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Abstract:

The increasing production volumes of soy foods require new express methods for testing soybeans during processing and pre-
sowing. This study assessed the efficiency of spectral pre-sowing assessment methods using Vilana soybeans.

The research featured soybeans of the Vilana cultivar. The control sample consisted of untreated whole soybeans while the
test samples included soybeans pretreated with various modifiers. The methods involved spectrofluorimetry and IR-Fourier
spectrometry.

A wide emission band at 400—550 nm corresponded to the fluorescence of the soybean testa. The band at 560—610 nm indicated
the presence of such modifiers as Imidor insecticide and Deposit fungicide. The luminescence spectrum of the untreated soybean
testa was maximal at 441 nm. The luminescence spectrum of the treated soybean samples was maximal at 446.5 and 585 nm
when the excitation wavelength was 362 nm. The fluorescence was studied both spectrally and kinetically to establish the
maximal luminescence time and the typical vibration frequencies.

The spectral studies of Vilana soybeans before and after treatment revealed which modifiers were adsorbed on the palisade
epidermis and defined the type of interaction between the modifier and the soybean. The spectrofluorimetry and IR spectroscopy
proved able to provide a reliable qualitative and quantitative analysis of Vilana soybean surface.
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INTRODUCTION

Soy is a unique agricultural crop because its beans

(http://www.fao.org/3/bs958e/bs958e.pdf). This document
provides quality indicators for national soybean produc-

are extremely rich in native proteins and saturated fats.
In fact, soybeans are superior to cereals, oilseeds, and
legumes in terms of protein content and essential amino
acids [1-4]. The food industry highly appreciates their
plasticity, high enzymatic activity, therapeutic effect,
and prophylactic properties.

According to the Oil World, 2021/22 saw an increase
in the global soybean production. The Food and
Agriculture Organization of the United Nations even
developed the Soybean Information and Research Act

tion. It also introduces a research program that aims at
increasing production volumes, expanding domestic and
foreign soybean markets, and popularizing soy products
in the human diet.

New high-tech soybean production processes require
new research methods. Pre-sowing treatment needs
special control since it affects the yield. Other important
methods include risk assessment and pre-calculation
of maximal amounts of pesticide residue in soybean
products [5].

Copyright © 2023, Bugaets et al. This is an open access article distributed under the terms of the Creative Commons Attribution 4.0 International
License (https://creativecommons.org/licenses/by/4.0/), allowing third parties to copy and redistribute the material in any medium or format and to
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Seeds maintain the viability of the embryo and
preserve nutrients. However, the embryo protection
is not the only function of the seed coat: it also affects
seed germination. In soybeans, the testa and hilum
are covered with two layers of palisade epidermis and
wax. Agricultural soybean varieties have a thick pa-
lisade layer. Apparently, the chemical composition,
location, and size of palisade cells delay swelling. The
soybean testa contains 6.0% of protein, 2.7% fat, 34.3%
fiber, 32.3% nitrogen-free extractives, and 10.6% ash.
Soybeans include 13.0-21.7% of oils and 36.0—45.0%
of protein. The activity of their trypsin inhibitors is
22.4 mg/g while the moisture content is 6.9—-8.0% [6].

Soybean testa consists of metamorphosed integu-
ments which form a narrow canal called micropyle.
The part of the ovule opposite the micropyle is called
the chalase. The chalazal part is responsible for tissue
cells, or hypostasis, and their membranes are highly
reflective. Flavones and flavonols absorb light in a shor-
ter wavelength spectrum (280-320 nm) than anthocya-
nins. As a result, flavones and flavonols protect plant
tissues, especially epidermis, from ultraviolet radiation.
Phytochromes, cryptochromes, and phototropins are
the most important photoreceptors of all the photo-
morphogenesis pigments because they absorb red and
blue light. Cryptochromes and phototropins are blue
light receptors. Cryptochromes consist of apoprotein
and two chromophores, namely, pterin and flavin.
Apoprotein has a high degree of homology with pho-
tolyase enzymes involved in the light-dependent DNA
repair. The absorption spectrum of cryptochromes is
ultraviolet (320390 nm) and blue (390-500 nm), par-
tially including green. The absorption region depends
on the pterin chromophore functional group [7, 8].

Optical methods provide the most effective ways to
control seeds and predict the optimal harvest time [9—11].
Luminescence and IR spectroscopy are environmentally
friendly, non-destructive, remote, and fast. They are
known for their high-precision and a wide variety of
sampling options.

Photoluminescent devices that provide express diag-
nostics of ripeness, humidity, and germination are ac-
curate and employ photodiodes or LEDs, depending on
the test objective [12, 13]. Zelentsov et al. developed
calibration models for MATRIX IR analyzers to monitor
protein, oil, moisture, and trypsin inhibitor activity in
laboratory soybeans [6]. The models gave satisfactory
results and saved valuable selection material. To expand
the spectrofluorimetric and IR-Fourier spectroscopic
methods of seed control, scientists need new calibration
models for different soybean varieties, as well as tailored
equipment.

Agriculturists determine the pre-sowing seed quality
and plan their chemical treatment by comparing the
spectral profile of the seed testa of untreated and treated
soybeans.

The research objective was to use spectral analysis,
i.e.,, luminescence and IR spectroscopy, to assess the
quality of Vilana soybean pre-sowing treatment.
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The research involved the following tasks:
— determining the quality of pre-sowing treatment of
Vilana soybeans with various modifiers;
—identifying the functional groups of modifiers on the
palisade epidermis;
— studying the spectral profiles of untreated and expe-
rimental soybeans; and
—developing recommendations for spectral calibration
models to assess soybean quality indicators and increase
the yield.

STUDY OBJECTS AND METHODS

The soybeans of the Vilana cultivar were provided
by the soybean department of the V.S. Pustovoit All-Rus-
sian Research Institute of Oilseeds (Krasnodar, Russia).
This mid-season variety is highly productive and stress-
resistant; it contains 40.8% of protein. Its yield is 2.5—
3.0 tons/ha, which can reach 4.9-5.7 tons/ha if the moi-
sture level is optimal. The plant has some gray floccose,
the corolla of the flower is purple, and the bean folds
are brown. The testa is yellow and dull, with no pig-
mentation. The hilum is medium, oval-elongated, and
light brown [11].

For protection purposes, soybeans are treated with
various chemical compounds before planting [14, 15].
We treated the Vilana soybeans with a mix of chemical
and biological substances. It included insecticide Imidor,
fungicide Deposit, fertilizer Rhizoform, and sticking
agent Static. The procedure followed the one described
in [16, 17]. Imidor is imidacloprid [4,5-dihydro-N-nitro-
1-[(6-chloro-3-pyridyl)-methyl]-imidazolidin-2-ylene-
amine] with neonicotinoid as the chemical active sub-
stance [18]. Deposit is a microemulsion that consists of
40 g/dm? of fludioxonil [4-(2,2-difluoro-1,3-benzodioxol-
4-yl)-pyrrole-3-carboxylic acid], 40 g/dm? of [(+)-1-(f-al-
lyloxy-2,4-dichlorophenylethyl)imidazole], and 30 g/dm?
of metalaxyl [methyl N-(methoxyacetyl)-N-(2,6-xylyl)-
DL-alaninate]. Rhizoform is a liquid inoculant of Bra-
dyrhizobium japonicum (2-3x10° CFU/cm?). Rhizoform
(https://betaren.ru/catalog/spetsialnye-udobreniya/mikro-
biologicheskie-preparaty/rizoform-soya) always goes with
Static, a stabilizer and sticking agent, which ensures
the safety of viable bacteria on the surface of beans
for up to 21 days. Static is a preservative that contains
0.5% of carbohydrates, 0.1% salts, and 100 cm?® water at
pH 6.5-7.4.

To identify the spectral changes, we studied the
luminescence parameters of the soybean testa in the
untreated (control) samples and the experimental
samples treated with separate modifiers and their mi-
xes. Spectrofluorimetry involved the PanoramaPro soft-
ware at 380—690 nm and copied the method descri-
bed by Belyakov in [19], which was developed for a
Fluorat-02-panorama spectrofluorimeter (Lumex-Mar-
keting, Russia).

We interpreted the spectral bands of separate
chemicals and their mixes to identify the vibration
bands of each group on the surface of the biological
object treated with a chemical mix. To reveal the
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vibration bands of water, protein, starch, and fat, we
studied the spectra of ground soybeans and the surface
of untreated soybeans. Grinding and the IR spectrosco-
py were in line with State Standard R 53600-2009. The
spectral studies followed the recommendations deve-
loped by the Agilent Food Testing & Agriculture Lin-
kedIn in the spectral range between 350 and 7000 cm™
using an Agilent Cary 630 FTIR spectrometer (Agilent
Technologies, USA) [10].

RESULTS AND DISCUSSION

Spectrofluorimetry of soybeans. To register lumi-
nescence, we studied the spectral characteristics of
luminescence excitation for a wide spectral range
(Table 1, Figs. 1 and 2). Table 1 describes the excitation
spectrum.

When the excitation length A, was 362 nm, the
luminescence spectra of the untreated (control) soybean

Table 1 Luminescence excitation spectra

Excitation Excitation Excitation Registration
spectrum, wave intensity wavelength wavelength,
nm Ie(i)max, RU ie e M e N
240-430 2.54 362 445
2.94 375
2.93 380
308430 1.18 362 585
1.19 365
0.95 380
28
5 2.4 1
2.0
5 |
Z 1.6
g o4
E 1.2 ]
0.8 1
0.4 1

testa demonstrated a typical wide luminescence band at
400-550 nm, which corresponded to the fluorescence of
the soybean testa.

Table 2 shows the spectrum of the untreated soy-
beans.

In addition to the main maximum of the lumines-
cence band at 4, 441 nm and intensity [(4) 2.97 RU,
the research revealed a minor shoulder at ~ 510 nm
(Fig. 3).

The luminescence spectra of the whole soybean testa
treated with a mix of modifiers (Fig. 4) also showed a
typical wide luminescence band at 400—550 nm, which
corresponded to the fluorescence of the soybean testa
with a maximum lﬂ 1 446.5 nm and intensity If(/l)] o
2.48 RU. A second luminescence band of lower inten-
sity appeared at 557-610 nm with a maximum at 4 72 max
585 nm and If(}u)2 o 119 RU, which matched the fluo-
rescence of one adsorbed modifier.

The treated (experimental) seeds showed the fol-
lowing spectral changes: a 5-nm Stokes shift, a 5-nm
bathochromic shift of the main peak, and a lower inten-
sity of the main fluorescence peak. In addition, the
shoulder at the main maximum disappeared at 510 nm,
and a luminescence band of lower intensity appeared in
the long-wavelength part of the spectrum (Table 3).

To reveal the luminescence of the modifiers, we
treated the soybeans with each component of the mix
separately, in line with the procedure described in [17]
(Tables 4 and 5).

240 260 280 300

320

340 360 380 400 420

Wavelength, nm

Figure 1 Excitation spectra at a registration wavelength of 445 nm

1.2 |
1.1 7
1.0 1
0.9 1

Intensity, RU

0.8 7
0.7 4
0.6 |

300 320 340

360

380 400 420

Wavelength, nm

Figure 2 Excitation spectra at a registration wavelength of 585 nm
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Table 2 Control Vilana soybean spectra

Excitation wavelength 4, ,nm Stokes shift AA, nm Luminescence Luminescence Luminescence
wavelength 1 e I intensity [ f(ﬂh)max, RU spectrum, nm
362 79 441 2.97 400-550
2.8
244
aDﬁ 2.0 7
2 16 1
= ]
§ 1.2 1
= 08 -
0.4
040 T T T T T T T T T T T T
400 425 450 475 500 525 550 575 600 625 650 675
Wavelength, nm
Figure 3 Luminescence spectra of untreated (control) whole soybean testa
2.4
2.0 1
E i
= 1.6 ]
Z 12 A
8 !
S 0.8
0.4
0.0 : ‘ . ; | |
400 450 500 550 600 650
Wavelength, nm
Figure 4 Luminescence spectra of soybean testa treated with various modifiers
Table 3 Experimental Vilana soybean spectra
Excitation Stokes shift Luminescence Luminescence ~ Luminescence Luminescence Luminescence
wavelength /. nm A/, nm wavelength 1 £ mpe I intensity wavelength intensity spectrum
L(A),,0 RU VA (Do RU 2 ,nm 2, nm
362 84 446.5 2.48 585 1.19 390-550 560-615

Figures 5-8 show the luminescence spectra of
the treated soybean samples.

The luminescence spectrum of the soybeans treated
with Imidor showed two bands of different intensity
(Fig. 5).

The first main band at 390-530 nm had a maxi-
mum at 1 /1 max 445 M, which corresponded to the lumi-
nescence of the testa. Relative to the mix-treated sample,
the intensity of the main band decreased by 0.512 RU,
the hypsochromic shift was 1.5 nm, and the Stokes shift
reduced by 4 nm (Table 4).

The second band at 560—620 nm had a maximum at
A 12 max D80 N, which corresponded to the Imidor lumi-
nescence. The maximum value of the second spectral
band of the soybeans treated with a mix of modifiers
coincided with that of the sample treated with Imidor.
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The luminescence spectrum of the sample treated
with Deposit showed a band of low intensity at 520—
640 nm with a maximum of if 298 nm, which
corresponded to the luminescence of Deposit (Fig. 6).

The Deposit treatment suppressed the luminescence
of the testa at 390—550 nm. This result depended on the
preparative form of the soybeans, which were ground to
particles of 0.1-5 pm, and the composition of Deposit
(https://betaren.ru/upload/medialibrary/d83/Depozit_-
ME_compressed.pdf). Deposit has a complex structure,
and the substituent groups of the benzene ring bend the
plane of the molecules, thus reducing their luminescent
ability.

The absence of testa luminescence means that this
microemulsion indeed protected the soybeans from
ultraviolet radiation.
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The luminescence spectrum of soybeans treated with
Rhizoform had a band at 400—-550 nm with a maximum
at 449 nm, which corresponded to the luminescence
of Rhizoform (Fig. 7). Relative to the mix-treated samp-
le, the changes were as follows. The intensity of the
main band reduced by 0.61 RU; the bathochromic peak
shift was /lf wax 2-5 nm; and the Stokes shift A4 did not
change.

1.6 4

0.8 1

Intensity, RU

0.4 1

0.0

The spectrum of soybeans treated with Static had a
band at 392-560 nm with a maximum at if e 347 nm,
which corresponded to the luminescence of the sticking
agent. Relative to the mix-treated sample, the intensity
of the main band increased by 1.05 RU; the bathochro-
mic shift of the maximum increased by 0.5 nm; and
the long-wavelength shoulder of the main band became
more obvious.

400 450

500

550 600 650

Wavelength, nm

Figure 5 Luminescence spectra of soybeans treated with Imidor

Table 4 Luminescence spectra of soybean testa treated with Imidor

Excitation

Stokes shift Luminescence Luminescence Luminescence Luminescence Luminescence
wavelength /. nm A4, nm wavelength intensity wavelength intensity spectrum
j'f max’ nm If(i)max’ RU lf max’ nm If(/‘L)max’ RU j’n? nm )'/29 nm
365 80 445 1.968 585 1.129 390-530 560-620
0.10
- 0.08 -
o~
B 0.06
8 0.04
E |
0.02 {
SsESEsananEyE L
0.00 ‘ \ T ; ‘ i ‘ ]
400 425 450 475 500 550 600 625 650 625 650 675

Wavelength, nm

Figure 6 Luminescence spectra of soybeans treated with Deposit
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Figure 7 Luminescence spectra of soybeans treated with Rhizoform
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Figure 8 Luminescence spectra of soybeans treated with Static

Table 5 Luminescence spectrum of soybeans testa treated with Deposit, Rhizoform, and Static

Modifier Excitation Stokes shift AL, nm  Luminescence Luminescence Luminescence

wavelength 4 . nm wavelength 4 f e I intensity [ f()v)max, RU spectrum, nm
Deposit 365 233 598 0.09 560-680
Rhizoform 365 84++ 449 1.87 397-540
Static 365 82 447 3.53 392-560
Table 6 Luminescence kinetics of soybean testa
Soybean samples Luminescence Luminescence Luminescence A1, RU Luminescence A , L RU

time 7, us intensity I ; ) time 7, ps ' time 7, s
t,RU

Untreated (control)  2.05 1.11 1.2 0.408 17.05 0.0095
2,375 nm
Areg 445 nm
Mix-treated 1.95 0.369 1.3 0.698 17.25 0.0091
2,375nm
/lmg 445 nm
Mix-treated 1.95 1.228 1.29 0.45 11.05 0.0086
4,365 nm
e 285 M

Luminescence at 392-560 nm depended on Rhizo-
form and Static, while luminescence at 560—690 nm
depended on Deposit and Imidor (Table 5). The lumines-
cence spectrum of the treated soybeans coincided with
the spectrum of Rhizoform and Static (Figs. 7 and 8).

The luminescence of Imidor at 560—620 nm over-
lapped the low-intensity luminescence of Deposit at
570—640 nm (Figs. 5 and 6). The pyridine ring of the
neonicotinoids in Imidor used the methylene bridge to
bind to the terminal electron-donating group of imine
or ethene during the treatment.

The soybeans treated with a mix of modifiers had
the second band at 560—615 nm that matched the lumi-
nescence of Imidor.

The untreated sample peaked at A, 441 nm and
L) . 297 RU, A4 79 nm. The treated samples had
two peaks: /Ifl vy 446,50 nm at If(/l)1 ax 248 RU, A7 84
nm, and 4, 585 nm at I(4), 119 RU. Since cryp-
tochromes had ultraviolet absorption spectrum (320-
390 nm), the chromophore molecules at their basis were
the luminescence centers of the soybean testa [12, 13].
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Figure 9 illustrates the luminescence kinetics in
the PanoramaPro software. The luminescence decay
kinetics was analyzed at /365 and 375 nm and /lregistmﬁon
at 445 and 585 nm. The discreteness of the kinetic
change was 0.05 ps; the measure gate was 0.10 ps; the
gate delay was 0.05-30 ps; and the gate delay step was
0.10 ps (Table 6).

The luminescence decay parameters were expressed
as the dependence of the luminescence intensity on time:

I(t)= ¢ 1)
where A was the constant that depends on the nature of
the substance; 7 was the luminescence time, ps.

Therefore, luminescence time ¢, could be calculated
as follows:

t,=(InAd-Inl(z,)+1)7 ©)
where (z) was the maximal luminescence intensity
at ¢, %.
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Figure 9 Luminescence kinetics of untreated soybeans
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Figure 10 Imidor IR spectra

Table 7 Imidor IR spectroscopy

Wavenumber v ,cm!

Incident wavelength 4, um Transmittance, %

Vibration mode of the functional group

3309.45 3.02 53 Vo

2980.02 3.35 1 Ve

2101.01 4.76 5 Overtone and component bands
(2240-1960) (4.46-5.10)

1637.16 6.11 15 S0

1561.70 6.40 12 VS ion

1435.60 6.97 10 V.. in benzene ring
1389.64 7.20 4 V.. in benzene ring
1296.94 7.72 5 Vo

1234.36 8.12 6 Vo

1139.30 8.78 3 6., (monosubstituted)
1101.75 9.08 4 6., (1,3-substituted)
1046.66 9.56 5 Ve

991.27 10.09 2 Y¥ . (positionl,2,4)

v*and v* are symmetric and asymmetric stretching vibrations
6 is the planar bending band

y¥ stands for bending wagging vibrations

In treated soybeans, the luminescence intensity If(/l)
t, reached its maximum by 0.1 ps sooner than in the
untreated sample. Their luminescence time was longer
by 0.09—0.1 ps. The shortest time of almost complete
luminescence was 4 365 nm, and /Ireg 585 nm. The
kinetic analysis proved that this luminescence could be
classified as fluorescence.

53

IR spectroscopic analysis. We performed a separate
IR spectroscopic analysis for each modifier, i.e., Imidor
(Fig. 10), Deposit (Fig. 11), and Static (Fig. 12). Each of
these substances, except for Rhizoform, is a complex
aromatic compound. Fig. 13 illustrates the IR spectrum
of Rhizoform. The grouping followed the typical
vibration frequencies (Tables 7-9).
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Figure 11 Deposit IR spectra

Table 8 Deposit IR spectroscopy

Wavenumber v , cm™!

Incident wavelength 4, um Transmittance, %

Vibration mode of the functional group

3350.13 2.98 32 Vou
2925.54 342 11 Veu
2118.92 4.72 4 Overtone and component bands
2000.39 5.01
(2200-1940) (4.54-5.15)
1630.24 6.13 21 SLom
1456.85 6.86 5 V... benzene ring
1405.52 7.11 2.5 V... benzene ring
1347.96 7.40 2 V.. benzene ring
1247.65 8.02 6.5 Vo
1135.02 8.81 1.5 6., (monosubstituted)
1082.63 9.24 8 6., (positionl, 2, 3)
1043.25 9.58 14 Vieoe
990.60 10.10 3 v" .y (orientationl, 2, 4)
920.28 10.86 Y. (orientationl, 2, 4)
vtand v* are symmetric and asymmetric stretching vibrations
6 is the planar bending band
y" stands for bending wagging vibrations
100 |
X
s 50 | 2349274 \ ‘
g 0 j 1638.285 .
b= | 2195.905
‘g : . 2931250 1419.647  1262.974 !
=i | 1362.939 \
g 40
E 3255.871 1138.412 S ise
: ' 923.926
20 1105.815
1018.683 990.380
3800 3400 3000 2600 2200 1800 1400 1000

Wavenumber, cm™

Figure 12 Static IR spectra

The spectra of Imidor (3309.45 cm™), Deposit
(3350.13 cm™), and Static (3255.87 cm™) demonstrated
an intense wide band of stretching vibrations of
the hydroxyl group involved in the intermolecular
hydrogen bond.

54

The spectra showed bands of stretching vibrations
of C-H methyl groups: low-intensity at 2980.02 cm™
for Imidor; average intensity at 2925.54 cm™! for
Deposit, and average intensity at 2931.25 cm™' for
Static [5].
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Table 9 Static IR spectroscopy

Wavenumberv ,cm’! Incident wavelength A, pm

Transmittance, %

Vibration mode of the functional group

3255.87 3.07 39 Vou
2931.25 341 4.5 Veu
2118.60 4.72 6 Overtone bands
(2200-1960) (4.54-5.10)
1638.28 6.01 18 Som
1419.65 7.05 4 vC-C benzene ring
1362.94 7.34 5 vC-C benzene ring
1262.97 7.91 2.5 VEoc
1138.81 8.78 1.5 6., (monosubstituted)
1105.68 9.05 5 6., (positionl, 3)
1018.68 9.82 32 Vieoc
990.39 10.10 39 Y., (orientationl, 2, 4)
923.93 10.82 12 Y¥u (1, 2, 4 orientation)
830.30 12.05 1 6y
v* and v* are symmetric and asymmetric stretching vibrations
6 is the planar bending band
v stands for bending wagging vibrations
100 |
S 90
g 80
g !
£ ™
g 60 ‘ 1636.277
=50
40 ‘ 3306.240 ‘
3800 3400 3000 2600 2200 1800 1400 1000

Wavenumber, cm™

Figure 13 Rhizoform IR spectra

The stretching vibrations of the C-C bonds in the ben-
zene ring resulted in two bands of average intensity at
1435.6 and 1389.64 cm™ for Imidor, 1456.85, 1405.52, and
1347.96 cm™ for Deposit, and 1419.65 and 1362.94 cm™!
for Static [20].

The Imidor IR spectrum revealed stretching vibra-
tions of the nitro group. As a result of the coupling, the
v of , bands shifted to the low-frequency region. The
V¥, 0, band at 1561.7 cm™ was more intense than the v* .,
band at 1296.94 cm™ [21].

The location and intensity of the stretching vib-
rations of the C-O bond depend on the structural
features of the molecule, mainly on the double bond
and aromatic nucleus. The analyzed samples revealed
two v, . bands The Imidor IR spectrum had v°_, . at
1046.66 cm™ and v at 1234.36 cm™'. The Deposit

C-0-C
IR spectrum had v*_ . at 1043.25 cm™ and v*_ . at
1247.65 cm™'. The Static IR spectrum showed v°. , .at

1018.68 cm™! and v*¢ at 1262.97 cm™.

C-0-C

The weak overtone bands at 2240-1940 cm™ helped
locate the substituents of the benzene ring. The bands
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in this region had different contours depending on the
nature of the substituent [7].

The IR spectra of the samples had plane bending
vibrations of C-H at 1135-1082 ¢cm™'. In the Imidor spect-
rum, 6., at 1101.75 cm™' matched positions 1, 3 of the
substituents while 6., at 1139.3 cm™ matched the
monosubstitution. The out-of-plane molecular vibrations,
e.g., the wagging vibrations of atoms in a molecule, had
a low-intensity y_,, band at 991.27 cm™" and correspon-
ded to positions 1, 2, 4 of the substituents. In the De-
posit spectrum, 6., at 1082.63 cm™' described posi-
tions 1, 2, 3 of the substituents while 6., at 1135.02 cm™!
matched the monosubstitution. The bending wagging
vibrations of atoms in a molecule appeared as bands
at v 920.28 and 990.60 cm™, which was typical of
orientations 1, 2, 4 of the substituents. The hypso-
chromic shift of the band y__ at 920 cm™ indicated
the conjugation of the benzene ring substituent. In the
Static spectrum, the absorption frequency 6., at
1105.68 cm™ also corresponded to the meta position
of the substituents while 6 at 1138.81 cm™' matched

C-H
the monosubstitution. The y., bands at 990.39 and
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923.93 cm! indicated positions 1, 2, 4 of the substituents.
The spectrum contained a low-intensity bending band of
C-Cl at 830.3 cm™.

In the IR spectra, the overtone bands at 2240—
1960 cm' signified the main vibrations, namely v°
o.c and plane 6, with positions 1, 2, 3 and 1, 3 of
substituents [22].

The Rhizoform IR spectrum showed v, —at
3306.24 cm™!, bending vibrations of water molecules
6,0 at 2080 cm™', and bending vibrations of the HOH
stretch angle at 1636.28 cm™' (Fig. 13).

The spectra of Imidor, Deposit, and Static also de-
monstrated bending vibrations of the HOH stretch angle
at 1637.16, 1630.24, and 1638.28 cm™', respectively. They

allegedly indicated that the constancy of bending vibra-
tions was caused by the intermolecular interaction: the
bond angle of the water molecule changed as a result
of the molecular interaction with each other, as well as
with cations and anions [21].

To interpret the spectra of the biological sample
treated with chemicals, we performed IR spectroscopy
of the ground and whole samples (Fig. 13 and Table 10).
The vibration frequencies indicated moisture, protein,
fat, ash, carbohydrates, and hardness [23, 24].

The IR spectrum of ground soybeans (Fig. 14) had
stretching vibrations of OH groups at 3277.25 cm’!
and bending vibrations of the HOH stretch angle at
1635.41 cm™.

105
§ 85 ‘ 2322.977
g 75 2854.520 \
§ 65 VI
1396.971
E 55 2923.820 1744.078 ¥ b ot & |
1277255 3011118 (1517 1542274 ‘
45 ’ 1236.299 /1044.542
3800 3400 3000 2600 2200 1800 1400 1000

Wavenumber, cm™

Figure 14 IR spectra of ground soybeans

Table 10 IR spectra of ground soybeans

Wavenumberv ,cm™!

Incident wavelength 4, um  Transmittance, %

Vibration mode of the functional group

3277.25 3.05 18 Vou
(3650-3000)
2854.52 3.50 4 Starch vibration in the C-H range
2923.82 3.41 18
(2800-3000)
2080 4.80 4 Main band overtone C-O
(2080-1920)
1635.41 6.11 15 Sy
1744.24 5.73 12 Vibration of amide I protein
1542.27 6.485 11 Vibration of amide II protein
1236.29 8.09 4 Stretching of C-C and C-O and bending
1044.54 9.57 18 of C-O-H and C-O-C
1) — A n

S V I\

g 94 7 - 1236723

§ 90 2846.162 | A\ [ 1386777

g 86 3050.291 hs1.830 wspass /1.

g 3314.583 3262911 2917.841 1630.238 ]5]2.432\‘

= 82 1637250 926370 a
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Figure 15 IR spectra of untreated whole soybeans

56



Bugaets O.N. et al. Foods and Raw Materials. 2024,12(1):47-59

100 | 3760.606
| e 3402.036
2 90 | ‘ \
< . 1A\ vy ) 1236.076
% 80 | 2652.137 1918.297 | 782.324
= | 3105902 2850.549 3376 608 1296.804 /1" 741.800
g 70 | £ Ny
z | 333921 g¢1366 2917751 1560.934 1 360,567/ 824.527
g | 1638.838 T
g 60 | 2547.080 1389.191 1005.071
. 1434.559 :
| 1096.844
50 | 1476.790

3800 3400 3000 2600 2200 1800 1400 1000 600
Wavenumber, cm™!

Figure 16 IR spectra of treated whole soybeans

Table 11 IR spectra of untreated (control) and treated (experimental) soybeans

Wavenumber,v ,cm'

Incident wavelength A, um Transmittance, %

Vibration mode of the functional group

Treated Untreated Treated Untreated  Treated Untreated
3281.36 3262.91 3.04 3.06 4.0 1.2 Stretching vibrations of OH groups
(3640-3000 range) (range 3680-3100)
2917.75 3050.29 3.428 3.27 33 1.3 Starch vibrations (C-H), v, ,
(3000-2800) 2917.84 3.42
(3400-2800)
2080 2080 4.80 4.80 4.50 2.0 Main band overtone (1003—1009 cm™)
(2280-1880) (2250-1880)
1638.83 1637.25 6.10 6.10 1.8 4 Bending vibrations of HOH stretch
angle
1560.93 6.40 6.5 Stretching vibrations of the nitro group
1526.37 6.55 4.0 Vibration of amide II protein
1512.43 6.61
1434.55 6.97 4.5 Stretching vibrations of C-C bond of
1389.19 7.19 0.4 benzene nucleus
1360.56 6.02
1296.80 7.71 1.0 Stretching vibrations of nitro group
1236.07 8.09 4.5 Vibrations of C-O-C bond
1005.30 1007.41 9.95 9.93 17.5 12.0 Vibrations of C-O-C bond
843.05 11.86 Vibrations of the carbon-halogen bond

The vibration frequencies typical of amides I and II
appeared at 1542.27 and 1744.24 c¢cm™'. The data diffe-
red from those reported by Migues et al.: our experi-
ment revealed a bathochromic shift of 40 cm™ and a
hypsochromic shift of 8 cm™, respectively [7].

Vibrations typical of fats based on the C-H bond we-
re observed at 1600—1750 and 1550—1570 cm™'. The ma-
xima of typical starch bands (2854.52 and 2923.82 cm')
were observed at 2800-3000 cm™ in the C-H vibration
region (Table 10). The strong absorption at 1200—
900 cm™! depended on the C-C and C-O stretching and
the C-O-H and C-O-C bending [10].

The IR spectra of whole untreated (Fig. 15) and trea-
ted soybeans (Fig. 16) demonstrated stretching bands
of OH groups at 326291 and 3281.36 cm™ and ben-
ding bands of the HOH stretch angle at 1637.25 and
1638.83 cm™ [7, 10].

Typical protein vibrations were registered at 1600—
1700 and 1550-1570 cm™ based on the associated ami-
des I and II, respectively. Typical fat vibrations appea-
red in the same ranges, but they were based on the
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C-H bond. Starch vibrations were observed at 2800—
3000 cm™ of the C-H stretch range at 2917.84 and
291775 cm™!. The overtones had bands at 2080 cm™.

The vibrations typical of testa protein were observed
in the spectrum of untreated soybeans at 1526.37 cm™'.
An intense band appeared at 1007.41 and 1005.30 ¢cm™
in the range of C-O-C vibrations at 1120-840 cm™
(Table 11).

The bands at 1550—-1200 cm™ were strong and typi-
cal. This range made it possible to identify Imidor,
Deposit, and Static on the hard soybean testa. The
width and shape of the bands and the magnitude of the
absorption band that occurred during the aggregate
changes of the adsorbents revealed the magnitude and
nature of intermolecular compounds and the treatment
quality [21].

We registered five overlapping band maxima when
comparing the spectra of the treated soybeans with the
Imidor spectra. The bands at 1560.93 and 1561.7 cm™, as
well as those at 1296.80 and 1296.94 cm™!, corresponded
to the stretching vibrations of the Imidor nitro group.
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The bands at 1434.55 and 1435.6 cm™, as well as those at
1389.19 and 1389.64 cm™!, matched the stretching vib-
rations of the C-C bond of the Imidor aromatic system.
The typical C-O-C vibrations were visible at 1236.07
and 1234.36 cm™'. The fact that the maxima of the ab-
sorption bands overlapped means that the interaction
between Imidor and soybeans was, in fact, physical
adsorption.

The spectra of the treated soybeans and the spectra of
Static overlapped at 1360.56 and 1362.94 cm™', as well as
in the range of 830-890 cm™'. The comparison with the
Deposit spectra revealed no overlaps, which indicated
chemisorption on the soybean testa surface.

We tested the method of IR spectroscopy on comp-
lex organic adsorbed modifiers and detected certain
structural elements with varying indicator values. The
analysis revealed the presence of an aromatic system,
the nature of functional groups, and the position of
substituents.

CONCLUSION

The research featured the spectral-luminescent pro-
file of untreated (control) and treated (experimental)
soybeans and their infrared spectra. Both spectral pro-
files changed after the samples were treated with various
modifiers. The comparative analysis of the infrared
spectra gave the following results:

—the luminescence spectrum of the untreated Vilana
soybean testa was 400-550 nm, with a maximum of
A £ max 441 nm and the Stokes shift of 79 nm;

—the luminescence spectrum of the treated soybeans
had two bands: at 390-550 nm with a maximum of
iﬂ e 346.5 nm and at 560-615 nm with /Ifz oy I85 nm;
the Stokes shift was 84 nm;

—the first band of the treated soybeans overlapped with
the Rhizoform and Static spectra. The hypsochromic
shift of the first band maximum was 4, . The dif-
ference with the maxima of Rhizoform and Static was
2.5 and 0.5 nm, respectively;

—in the treated soybean sample, the second band at 560—
615 nm with a maximum A, 585 nm and intensity
1f(), ... 1129 RU overlapped with the luminescence of

Imidor;

— the luminescence of the treated and untreated soybean
testa samples, as well as that of the modifiers, belonged
to fluorescence;

—the modifiers on the surface of the treated soybeans
could be identified at 1550-1200 cm™. We found five
band maxima that overlapped with the Imidor spectra,
two overlaps with the Static spectra, and no overlaps
with the Deposit spectra;

—we detected the types of interaction between soy-
beans and modifiers. In case of Imidor, it was physical
adsorption, while in case of Deposit, it was chemisorp-
tion.

Luminescence and IR spectroscopy provided a pre-
liminary quality assessment of soybeans without ger-
mination. The spectral profile was able to define the
heterogeneity of the crop seeds and helped select the
best planting material.

The fluorescence level characterized the penetration
of modifiers into plant tissues. This analysis made it pos-
sible to observe the pre-sowing treatment quality chan-
ges that may occur as a result of environmental changes,
thus helping select the optimal processing conditions
and the best modifier or their mix.

The methods of luminescence and IR spectroscopy
were found prospective for new methods of qualitative
and quantitative analysis of soybean surface before and
after treatment.
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