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DFT method in ALA, DHA and EPA molecules in Raman vibrational
analysis of ostrich oil from the Amazon
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Abstract

Density Functional Theory (DFT) method was applied in the process of vibrational
investigation in fatty acid structures: eicosapentaenoic (EPA), docosahexaenoic (DHA),
alpha-linolenic or linolenic (ALA). The data were crossed with response of Raman
spectroscopy in ostrich oil (OA). In this study, the Raman spectrum of pure ostrich oil presents
a vibrational pattern common to many oils, even from different origins, and the association
with DFT calculations was important to define the vibrational signature of chemical bonds,
mainly from groups C=0, C=C, CH2 present in ALA, DHA and EPA.

Keywords: DFT method, Raman Spectroscopy, Ostrich oil.

Resumo

O método da Teoria Funcional da Densidade (DFT) foi aplicado no processo de
investigacdo vibracional em estruturas de dcidos graxos: eicosapentaendico (EPA),
docosahexaendico (DHA), alfa-linolénico ou linolénico (ALA). Os dados foram cruzados
com resposta da espectroscopia Raman em oleo de avestruz (OA). Neste estudo, o
espectro Raman do dleo de avestruz puro apresenta um padrdo vibracional comum a
muitos Oleos, mesmo de origens diferentes, e a associacdo com cdlculos de DFT foi
importante para definir a assinatura vibracional das ligacdes quimicas, principalmente dos
grupos C=0, C =C, CH2 presente em ALA, DHA e EPA.
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1. Introduction

The fatty acids - AF eicosapentaenoic (EPA),
docosahexaenoic (DHA) and alpha-linolenic or
linolenic (ALA) are polyunsaturated fatty acids
(PUFA) of the omega-3 type. The first of these is
present in the composition of various vegetable
oils. Whereas EPA and DHA are widely associated
with oils from marine sources, such as fish and
crustaceans (MARTIN 2006; MAKI 2009; ULSEN
2011). Papers corroborate that the importance of
essential AF, such as omega-3, is associated with
its therapeutic characteristics, anti-inflammatory,
antibacterial and anti-fungal activities (ALl 2016;
BAETEN 1996; HORBANCZUK 2004; SMITH 2011;
DONG 2013; GAVANIJI 2013). Because of these
characteristics, many oils have been marketed,
associating them with these components and their
pharmaceutical effects. Rich in omega-3, OA
contains a large concentration of AF, which
includes ALA (MARTINS 2019). In general, ALA is
consumed through food, whose benefits are
possible due to the conversion into EPA and DHA
by the organism, which can be obtained through
the regular consumption of fish or
supplementation (SWANSON 2012; KILLEN 2019),
thus being considered essential oils (ZHOU 2013).
However, studies indicate that only a small
amount can be synthesized in the body in this way
(NEFF 2011). An alternative source may be OA,
because it has its value associated with its high
composition in AF and is therefore widely traded
often indiscriminately. Ostrich oil, in addition to
containing ALA, contains linoleic acid and high
oleic acid content (KRAWCZYK 1997; BAUNY
2007), vitamins and amino acids (FARAHPOUR
2016). Studies indicate that OA has rapid
absorption by human skin, unlike petroleum
products (BASUNY 2011). They also point to the
control of hypertension, risk of stroke, decreased
effects of arthritis and increased survival rates of
autoimmune diseases (PALANISAMY 2011). It has
also been studied in the manufacture of bioactive
encapsulated emulsions to increase the stability of
commercial products (PONPHAIBOON 2018).

In this study, the OA sample was analyzed
by Raman Spectroscopy (RS) spectroscopy, which
obtains sample information from the incidence of
a light. In short, RS provides information on
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molecular linkages in the form of energy bands
(vibrational modes) that are a kind of digital print
of the sample. The choice for the technique is
justified because it is non-invasive, fast data
acquisition, with high precision in the results and
widely used in the process of materials
characterization (BAETEN 2010; BEER 2011;
ABKARI 2016; SILVA 2018; MARTINS 2020).
Computational chemistry calculations were
performed for ALA, EPA and DHA molecular
structures. Theoretical spectra were obtained
from the calculations that were compared with
the OA Raman spectrum. In addition to the
theoretical spectra, the calculations provided the
vibrational modes of the atomic bonds of the
studied molecules. In computational calculations,
the Density Functional Theory (DFT) method with
B3LYP/6-31G(d,p) parameters was used (LAM
2020; JAYARAJ 2020; KUZMIN 2020). The Energy
Parameter Maximum (EPM) of each molecule,
obtained in VEDA, was used to identify the
potential energy distribution (PED) of each
vibrational mode.

The present study focused on the study of
OA vibrational properties by RS, as well as on the
attributions of ALA, EPA and DHA vibrational
modes by DFT method, since there are few studies
that apply this methodology to OA. RS was an
important process of OA characterization and
computational calculations helped identify bands
and vibrational modes of this material. The data
collected can help understand the composition of
the material through the presence of PUFA among
other superior AF, as well as to support the basic
and advanced research of regional development
of the Amazon.

2. Material and Method
2.1 Ostrich Oil

OA was extracted from the regional
fauna of the State of Rondénia - Brazil.
Obtained from the fat removed from
glands in the abdominal region of the
animal. The pure sample was fransferred
by local producers as the final marketing
product, stored in opague containers and
at room temperature.
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2.2 Raman Spectroscopy

Raman spectra were obtained using
confocal laser scanning microscopy
(CLSM), in a Horiba Xplora Raman series
with spectral range from 0 to 4000 cm',
single laser 532 nm, confocal image 0.5
um (XY) in high resolution. The
experimental spectra are in the region
from 500 to 1850 cm!, for comprising a
region of interest (digital print region of the
sample). The experimental measurements
were performed at the Laboratory of
Characterization and Microscopy of
Materials  (LCMMAT) of Universidade
Federal de Alagoas (UFAL).

2.3 DFT method

The DFT method was used in the
GAUSSIAN 09 computational package
(FRISCH et al. 2009), providing frequencies
and vibrational modes of ALA, DHA and
EPA molecules. In the DFT calculation, the
hybrid function (BECKE 1993; HUANG 2016)
of three parameters (B3) was utilized, used
for a non-local change of functional terms
(LYP). The LYP correlation function is
accepted as the most cost-effective
approach to calculate the molecular
structure, vibrational frequencies, and
energy of optimized structures (LEE 1988;
WU 2012). In addition to the functional
(B3LYP), the polarized base set 6-31G(d.p)
was employed in the process. Polarization
(*d"” and "p") indicates a more accurate
performance over hydrogen and oxygen
atomes, respectively. Vibrational
aftributions and potential power
distribution (PED) were made with a high
degree of precision by the VEDA software
(JAMROZ 2013).

3. Results and Discussion

Figure 1 shows the Raman spectra of
the suspended oil sample with 532 nm
green laser excitation. Vibrational bands
appear in 1079, 1113, 1263, 1300,1440,
1655, 1743 cm!. These bands are very
common in samples containing various
fafty acids (MARINA 2009; VARGAS 2014;
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LIMA 2015; RUI 2019; WERONIKA 2020). The
most intfense bands are marked at 1440
and 1655 cm™'. The band at 1440 cm™' can
be attributed to CH2 deformation mode
and the band at 1655 cm! is attributed to
unsaturated fatty acid C=C bond groups,
as well as bands in 1300, 1263 and 1079
cm (HUANG 2016; LI 2018). Considering
the presence of structures containing
carbonyl group and the presence of
unsaturated groups, the presence of the
band at 1655 cm™! corresponds precisely
to a typical symmetrical stretching pattern
of C=C. A band in 1155 cm' has a
characteristic  of  the  symmetrical
stretching mode C-C of carotenoids, as
well as the bandin 1525 cm!, attributed to
the symmetrical stretching mode of the
C=C bond of carotenoids (JIN 2019;
WITHNALL 2012; MACERNIS 2014). 1t is
possible to see this band in the oll
spectrum of Buriti associated with the
presence of the ester function
(ALBUQUERQUE 2003). The absence of
these modes in the OA spectrum may be
a decisive factor when comparing
samples from different sources, since
these modes are not present in the sample
under study. In Figure 1, the band at 1743
cm! is attributed to the symmetrical
stretching vibration of C=0 of the
carboxylic groups, as observed in a study
of Brazilian Nut oil (MARTINS 2020). In
general, the bands shown in Figure 1 are
more intense for bonds of symmetric
groups and less intense for asymmetric
bonds. It also brings wide bands as they
decrease in wave number, as seen for the
band at 865 cm', due to the large number
of CH groups contained in this type of
sample. In Figure 2, the frequencies
calculated at 1745 cm ! for DHA, at 1733
and 1745 cm™! for EPA and 1703 and 1720
cm’ in ALA have good correspondence
with the OA bands. For example, the band
at 1743 cm'can be assigned to the ester-
carbonyl bond, as well as the stretching
mode in the region of 1745 cm™' (HUANG
2016; AYKAS 2020; SENESI 2021).
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Figure 1: Experimental Raman spectrum of pure OA.
The region between 500 - 1850 cm! comprises the
digital print region of the spectfrum.
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Figure 2: Raman Spectra calculated from DHA
(blue), EPA (red) and ALA (black) molecules. The
region between 500 - 1850 cm comprises the
digital print region of the spectrum.

Figure 3 shows theoretical spectra,
result of computational calculation,
based on the DFT method for DHA (blue),
EPA (red) and ALA (black) molecules. The
results are based on  molecular
optimization for the molecules
fundamental state. The spectra in Figure 2
are in the region between 500 and 1850
cm'. These spectra present distinct
regions of Raman activities: one below
1250 cm!, one between 1250 and 1350
cm’!, between 1440 and 1550 cm! , and
between 1700 and 1850 cm™! . The region
below 1250 cm™' has stretching and torsion
modes of the structures. Between 1250
and 1350 cm’, deformation modes
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predominate and 1440 cm!, stretch and
deformation modes are present. The EPM
value was considered in the data
calculated to identify the respective
vibrational modes that can be seen in
Table 1. Table 1 also brings the values of
molecular polarizability («) in arbitrary units
(a.u.) and the conformation energies (in
Hartree) to each molecule. The highest
conformation values (in module) after
convergence are for DHA. Among the
structures, the one that presented the
greatest convergence efficiency (EPM)
was ALA. In Figure 2, DHA and EPA present
vibrational bands at 1745 cm!, as well as
a band at 1440 cm!, respectively. At first,
these (theoretical) bands may be related
to experimental data. In fact, the results of
the calculation showed that the band
1440 cm is associated with the C-C
symmetrical stretch mode of the
structures, however, the band 1745 cm-
lassociated with the symmetric C=stretch
mode shown in Figure 1, does not
correspond tfo this cluster, but to the C=C
stretch mode in DHA and EPA. This can be
explained because EPA and DHA
stfructures have a greater number of
unsaturations, 5 and 6 respectively, which
make the molecular bond more rigid,
increasing the frequency of vibration. The
C=0 bond is responsible for the low
intensity band that appears at 1832 cm!
for EPA and 1803 cm™ for DHA. The low
bands intensity is related to the selection
factor of vibrational modes in Raman
spectroscopy, where for non-symmetric
groups, there is low energy absorption,
reflecting directly on the intensity of these,
which is in accordance with the
calculated data (LARKIN 2011). Another
relevant factor in Figure 2 is the position of
the C=0 band for DHA and EPA, which
are in a region well above that observed
in Figure 1, and which may have another
explanation, which may be related to the
electronegativity of the atoms involved.
Because it is more electronegative than
other bonds in the molecule, the C=0
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bond steals more electrons from the set,
becoming stronger, which ends up
inferfering in the band's position as to the
frequency of vibration (ARROIO 2010).
Figure 3 shows the maps of electrostatic
potential (MEP) of ALA, EPA and DHA
molecules, showing that the region of
C=0 bond is more electronegative (in
red). In the ALA spectrum, the band
centered at 1720 cm™ is designated by
the symmetrical stretch of C=C bond and
is combined with C=0 stretch mode at
1721 cm'. It is noted that this band exists in
a region that would be between two
important bands for oils containing fatty
acids. In spectrum calculated of ALA, the
band at 1440 cm™' appears from spectra
calculated at 1310 cm' combined with
other bands. This band may be associated
with the folding of the HCC molecular
group and of CHz2 groups or conjugates of
the C=C bonds unsaturations (MARTINS
2019; JIN 2019) and may refer to the
existing band in 1300 cm' of the
experimental spectrum. Torsion modes of
HCCC clusters are obtained in 746 cm!
(ALA), 748 cm™' (DHA) and 750 cm! (EPA).

Table 1: General information about the calculated
Gaussian 09 parameters and VEDA software data.

Molecule  Energia EPM Polarization Polarizability
(Hartree) (%) (Debye) (a.u.)
| | | | | 1
ALA -854.374 53.07 1.655 210.795
(18:3)
| | | | | 1
DHA -1008.005 51.28 1.018 240.762
(22:6)
| | | | | 1
EPA -930.606 48.29 1.130 218.643
(20:5)
Table 2 shows the calculated

frequencies ( w cac) accompanied by
vibrational signatures. It also brings the
experimental frequencies (wexp) of the
bands marked in Figure 1. To the w caic
frequencies the percentage factor of
vibrational  contribution is  assigned,
considering only values above 10%.
Observing Table 2 w. cac frequencies for
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C=0 bonds, present a higher vibrational
contribution factor with values above 79%.
The vibrational contribution is lower for the
frequencies 1111 cm' (ALA), 963 cm!
(EPA) and 960 cm™' (DHA), all associated
with CC bond stretching modes. The
frequencies calculated in the region
below 1250 cm ! bring low intensity bands
(see Figure 2). These bands present modes
of stretches (v) and folds (&) assigned to
more than one cluster of atoms. Torsion
modes (1) are verified in 720 and 746 cm’!
of ALA molecule, 207 and 748 cm-' for EPA
and 750 cm! for DHA molecule. As they
are long chain structures, we have that
frequencies 720, 748 and 750 cm' are also
related to stretching and deformation
modes of CH2. Another relevant fact is the
conformation of the molecules shown in
Table 2. In PUFA, long-chain molecules,
the profile of molecular conformation can
be a direct response of unsaturated
molecules in the molecule (HARVEY 2011),
presenting less deformation than with a
smaller set of unsaturated fats, on the
other hand, the higher number of
unsaturated agents, the more expected
deformations, that is, torsions along the
chain. This is due to the cis double bond
that forces a fold in the hydrocarbon
chain (YANG 2011, AHMAD 2017). This
behavior can be seen in the figures in
Table 2 (and in Figure 3) for ALA, EPA and
DHA molecules. The ALA molecule that
contains three unsaturations in the primary

chain  has conformation with less
deformation. EPA contains five
unsaturations and DHA contains  six,

indicating a larger set of torsions, which is
in accordance with Yang (2011) and
Ahmad (2017). In addition to torsion
modes, Table 2 shows stretching and
deformation modes for C=C bonds or that
contain the same. On the types and
classification of vibrational modes, this
study  presents  stretching modes:
symmetric (vs) and asymmetric (vas) and,
angular deformations: rocking ( § i),
scissoring (&sci). The molecules shown in
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Table 2 were generated in the Gauss View
program from .chk extension files. The
colors indicate: dark gray for carbon

atoms, light gray for hydrogen and red,
oxygen.

Table 2: ALA, EPA, DHA vibrational signatures in Gaussian 09. Contributions of vibrational modes are from VEDA.

Wexp @ecalc Assignments Estructures
ALA
1743 1721 v(C=0) (23 22) [79]
1720 v(C=C) (26 28) [67]
v(C=C) (33 35)
v(C=C) (40 42) & 4«'"‘
1655 v(C=C) (26 28) w ".., )
1440 1441 S(HCH) (48 47 49) [81] ® ®
1328 §(HCC) (29 28 30) [54] @® ‘ ’“ ) N - & °®
1300 1310 §(HCC) (21 19 2¢6) [14] Y e @ ’“ .
TG gt
1263 1262 §(HCC) (38 37 40) [27] ° ¢ @ - e °
113 1111 v(CC) (7 10) [22] © & -
1079
881 v(CC) (44 42) [45]
746 7(HCCC) (43 42 40 37) [54]
720 7(HCCC) (27 28 26 30) [56]
Wexp Wcalc Assignments Estructures
EPA
1832 v(C=0) (2 11) [85]
1743 1745 v(C=C) (9 12) [66]
1738 v(C=C) (19 21) [71]
1733 v(C=C) (17 18) [58]
v(C=C) (14 16)
v(C=C) (6 8)
1655
1504 §(HCH) (37 13 38) [69]
1440 1439 §(HCC) (339 12) [67]
1300 1299 T(HCCC) (40 15 19 21 [34]
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1263 1265 T(HOC) (2335 11) [22]
963 v(CC) (1713) [13] - ) T -
907 T(HCCC) (431718 15) [14] & ® ‘m.ﬂ
878 v(CC) (20 21) [47] - L s = «@ s
@ « @
® . € .
v @ @ s ©0
R
o B
- d e -
748 T(HCCC) (4216 14 10) [49]
@exp @calc Assignments Estructures
DHA
1803 vs(C=0) (2 23) [84]
1743 1745 vs(C=C) (11 12) [70] »u. o _- i
1744 vs(C=C) (22 20) [70] . *a o ee '
w(C=C) (16 17) [70] oz ~ & @
vs(C=C) (18 19) [70] - @ *® = o .
v(C=C) (13 15) - .. m’" Qm
vs(C=C) (8 10) -
1440 1440 §(HCC) (38 8 10) [53] )
1300 1298 8(HCC) (4516 17) [24]
1079 1073 v(CC) (1419) [35]
960 v(CC) (104) [12]
909 v(CC) (6 16) [28]
872 v(CC) (21 22) [42]
750 T(HCCC) (49 20 22 21) [50]

Legenda: v = strefching; § = bending; 1 = forsion.

Figure 3 shows MEP, which brings the
load density of the test molecules, which is
the distribution of electrons responsible for
the chemical behavior of each species.

Cc7

Regions tending to blue have higher
electronegativity, in this case, associated
with oxygen existence, and regions
tending to red indicate lower
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electronegativity, where hydrogens are calculated according to  Mulliken
located. MEP is the result of the method population analysis (MINELLY 2021).
used (B3LYP), whose atomic loads are
I -6.004e-2 A I -4.001e-2 B I-s.sose-z c
7 2) 29
P 459 R J a4 .
° J,“J 2 > J 4 d \‘3'4‘) }j 9
&g S | St 38 | (%
;J‘)f 3 ) & -
i e b 5>
fj‘a" f 3 > 1‘ 4 ’ J
| .. |
6.004e2 4.001e-2 5.605e-2

Figure 3: Electrostatic potential maps of ALA (A), DHA (B) and EPA (C) molecules. Energy spectrum with high
electronic density in red color - electron-rich regions. High values of negative potential - blue scale, is spectrum
of low electronic density, related to regions deficient in electrons.

4. Conclusion

Raman spectroscopy showed
spectral bands of interest in the study of
vibrational modes for OA. Bands centered
on 1440 and 1655 and 1745 cm were
identified and associated with the
presence of unsaturated groups (C=C)
and carboxyl groups (C=0). In the
calculated spectra, the highlight bands
are mostly referred to as symmetric
stretching modes of C=C and C=0 group
and for some deformation modes in CHz
and CHs type bonds. In the identification
process of vibrational modes, a
displacement of bands well above the
reference region (experimental) was
observed for theoretical results, which was
attributed to molecular unsaturation
factors and correspondence  with
electronic affinities of molecules atoms.
An easy check is the position of the
calculated bands of C=0O which grow in
wave number in the spectra calculated
for the molecule with the highest
unsaturation load. Calculations of DHA
and EPA molecules showed similarities in
the spectral nature among themselves,
especially for modes in 1310, 1440, 1503
and 1745 cm'. DFT calculations were
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important in the assignment of OA
vibrational modes and to define the polar
response and electronic characteristics of
ALA, DHA and EPA molecules, and could
serve as a parameter for additional
studies. In addition, this study opens the
possibility for a conformational analysis of
the components studied or other
compounds associated with OA.
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