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ABSTRACT: The development of sustainable materials has driven significant interest in starch as a renewable and biodegradable
polymer. However, the inherent brittleness, hydrophilicity, and lack of thermoplasticity of native starch limit its application in
material science. This study addresses the limitations of native starch by converting it to dialdehyde starch (DAS) and cross-linking
with polyether diamines via imine bonds. The effects of Jeffamine molecular weights (D-2000, D-400, and D-230) and mole ratios
on the mechanical, thermal, and structural properties of starch-based films were examined. The cross-linked DAS/Js films exhibited
significant enhancements in flexibility and toughness. Specifically, DAS/J2000 at a 0.03 mol ratio achieved a tensile strength of 62.9
MPa. In comparison, DAS/J400 at a 0.5 mol ratio demonstrated 126.2% elongation at break, indicating the balance between cross-
linking density and chain mobility. X-ray diffraction (XRD) analysis revealed reduced crystallinity and tighter molecular packing with
increased cross-linking. Dynamic mechanical analysis (DMA) indicated a decrease in Tg with an increasing mole ratio, reflecting
enhanced molecular mobility. The results underscore the potential of optimized cross-linking conditions to produce starch-based
films with properties that contribute to developing sustainable biopolymer materials.

1. INTRODUCTION Modification is required to develop starch as an alternative
to petroleum-based plastics. This process alters the inherent

Environmental concerns have significantly increased interest in
properties of native starch, particularly its high water vapor

starch as a promising natural polymer for sustainable material

applications.l’2 As a fully biodegradable polysaccharide derived permeability and poor mechanical properties. One effective

approach is to plasticize starch, transforming it into thermo-

from plants, starch offers several key advantages, including low
plastic starch (TPS) through physical and chemical processes.

cost, abundance, and wide availability from agricultural

sources.”~” However, the application of native starch is limited These modifications disrupt the intermolecular interactions
by inherent drawbacks. The primary challenges include (a) its within starch, weakening its structure and increasing the
hydrophilicity (starch contains hydroxyl groups that make it mobility of chains in the amorphous regions, thereby
water-sensitive, leading to the dissolution of amylopectin and improving functionality and processability.*~"* Physical
the swelling of amylose, which degrade material properties modification is a simple and cost-effective method that
upon moisture exposure) and (b) its lack of thermoplasticity

(native starch undergoes thermal degradation at approximately Received: August 27, 2024

220 °C, before reaching its melting point of 240 °C, making it Revised:  October 22, 2024

unstable under various humidity, temperature, and shear Accepted:  October 22, 2024

conditions).*” As a result, native starch must be modified, Published: November 6, 2024

particularly for applications beyond use as a filler in
reinforcement plastics.'*~"*
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involves the application of moisture, heat, and shear. Extrusion,
a widely used plastic processing technique, combines thermal
and mechanical force to modify starch efliciently, significantly
influencing the microstructure and mechanical properties of
starch-based materials.'~"® Additionally, chemical modifica-
tion, including cross-linking and derivatization, introduces
functional groups into the starch polymer, overcoming the
inherent drawbacks of native starch and leadin§ to significant
changes in its physicochemical properties.”””>° Despite
ongoing advancements in starch modification, starch-based
materials still face challenges in mechanical performance,
moisture resistance, and scalability due to their intrinsic
brittleness, moisture sensitivity, and incompatibility with
hydrophobic polymers. Continued research is necessary to
address these challenges and expand the commercial
applicability of starch-based materials.

To address these limitations, various approaches have been
studied to improve the mechanical strength of starch-based
films. Dialdehyde starch (DAS), derived from sodium
periodate oxidation, is a versatile material that can react with
diamines through a Schiff-base reaction, offering a promising
strategy for developing starch-based bioplastics. Through this
reaction, DAS forms a cross-linking network with diamine,
which improves the mechanical properties of the material.”* >’
Jeffamine, a flexible polyether diamine, is particularly well-
suited for enhancing the mechanical properties of starch-based
films due to its inherent structure. It consists of a poly-
(propylene glycol) (PPG) backbone, which provides inherent
flexibility through the rotational freedom of its polyether
chains and is terminated by primary amine groups on both
ends.”’ * This dual-function structure allows Jeffamine to
significantly improve the toughness and flexibility of starch-
based films, addressing the brittleness commonly associated
with starch-based materials. The presence of flexible polyether
segments reduces rigidity, while the primary amine groups
enable effective cross-linking with DAS. While previous studies
have focused on increasing tensile strength, brittleness remains
a challenge.

This study aims to determine the influence of molecular
weight and the mole ratio of Jeffamine on the mechanical
properties of DAS-based cross-linked films. This research
provides insights into achieving a more balanced mechanical
performance in starch-based bioplastics by analyzing how
Jeffamine chain length and DAS/Jeffamine molar ratios affect
these properties, thereby enhancing the potential applications
of starch films, such as in biodegradable packaging, agricultural
films, and biomedical materials, by addressing their inherent
limitations.

2. EXPERIMENTAL SECTION

2.1. Materials. Native potato starch (NPS) was supplied by
Daesang Co., Ltd. (Seoul, Korea). The starch was dried at 60 °C for
12 h and stored in a dry environment. Sodium periodate (99.8%),
ethanol (95.0%), sulfuric acid (95.0%), sodium hydroxide (98.0%),
and 1% phenolphthalein solution were purchased from Samchun
Chemical Co., Ltd. (Seoul, Korea). Poly(propylene glycol) bis(2-
aminopropyl ether), which were Jeffamine D-series amines, D-2000
(2000 g/mol), D-400 (430 g/mol), and D-230 (230 g/mol) were
obtained from Huntsman Corporation (Texas) and used as received.

2.2. Synthesis of Dialdehyde Starch. Sodium periodate was
dissolved in distilled water to achieve a concentration of 0.3 mol/L.
Native potato starch (NPS) was then dispersed in this solution at a
concentration of 5% (dry weight), with a mole ratio of sodium
periodate to starch set at 1.1. The reaction was maintained at 40 °C
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for 24 h. After the reaction, the starch slurry was filtered, and the
product was washed with distilled water five times to remove the
iodate. The resulting product was then cross-washed with ethanol to
remove remaining water and dried at 60 °C for 12 h. This process
yielded dialdehyde starch (DAS) with over 90% content.

2.3. Determination of Aldehyde Contents. The degree of
substitution (DS) of hydroxyl groups by aldehyde groups in starch
was determined using the method described by Hofreiter, Alexander,
and Wolff (1955). In this procedure, 0.2 g of starch or dialdehyde
starch (DAS) was dissolved in 10 mL of 0.25 mol/L NaOH at 70 °C
for 2 min. The solution was rapidly cooled with cold water, and 15
mL of 0.125 mol/L sulfuric acid was added. A small amount of
phenolphthalein indicator was then introduced, and the mixture was
titrated with 0.1 mol/L NaOH until the end point at pH 7 was
reached, confirmed by both color change and pH meter readings. The
DS was calculated using eq 1. v; and v, represent the total volumes of
NaOH and H2S04 (L), respectively. w is the dry weight of the DAS
(g)- ¢, and c, indicate the concentrations of NaOH and H,SO, (mol/
L), respectively. The value of 161 is the average molecular weight of
the repeat unit in DAS.

e —
w/161 (1)

2.4. Fabrication of DAS/Js Cross-Linked Film. Dialdehyde
starch-based Jeffamine (DAS/Js) cross-linked films were prepared via
a Schiff-base reaction. The DAS/]Js cross-linked films were produced
using Jeffamine D-2000, D-400, and D-230, with the numbers
indicating the molecular weight of the respective Jeffamine. The molar
ratio of the aldehyde group to the amine group was varied, with ratios
set at 1:0.1, 0.3, 0.5, 0.7, and 1.0 for DAS/J230 and DAS/J400 cross-
linked films, and at 1:0.01, 0.03, 0.05, 0.1, 0.3, 0.5, 0.7, and 1.0 for
DAS/J2000 cross-linked films. The films were named according to
their respective Jeffamine type and molar ratio, for example, DAS/
J230 0.01 and DAS/J2000 0.03. As an example, the detailed
preparation process for the DAS/J2000 0.03 film is as follows: first,
Jeffamine D-2000 (0.03 molar ratio relative to that of DAS) was
dissolved in a 50% ethanol solution. Separately, DAS was completely
and homogeneously dissolved in distilled water at a concentration of
0.5 wt % using pulsed tip sonication (output power: 15%; frequency:
1 s on and 2 s off) until 100,000 Joules of energy was applied. After
the DAS solution was cooled to room temperature, it was added to
the Jeffamine solution and mixed under magnetic stirring. The
resulting mixture was then poured into a poly(tetrafluoroethylene)
(PTFE) dish and dried at room temperature to form the cross-linked
film.

2.5. Characterization Methods. 2.5.1. Morphology and
Chemical Structure Characterization. 2.5.1.1. Field-Emission
Scanning Electron Microscopy (FE-SEM). The structure of the starch
granules and the surface morphology of the DAS/Js cross-linked films
were observed using FE-SEM (SIGMA, Carl Zeiss). Prior to imaging,
the samples were dried in a vacuum oven at 60 °C for 12 h to remove
any residual moisture. Each sample was then precoated with a uniform
layer of 99.99% pure platinum via ion sputtering to prevent electron
charging during the FE-SEM measurement.

2.5.1.2. Nuclear Magnetic Resonance ("H NMR). The molecular
structure was determined by using 'H NMR spectroscopy. A 600
MHz high-resolution NMR spectrometer (AVANCE III HD, Bruker)
was used for the analysis. All 'H NMR samples were measured at 25
°C in DMSO-d,.

2.5.1.3. Fourier Transform Infrared Spectroscopy (FT-IR). The
Fourier transform infrared (FT-IR) spectra of the blends were
recorded by using a Nicolet i520 FT-IR spectrometer (Thermo Fisher
Scientific). All samples were measured in the range of 4000—500
cm™ with a resolution of 2 cm™ and 16 scans.

2.5.2. Mechanical Properties Analysis. 2.5.2.1. Texture Analyzer.
Tensile tests of DAS/J400 (0.3—1.0) and DAS/J2000 (0.03—1.0)
were conducted using a texture analyzer (TA-XT plus, Stable Micro
Systems) with a crosshead rate of S mm/s at 25 °C. The DAS/Js films
were cut into S mm X SO mm strips (ASTM D882) for testing at S
repetitions.
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Figure 1. (a) Chemical structure of the starch materials and prepared film. (b) Schematic illustration for network density of prepared cross-linked

film.

2.5.2.2. Dynamic Mechanical Analysis (DMA). DMA (Q800, TA
Instruments) was used to assess the tan delta behavior in relation to
the cross-link density of DAS/Js films. Film specimens of DAS/J400
(0.3—1.0) and DAS/J2000 (0.03—1.0) were prepared in dimensions
of 6 X 30 mm. The measurements were conducted in film tension
mode at 1% strain under a 1 Hz frequency, within a temperature range
from —15 to 200 °C for DAS/J400 and from —60 to 220 °C for DAS/
J2000, at a constant heating rate of 10 °C/min.

2.5.3. Cross-Linking Density Analysis. 2.5.3.1. X-Ray Diffraction
(XRD). X-ray diffraction patterns were obtained using a micro X-ray
scattering system (D8 Discover, Bruker) equipped with a Cu Ka
radiation source (50 kV, 1000 uA) and a VANTECS00 detector. The
XRD patterns were acquired over a 26 angular range of 4—40°, with a
step size of 0.02° and a step time of 600 s.

2.5.3.2. Gel Fraction. The gel content, which depends on the
solvent solubility, was determined by using ethanol as the solvent. The
gel fractions of the DAS/Js cross-linked films were measured by
shaking the samples (15 mm X 15 mm) at $ repetitions in ethanol for
3 days at room temperature. Afterward, the soluble fraction was
removed by filtration, and the remaining gel was dried at 60 °C to a
constant weight. The gel fraction was calculated using the following
eq 2, where W; and W, represent the weights before and after
filtration, respectively.

W
gel fraction (%) = —L % 100

Wo 2)

2.5.4. Thermal Stability, Water Contact Angle, and Water
Stability Test. 2.5.4.1. Thermogravimetric Analysis. Thermogravi-
metric analysis was performed using a TGA4000 analyzer
(PerkinElmer). Approximately 10 mg of each specimen was heated
from 30 to 600 °C at a rate of 10 °C/min.
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2.5.4.2. Water Contact Angle. Analyzer (DAS 100, KRUSS) was
used to determine surface wettability. Deionized water was used as the
test liquid, and approximately S ym droplets were carefully placed on
the dried film surface at S repetitions. Images were captured
immediately after each droplet was applied to each sample.

2.5.4.3. Water Resistance. To evaluate the water resistance of the
DAS/Js cross-linked films, a piece of film (S mm X S mm) was soaked
in 15 mL of water at room temperature for 7 days.

2.5.5. Statistical Analysis. All tests were conducted in S
repetitions, and the resulting data were statistically analyzed using
IBM SPSS Statistics 29 (SPSS Inc., Chicago, IL). A one-way analysis
of variance (ANOVA) was performed, followed by Duncan’s multiple
range test (p < 0.0S).

3. RESULTS AND DISCUSSION

3.1. Design Strategy. This study focuses on the
development of biodegradable starch-based films by using
starch as a renewable and sustainable resource. As illustrated in
Figure la, starch was chemically modified into dialdehyde
starch with a high degree of substitution (over 90%) to enable
effective cross-linking with diamine of varying molecular
weights (230, 400, 2000) at different mole ratios. The primary
aim of this research is to refine the formation of starch-based
films and adjust their mechanical properties for enhanced
performance. By investigating the effect of cross-linking density
as illustrated in Figure 1b, this study demonstrates how varying
cross-linking density can affect the physical properties of films
and tailor properties such as flexibility, toughness, and
durability. This approach not only enables the development
of starch-based materials suitable for diverse applications—

https://doi.org/10.1021/acs.biomac.4c01172
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Figure 2. (a) Chemical structure of NPS and DAS and calculated degree of substitution, (b) SEM image, (c) "H NMR spectra, (d) FT-IR spectra,

and (e) XRD spectra of NPS and modified DAS.

including biodegradable packaging and environmentally
friendly coatings, but also aligns with broader sustainability.

3.2. Physical State Transformation of Starch. Native
potato starch (NPS) was chemically modified to produce
dialdehyde starch (DAS) with a high degree of substitution
(over 90%) to enable efficient cross-linking. This modification,
achieved through sodium periodate oxidation, ensures a
sufficient concentration of reactive aldehyde groups necessary
for cross-linking with diamines of varying molecular weights.
The high aldehyde content of DAS is crucial for forming a
stable and robust cross-linked network within the film matrix,
thereby significantly enhancing the mechanical integrity and
overall performance of the starch-based films. The degree of
substitution (DS) of the aldehyde groups was determined
using the rapid quantitative alkali consumption technique
described by Hofreiter, Alexander, and Wolff,* confirming a
DS of 92.34% (Figure 2a). To further understand the
structural transformation resulting from the high aldehyde
content, the physical changes in the DAS were analyzed using
'H NMR, FT-IR, XRD, and SEM, providing comprehensive
insights into the microstructure and cross-linking efficiency of
the films.

Figure 2b presents SEM micrographs that illustrate the
distinct granular morphology of NPS and DAS with a degree of
substitution (DS) of 92.34%. The NPS granules display
smooth rounded surfaces. This characteristic can be attributed
to the compact and organized arrangement of amylopectin and
amylose within the granules, which maintains their structural
integrity. In contrast, the oxidative cleavage process used to
produce DAS results in substantial morphological changes.
The modified starch particles exhibit surface distortions and
circular depressions, which can be attributed to the disruption
of the granular structure due to the selective oxidation of
amorphous regions.‘%’37 Figure 2c exhibits the 'H NMR
spectra of NPS and DAS. The NPS spectrum shows
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characteristic signals corresponding to the anhydroglucose
unit, with peaks observed at 5.49 ppm (OH-c), 5.38 ppm
(OH-b), 5.09 ppm (H-a), 4.56 ppm (OH-f), and 3.63 to 3.57
ppm (H-b, ¢, d, e, f, £). These signals are indicative of the
hydroxyl groups and protons present in the native starch
structure. After the modification to DAS, two new signals
appear at 9.32 ppm (H-g) and 9.55 ppm (H-g’), corresponding
to the aldehyde groups at positions C2 and C3 (HC2=0 and
HC3=0, respectively). The appearance of these new peaks
confirms the successful conversion of NPS into DAS. In the
FT-IR spectra (Figure 2d), the NPS exhibited characteristic
peaks at O—H stretching (3346 cm™"), C—H stretching (2920
cm™), C—O bending associated with the OH group (1632
em™'), C—O—C stretching (1146 cm™'), C—O—H (1500—
1200 cm™'), and C—O—C bond (1200—900 cm™) attributed
to the pyranose ring of glucose of stretching and vibration. The
oxidation of starch by potassium periodate led to the linkage
break at positions C2 and C3 of the anhydroglucose units.
Therefore, a new absorption peak appeared at 1692 cm™
related to the C==O stretching of the aldehyde functional
group. The changes in crystallinity observed as NPS modified
into DAS are presented in Figure 2e. The diffraction peaks of
NPS appear at 26 values of 14.5, 16.9, and 22.3°,
corresponding to a typical B-type crystalline pattern, character-
istic of potato starch.”®™** In contrast, DAS shows no distinct
peaks, indicating the absence of significant crystalline regions.
This lack of clear diffraction peaks suggests that the long-range
crystalline structure of the native starch has been effectively
disrupted and destroyed during the modification process,
resulting in an amorphous structure in the DAS.*"*

3.3. DAS/Js Cross-Linked Film Formation and
Morphology Properties. The effects on the physical
properties of the film and the cross-linking density were
investigated by changing the molar ratio of polyether diamine
(Jeffamine) with various molecular chain lengths (M, 230,

https://doi.org/10.1021/acs.biomac.4c01172
Biomacromolecules 2024, 25, 7894—7903
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Figure 3. (a) Appearance of the prepared DAS/J2000s according to mole ratio, (b) photograph of film formation based on the mole ratio and
molecular weight of Jeffamine, (c) FT-IR spectra of DAS/Js cross-linked films, and (d) SEM image of DAS/Js 1.0 mol ratio films.

400, 2000) as a cross-linker to form imine bonds in DAS. As
shown in Figure 3a,b, the transparency of the films decreased
and the color darkened as the molar ratio increased, regardless
of the different molecular chain lengths of Jeffamine
introduced into DAS. The higher cross-linking results in light
scattering within the material, reducing clarity, and increased
concentration of unreacted components, contributing to the
darker appearance of the films.*’ The image in Figure 3b shows
the variation in film formation behavior based on the molecular
weight of the diamine and the molar ratio. Samples unable to
form films are highlighted with red dotted box. When using the
short molecular chain diamine ]J230, a low molar ratio of 0.1
resulted in brittle products due to insufficient network
formation. Even at higher molar ratios (0.3—1.0), the short
chain led to high cross-link density and excessive brittleness.
For J400, film formation was only possible at higher molar
ratios (0.3—1.0), where sufficient cross-linking occurred. In
contrast, the longer and more flexible J2000 enabled film
formation even at very low molar ratios (0.05) due to its ability
to span greater distances and interact across multiple sites,
maintaining network integrity with fewer cross-links. Con-
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sequently, shorter diamines such as J230 and J400 require
higher molar ratios for film formation but result in relatively
brittle products, while the longer J2000 forms flexible, cohesive
films from lower molar ratios.

The FT-IR spectra presented in Figure 3c show that the
stretching vibration peak of the aldehyde group at 1692 cm™
decreases and eventually disappears in all DAS-Js cross-linked
films, indicating the consumption of the aldehyde groups
during the cross-linking reaction. Concurrently, new peaks
emerge, including one at 1670 cm™ corresponding to the
imine bond (—C=N) and others at 2950 and 1260 cm™,
which are attributed to the C—H stretching vibrations of the
methylene group (—CH,—) in Jeffamine. These spectral
changes confirm the successful cross-linking between DAS
and Jeffamine, evidenced by the formation of imine bonds and
the incorporation of the diamine into the polymer network.
The microstructure of the DAS/Js cross-linked film surfaces
was examined using SEM (Figure 3d). The surface of the DAS
film showed irregularities due to the destruction of starch
granules, leaving loosely connected starch chains with
weakened intermolecular interactions, resulting in an incom-

https://doi.org/10.1021/acs.biomac.4c01172
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Table 1. Mechanical Properties of DAS/J400 and DAS/J2000 Films Based on the Mole Ratio that Allows Film Formation

sample molar ratio of Jeffamine tensile stress (MPa)
DAS/J400 0.3 523+ 13
0.5 224 £ 0.5
0.7 72 + 04
1.0 1.6 + 0.1
0.03 65.7 + 9.3
0.05 539 £ 125
0.1 16.8 + 5.7
DAS/J2000 0.3 1.6 + 0.1
0.5 09 + 0.1
0.7 0.7 £ 0.1
1.0 0.6 + 0.1

Young’s modulus (MPa)

elongation at break (%) toughness (MJ/m?)

1415.0 £+ 36.5 344 + 11.0 19.0
1006 + 2.6 1262 + 3.3 16.8
15.7 £ 0.8 93.6 £ 5.9 3.4

3.8+ 19 55.5 £ 438 0.4
1813.2 +£ 171.4 152 £ 2.1 9.0
716.0 + 82.9 62.9 + 4.1 6.5
100.0 + S.0 689 + 11.9 4.8
23 +05 709 + 1.2 0.3
23 +038 779 £ 4.5 0.2
2.1 +06 63.9 + 3.8 0.2
12 +£03 54.8 +£ 2.6 0.2

plete network. In contrast, the DAS/Js 1.0 cross-linked films
with a 1.0 molar ratio of Jeffamine displayed smoother surfaces.
However, in the DAS/J230 1.0 film, the short Jeffamine chains
failed to form a cohesive network, leading to surface roughness
due to chain aggregation. On the other hand, the DAS/J400
1.0 and DAS/J2000 1.0 films, with longer molecular chains,
effectively formed cross-linked networks with DAS, resulting in
notably smooth surfaces.*"*

3.4. Physical Properties of DAS/Js Cross-Linked Film.
Mechanical properties and film formation characteristics were
evaluated using the samples that successfully formed films
DAS/J400 (0.3—1.0) and DAS/J2000 (0.03—1.0). To assess
the performance range of the DAS/Js cross-linked films, tensile
property measurements were conducted, as shown in Figure 4.
The DAS/J400 and DAS/J2000 samples, which formed films,
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exhibited similar mechanical behaviors across varying molar
ratios.

As demonstrated in Figure 4a, the DAS/Js films with lower
molar ratios demonstrated higher tensile strength, with DAS/
J2000 at a 0.03 molar ratio achieving a tensile strength of 67.5
MPa, and DAS/J400 at a 0.3 molar ratio reaching 52.3 MPa.
This trend could be attributed to the optimal balance between
cross-linking density and molecular mobility, where the
network is sufficiently rigid to resist deformation while
retaining some flexibility. However, as the molar ratio of
Jeffamine to DAS increases, a decrease in tensile strength is
observed (p < 0.05). This reduction is due to the formation of
a denser molecular network with higher cross-linking density,
which restricts polymer chain mobility. The increased rigidity
of the network results in a more brittle structure, making it
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prone to fracture under tensile stress. As the cross-linked
network becomes denser, the stress dissipation and absorption
capacity of the material decreases, which lowers the overall
tensile strength. The results for elongation at break, as shown
in Figure 4b, indicate that elongation increases with the
induced mole ratio of DAS to Jeffamine, reaching 126.2% for
DAS/J400 at a 0.5 mol ratio and 77.9% for DAS/J2000 at a 0.5
mol ratio. However, beyond this point, elongation at break
decreases in the DAS/Js cross-linked films, with DAS/J400 at a
1.0 mol ratio showing 55.5% and DAS/J2000 at a 1.0 mol ratio
showing 54.8% elongation. The mole ratio of 0.7 appears to be
the critical threshold for elongation at break. This phenom-
enon occurs because, as the cross-linking density increased, the
flexibility and extendability of the molecular chains became
increasingly constrained. Consequently, the network became
more rigid, limiting the ability of the material to deform under
stress without breaking. Toughness and Young’s modulus both
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decreased with increasing mole ratio, a similar trend was
observed in tensile strength (Figure 4c and Table 1). As the
mole ratio increases, the dense cross-link network restricts
chain mobility, reducing the ability of the material to absorb
energy and deform plastically, leading to a significant decrease
in toughness (p < 0.0S). The increased cross-link density also
introduces network heterogeneity, creating weak points that
reduce stiffness and result in a lower Young’s modulus. The
stress—strain behavior of DAS/Js cross-linked films across
different chain lengths and mole ratios is shown in Figure 4d,e.
Lower mole ratios yield tougher films with higher tensile
strength, while higher mole ratios result in softer films with
reduced tensile strength due to overcross-linking. Films with
longer Jeffamine chains exhibit higher tensile strength, whereas
those with shorter chains represent greater elongation at break,
attributed to increased chain flexibility. All DAS/Js cross-linked
films maintained flexibility (Figure 4f), suggesting their
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potential to existing biobased and petroleum-based plastics,
offering a range of applications.

3.5. Cross-Linked Network Properties of DAS/Js Film.
Figure Sa—c presents T, analysis via DMA, showing an overall
decrease in T, with increasing mole ratios of DAS/J400 and
DAS/J2000 cross-linked films, indicative of enhanced molec-
ular chain mobility. This trend suggests that the incorporation
of Jeffamine into the relatively brittle DAS chains introduces
greater flexibility into the network. However, in DAS/J2000
films with mole ratios between 0.03 and 0.1, two distinct T,
values (1st and second T,) are observed at both low and high
temperatures. This dual T, behavior is likely due to phase
separation or heterogeneous cross-linking at lower mole ratios,
where the DAS and Jeffamine domains remain partially
segregated. As the mole ratio increases beyond 0.3, T,
associated with the DAS domain decreases, indicating
improved cross-linking efficiency. Ultimately, a single T, was
observed, suggesting that the DAS and Jeffamine components
form a more homogeneous network. This transition to a single
T, signifies the effective integration of the two components,
resulting in a more uniform cross-linked structure.

The XRD patterns and d-spacing analysis of DAS/Jeffamine
cross-linked films, as shown in Figure Sd—f, demonstrate a
clear trend where increasing the mole ratio reduces peak
intensity, indicating a decrease in crystallinity. Both DAS/J400
and DAS/J2000 display an amorphous feature around the 20°
peak, which becomes broader and less intense as cross-link
density increases, reflecting the disruption of crystalline regions
by the formation of a more amorphous network. Additionally,
the d-spacing decreases with higher mole ratios, signifying
tighter molecular packing within the matrix. This effect is more
pronounced for the shorter J400 chains, which allow closer

7901

packing due to their smaller size, while the longer J2000 chains
maintain greater flexibility, leading to a less pronounced
reduction in d-spacing (Figure 5f). These structural changes,
linked to the disruption of crystallinity and the formation of an
amorphous network, correlate directly with the observed
decrease in toughness, as the denser and less crystalline
network restricts chain mobility, reducing the ability of the
material to absorb energy and deform plastically. The gel
fraction results presented in Figure Sgh show that for DAS/
J400 at a 0.7 mol ratio and DAS/J2000 at a 0.5 molar ratio, the
increase in gel fraction corresponds to a rise in cross-link
density, facilitating the formation of a stable network. This
stability leads to a higher gel fraction and greater elongation at
break, as the network remains strong, yet flexible enough to
accommodate stretching. However, beyond a mole ratio of 0.5,
the network becomes overcross-linked, resulting in rigidity that
limits the ability of material to elongate, thereby reducing
elongation at break. Additionally, excessive cross-linking
introduces inhomogeneity, leading to incomplete network
formation and a subsequent reduction in gel fraction. This
behavior reflects the trend observed in the elongation at break,
where both properties initially improve with increasing cross-
linking, but then decrease with excessive cross-linking. The
lower gel fraction of J400 compared to J2000 is due to the
shorter molecular chains of J400, which create a less extensive
and efficient cross-linked network, whereas the longer J2000
chains support more rigid network formation, resulting in a
higher gel fraction at similar molar ratios.

3.6. Stability of DAS/Js Cross-Linked Films. Figure 6a,b
illustrates the thermostability of DAS/Js cross-linked films as a
function of varying mole ratios. As the mole ratio increases, the
network becomes more densely and uniformly cross-linked,
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leading to enhanced thermal stability. At lower mole ratios, the
cross-link density is low, resulting in a heterogeneous network
structure. This nonuniformity causes different regions of the
material to decompose at varying temperatures, which is
reflected in the presence of multiple DTG peaks corresponding
to multiple stages of thermal decomposition. However, with
increasing mole ratio, particularly in films cross-linked with
higher molecular weight J2000 than J400, the cross-linked
network becomes more uniform. This uniformity reduces the
likelihood of early thermal degradation, leading to a single
DTG peak indicative of a more cohesive decomposition
process. The improved thermal stability, observed as the
network becomes more homogeneous, is depicted schemati-
cally in Figure 6¢c. This enhanced stability underscores the
critical role of cross-link density and uniformity in determining
the thermal behavior of the cross-linked films.

The DAS film was compared with the fabricated DAS/Js
cross-linked films to evaluate its water stability. The water
contact angle as a function of the molar ratio for DAS/Js cross-
linked films is shown in Figure 6d. For DAS/J400s, the water
contact angle decreases to 50.3° at a 0.7 mol ratio and then
rises to 77.7° at a 1.0 molar ratio. Similarly, for DAS/J2000s,
the angle drops to 63.5° at a 0.5 molar ratio before increasing
to 86.0° at a 1.0 molar ratio. This trend is attributed to the
formation of a denser cross-linked network with an increasing
molar ratio, which smooths the surface and reduces roughness,
thereby lowering the water contact angle. However, at higher
molar ratios, excessive cross-linking can lead to phase
separation, resulting in hydrophobic Jeffamine segments that
remain unbound to DAS and become exposed on the surface,
which in turn raises the water contact angle due to increased
surface hydrophobicity.*”*” Meanwhile, water socked tests for
7 days (Figure 6e), although the DAS film degraded within
hours, the DAS/Js cross-linked films exhibited strong water
resistance despite their lower contact angles. This resistance is
due to the dense cross-link network, which prevents water
penetration and maintains the structural integrity of films even
in a hydrophilic environment.

4. CONCLUSIONS

This study aimed to enhance film properties by cross-linking
dialdehyde starch (DAS) with Jeffamine to expand the
application of starch-based films. The starch was converted
to DAS via sodium periodate oxidation to provide cross-
linking. The effects of varying the Jeftamine molecular weight
and molar ratio on the mechanical properties were examined.
The results demonstrated distinct mechanical behaviors across
the films, depending on molecular chain length and cross-
linking density. Specifically, lower molar ratios yielded higher
tensile strengths (DAS/J400 0.3 at 52.3 MPa, DAS/J2000 0.03
at 65.7 MPa) and optimal elongation at break (DAS/J400 0.5
at 126.2%, DAS/J2000 0.5 at 77.9%) due to a balanced cross-
link density and chain mobility. However, increased molar
ratios resulted in a more rigid network structure on films due
to excessive cross-linking. XRD and d-spacing analyses
confirmed reduced crystallinity and tighter molecular packing,
particularly in films with shorter Jeffamine chains. The
resulting DAS/Js cross-linked films exhibited enhanced
thermal stability and water resistance, overcoming the
limitations of traditional starch-based materials. Ultimately,
this study underscores the potential of optimized cross-linking
conditions to produce starch-based films with properties
suitable for sustainable biopolymer applications.
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