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Abstract

Raman scattering was used to obtain vibrational modes in a Pereskia aculeata sample. The obtained
spectrum was compared with quercetin's theoretical spectra, kaempferol, isorhamnetin, rutinose, caffeic,
and tartaric acid, generated from the density functional theory (DFT) method, which used structures of the
known composition present in the sample. Among the main compounds, phenolic acids and flavonoids are
mentioned. Vibrational signatures, designated as CO and CH group modes, are abundant and bands in the
region between 800 and 1800 cm™. This showed that the theoretical and experimental results had good
correspondence between the flavonoids. Statistical observations of correlation and principal component
analysis (PCA) were used, which helped in the process of correlation between sample and data obtained.
Theoretical spectra have been corrected by a single scale factor of 0.961, and vibrational contributions by
the molecular group were via VEDA software.
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1. Introduction
The United Nations (UN) presented data on population projections, and contrary to what was previously
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projected, the world population is unlikely to stop growing in this century. This makes a significant increase
in agricultural demand for the entire world population, inevitable to 2100 ( Alstom et al., 2009; Godfray et
al., 2010; Gerland et al., 2014; DESA, 2015; Rakimzhan et al., 2019). In this perspective, alternative
solutions are proposed every day to minimize the impact of increasing food consumption demand. Among
these alternatives, we can mention that functional foods stand out in guaranteeing nutrition because they
are rich in phenolic and flavonoid compounds necessary in the human diet (Ozkan et al. 2007; Siger et al.
2008). Pereskia aculeata, known as Ora-Pro-Nobis (OPN), has been indicate in recent years (Calixto et al.
2012; Pinto et al. 2015; Machado et al., 2015; Silva, 2017; Vieira et al, 2019), precisely because it contains
such characteristics in food terms shown in the recent study on the existence of phenolic acids and
flavonoids. Studies have shown that quercetin, isorhamnetin and kaempferol are described as the main
aglycones in OPN fruits and peels. Also, references point to caffeic acid as the main phenolic constituent
of the plant extract and the quercetin-3-O-rutinoside and isorhamnetin-3-O-rutinoside flavonoids
(Gongalves et al., 2015; Ferreres et al., 2017; Garcia et al. 2019; Tania, 2020). Given the potential of
applications and recent studies in the identification of plant compounds, this work becomes a pioneer when
carrying out an investigation by dispersive Raman spectroscopy (RS) with a plant sample, crossing
information from experimental data with theoretical data obtained from density functional theory (DFT)
calculations. The RS has been chosen because it is considered a specific technique capable of assisting in
the plants and organic characterization process (Schulz, 2007; Gierlinger, 2007; Rakimzhan et al., 2019)
and quickly obtaining information without expensive handling procedures. The computational method
(DFT method) chosen is one of the most used methods to treat molecular structures' conformational and
vibrational nature (Lu etal. 2013; Ramya et al., 2013; Komjati et al., 2016; Teixeira et al., 2020; Erdogdu
etal., 2020). The caffeic and tartaric acid, quercetin, isorhamnetin, kaempferol and rutinose molecules were
optimized in a Gaussian 03 package (Figure 1). The B3LYP Functional and 6-31G (d,p) base set has been
chosen for this step. Because of an overestimated spectrum set, the calculated frequencies were adjusted by
scale factor (Nist, 2020) of 0.961. Maximum energy parameters of contributions by molecular groups and
the classification of vibrations collected via VEDA software are also given.
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Figure 1. Molecules optimized in Gaussian by B3LYP functional and 6-31G(d,p) base set. Phenolic acids:
a) Caffeic; and b) Tartaric. The c) Isorhamnetin; d) Kaempferol and e) Quercetin flavonoids. The acids
a) e b) are an isolated form of Caftaric acid. Em c, d, and e, molecules isolated from Isorhamnetin-3-O-
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rutinoside and Quercetin-3-O-rutinoside respectively. Em f) Rutinose, a disaccharide. In red, green, and
gray, are oxygen, carbon and hydrogen respectively.

2. Material and Method

2.1 Material

The Pereskia aculeata, popularly known as Ora-Pro-Nobis (OPN), is a type of Brazilian cactus. Its leaves
are a great source of protein, making it superior among other vegetables, in addition to presenting basic
levels of minerals, dietary fiber, vitamins, and folic acid (Souza et al., 2016; Garcia et al., 2019). This study,
where a commercial brand was randomly chosen, in which a kind of organic flour made from dried OPN
leaves was purchased. The sample was kept in a dry and moisture-free place and was not subjected to any
RS measurement preparation.

2.2 Raman scattering

In the Raman scattering (Raman, 1929; Kalasinsky et al., 2007; Hui et al., 2019) of this study, a
conventional Horiba Labram 800HR spectrometer, spectral at 80 to 4000 cm™ range, single 633 nm laser
was used. The Raman spectra were obtained at separate intervals of 80-1800 cm™ and between 1800 and
3600 cm™, with a resolution of 2 cm™, the microscope is confocally coupled to an 800 mm focal length
spectrograph, equipped with two selectable grids. The spectra were collected at room temperature in pure
samples.

2.3 Computational method

The computational calculations were performed based on the functional density theory (DFT) method,
whose molecular geometries were optimized with functional B3LYP and base set 6-31G(d,p) (Ditchfield,
1971; Henre, 1972; Petersson, 1991; Rassolov et al., 1998; Rassolov et al., 2001), in Gaussian Package 03
(Gaussian, 2003). The hybrid function of three parameters (B3) and Lee-Yang-Parr functional correlation
(LYP) (a functional correlation that has local and non-local terms). The function has a good approach in
the calculation of molecular structures and vibrational frequencies (Lee, 1988; Becke, 1993; Wu et al.,
2012; Huang et al., 2016). The use of two or more scale factors is acceptable, but it necessarily depends on
your data set's size and how the expected modes are different from the expected (Bauschlicher, 1997,
Bauschlicher, 2010; Mattioda and Bauschlicher, 2017). The symmetries, vibrational assignments and
calculations of potential energy distribution (PED) were performed with a lofty degree of accuracy. The
VEDA software optimizes the set of internal coordinates for the development of experimental/theoretical
IR/Raman systems. The PED calculations were performed with the support of the VEDA 4 program
(Jamrdz, 2004 and Jamrdz, 2013).

2.4 Processing date

Experimental and theoretical results were pre-treated with multivariate analysis, through Pearson
correlation and principal component analysis (PCA), which was applied in a set of pre-defined spectra in
the digital printing region of the data. Correlation and PCA data were acquired using RStudio 0.4.7
software. Statistical analysis was initially used to survey differences between samples and search for a
match between raw data (Bueno et al., 2017; Nazife et al., 2019).

3. Results and Discussion
Figures and Tables: Figures 2(a) and (b) show the Raman spectrum of the sample throughout the results.
Figure 3 shows the DFT calculation results for the molecules in Figure 1. The Table 1 gives an overview
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of the Raman bands of the samples (experimental/theoretical) investigated. In Tables S2 to S7
(Supplementary material), the DFT calculation (GAUSSIAN and VEDA results) is observed, and Figure
4(a) and (b) shows the statistics of the frequency range and comparison.

3.1 Experimental date

The RS spectrum of OPN is shown in a research window comprising the region between 80 - 1800 cm™
and between 2400 - 3600 cm™ (Figure 2). What is seen initially is that this region between 80 - 1800 cm'*
(Figure 2(a)) shows a great density on bands of the spectrum, already in Figure 2(b), a band with
overlapping basis with peaks centered at 2910 cm™ and 2933 cm™.

OPN

480

Raman Intensity (arb. units)
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300 600 900 1200 1500 1800
Wavenumber (cm'1)

a) Measured between 80 and 1800 cm™.
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b) Measured above 2400 cm™.

Figure 2. Experimental Raman spectrum of OPN flour. The spectra were measured in different regions
between: a) 80 - 1800 cm™. In b) the range from 2400 to 3600 cm™ is shown.

The spectra were obtained under strong fluorescent curves of the sample, probably due to chlorophyll,
typical in plants. In this case, because it is a photosynthetic pigment, chlorophyll has a strong absorption at
430 and 660 nm, precisely in the range of the laser line used in the procedure (Saleem et al., 2020). In
Figure 2(a) see the peak of 480 cm™. At first, this band may be pectins, acids present in the cell walls of
plants. They may be related to one of C-O-C group elongation and deformation in the range 335-900 cm"
1 (Sene et al., 1994), where results can be linked to phenolic compounds since this band is common in
rutinose, quercetin and isorhamnetin, in 484, 480 and 588 cm™ respectively. The peak at 480 cm™ can also
be related to plant fiber lignin or cellulose; this can be explained because the region between 390 cm™ and
1100 cm* vibrational bands both from lignin and cellulose coexist (Conners and Banerjee, 1995). These
polysaccharides in the plant's fiber, combined with laser orientation, maybe the cause of this intense nature.
Also, in this region (330-850 cm?), the band at 854 cm™ may be related to deformation modes (Thygesen
and Gierlinger, 2013). Thus, the peak at 871 cm™ may also have some indication for deformation modes,
and may be an indicator for the presence of caffeic acid, which contains HC=CH group deformations.
Therefore, peaks at 871 cm™ and 943 cm™ can be referenced in the region indicated for the OPN sample.
The commented region could be researched in the space between 450 to 1000 cm™ and cite that the evidence
of aromatic cyclic could reveal the existence of an atom as nitrogen. However, it would not be a sensible
search since its manners would resemble those already existing, especially those of the CH group (Mattioda
and Bauschlicher, 2017).
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Vibrational activities at 1081, 1276, 1380, 1399, 1460 cm* that may bring references to deformations CH,
COH, CO groups, and peaks of important phenolic constituents can be evidenced around 1430 cm™ and
at 1600 cm?, related to the stretching of aromatic compounds, in the case of flavonoids (Sene et al., 1994).
Less intense markes at 1605, 1655, 1722 cm™ bands would appear in an important characterization region,
as they can usually bring sense to the presence of C=C, aromatic or polycyclic substitution groups, and
C=0, which are normally present in organic compounds, already reported to contain antioxidant and
phenolic content. Thus, isorhamnetin (1652 cm™), kaempferol (1656 cmt), and quercetin (1659 cm™) bring
a good correspondence of C=C stretching modes for OPN. The region between 1000 and 1500 cm™ can
indicate the folding of CH2 and CHs modes. Containing a significant number of carboxylic acids in the
same region, it may be responsible for the possible ways of stretching and folding in RS. The bands at 357,
518, 942, 1605, and 1745 cm™ may be associated with pectins and lignins (Lupoi et al., 2015; Agarwal,
2019; Makarem et al., 2019). The Figure 2(b), a wide band, overlapping two bands with center peaks at
2910 cm™* and 2933 cm?, is present in the CH2 and CHa stretch region. In an assignment, the methyl group
may contain symmetrical and asymmetric stretching modes, and if associated with isorhamnetin (Table
S3), these bands are at 3022 cm™ and 3094 cm™. In the theoretical RS, associated with OH stretches, this
region presents between 2750 and 3450 cm™ and between 3150 and 3500 cm'™.

3.1 Calculation date
The theoretical RS (T-RS) is shown in Figure 3 and reported to the structures in Figure 1, identified by
capital letters.

dFT Calculation

Raman Intensity (arb. units)

0 1OIOO 20|00 3000 4000
Wavenumber (cm™)

Figure 3. Raman spectra from DFT at Caffeic acid (A), Tartaric acid (B), Isorhamnetin (C), Kaempferol
(D), Quercetin (E) and Rutinose (F) molecules. Functional B3LYP polarized for 631G(d,p) base set was
used.

The T-RS are shown across the spectrum, between 80 cm™ and 4000 cm™. The calculations show discrete
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bands between 3000 cm™ and 4000 cm, which can be linked to groups CH and OH. The region below
1000 cm™ shows low-intensity bands, bringing important meanings since the theoretical data can bring
correspondence with the experimental data. The caffeic acid structure (A), shows a planar distribution
after optimization, so we can classify that the existing modes can be in the plane or outside the plane. The
T-RS of A brings low intensity modes in regions below 1000 cm™, presenting out-of-the-plane deformation
(torsion) modes for OH at 241 cm™. The band at 806 cm™ rings an asymmetric elongation of the carbon
atoms adjacent to the ring replacement. Torsion modes in the plane identified for the CH groups of the
carbon and the COOH radical and at 1127 and 1150 cm™, respectively. The region between 1250 cm™ and
1500 cm bring torsion modes in the CH and OH plane all the structure. Bands of medium and high-
intensity corresponding identify the bands at 1647 and 1666 cm™ to the C=C connections and respective
symmetrical stretching modes. At 1698 cm™, we have a symmetrical stretching mode of C=C, but this time
for atoms attached to the carboxyl radical. The band at 1811 cm™ reports to the C=0 group with
symmetrical elongation. In the region next 3800 cm™, we have 3 modes of symmetrical stretching for the
OH present in the structure. The T-RS of tartaric acid (B) contains well-defined bands across the spectrum.
Between 0 and 1500 cm™, a series of structure deformation modes, all related to the OH group. The band
at 1840 cm™ groups the symmetric stretching modes of the two existing C=0 groups. Between 3000 and
3100 cm't, there are two bands, one at 3049 cm™ and another at 3058 cm, responsible for the asymmetric
and symmetric stretching of CH modes. The isorhamnetin molecule (C) spectrum has bands in at 605, 814,
849 cm with structure deformation modes. Bands between 1200 and 1500 cm™ are associated with OH's
angular deformations including bands at 1500 cm™ methyl groups. Between 1600 and 1750 cm™, we have
axial deformations of the aromatics. The bands between 300 and 3400 cm™ are attached to the group
CH$_{3}$ and CH, with symmetrical stretching modes in 3028 and 3275 cm?, respectively. At 3094 and
3155 cmt, asymmetric stretch modes. Bands above 3325 cm™ are responsible for symmetrical stretches of
OH. The kaempferol (D) shows deformation of the structure below 1000 cm™. These low-intensity but
notable bands are at 449, 589, 639, 835, and 998 cm™. The 1200 cm™ band may be related to the OH and
CH deformation mode of the benzene group. Between 1200 and 1600 cm™, we have structural deformation
related to the OH group in the molecule. At 1625 cm™, we have a symmetrical stretch of the C=C group of
cyclic compounds linked to the substitution and at 1655 cm, the most intense contribution from C=C. We
have contributions located in three different bands, at 1666, 1674 and 1713 cm, accompanied by
harmonics for CC and CH. The CH symmetric and asymmetric stretching modes are found in 3225 and
3210 cm™. Two OH bands appear at 3781 and 3819 cm™. The result for quercetin (E) brings little
vibrational activity below 1200 cm™. In this region, a weak band at 480 cm™ (OH twist mode and ring
deformation) agrees with experimental results. The band at 803 cm™ (CH deformation) is one of the bands
that stand out, as they correspond to a mode that covers a group HC=C=CH (linked to one of the flavonoid
rings). Bands between 1200 and 1600 cm™ are assigned to CH and OH deformation modes. The C=C
symmetrical stretch modes are present in 1629, 1658 and 1667 cm™ and correspond to the T-RS's most
intense bands. The bands at 1673 and 1714 cm™ indicate modes of symmetrical stretching of C=0 and OH
deformation. The bands around 3200 cm™ bring CH stretch modes and above 3500 cm™ OH symmetrical
stretch modes. For rutinose (F), we have 3 distinct regions with low-intensity bands between 0 and 1500
cmt, medium and high between 2800, 3200, 3750 and 4000 cm™. The first region mentioned, with bands
between 200 and 600 cm™, is linked to OH bending modes. Marked OH bands are seen at 297, 335, 353,
392, 417, 425, 443 and 461 cm™. The other bands in this region refer to the deformation of the molecule.
The region between 2900 and 3200 cm™ contains intense bands for CH and CHs presenting symmetric
stretch modes in 2927, 2944, 2997, 3105, 3122 cm™ for CH, and at 3047 cm™ for CHs and asymmetric
stretch mode for 3092 cm™ and 3122 cm™ for CH and CH$_{3}$ respectively. The bands in the 3800 cm"
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! region are all in OH symmetrical stretch modes. Tables S2 to S7 (Supplementary Material) show the
experimental and theoretical results' vibrational frequencies, accompanied by scaled frequencies (scale
factor 0.961) and percentage and vibrational contribution by molecular group (PED). The vibrations in the
Tables are labeled as symmetrical: (vs) and asymmetric (vas) and deformations in the plane: scissoring (dsci)
and rocking (droc), OF out-of-plan, wagging (dwag) and twisting (dwi). In general, the result shows that the
highest percentage contributions are to the OH group, generally above 90% PED. It is interesting to note
that such an individual contribution does not add up to the experimental data and is considered unassigned
(NA). An extensive discussion in the literature (Nyquist and Kagel, 1971; Mahesar et al., 2014; Huang et
al., 2016; Larkin, 2018; Toposki, 2018; Costa et al., 2019; Hoang, 2020) bases the bands between 600 and
4000 cm?, however, below 600 cm™ this is not that simple. In this sense, it uses the computational method
since, in RS, we can have bands well below 500 cm™. Table 1 shows caffeine, isorhamnetin and rutinose
with linked bands in the OPN sample. In the O-H stretching region, above 3100 cm™, are shown in the

supplementary materials.

Table 1. Overview of the observed experimental and DFT calculations Raman bands (in cm™) and

assignments of the main vibrational modes by molecular group.

OPN | Caffei | Tartari | Isorhamneti | Kaempfero | Quercetin | Rutinose | Assignment
C c n I
2933 - - 3095 - - - vs (CH)

- - - - - - 3048 vs (CH)

- - - - - - 3027 vs (CH)
2910 - - 3028 - - 3027 vs (CH)
1722 | 1812 1842 1652 1675 1674 - vs (0O=C)

- 1699 - - - - - vs (C=C) ring

- 1667 - - - 1668 - vs (C=C) ring
1655 | 1648 - 1652 1656 1659 - vs (CC)
1399 | 1410 - - - - - vs (CC)
1380 | 1392 1380 1378 1381 - - vs (CC)
1342 | 1348 1353 1336 1336 1337 1341 0 (HCC), vs

(CC)
1267 | 1270 - 1274 1273 1263 1277 o (HCC),
(HOC)
1127 | 1128 1118 1118 - 1135 1134 0 (CCC), o0OC
871 871 872 - - - 877 0 (HCCO),
HCCC
580 580 - 588 589 582 583 0 (HOCCQ),
(CCC)
443 - - - 449 443 443 0 (HOCC),
v(CC)
backbone
130 138 130 - - - - 0 (OCCC)

Table 1 is labeled as symmetrical (vs) and deformations (8) vibrations.

3.2 Exploratory principal component analysis
The results of the E-RS (experimental) and T-RS (theoretical) combined are shown in Figure 4, which
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concerns Pearson's correlation, from the interaction between bands admitted in the region between 80 and
1800 cm™®. Other regions that are left out of the analysis (over 2000 cm™) have a low overall signal-to-
noise ratio or are composed exclusively of CH and OH bands, which are very common in organic products.
The chosen region comprises the so-called digital printing region of components. The results show that the
highest correlations are given between structures associated with flavonoids. These are precisely the ones
that most correspond to the experimental data, with a moderate positive correlation of 0.519. All have a
positive correlation between themselves (Figure 4a). The PCA was then applied to the indicated region. It
was demonstrated that the total variance of the data set could be explained by seven main components,
where the first two main components (Dim 1 and Dim 2), with eigenvalue greater than 1, explain
approximately 64.02% of the total variance (Figure 4b). The main PCA components' highest loads showed
that the main differences in sample discrimination were around 596-751 cm™, 1147-1460 cm™ and 1655-
1722 cm. Bands from these regions are discriminated by twisting deformations, scissoring and stretching
of OC, CC, C=C and C=0 groups respectively. The PCA result was consistent when comparing E-RS and
T-RS data, understanding that among the most significant components of OPN, there is association with
the studied flavonoids. A prediction of this nature can be seen in Supplementary material.

&
c A B C D E F
1
OPNM 1 0.8
A 1 0.6
0.4
B 1 0.2
C 1 0.59 r 0
0.2
D 1 073
0.4
E 059073 1 0.6
F 1 0.8
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Figure 4. a) Correlation graph and b) PCA data set between experimental and theoretical data from
Raman spectrum. Pearson correlation obtained after 21 interactions.

4. Conclusion

Through RS, vibrational signatures of OPN were successfully acquired, and DFT data were important in
discriminating these signatures. These signatures showed very significant bands at 480, 871 and 943 cm™.
These bands were related to ways of deformation of plant components. Molecular groups of OC and CH
bonds are quite abundant in the region below 1600 cm™* due to phenolic constituents. The T-RS have low
intensity bands for regions below 1200 cm™ but bring important modes that relate to the experimental data.
The DFT method was able to identify important bands such as C=0, between 1722 and 1750 cm™ and CHz
groups around 3000 cm™*, which served as the basis for the interpretation of the experimental curve. Of the
calculated constituents, phenolics showed higher affinity patterns with the OPN sample. The PCA data
indicated that these correspondences are greater due to clusters in the regions of 596-751 cm™, 1147-1460
cm? and 1655-1722 cm™. The OH symmetrical stretching modes are evident in the theoretical data. Still,
the experimental data is not clear because (OH) above 3200 cm™ a long band is formed, which cannot be
attached to the group of hydroxyl.
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Supplementary material

In Tables S2 to S7, a set of experimental, theoretical (theoretical GAUSSIAN and VEDA) and scaled
(0.961 scale factor) Raman frequencies is observed from the molecules in the Figure 1 mentioned.
Vibrational mode assignments by molecular group and % PED contribution and Parameter maximum
energy (EPM) also shown. The vibrations in the Tables are labeled as symmetrical: (vs) and asymmetric
(vas) and deformations (torsion) in the plane: scissoring (dsci) and rocking (droc), Or out-of-plan, wagging
(dwag) and twisting (Jtwi).

TABLE S2 Set of experimental, theoretical and scaloned (scale factor 0.961) Raman frequencies of caffeic
acid. Assignments of vibrational modes by molecular group and contribution % PED.

oE-SR oT-SR | SF0.961 | Assignment PED %
NA 3839 3689 vs OH (2 20) 100
NA 3764 3617 vs OH (3 21) 100
NA 3206 3080 vs CH (6 14) 95
NA 3170 2986 vs CH (11 17) 99
1722 1812 1741 vs O=C (4 13) 80
NA 1699 1632 vs C=Cring (11 12) 52
NA 1667 1602 vs C=Ciring (6 8) 31
1655 1648 1584 vs CC (109) 19
1399 1410 1355 vsCHCC(57) 11
1380 1392 1338 vsCC(57)20
1342 1448 1295 osci HCC (17 11 12) 25
1267 1270 1220 osci HOC (18 12 13) 40
1127 1128 1084 0sci CCC (7 109) 16
871 871 837 owi HCCO (18 12 13 3) 37
580 580 557 omi HOCC (21 313 12) 41
130 138 132 omi OCCC (31312 11) 52

Caffeic acid. Average max. Potential Energy <EPm> = 43.915
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TABLE S3 Set of experimental, theoretical and scaloned (scale factor 0.961) Raman frequencies of
tartaric acid. Assignments of vibrational modes by molecular group and contribution % PED.

wE-SR o T-SR SF 0.961 Assignment PED %
NA 3727 3582 vs OH (113) 37 + (2 14) 62
NA 3727 3582 vas OH (2 14) 62 + (1 13) 37
NA 3752 3606 vsOH (3 15) 61 + (4 16) 39
NA 3752 3606 vas OH (4 16) 39 + (3 15) 61
NA 3058 2939 c,CH (812) 58 + (7 11) 37
NA 3050 2931 vas CH (8 12) 34 + (7 11) 55
1722 1842 1770 vsO=C (5 9) 36 + (6 10) 49
NA 1839 1767 as O=C (5 9) 49 + (6 10) 36
1460 1452 1395 5 HOC (13 1 7) 26
1380 1380 1326 0sciHCO (117 1) 15
1342 1353 1300 0sci HOC (14 2 8) 14
1311 1320 1668 Jsci HCO (12 8 2) 17
1147 1141 1090 vsOC (17) 24
1127 1118 1074 vsOC (8 2) 32
871 872 837 vsCC (10 8) 20
190 195 187 orOCC (397) 11
130 130 125 orCCC (108 7) 20

Tartaric acid. Average max. Potential Energy <EPm> = 30.203
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TABLE S4 Set of experimental, theoretical and scaloned (scale factor 0.961) Raman frequencies of

isorhamnetin. Assignments of vibrational modes by molecular group and contribution % PED.

wE-SR | oT-SR | SF0.961 | Assignment PED %

NA 3820 3671 vs OH (6 31) 100
NA 3759 3612 vs OH (7 32) 100
NA 3570 3430 vs OH (2 29) 99
NA 3326 3196 vs OH (3 30) 99
NA 3245 3118 vs CH (15 24) 100
NA 3275 3147 vs CH (16 25) 100
NA 3242 3115 vs CH (17 26) 94
NA 3200 3075 vs CH (19 27) 100
NA 3213 3088 vs CH (21 28) 94
2933 3095 2974 vas CH3 (23 33) 50
2910 3028 2910 vs CH3 (23 34) 44
NA 1678 1612 vs C=C (12 9) 36
1722 1652 1587 vs O=C (513) 18
1655 1652 1587 vs C=Cri ng (18 15) 22
NA 1519 1469 osci CH3 (34 23 33) 56
NA 1501 1442 osci CH3 (35 23 33) 19
1460 1470 1413 vs CC (16 20) 10
1380 1378 1324 vs CC (15 10) 15
1342 1336 1284 vs CC (11 17) 15
1267 1274 1224 osci HOC (31 6 18) 21
1147 1151 1106 osci HCC (24 15 18) 12
1127 1118 1074 vs OC (110) 15
1081 1070 1028 vs OC (4 23) 51
1016 1016 976 vs CC (19 18) 17
943 950 913 owi HCCC (26 17 21 22) 46
618 616 592 omi OCCC (3198 14) 24
580 588 565 osci OCC (6 18 19) 14
243 241 232 owi HOCC (19 18 15 10) 22
190 188 181 owi CCCC (16 20 22 21) 32

Isorhamnetin. Average max. Potential Energy <EPm> = 37.152
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TABLE S5 Set of experimental, theoretical and scaloned (scale factor 0.961) Raman frequencies of

wE- oT-SR | SF0.961 | Assignment PED %

SR

NA 3782 3634 vs OH (2 28) 100
NA 3821 3672 vs OH (5 30) 99
NA 3820 3671 vs OH (6 31) 99
NA 3167 3043 vs OH (3 29) 98
NA 3244 3117 vs CH (14 22) 100
NA 3198 3073 vs CH (16 23) 99
NA 3204 3079 vs CH (17 24) 93
NA 3225 3099 vs CH (18 25) 63
NA 3174 3050 vs CH (19 26) 93
1722 1675 1610 vs O=C (4 10) 23
1655 1656 1591 vs C=C (11 9) 34
1460 1451 1394 owi HOC (29 3 13) 17
1380 1381 1327 owi HOC (316 21) 21
1342 1336 1284 vs CC (12 17) 23
1267 1273 1223 owi HOC (305 15) 28
1147 1152 1107 owi HCC (22 14 15) 12
1016 1026 986 vs CC (15 14) 13
661 657 631 osci CCC (17 19 21) 22
618 625 601 owi HCCC (23 16 15 14) 11
580 589 566 osci CCC (13 16 15) 19
443 449 431 owi HOCC (282 11 9) 43
120 118 133 owi CCCC (16 15 14 8) 23

Kaempferol. Average max.

Potential Energy <EPm> = 34.350
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TABLE S6 Set of experimental, theoretical and scaloned (scale factor 0.961) Raman frequencies of
quercetin. Assignments of vibrational modes by molecular group and contribution % PED.

oE-SR | oT- SF 0.961 | Assignment PED %
SR
NA 3772 3625 vs OH (2 28) 100
NA 3821 3672 vs OH (5 30) 100
NA 3839 3689 vs OH (6 31) 100
NA 3777 3630 vs OH (7 32) 100
NA 3166 3042 vs OH (3 29) 99
NA 3243 3116 vs CH (15 23) 100
NA 3197 3072 vs CH (17 24) 99
1722 1674 1647 vs O=C (4 13) 17
1655 1659 1594 vs C=C (12 10) 28
1460 | 1452 1395 vs CC (18 16) 12
1342 1337 1285 osci HCC (26 19 21) 13
1267 1263 1214 osci HCC (23 15 16) 22
1147 1143 1098 vs CC (21 19) 12
1127 1135 1091 or oc HOC (31 6 20) 14
1109 1112 1069 0sci CCC (138 14) 16
1016 1011 971 vs CC (18 16) 13
728 726 698 0sci CCO (12101) 12
661 659 633 ow ag OCCC (6 17 22 20) 17
618 619 595 owag OCCC (3 8 18 14) 27
580 582 559 0sci CCC (14 18 16) 14
480 480 461 osci OCC (7 22 21) 13
443 443 426 owi HOCC (282 12 10) 31
243 242 232 owi HOCC (316 20 17) 80
190 196 188 owi CCCC (211911 17) 28

Quercetin. Average max. Potential Energy <EPm> = 32.220
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TABLE S7 Set of experimental, theoretical and scaloned (scale factor 0.961) Raman frequencies of
rutinose. Assignments of vibrational modes by molecular group and contribution % PED.

wE-SR | oT- SF 0.961 Assignment PED %
SR
NA 3798 3650 vs OH (4 38) 98
NA 3784 3636 vs OH (5 39) 99
NA 3789 3641 vs OH (6 40) 100
NA 3786 3638 vs OH (7 41) 98
NA 3796 3645 vs OH (9 43) 100
NA 3133 3111 vas CH3 (22 37) 73
NA 3122 3000 vs CH (12 24) 96
NA 3105 2984 vs CH (13 25) 97
NA 3076 2956 vs CH (18 30) 93
NA 3093 2972 vs CH (20 33) 81
2933 3047 2928 vs CH3 (22 35) 47
2910 3026 2909 vs CH2 (20 32) 77
NA 2927 2813 vs CH (11 23) 73
NA 2944 2829 vs CH (21 34) 85
1460 1453 1301 osci HCO (40 6 14) 10
1342 1341 1289 owi HCO (34 21 10) 32
1267 1277 1227 osci HOC (417 15) 14
1147 1154 1109 vs OC (2 11) 22
1127 1134 1090 vs OC (9 19) 29
1081 1075 1033 vs CC (17 14) 16
1016 1022 982 vs CC (21 19) 20
871 877 843 vs CC (14 13) 19
661 666 640 owi OCCC (514 16 13) 13
871 877 843 vs CC (14 13) 19
580 583 560 owi COCC (11221 19) 13
480 484 465 00OCC (61417) 12
443 443 426 oor HOCC (40 6 14 13) 41
361 361 345 0CCO (22181) 14
248 243 233 0sci OCC (6 14 17) 12
120 124 119 owag CCCC (17 14 13 16)
27

Rutinose. Average max. Potential Energy <EPm> = 32.966
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