling (dd, J = 8.32 Hz and 8.20 Hz). For dopant 3b,
the signal at § = 4.59 ppm (dd, J = 7.8 Hz and 8.2 Hz, Hb) and the other
(Ha) at 6 = 4.09 ppm exhibit similar slight spin coupling (dd, J = 8.2 Hz
and 8.4 Hz, Hb).

3.2.3. 3¢ NMR
The validation of the carbon skeleton in compounds 3a and 3b was
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confirmed through analysis of their 13C NMR spectra, as illustrated in
Fig. 4. The '3C NMR spectrum of compounds 3a and 3b clearly displays
three different signals corresponding to carbonyl groups (C = O).
Particularly, the lactonic carbonyl groups exhibit the most deshielded
signal in the spectra, appearing at § = 170.71 ppm for 3a and § = 170.73
ppm for 3b. The esteric carbonyl groups show resonances at 5§ = 159.01
ppm for 3a and § = 158.90 ppm for 3b, closely resembling each other in
their chemical shifts. The amidic carbonyl groups in both 3a and 3b are

characterized by signals at 5§ = 156.34 ppm and § = 156.32 ppm for 3a
and 3b, respectively. The chemical shifts of 3b align perfectly with the
13C NMR analysis of the compound previously synthesized and exam-
ined by Browne et al.(Browne et al., 2011) The '3C NMR signals arising
from the aromatic rings in both 3a and 3b serve as additional evidence
of adducts’ synthesis. In 3a, all six non-equivalent aromatic carbons are
observed at § = (148.71, 131.83, 131.16, 120.54, 113.81, 113.22) ppm,
while for 3b, the four aromatic carbon signals are detected at § =
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Fig. 4. 13C NMR spectra of adducts. (A): 3a and (B): 3b.

(150.97, 134.96, 118.35, 110.97) ppm. The three distinctive sp° carbons
located within the lactone rings of both 3a and 3b are evident at § =
(76.46, 70.10, 69.82) ppm and & = (76.48, 70.15, 69.81) ppm,
respectively.

3.3. Characterization of gelatin-matrix films and their composite
counterparts

3.3.1. FT-IR

FT-IR spectroscopy is a widely employed procedure for character-
izing the functional groups in organic compounds and for conducting
variety spectroscopic investigations. This method provides valuable
diagnostic information for studying polymer composition, monitoring
polymerization processes, characterizing polymer structures, analyzing
polymer surfaces, and investigating polymer degradation processes.
(Boerio & Wirasate, 2001; Kaminski & Smolka, 2011; Stuart, 2005)
Table 1 Key IR Spectral regions of fabricated Films.

Fig. 5 and Table 1 showcase IR spectroscopic data for both pristine
gelatin films (CG, PG, BG, FG) and their respective composite films (VC-
3a@CG, VC-3b@CG, VC-3a@PG, VC-3b@PG, VC-3a@BG, VC-
3b@BG, VC-3a@FG, VC-3b@FG). For the evaluation and tracking of
chemical modifications within hybrid polymer films, we analyzed the
five primary characteristic absorption bands in gelatins (Amide: A, B, I,
I1, and III).(Alam et al., 2022; Ejaz et al., 2018; Esteghlal et al., 2018;
Preethi et al., 2021; Rajkumar et al., 2017; X. Wang et al., 2018) This

Table 1

Crucial Infrared (IR) spectral regions of fabricated Films (Gelatins and their
associated composites) in wave numbers (em™).

Entries  Films Amide-A Amide- Amide- Amide-IIT
&Amide-B I I

1 CG 2904-3348 1620 1524 1207

2 VC-3a@CG  2904-3579 1624 1523 1230 & 1199
3 VC-3b@CG  2769-3587 1620 1527 1226 & 1199
4 PG 2915-3560 1617 1519 1230 & 1201
5 VC-3a@PG  2881-3579 1623 1523 1226 & 1199
6 VC-3b@PG  2835-3449 1616 1515 1225 & 1195
7 BG  2912-3490 1623 1519 1230 & 1195
8 VC-3a@BG 2815-3641 1623 1519 1226 & 1195
9 VC-3b@BG  2835-3629 1623 1523 1222 & 1195
10 FG  2908-3521 1619 1519 1230 & 1199
11 VC-3a@FG 2804-3579 1616 1519 1230 & 1199
12 VC-3b@FG  2908-3617 1627 1511 1226 & 1203
Average in cm ™! 1620.91 1520.08 1225.66 &

1198.09

analysis enables us to gain further insights into the synthesis of com-
posite films by investigating the effects of electrostatic interactions be-
tween the hosted gelatin polymers and dopants (3a and 3b). We will
accomplish this by observing variations in the shapes, strengths, and
positions of the A-max (maximum absorption wavelength) across all
functional groups within polymer films.(Brza et al., 2021; Q. He et al.,
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Fig. 5. FT-IR spectra of gelatin films and their corresponding composite films.
2016).

The most informative segments within all the film IR spectra, as
depicted in Fig. 5(A-D) and detailed in Table 1 entries 1-12, include the
Amide-A region (~3100-3500 cm™!) and the Amide-B region
(~2900-3090 cm1). The Amide-A region signifies the presence of the
most polar groups, including O-H and N-H, characterized by higher
vibrational frequencies within the molecule. Additionally, the Amide-B
region (around 3090-2900 cm™?) corresponds to the absorption bands
of saturated and unsaturated hydrocarbon moieties (C-Hg ).(Alam et al.,
2022; Bommalapura Hanumaiah et al., 2021; Ejaz et al., 2018; Hanu-
maiah Anupama et al., 2022; Rajkumar et al., 2017).

In all eight polymer composite films (Table 1, entries: 2, 3, 5, 6, 8, 9,
11, and 12), there were significant alterations in the shapes, intensities,
and positions of O-Hgr, N-Hg, and C-H stretching compared to their
respective pure gelatin films (Table 1, entries: 1, 4, 7, and 10). These
alterations resulted in broader and more intense IR signals, primarily
due to the substantial molecular hydrogen bonding occurring between
the polar groups of dopants (3a and 3b) and the polar groups within
gelatin matrices.

Nonetheless, the Amide regions (Amide: I, II, and III) in all gelatin
composite films remained nearly unaltered, with average wave numbers

of Amide I (C = Og, = 1621 cm’l), Amide II (N-H bending coupled C-
Ngtr. = 1520 em™)), and Amide IIT (N-H bending) at 1225 and 1198
cm’l.(Esteghlal et al., 2018; Geng et al., 2009; Mahmoud & Abbo, 2013;
Preethi et al., 2021) This suggests that the primary interactions between
dopants (3a and 3b) and the hosted gelatins predominantly involve the
most polar groups, such as the (O-H and N-H) groups.

3.3.2. XRD study

X-ray diffraction (XRD) serves as a widely employed method for
discerning the amorphous and crystalline components within electrolyte
film specimens. The utilization of XRD analysis facilitated the investi-
gation of the structural attributes of solid materials and polymer com-
posites, providing accurate, immediate, and efficient insights into their
composition.(Anderson & Paulo, 2014; Nofal et al., 2020) Fig. 6a-d dis-
plays the XRD diffraction spectra of the samples, containing pure forms
of gelatins and the composites associated with each of them (VC-
3a@Gel and VC-3b@Gel). It is worth noting that the XRD pattern of the
pure gelatin samples shows a significantly broad diffraction peak
centered at 20 = 20°, which corresponds to the spacing between amino
acid residues and is indicative of a triple-helical structure.(Bella et al.,
1995; Bommalapura Hanumaiah et al., 2021; Lavorgna et al., 2010; Li
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Fig. 6. XRD pattern of pure gelatin films and their respective hybrid polymer films.

et al., 2018; Qiao et al., 2017; Rivero et al., 2010).

The diffractograms of the eight samples all display an amorphous
character, suggesting a lack of inclination towards recrystallization at
approximately 20 = 20°. This phenomenon can likely be ascribed to the
substantial stability and heightened moisture content found in the
gelatin films.(Lavorgna et al., 2010).

Despite the similarities in the results obtained for all hosted gelatin
films, variations in both intensity and the amorphous structure of hybrid
films were observed, contingent on the specific types of gelatins and
dopants used (3a and 3b).(Suderman et al., 2018) Furthermore, the XRD
patterns of pure gelatins exhibit a limited number of crystalline peaks in
the 20 range of 40°-55°, which can be attributed to the inherent crys-
talline nature of certain nutritional ingredients, such as table salt and
sugar, present in the gelatin powder utilized for this research.(Hassan
et al., 2020; Qiu et al., 2023; Yang et al., 2020) The most useful region,
spanning 20 = 40°-55°, of the XRD spectra for the polymer composite
broadening films reveals a significant reduction in intensity and of the
XRD signals. This phenomenon indicates an increase in the amorphous
structure within the resulting hybrid films. This change is likely a result
of the replacement of regular intermolecular hydrogen bonding found in
pure gelatins with random intermolecular hydrogen bonding in the
composite films.(Hanumaiah Anupama et al., 2022; Saber-Samandari
et al., 2017).

To unveil this information, the crystalline percentage of gelatins and
their fabricated composites was determined by calculating the ratio of
the areas corresponding to crystalline peaks to the total area of the entire
gelatin after baseline correction. Consequently, pure CG exhibited the
highest crystallinity at 32.61 %, whereas pure PG demonstrated the

lowest crystal index at 24.50 %. The introduction of dopants 3a and 3b
resulted in an augmentation of amorphicity. Notably, 3a exerted a sig-
nificant influence in reducing the crystal index in BG to 8.81 %, sur-
passing its impact on other gelatins (CG, PG, and FG). Simultaneously,
the adduct 3b has a remarkable influence by reducing crystallinity % in
CG to 8.95 % compared to other gelatins (BG, PG, and FG), as illustrated
in Table 2. The average of experimental XRD data indicates that 3b
exhibits a substantial impact on decreasing crystallinity (10.71 %)
compared to 3a (12.18 %).

Moreover, the inclusion of dopants (3a and 3b) significantly ob-
structs the formation of the triple helix structure, especially in the re-
gions centered at 20 = 20°. This hindrance leads to broader peaks with
relatively lower intensity, a consequence of the homogeneous

Table 2

Crystalline percent of gelatins and their composites.
Gelatin films Total area of crystalline peaks Total area Crystalline%
CG 107.66 330.05 32.61
VC-3a@CG 75.88 521.19 14.55
VC-3b@CG 43.40 484.55 8.95
PG 128.29 523.50 24.50
VC-3a@PG 68.14 600.35 11.35
VC-3b@PG 50.13 424.04 11.82
BG 154.09 518.09 29.74
VC-3a@BG 52.44 594.94 8.81
VC-3a@BG 56.36 519.36 10.85
FG 137.95 488.49 28.24
VC-3a@FG 54.83 391.53 14.00
VC-3b@FG 54.23 483.11 11.22
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interactions between gelatin and ascorbic acid adducts.(Bao et al., 2017;
Lavorgna et al., 2010; Qiao et al., 2017; Rabiei et al., 2020; Saber-
Samandari et al., 2017; Suderman et al., 2018; Venezia et al., 2022;
Yalcin & Mutlu, 2012).

3.3.3. UV-visible study

3.3.3.1. Molecular absorption study. The fabricated films underwent a
molecular-level analysis through the well-established UV-Vis spectros-
copy technique. This analysis aimed to assess various physical charac-
teristics such as the molar absorption coefficient, bandgap, and
refractive index, among others. Fig. 7(a-d) visually represents the elec-
tronic transitions occurring within both the gelatin matrix films and
their corresponding composite films when exposed to ultraviolet-visible
light. These spectra were produced through the absorption of UV-Vis.
light (190 — 1000 nm) and analyzed in accordance with Beer’s law.
(Venkatachalam, 2016).

In all absorption spectra (CG, PG, BG, and FG), two prominent peaks
emerge in the UV region, specifically around 230 nm and approximately
275 nm, as corroborated by various references.(Evanoff & Chumanov,
2005; Hanumaiah Anupama et al., 2022; Mahmoud & Abbo, 2013;
Shehap et al., 2017) These two peaks can be attributed to specific
electronic transitions. The strong absorption at 230 nm is likely linked to
7 — 7* transitions arising from unsaturated C = C and C = O bonds found
in amide and acetyl groups (non-aromatic amino acids). The second
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peak, observed at the longest wavelength interval (~275 nm), is
attributed to n — 7* transitions, which involve the free electrons of
oxygen and nitrogen atoms within gelatin structures and the presence of
aromatic amino acids, as documented in various sources.(Abrusci et al.,
2004; Bommalapura Hanumaiah et al., 2021; Evanoff & Chumanov,
2005; Hanumaiah Anupama et al., 2022).

When a small quantity of dopant vitamin C adducts (3a and 3b, %W/
W = 7) is introduced into pristine gelatin polymers, a remarkable
enhancement in the optical properties of all resulting composites be-
comes obvious. Particularly, Fig. 7a-c illustrates that 3b exhibits sig-
nificant optical improvements when compared to 3a in CG, PG, and BG
polymers, while Fig. 7d reveals that 3a demonstrates a slightly more
effective enhancement in the optical properties of the FG polymer when
compared to 3b. This improvement is discernible in the form of a
noticeable shift in absorption towards longer wavelengths (redshift).
Furthermore, this alteration leads to a significant increase in absorption
across the entire UV region and an extension into the visible region. This
occurrence can be ascribed to the decrease in the band gap energy of the
composite films.(Abdul-Kader, 2013; Baycan Koyuncu et al., 2011;
Prashanth Kumar et al., 2014).

3.3.3.2. Refractive index study. The refractive index (n) of polymers is a
fundamental optical property that describes how light propagates
through these materials. Typically, unlike inorganic materials such as
glass or metals, polymers tend to display lower n values due to the
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Fig. 7. UV-vis. absorption spectra of pure gelatins and their composite films.
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reduced velocity of light within polymer structures.(Aziz et al., 2020;
Brza et al., 2019; Marquez & Nau, 2001; Shehap et al., 2017) The n value
is mathematically determined through the utilization of Kramer’s
-Kronig relations:

4R
ﬂ(ﬂ):m“v‘ W—K

2

(€Y

As outlined in equation (1), the refractive indices (n) at specific
wavelengths (1) were computed using the corresponding reflectance (R)
and extinction coefficient (K), which are intimately tied to wave prop-
agation via the equation K = Aa/4nt. In this context, 4 represents the
wavelength of the incident light, while ¢t implies the thickness of the thin
films. a, which stands for the optical absorption coefficient, represents a
vital optical parameter derived from mathematical analysis of molecular
absorption data.(Muheddin et al., 2023) This parameter plays a pivotal
role in determining the optical band gap energy of polymer materials.
(El-Nahass et al., 2012; T.S.Moss, 1959).

The refractive index of polymers varies depending on their chemical
composition, structure, and processing conditions.(Abbate et al., 1978;
Muheddin et al., 2023; Singh, 2002) Understanding the n of polymers is
crucial in various applications, including optics, coatings, and materials
engineering, as it influences light transmission, reflection, and disper-
sion within these materials.(Bommalapura Hanumaiah et al., 2021;
Marquez & Nau, 2001; Shehap et al., 2017; Taha, 2019).

Fig. 8a-d depicts the refractive indices (n) of pure gelatins and their
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hybrid composites (VC-3a@Gel and VC-3b@Gel). Remarkably, the
figure reveals enhanced dispersion patterns in the refractive indices for
the hybrid films. In essence, the n of pure gelatins (around 1.15) showed
an increase upon the introduction of dopants (3a and 3b), reaching
approximately 1.32 for VC-3b@Gel and about 1.17 for VC-3a@Gel (See
Fig. 8c). It demonstrated a gradual decrease over the wavelength range
spanning nearly 330 to 590 nm. Furthermore, the outcomes of this study
indicate that dopant 3b has a more pronounced impact on the dispersion
of refractive indices compared to 3a. This can be returned to the
enhanced bundling density and amplified polarization of gelatin ma-
trixes resulting from the insertion of these dopant adducts.(Bommala-
pura Hanumaiah et al., 2021) So, these diversities in refractive index of
these polymer composites offers advantages such as customizability,
cost-effectiveness, lightweight properties, and suitability for various
applications, making them a valuable choice in the optical industry.
(Marquez & Nau, 2001; Shehap et al., 2017; Taha, 2019).

3.3.3.3. Band gap study. Assessing the band gap energy (E,) serves a
valuable approach for estimating the optical properties, electrical, and
thermal conductivity traits of polymers.(Brza et al., 2021; Taha, 2019)
Egis a fundamental physical constant that quantifies the energy disparity
between a polymer’s conduction and valence bands (CB and VB bands).
(Aziz et al., 2021) In order to achieve a more precise understanding of
the predominant electron transition types and to gain insights into the
structure-property correlation (whether the material behaves as an
insulator, semiconductor, or metal) within the polymer films, it is
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Fig. 8. Refractive index (n) versus wavelength (1) for the pristine gelatin and their hybrid films.

11



A. Ayad Shamsallah and S. Omer Rashid

crucial to thoroughly grasp the complex dielectric function (e*).(Aziz,
2016) e* describes how a material interacts with electromagnetic radi-
ation over a broad range of wavelengths and is expressed in terms of the
optical refractive index 'n’ and the extinction coefficient *’K’.(Soni et al.,
2011) This function is sum of imaginary (¢; = 2nK) and real (¢, = n?-K?
parts of optical dielectric loss parameter, as illustrated in equation (2):

eE0=1¢+¢, 2

In this study, we experimentally determine the E; value of prepared
films by utilizing the more accurate imaginary component of the optical
dielectric loss parameter (¢;). Meanwhile, we elucidate the nature of the
electronic transitions occurring between the conduction band (CB) and
valence band (VB) using Tauc’s model, as elaborated in equation (3):
(Hussein et al., 2020)

(ahv)" = B(hv — E,) 3

Where ho represents photon energy, B is a constant of proportion-
ality, and the value of n is an exponent depends on the nature of the
electronic transitions happening within the polymer.(Hussein et al.,
2020) In Fig. 9a-d, the optical energy band gap for all solid films,
comprising both pure polymers and their eight composites, was deter-
mined by pinpointing the intercept point of the extrapolated linear
segment on the plot, denoted as (ahv)" on the y-axes, in relation to the
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photon energy (hv) on the x-axis.(Ahmed et al., 2009) In all cases, the
determined average band gap energy (Eg) value for pure gelatins,
approximately 4.9 eV, consistently decreases when compared to the
composites (VC-3a@Gel and VC-3b@Gel), which have an average Eg
value of around 3.6 eV. Fig. 9a illustrates a slightly broader range of
energy band gaps for CG gelatin, spanning from approximately 4.9 to
3.4 eV when 3b was added. Clearly, these results demonstrate that the
inclusion of 3a and 3b in pure gelatin polymers induces changes in the
energy states between the valence and conduction bands. The reduction
in the optical band gap can be attributed to a decline in the degree of
crystallinity in the samples, resulting from alterations in the polymer
structure.(Su & Zhou, 2019).

Additional investigation has been implemented to determine the
nature of band-to-band transitions within polymers. It is crucial to note
that these wide-ranging band-band transitions must conform to a se-
lection rule in molecular absorption spectroscopy. As mentioned previ-
ously, the direct use of Tauc’s equation for determining Ej is not feasible
due to the various possible values of the exponent 'n’, such asn =1/2,
2/3, 2, and 1/3. Tauc’s equation serves the purpose of describing the
absorption behavior of a material in proximity to its band gap energy
(Eg). It helps ascertain whether the transitions in these polymers are
direct or indirect, and whether they are allowed or forbidden. For
comprehensive information, refer to Table 3.(Muheddin et al., 2023).

Hence, the correct band gap energy derived from Fig. 9 for both pure

0.00025 4 (A) 0.00025 4 (B)
o ‘A
S 0.00020- PRy 3000020 o
2 et o 2 ot
2 s s L . .
S . e Ry, ¢ S 5}“4‘ 2
2 Rl O 7 A 2 S A
£ 0.00015 - “ R LS. £0000151 | « PG L iMgas,
g 4 St k- VC-3a@PG : . : s
S $ w»,a A VC-3b@PG . R A
S 0.00010 % 5000010+ . T
= =
o ) .
Wnings, ]
0.00005 . 0.00005 ]
000000_ T |' T T T T T T T T 0-00000_ T T T T L T T T T T
12 1.6 2.0 2.4 2.8 3.2 3.6 4.0 44 48 52 56 6.0 64 68 12 1.6 2.0 2.4 2.8 3.2 3.6 4.0 44 48 52 56 6.0 64 68
hv (eV) hv (eV)
0.00025{ (©) “L . 0.000254 (D)
= 0.00020 30.00020 - .
A -

0.00015

BG
VC-3a@BG
VC-3b@BG

Optical DielectricLoss (

0.00010 5 0.00010
0.00005 A 0.00005
0.00000 - 0.00000 -

0.00015 = FG . ‘.‘,":'tzm. ] .

VC-3a@FG
VC-3b@FG

Optical DielectricLoss (

hv (eV)

— T T T 1T 7T T T T T T T T T T
1.2 1.6 2.0 24 28 32 3.6 40 44 48 52 56 6.0 6.4 6.8

12 1.6 2.0 24 2.8 32 3.6 40 44 48 52 5.6 6.0 64 6.8
hv (eV)
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Table 3

E, values were determined using Tauc’s approach and the ¢; plot.

Films n=1/2* n=2/3* n=2" n=1/3" Dielectric loss, ¢;
CcG 48 4.9 5 4.6 4.9
VC-3a@CG 3.5 3.6 3.7 3.4 3.6
VC-3b@CG 3.2 3.4 3.7 3.2 3.4
PG 4.8 4.9 5 4.8 4.9
VC-3a@PG 3.5 3.7 3.8 3.5 3.7
VC-3b@PG 3.3 3.5 3.7 3.2 3.5
BG 4.7 4.8 4.9 4.5 4.8
VC-3a@BG 3.5 3.6 3.7 3.4 3.6
VC-3b@BG 3.5 3.7 3.8 3.5 3.7
FG 4.8 4.9 5 4.6 4.9
VC-3a@FG 3.5 3.6 3.7 3.4 3.6
VC-3b@FG 3.7 3.7 3.9 3.5 3.7

(*) = indirect allowed; (*) = direct forbidden; ® = direct allowed; (") = indirect
forbidden transitions.

gelatins and their respective composites align with the preferred direct
forbidden transition when the 'n’ value equals 2/3. This alignment is
corroborated by Fig. 10 and Table 3. In the context of enhancing ma-
terial properties, direct transitions are typically favored over indirect
transitions since they result in lower heat energy losses.
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4. Conclusion

In summary, this study has confirmed the enhancement of optical
properties in various gelatins (PG, FG, BG, and CG) through chemical
cross-linking using small organic molecules. The biodegradable and safe
ascorbic acid was successfully utilized in the straightforward synthesis
of pairs of organic isomer adducts (dopants). Several spectroscopic an-
alyses (FT-IR, FT-'H NMR, and FT-!3C NMR) verified the synthesis of
these adducts. Notably, the 'H NMR spectra provided intriguing insights
into the hydrogen arrangements and spin-spin coupling of exchange-
able, aromatic, and lactone protons within the dopant adducts. The
study also observed significant chemical interactions between the ad-
ducts and the host gelatins, as confirmed by XRD, FT-IR, and UV-vis
spectroscopies, demonstrating the successful fabrication of polymer
composites. Improved optical properties, including refractive index (n),
dielectric loss (¢;), and optical band gap energy (E,), were extracted from
UV-vis spectroscopic data for both pure gelatins and their respective
composites. Notably, both n and ¢; values elevated compared to pristine
gelatins, while the average energy bandgap (E,) declined from 4.9 eV
(pure gelatin) to 3.4 eV. Moreover, this study emphasizes that even
minor alterations in the adduct composition, as seen with 3b, can exert a
substantial influence on the enhancement of optical and textural prop-
erties in polymer composites. Additionally, spectroscopic studies indi-
cated that electronic band-to-band transitions favored direct transitions.
The outcomes of this research are anticipated to significantly contribute
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to the advancement of optical applications involving gelatin-matrix
composite films.
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