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ABSTRACT ARTICLE HISTORY
Attachment of Silicon quantum dots (Si QDs) onto starch via Received 20 March 2023
sol-gel controlled covalent bonding to form hybrid starch Accepted 22 January 2024
particles was developed to modulate the optical, physical, and
mechanical features of starch. Fabricated Si QDs chemically
interacted with —OH side groups due to the sol-gel reactions functi o

o unctional coating;
on the starch molecules providing a detectable new molecular nanocomposite; quantum
bonding to result in fluorescent emission. The produced dot; starch modification
structures formed nonlinear morphological orientations that
provide a nanocomposite material platform for a facile
molecular marking in daily applications.
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GRAPHICAL ABSTRACT

Fluorescent tag attachment onto the starch structures by Si
quantum dots via covalent bonding was developed for the
varying implications including fluorescent materials, sensors,
surface coating purposes. A well designed quantum dot syn-
thesis and starch treatment was applied to vary the optical,
physical, and mechanical features of the starch particles on
molecular level resulting a promising new material for visible
light fluorescent material applications.
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Introduction

Starch is commonly applied to food, paper, adhesive, oil, and textile indus-
tries..' ) Especially in the food industry, apart from its use as a new mater-
ial, starch is utilized as a thickener, gelling and shaping agents due to its
viscosity properties'! and as encapsulation agent of flavor'®! and nutraceut-
icals.!® Potato starch is also used in paper!”’ and adhesive products due to
its binding power®® and the oil industry!’! for its functional features.
Generally, potato starch swells liquids more easily than cereal starches.!'"'*
Natural starch granules can slightly swell reversibly in cold water but are
insoluble, while in hot water, swelling occurs irreversibly with gelatiniza-
tion."”) The starch structure consists of ca. 20% amylose and 80%
amylopectin.!"*) Tt is tasteless, white in color, and powder in macroscopic
form.!**

Modified starches can be obtained by many methods and are useful due
to their rheological, esthetic, sensory, functional, and nutritional proper-
ties.'®!”) The modification methods can be classified as physical, chemical,
genetic, and enzymatic modifications."® Physical modification reflects the
safest way of modification for the food industry since it does not modify
the material profoundly and has a vast varieties such as thermal inhib-
ition,"”) pulsed electric field effect, microwave,”” and osmotic pressure
treatment.*’! Related materials and nanotechnology have been utilized to
add constructive features such as appearance, shelf life, nutritional value,
taste, and texture to foods or to protect and maintain the features of
different materials.!**>*

In literature, many examples for Silicon quantum dot (Si QD) synthesis
by reducing methods using agents such as sodium ascorbate,*”! ascorbic
acid (AA),* glucose,m] citric acid,®® and chitosan®” are available.
Studies reveal that the fluorescence origin of Si QDs is quantum size effect
of Si (particle size-dependent properties caused by the discrete energy
states), indicated by the X-ray diffraction (XRD) patterns of Silicon crys-
tals.’*=*3! In addition, fluorescent silicon/silica-based nanoparticles (NPs)
derived from 3-(aminopropyl)triethoxysilane (APTES) and AA under a
nitrogen atmosphere contain the Si core, which is responsible for lumines-
cence origin. QD and starch interactions have been reported, for example,
for QD detection of starch,** fluorescent graphene QD preparation,”!
starch ligand stabilization for QDs,*® and QD decoration for composite
structures.'””] Moreover, metal complexes of starch®®! and various carbon
QDs are available in the literature for different applications.**™*" In this
research, we attempt to synthesize light emitting starches for (a) Si QD and
starch nanocomposite formation, (b) new light emitting material applica-
tions, and (c) investigation of the geometrical and chemical variations of
starch. Our results showed that it is technically possible to prepare Si QD
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and chemically attach them to starch as new light emitting QD-modified
fluorescent materials.

Results and discussion
Synthesis and characterization of Si QDs and Si QD-modified starch

The Si QDs were synthesized by reactions of the silicon precursor with
sodium ascorbate in an aqueous environment using characterized electro-
magnetic radiation. Two solutions of different precursor concentrations in
total volumes of 20 and 40 mL were tested to produce Si QDs. For example,
the irradiation time for the 40 mL solution, which had a lower precursor
concentration compared to the 20 ml solution, was 45 min to obtain stable
results of Si QD production. Figure 1 shows the Si QD synthesis method
and fluorescence emission results. Transmission electron microscopy
(TEM) and high resolution (HR)-TEM results for both Si QDs
(Supplementary Fig. S1) show their modified and controlled surface fea-
tures, having monodisperse character and small nanocrystal sizes (20 mL Si
QD = 2.2nm, and 40mL Si QD = 2.0nm) of spherical shape. The HR-
TEM image (Supplementary Fig. S1) also shows the high crystallinity of the
Si QD lattice fringes with 0.30 nm interplanar spacing for both, consistent
with the (111) plane of diamond Si. Optical investigations revealed the
Ultraviolet-visible (UV-Vis) absorption (Supplementary Fig. S1) characteris-
tics of Si QD and proved their size-selective absorption.

To produce modified starch, Si QD was chemically attached to starch
(Fig. 2). Si QD solutions reacted with starch powder under the sol-gel reac-
tion condition as listed Supporting Table S1. As mentioned before, there
are many methods to synthesize Si QDs through reduction.!*>~%"
Especially, chitosan and glucose reduction unveil straightforward Si
nanoparticle synthesis. Glucose plays dual roles as reducing agent and
hydrophilic ligands for the production of silicon nanoparticles (SiNPs),
having both Si-O and Si-Si bindings in their lattice structure and pseudo-
glucose moieties at their surface. Low molecular weight chitosan was also
used as a reducing agent for Si QD synthesis from APTES. Due to their
photoluminescent properties, SiNPs can be used as fluorescent probes, solar
cells, down-shifting coatings, and biosensors. It was claimed that the nano
platform has a core-shell structure in which the chitosan is on the surface.
In our study, a detailed analysis of the visual pictures of the Si QD solu-
tions unveils that the yellowish-orange solution emits bright green lights
for all timelines with proper excitation. Analysis showed that the modified
Si-QDs, which are composed of a crystalline silicon core and a possible sil-
ica shell due to the sol-gel reactions, have aminopropyl, alkoxide
(-OC,Hs), and -OH groups to provide water-soluble QDs.
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Figure 1. (a) Fabrication of Si QDs by UV irradiation method; (b) visible emission features of Si
QDs derived from higher concentration of precursor under daylight and UV excitation; (c) visible
emission features of Si QDs derived from lower concentration of precursor under daylight and
UV excitation; (d) photoluminescence (PL) graphics with varying excitation wavelengths for b;
(e) PL graphics with varying excitation wavelengths for c.

Visible light emission properties are related to the quantum confinement
effect due to the size of the Si QD with controlled surface groups. From
the solutions of both Si QDs, visible emission was detected between 480
and 550 nm with varying excitations between 300 and 400 nm, respectively.
Generally, chemical cross-linking (Fig. 2) plays an important role in varying
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NH,

Figure 2. Chemical attachment of Si QD onto starch and the scanning electron microscopy
(SEM) images of starch and the modified starch with daylight appearance (insets).

the physical and chemical properties of the native starch, such as solubility,
thermal properties, and reaction capability. It is reported that cross-linked
starch is a promising multifunctional reagent that allows polymeric interac-
tions, diverse food applications, and other applications. Therefore, the
detection of the surface modification of the starch is vitally important for
future applications. From the perspective of the effect of Si QD concentra-
tion on starch, modification was studied. Increased amounts of Si QD were
used to modify the same quantities of starch. According to the results of
thermogravimetric analysis (Fig. 3) using Si QD-modified products F1, F2,
and F3, it is clear that increasing amounts of Si QD provided increasing Si
QD modifications. Thermogravimetric analysis (TGA, in Fig. 3(a,b)) show
that pristine starch decomposes at four different steps, if we simply ignore
the small variations.
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Figure 3. (a) Thermogravimetric comparison of the pristine and Si QD-modified starch F1, F2,
F3 with increasing Si QD; (b) differential thermal analysis (DTA) graphs of the pristine and Si
QD-modified starch F1, F2, F3 with increasing Si QD.

In TGA, a total of 87% mass loss was measured in DTA. This amount of
loss is proper for the pristine potato starch, as reported in the literature,
with slight variations since other types of starch have different levels of
branches and different mass losses!*?) DTA (Fig. 3(b)) has also revealed
that the first loss appears at around 80-100 °C, second at 290-300 °C, and
the third at 360 °C. The last broad and slight DTA peak appears at 445°C.
Strikingly, increasing the amount of Si QD for starch modification resulted
in thermal loss decreases to 72% for F1, 65% for F2, and 62% for F3,
respectively.

While this investigation has confirmed the attachment of Si QD onto
starch, analyses were also made (Supplementary Fig. S2) for F9, F15, and
F24, respectively. For F9, the thermal loss was 64%, and it was 67% for F15
and 84% for F24, respectively. Since the Si QD amount was relatively low
in the F24 sample (50 times diluted when compared to F15), it was con-
cluded that even 1-3% amount of Si QD is enough for the modification
and fluorescence transfer to the starch for nanomaterial applications.
Thermal loss temperatures and decomposition shapes are similar, allowing
the conclusion that Si QD modification is only changing its loss amount in
the same manner. After the modification (F1, F2, F3), a new peak arising
at 490-500°C is clear evidence of the SiQD attachment onto the pristine
starch molecules.

Si QD attachment can also be detected by the comparison of atomic
mapping of pristine starch and F24 as presented in Figure 4. Atomic map-
ping of the pristine starch and other modified structures (e.g., F9 and F15)
were also presented (Supplementary Fig. S3). First scanning electron
microscopy (SEM) images of the samples were templated, and Si, C, N, O
mapping results were successfully investigated. The results show that no
noticeable N and Si mapping pattern is available in the pristine starch. At
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Figure 4. Atomic mapping analysis of pristine starch and Si QD-modified samples as F24.

the same time, all four elements can be detected clearly in other Si QD-
modified samples. Since N (nitrogen) is relatively low in all samples, map-
ping templates hardly unveil the particle shapes. However, for trustable
results, the count rate and mapping time of the process were enhanced.
During mapping, quantitative EDX (energy dispersive X-Ray) measure-
ments were also conducted, which is compatible with XPS (X-Ray photo-
electron spectroscopy) and SEM -EDX results (Supplementary Table S2).

A series of techniques with varied concentrations of Si characteristics in
the final material was applied for modifications of starch with Si QD.
Therefore, pristine starch was compared with F9 and F15. The results
showed that a slight yellowish color for the Si QD modification might
cause a visual side effect. The perfectly white Si QD-modified starch F24
sample was also investigated. Firstly, SEM features (Fig. 5) and physical
variations were analyzed. The crystalline features of these four samples
unveil a detectable change in crystallinity with a hybrid crystalline structure
formation. Modification of the starch surfaces reveals profound variations
when compared to pristine starch according to the SEM images (Fig. 5).
Generally, if there is no substantial modification, smooth surfaces of the
pristine starch with cracks or holes are observed. However, in this type of
modification, the shape, smoothness, size, and specific surface area of
starch might not be affected. According to the SEM images of pristine
starch, uneven shape and size are observable with flat surfaces. No pores,
no cracks, or even wrinkles are observed. Size analysis was given together
with that of other modified examples F9, F15, and F24 in Supplementary
Figure S4. Results revealed that after the Si QD modification, irregularly
shaped new starch structures with new crystallinity were observed. Sizes of
the Si QD-modified starch are always greater than pristine starch. Pristine
starch generally has a 16-micron diameter and 22-micron length. The
length was increased to 172 um for F9 and 222 pm for F15, while interest-
ingly, low concentration F24 was 293 um. SEM images of the apparent and
layered structures of Si QD-modified starch support the statistical analysis.
EDX analysis (Supplementary Table S2) also revealed that for each sample
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Figure 5. SEM and EDX investigation of the pristine and Si QD modified starch structures; SEM
images of pristine starch with enlarged (a) 91 X (b) 410 X form (c) EDX graph of the pristine starch
(SEM image of the same as inset), (d) SEM image of F9 with 98 X enlargement (e) SEM image of
F9 with 403 X enlargement (f) EDX graph of the F9 (SEM image of the same as inset) (g) SEM
image of F15 with 84 X enlargement (h) SEM image of F15 with 412 X enlargement (i) EDX graph
of the F15 (SEM image of the same as inset) (j)SEM image of F24 with 86 X enlargement (k) SEM
image of F24 with 411 X enlargement (I) EDX graph of the F24 (SEM image of the same as inset).
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of FO (pristine starch), F9, F15, and F24, modified structures contain Si
atoms with relatively increasing order, while pristine starch shows no simi-
lar result.[*’!

In conclusion, TEM and UV-Vis investigations have clearly proven the
Si QD formation, and additionally, SEM, TG-DTA, and EDX analysis,
together with atomic mapping, evidently confirmed the molecular attach-
ment of the Si QD to starch. Thus, these results clearly confirmed that Si
QD extensively modified the surface of starch and changed the geometrical
orientation of its original structure.

Crystallinity and surface analysis of the chemically modified starch

Comprehensive XRD analysis confirmed that the treatment does not cause
full dissolution or collapse, but layered granules were formed. For example,
XRD results (Fig. 6) showed that pristine starch and the modified deriva-
tives have semicrystalline structures with some amorphous features. Due to
modification, additional peaks were observed, especially in low-concentra-
tion Si QD-modified F24. Higher diffraction intensity with varying Si QD
modification showed a higher degree of crystallinity when compared to
pristine starch. It is widely known that starch has three different crystalline
structures, type A, type B and type C, which is a mixture of A+ B. In the
A-type structure, different peak intensities for 20 angles of refraction at
15°, 17°, 18°, and 23° are available. Interestingly B-type also contains angles
of refraction for 20 at 5°, 6°, 15°, 17°, 22°, and 23°, and this is more prom-
inent in tuberous starches. As expected, C-type is a blend of types A and
B. Based on the investigation, pristine starch shows the B-type crystallinity
with angles of refraction for 20 at 15°, 17°, 22°, and 23° and mostly pre-
serves its character for F9 with peak angle at 18-19°. This result clearly
shows that Si QD modification causes the formation of A-type crystallinity
with existing predominant B-type crystallinity.

T——— —Fo ] ——F24

A+B

Type Crystallini
230 30 ype Cry: ty

B-Type Crystallinity
15°

Intensity (a.u.)
Intensity (a.u.)
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Figure 6. XRD diffractograms of the pristine (FO) starch and Si QD-modified (F24) starch.
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It is known that the polymerization degree of the branched chains of
amylopectin is related to the type of polymorphism, and B-type starches
typically exhibit a large portion of long-chain (DP > 37).**] When
observed in Si QD-modified structures, a pattern of crystallinity of mostly
C-type tuber structure with major peaks for 20 at 15°, 17°, 22°, and 23° is
expected. Thermal treatment reduces typically diffraction densities and
lower the peak intensities like in cooked starch. Nevertheless, Si QD-modi-
fied starch with 80°C treatment shows similar behavior. The expected
amorphous structure was not detected after the modifications, and interest-
ingly new peaks arose, as presented in F9 and F15 (Supplementary Fig. S5).
Some other XRD investigations conducted for F2, F8, F10, and F17 also
supported the idea of type A+ B crystalline formation of starch after Si
QD modification (Supplementary Fig. S5).

Fourier = transformed-Infrared  spectroscopy  (FT-IR)  analysis
(Supplementary Fig. S6) of the modified starch also highlights the molecu-
lar variations compared to pristine starch. It is known that FT-IR of the
commercial starch shows analog peaks at around 3,300, 2,930, and
1,650 cm ™. Especially, peaks at 1,650 cm™" can be assigned to water mole-
cules absorbed in the starch, where typically stretching vibration of the car-
bonyl (C=0) band appears. In this study, peaks at 1,646cm™' were
observed in pristine starch. Usually when available, the peak at 2,100 cm™"
originates from free water, and peaks at 2,930 and 3,300cm™' are due to
-CH, deformation and the ~OH bonds, respectively. An increasing amount
of Si QD modification in F1, F2, and F3 causes new peaks in 1,560 and
1,145cm™" due to the Si-O bond, which are absent in pristine starch.
Especially, Si-O bonds and C-H variations were detected and labeled in the
FT-IR spectrums, inclining the attachment of Si QD (Supplementary Fig.
S6). Results also unveiled that, with increasing amount of Si QD modifica-
tion, the —-OH functional group intensity of the pristine starch decreased.
Additionally, C-O peaks arise around 1,000 and 1,200cm™' and show
some variations with modification.!*”) NH, groups on the Si QD do not
appear clearly as they have generally positioned after 3,000cm™" even
though atomic mapping detected N atom in the scans. General C-H peaks
were detected at 2,854cm™’, originating from the precursor compound.
The fingerprint region peaks at 690 and 759 cm™', possibly related to Si-O
bonding. After the sol-gel reaction, these peaks are naturally expected since
a silica shell must be formed around the Si QD. All F9, F15, and F24 sam-
ples exhibit the mentioned FT-IR peaks, showing similar features of Si QD.

For the surface mapping and the comparison of the starch surface before
and after the Si QD modification, XPS (Fig. 7) was applied. For the pristine
starch, since C and O are the only atoms detected by the survey and high-
resolution XPS techniques, they were set as the prominent peak positions
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for the measured pristine and modified starch values for detecting the Si
QD attachment. Figure 7 represents the survey XPS spectra of the pristine
starch together with F9, F15, and F24. A general look reveals that modified
samples contain Si 2p peaks where pristine starch has no sign of this peak,
claiming a successful modification process. Detection of the Si 2p peak is a
facile and effective method for detecting Si QD modification on starch
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molecules (Supplementary Fig. S7). Atomic compositions of pristine and
the three modified samples were also presented in Supplementary Table
S2to confirm that increasing Si QD loading can also be detected by increas-
ing atomic percentages.

When survey spectra of the pristine and Si QD-modified samples F9,
F15, and F24 were analyzed, a relatively high O 1s peak was observed in
the pristine starch, which appears lower in the F9 sample. F9 intensity vari-
ation for O 1s is the complete coverage and concentration of the Si QD-
modified cation in solution. Since the sol-gel reaction governs the surface
and allows the interaction between Si QD and the starch surface, the oxy-
gen amount is reduced. Still, O 1s peaks for F15 and F24 appear as the
highest peak in the survey spectra. Since Si QD contains -NH, peaks, it is
also possible to find N 1s peaks at modified samples at around 399.5-
400.0eV (not shown). When HR-XPS peaks were analyzed, remarkable
results were observed for the pristine and modified starch structures. HR-
XPS results (Fig. 7(c)) stress that 102.4eV value was detected for Si 2p
peak when the F9 sample was investigated. Similarly, 102.5eV was detected
for F15, and low Si QD concentration F24 reflected a 100.2 eV value. The
irregularly shaped peak does not represent the Si 2p peak for the pristine
starch sample. Therefore, as expected, one can easily track the Si QD con-
centration attached to starch molecules by XPS spectroscopy. Quantitative
amounts of Si QD attached in F9, F15, and F24 were also presented in
Supplementary Table S2 employing Si 2p peaks intensity. Since the sol-gel
method is the main route for producing Si QD, additional alkoxide and
—OH groups are available in Si QD solution before the attachment. This
detail can be confirmed by facile attachment via ~-OR and -OH condensa-
tion, which transfers the fluorescence features of the Si QD onto modified
starch. C 1s HR-XPS peaks of pristine starch and modified F9, F15, and
F24 starches revealed that the C 1s peak for pristine starch has the value of
285.1¢eV, and its deconvolution reveals two different carbon types, which is
compatible with literature results.l*®! After Si QD modification, the central
peak of C 1s remained the same at 285.0 eV. However, two additional peaks
appeared in deconvolution analysis at 287.7 and 289.6 eV, confirming the
changing chemical environment of the starch structures after Si QD modifi-
cation. Similar analysis revealed 285.2, 286.4, and 288.3eV for C 1s peaks
for the modified F15 sample. Interestingly, for F24, C 1s peaks resulted
from 284.2eV as the prominent peak and 282.1eV as the satellite peak,
possibly due to the low Si QD concentration. O 1s peaks for pristine starch
and modified samples reflected behaviors like carbon XPS peaks. While
pristine starch O 1s peak was mainly positioned on 530.0eV, F9 was
mainly positioned at 532.5eV and another at 534.2 eV detected by decon-
volution. F15 O 1s peaks shift to 532.7 eV, and lastly, F24 peaks are seen at
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530.8 eV. Thus, Si QD modification on a starch structure can be observed
by XPS investigation as survey and high-resolution peaks revealed the
necessary atomic interactions.

Nanocomposite applications of the chemically modified starch

Using starch as a reinforcement agent is an effective method for improving
film properties or enhancing structural endurance. Especially, the nanocrys-
tal/nanoparticle form of starch acts as a reinforcing agent to generate
nanocomposites with improved features. The main advantage of this phe-
nomenon is due to the ~-OH groups available on the surface of the nano-
particles. Every single modification method mainly targets a small portion
of the starch structure. Even after harsh modification techniques, some
—-OH groups are still present, providing further interaction with other mol-
ecules. Some results showed increased surface roughness with increased
incorporation of starch in the oxidized form and improved mechanical
properties. Si QD-modified starch was used to produce fluorescent selective
nanocomposite coating materials by sol-gel method (Fig. 8). To this end,
commercial 3-glycidyloxypropyl trimethoxy silane (GPTMS) was used to
react with aluminum tri-seconder butoxide [Al(OsBu)s;]. Ethyl acetoacetate
was used as a complexing ligand for Al(OsBu); to control its reactivity. F9
was added (5%) into hydrolyzed GPTMS, and dispersion was performed
without dispersing glass balls for the hybrid nanocomposite coatings.
Coating solutions were performed on selective surfaces of 10 x 10 cm glass
substrates, which were applied by a spray coating method. GPTMS was
hydrolyzed by acidic (HCI) water solution and hydrolysis-condensation
reactions of epoxy silane. After adding Si QD-modified starch, the solution
was monitored for the production of a hybrid nanocomposite coating.[*”**!
Flow chart for the procedure of coating production is presented in
Figure 8. Prehydrolized epoxy silane with Si QD-modified starch was dis-
persed by adding acidic water to complete the hydrolysis of remaining ~-OR
groups, and dispersion was conducted around 2.5h. After the dispersion
chelated, aluminum co-reactant was added, and the whole solution was
stirred vigorously for 10-15min; the milky solution was applied to a glass
substrate by spray method.

SEM (Fig. 9(a)), FT-IR polymerization (Fig. 9(b)), and emission features
(Fig. 9(c)) of select nanocomposite fluorescent coatings were analyzed. FT-IR
showed -OH peaks at around 3,300cm™" possibly arising from pre-hydro-
lyzed GPTMS and also from precursor Al(acaOEt)(OsBu),. Additionally, the
aluminum complex has a carbonyl group at 1,610 and 1,524cm™", respect-
ively. An epoxy group that provides a polymeric opening and ethylene oxide
repeating structure at 906 cm ™", successfully polymerized at the same position,
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Figure 8. Si QD attached starch embedded inorganic-organic hybrid coating application by
spray coating method for the selective regions on the glass substrates for fluorescent
applications.

does not contain a similar peak after thermal curing (120°C, 15min). SEM
figure shows a micron range coating with homogeneous surface characteris-
tics. Additionally, sol-gel polymerization of coated nanocomposite structure
monitored by FT-IR and selective area photoluminescence features observed
by PL spectroscopy were also presented. PL features (Fig. 9(c)) of blank coat-
ing without Si QD-modified starch-embedded nanocomposite structure
showed no regular fluorescence. For fluorescent coating, the peak region
between 400 and 550cm~' showed blue-green fluorescence as visually
observed (A, = 485nm). When FO and F9 PL features (Supplementary Fig.
S8) are compared, it is clear that Si QD attachment provides a regular fluores-
cent emission, and the intensities are relatively organized with varying excita-
tion values, as observed with Si QD attachments in other examples.***")
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Figure 9. (a) SEM investigation of the Si QD attached starch embedded nanocomposite coating

on glass and (b) FT-IR monitoring of the hybrid nanocomposite structure and (c) PL spectrum
of the blank and Si QD attached starch embedded nanocomposite coating.
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Conclusion

A new technique was developed for covalent attaching of Si QDs to starch
particles via sol-gel control. Si QDs were developed with a well-designed
QD synthesis method and applied to starch modification. UV treatment
provided size-controlled Si QDs, which can be attached to starch molecules.
After Si QD attachment, the optical, physical, and mechanical features of
starch particles were varied on a molecular level, thus resulting in a new
nanocomposite material for fluorescent coating barcode applications. Sol-
gel reactions and molecular condensation were studied with FT-IR, XPS,
and PL spectroscopy. Also, thermal investigations confirmed the Si QD
attachment by specific decomposition peaks. Selected concentrations of Si
QDs were investigated separately, and more detailed investigations were
performed for each sample. Results showed that XPS and atomic mapping
could detect Si QD modification on starch molecules in addition to EDX
analysis. The obtained Si QD-modified starch materials were embedded
into inorganic-organic nanocomposite coatings on glass for selective fluor-
escent applications.

Experimental section
Materials

APTES was purchased from Merck. GPTMS was obtained from Degussa,
and Al(OsBu); was purchased from Fluka. Potato starch and L-AA (99%)
were purchased from Sigma-Aldrich. All chemicals were used as received
without further purification. UV lamp Osram, Ultravitalux, 300 W and
radiated power of 315-400 nm (UVA) at 13.6 W and 280-315nm (UVB) at
3.0 W were used for Si QD synthesis.

Synthesis and characterization of Si QD-modified starch

The freshly prepared stock solution of L-AA (99%) was mixed with a cer-
tain amount of APTES with continuous stirring. Two total solutions were
used, 20 and 40 mL, for the Si QD production. The mixtures were homo-
genized in an ultrasonic bath for 1 min before being placed under UV light
(I5cm from the solution, vertical). Different time ranges (30, 45, and
60 min for 20 mL solution and 45, 60, and 75 min for 40 mL solution) of
UV treatment were applied (Fig. l(a—e)).[5 152] Resultant Si QD-modified
starches were analyzed using physical and chemical methods to chracterize
PL intensity, surface modification, thermal character, and atomic compos-
ition. Results were compared to each other to detect the best possible final
material for programmable fluorescent applications. Excess amounts of Si
QD decoration with inefficient calibers were eliminated, and the total
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characteristics of the modified starches were examined. Firstly concentra-
tion effect and then time range were systematically evaluated at 80°C for
the formation of the SiQD-modified starch nanocomposite structures.

A comprehensive investigation was conducted for selected products
obtained from 20 mL (F9) and 40 mL (F15) of Si QD used to modify starch.
We have developed a denotation list for the resultant Si QD modified
starches. For example, F1 =UV30 (QD reaction time in minutes spent for
the synthesis under UV light)-QD1 (QD number from the list):20 (total vol-
ume of primary QD solution)/1(amount in mL used for starch modifica-
tion), so we denote F1 as UV30-QD1: 20/1. By the same method, F9 is
UV60-QD3:20/3, and F15 is UV60-QD5:40/3. Since visible evaluations of the
physical features resulted in pale orange-yellow starch after the modification,
a perfectly white and pulverized powder product was obtained. In order to
produce the white product, heat application was removed, and a low con-
centration of Si QD (F15 was diluted 50 times) was utilized (F24 is UV60-
QD5:40/0.06), leading to the perfect appearance same as the pristine starch.

Additionally, all modified and investigated nanocomposites were com-
pared with pristine starch. Supporting Table Sllists all studies employed
with Si QD to modify the starch samples based on the difference in Si QD
amount and interaction time. Modifications were performed with 150 mg
starch. F24 (UV60-QD5:40/0.06) refers to the modification employed at
room temperature.

Modified starch containing fluorescence hybrid nanocomposite structure

Modified starch molecules were utilized to synthesize fluorescence hybrid
nanocomposite coating structures. For general fabrication, commercially
available GPTMS-Degussa was used as the main sol-gel-based transparent
polymeric structure. Al(OsBu); was used as a co-reactant after chelation
with ethyl acetoacetate (2:3) to control this reactivity since the precursor
Al(OsBu); is extremely air sensitive. Modified starch molecules F9 were
added into the nanocomposite coating solution, and dispersion was applied
at about 2.5h with 2,000 rpm. After the production of the homogeneous
mixture, an aluminum complex was added to the solution, and the spray
coating technique was selected for the application onto the 10 x 10 cm glass
substrates obtained from a local producer. HCl (Merck) and distilled water
were used to start the hydrolysis-condensation reactions of GPTMS.
Coatings were obtained for selective regions on the glass substrates, show-
ing a fluorescence/glow effect upon fair treatment, whereas coatings with
non-modified starch structures reflected no similar behavior.


https://dx.doi.org/10.1080/07328303.2024.2315529

JOURNAL OF CARBOHYDRATE CHEMISTRY 175

Characterization of the materials

Si QD were labeled according to the technique presented before. Si QD1, Si
QD2, Si QD3 and Si QD4, Si QDS5, Si QD6 were presented in Figure SI.
TEM, HR-TEM, and UV-Vis spectroscopy results of the synthesized Si
QD with 20 and 40 mL precursor solutions were presented in Figure S1. FT-
IR-Model (600-4,000cm™") was employed to detect specific functional
groups such as OH or -NH, on Si QD and polymerization behavior of the
nanocomposite structure. The shapes and surface characteristics of the pris-
tine starch and modified starch structures were observed with a ZEISS
GEMINI 500 SEM machine with Au coating prior to examination. Statistical
examination of the sizes of the pristine and Si QD-modified starch structures
was obtained by SEM analysis, and the Image ] program was applied for
each measurement and data collection. The thermal stability features for
pristine and Si QD-modified fluorescent starch structures were compared
between room temperature and 900 °C with Seiko II brand 7300 TGA-DTA.
Atmospheric environments were utilized for the thermal measurements.
Crystal structure regimes were examined by XRD (ZEISS GEMINI 500). The
surface and elemental composition of the pristine and modified starches
were investigated by EDX spectroscopy, and atomic compositions were cor-
rected by the elemental mapping technique performed by the SEM-EDX
device. XPS spectra were obtained by a flood gun charge neutralizer system
equipped with a monochromated Al Ko X-ray source (hv=1,486.6eV), and
a 400 mm spot size was applied. Wide energy survey scans were recorded
between a binding energy range of 0 and 1,360 eV at a detector pass energy
of 200eV and an energy step size of 1eV. High-resolution spectra were
obtained at a pass energy of 50eV with energy steps of 0.1eV for each
atom. Photoluminescence analysis for QDs and modified starch brands (PL)
was performed with a Horiba Scientific FluoroMax + Spectrofluorometer
device with varying excitation and emission characteristics.
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