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ARTICLE INFO ABSTRACT

Handling Editor: Dr. Chris Chantler In this study, the ground state molecular structure and spectroscopic features of cis- and trans-forms of capsaicin
were investigated using DFT (B3LYP) invoking 6-311++G(d,p) basis set. The optimized geometry of capsaicin
was determined for the isolated molecule in a vacuum, and then the vibrational spectra IR and Raman-were
obtained, and the assignments of fundamental vibrational modes were done. By applying the GIAO method,
proton and carbon chemical shifts were computed for the gas and solvated phases. Besides using the TD-DFT, the
Hirshfeld surface and Molecular Electrostatic Potential surfaces were obtained and evaluated to understand the
electronic properties. The Total and partial density of state (TDOS and PDOS) spectra were also examined. All
obtained computational results were compared with the previously reported experimental data. A high accuracy
was obtained for the ground state geometrical structure, and thus, the vibrational frequencies especially lie on
the finger print region are predicted also with a high correlation. Similarly, the optimization of chemical shift
values calculated by considering solvent effects with experimental data were found as high R? values of 0.9953
and 0.9455 for C and H atoms, respectively. This comparison shows that the DFT method precisely predicts
capsaicin’s molecular and spectroscopic characteristics.
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1. Introduction

As a pungent ingredient in red peppers of the plant genus Capsicum,
including chilies and jalapenos, capsaicin is a homovanillic acid deriv-
ative (8-methyl-N-vanillyl-6-nonenamide). Although it has been used in
daily foods and medicinally for centuries, its definite chemical structure
was determined in 1923 (Nelson and Dawson, 1923) and chemically
synthesized in 1930 (Spath and Darling, 1930). Its chemical consists of a
benzene ring, a polar amide group, and a long hydrophobic carbon tail.
Because it is a chemical irritant, it creates a burning sensation in humans
and other mammals in any tissue it comes into contact. Because of its
high pungency, capsaicin affects thermoregulation, triggers autonomic
reflexes, and is poorly absorbed (Patowary et al., 2017).

Moreover, several studies show that capsaicin, and related alkaloids
isolated from chili peppers, called capsaicinoids, have a risk factor for
duodenal (Toth et al., 1984), stomach (Lopez-carnllo et al., 1994),
gallbladder (Serra et al., 2002), and liver (Agrawal et al., 1986). On the
other hand, while capsaicin is approved by the FDA and used in many
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fields in modern medicine, it has also been the subject of many studies to
determine its different effects. Polymodal nociceptors (which respond to
sensory stimuli such as noxious heat, pressure, and chemical irritation),
heat nociceptors, mechano-temperature-insensitive chemociceptors,
and heat receptors are known to be capsaicin-sensitive fibers (Abdel--
Salam, 2014). Repeated application of capsaicin (or higher concentra-
tion) results in desensitization and low responsiveness of polymodal
nociceptors to other stimuli. The peripheral use of capsaicin for chronic
pain syndromes is due to this desensitizing effect. In addition, capsaicin
is used in topical gels and creams to reduce rheumatoid arthritis and
uremic pruritus and relieve persistent neuropathic pain. There are
completed and ongoing clinical trials for using capsaicin as an agent in
treating musculoskeletal pain, postoperative pain, acute/chronic
neuropathic pain, and rheumatoid arthritis (Vadivelu et al., 2010). In
addition, studies examining the anti-obesity (Kang et al., 2007), anal-
gesic (Brederson et al., 2013; Simone et al., 1989), anti-inflammatory
(Kim et al., 2003), and antioxidant (Galano and Martinez, 2012) ef-
fects of capsaicin are included in the literature. At different tumor stages
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of cancer - initiation, progression, metastases — capsaicin exerts anti-
cancer activity by targeting cancer-related genes and multiple signaling
pathways. Activation of Apoptosis is one of the anticancer mechanisms
of capsaicin. A major barrier to cancer development and progression is
Apoptosis, but many types of cancer develop anti-apoptic pathways,
making cancer cells resistant to Apoptosis. It has been reported that
capsaicin induces Apoptosis in more than 40 different cancer cell lines
(Bley et al., 2012), including lung (Athanasiou et al., 2007), liver (Y. S.
Lee et al., 2009), leukemia (Ito et al., 2004), prostate (Mori et al., 2006),
bladder (J. S. Lee et al., 2004), colon (Young et al., 2007), pancreatic
(Pramanik et al., 2011) and skin (Hail and Lotan, 2002) cancers, without
harming normal cells. Athanasiou et al. have proven that capsaicin ex-
hibits anti-angiogenic properties both in vitro and in vivo (Athanasiou
et al., 2007). It has been reported that capsaicin exhibits anti-invasive
and anti-migration activities by modulating the signaling pathways
related to cell invasion and migration (Price and Collard, 2001; Shin
et al., 2008; Venier et al., 2015).

Spectroscopic characterization is also included in the massive liter-
ature on capsaicin studies. The FT-IR spectrum of capsaicin from callus
derived from different explants of local hot pepper (Capsicum annuum
L.) was recorded (El Kaaby Ekhlas A. et al., 2016). Leela et al. recorded
the FT-IR spectrum of capsaicin in the solid phase and compared it with
the DFT calculations (Sherin Percy Prema Leela et al., 2015). The Raman
spectrum of solid phase and Surface Enhanced Raman Spectroscopy
(SERS) spectrum of capsaicin adsorbed on silver nanorod substrate Tian
et al. (2018) supported by DFT calculations. 'H and '3C NMR spectra
were recorded and published by Lin et al. for cis- and trans-capsaicin in
chloroform solvent (Lin et al., 1993). Bora et al. developed a sensitive H
quantitative NMR technique for capsaicin and total capsaicinoid in dried
chile pepper and chile pepper oleoresin and applied it to 15 samples
(Bora et al., 2021). Siudem et al., characterized the solid-state structure
of capsaicin using °C and >N MAS NMR spectroscopy (Siudem et al.,
2017). Qais et al., recorded the UV-Vis spectrum of capsaicin in their
study, examining capsaicin’s interaction with calf thymus DNA (Qais
et al., 2017).

Although computational studies have been carried out for capsaicin
before, there is no study in which geometric optimization and spectro-
scopic characterization are discussed in detail. In this study, cis- and
trans-forms of capsaicin were analyzed by DFT (B3LYP) and using the
6-311++4G(d,p) basis set and compared with reported experimental
data. The optimum geometry was determined, and IR and Raman
spectra were obtained by evaluating their vibrational modes, NMR and
electronic properties were examined by investigating different solvent
environments as well as the gas phase.

2. Quantum chemical calculations

Density functional theoretical (DFT) calculations were performed on
isolated cis- and trans-capsaicin using the B3LYP functional in combi-
nation with the 6-311++G(d,p) basis set to achieve complete geometry
optimization for the ground state, normal mode analysis, and NMR
chemical shifts (Becke, 1998; C. Lee et al., 1988; Perdew and Wang,
1992). In this function, the geometric structure of the isolated molecule
at the lowest energy level is determined by Berny’s optimization algo-
rithm using redundant internal coordinates. In the calculation of har-
monic vibration wave numbers, analytical second derivatives are used to
verify the convergence to the minimum on the potential energy surface.
The calculated harmonic vibrational wavenumbers are higher when
systematic errors due to basis set incompleteness, neglect of electron
correlation, or vibrational anharmonicity are considered (Scott and
Radom, 1996). Therefore, the calculated harmonic vibration wave
number was reduced by two scaling factors, 0.983 for those up to 1700
em™! and 0.958 for those larger than 1700 em™! (Cinar et al., 2011;
Karabacak et al., 2010; Kurt et al., 2011). Based on the obtained geo-
metric structure, 'H and '3C NMR chemical shifts were estimated using
the GIAO (Gauge Invariant Atomic Orbital) method in the gas phase and
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solvated phase (DMSO and Chloroform) (Dltchfield, 2003; Wolinski
et al, 2002). The excited-state electronic properties such as
HOMO-LUMO energies, dipole moment, absorption wavelengths, and
oscillator strengths were determined by the time-dependent DFT
(TD-DFT) method. This method combines the advantages of DFT and
time-dependent formalism, allowing the excited state properties to be
determined accurately (Adamo et al., 1999; Bauernschmitt and Ahlrichs,
1996; Casida et al., 1998; Chong, 1995; Jamorski et al., 1998; Karabacak
et al., 2009; Petersilka et al., 1996; Van Gisbergen et al., 1998). How-
ever, spatially expanded and charge-transfer excited states are known
failures of the TD-DFT method (Dreuw and Head-Gordon, 2004). The
Gaussian 09 program package (Frisch et al., 2009) was used for the
calculations. The Hirshfeld surface analysis was determined using the
existing *.cif file of capsaicin crystal (David et al., 1998) with the
Crystalexplorer 3.1 program package (Turner et al., 2017). The density
of states (DOS) was calculated using GaussSum 3.0.2. software (O’Boyle
et al., 2008).

3. Results and discussion
3.1. Molecular geometry

The geometric structure obtained for cis-capsaicin and its chemical
structure is given in Fig. 1, while the structure obtained for the trans-
form of capsaicin is given as supplementary materials in Fig. S1. The
energy of the obtained structure was calculated as approximately —982
Hartree (—26720 eV). The cis-capsaicin molecule’s optimized structural
parameters (bond lengths, bond angles, and dihedral angles) are listed in
Table 1, and the atomic numbering is in accordance with Fig. 1. The
same parameters obtained for the trans-capsaicin are given as supple-
mentary data in Table S1.

If there is experimental data on the geometric structure of a com-
pound, these data are used as input parameters for the theoretical
minimum energy geometric optimization of the molecule. Thus, it is

HO

N
0 X

N

Fig. 1. Optimized geometric structure of cis-Capsaicin by DFT (B3LYP)/
6311++G(d,p) (E = - 982 Hartree = - 26720 eV).
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Table 1
Computed geometrical parameters of cis-Capsaicin in comparison with experimental data, bond lengths in Angstrom (A), angles in degrees (°).
Bond Exp. B3LYP  Bond Exp. B3LYP  Bond Exp. B3LYP  Bond Exp. B3LYP  Dihedral Exp. * B3LYP
Lengths a Lengths a Angles 4 Angles a Angles
0o(1)=cC 1.240 1.224 C(12)-H 1.000 1.092 C(13)-C 120.0 119.0 C(11)-C(8)- 109.5 108.7 C(22)-0(2)-C 6.6 1.2
1) (33) (14)-Cc(18) H(29) (19)-C(17)
0(2)-C 1.370 1.359 C(13)-H 1.000 1.093 C(14)-C 120.0 121.2 C(11)-C(8)- 109.5 106.2 C(22)-0(2)-C —173.4 —178.4
(19) (34) (17)-C(19) H(30) (19)-C(21)
0(2)-C 1.420 1.423 C(13)-H 1.000 1.091 C(14)-C 120.0 120.2 H(29)-C(8)- 109.5 107.5 C(13)-N(4)-C —168.0 177.1
(22) (35) (18)-C(20) H(30) (11)-C(8)
0(3)-C 1.370 1.367 C(15)-H 1.000 1.094 0(2)-C 120.0 124.9 C(12)-C(9)- 109.5 107.9 C(11)-N(4)-C —100.8 —90.8
21) (37) (19)-C(17) H(31) (13)-C(14)
N4)-C 1.350 1.367 C(15)-H 1.000 1.093 0(2)-C 120.0 115.9 C(15)-C(9)- 109.4 108.1 C(13)-N(4)-C 12.0 -39
a1 (38) (19)-C(21) H(31) (11) = 0(1)
N(4)-C 1.460 1.466 C(15)-H 1.000 1.095 C(17)-C 120.0 119.2 C(16)-C(9)- 109.4 108.3 C(18)-c(14)-C -160.5 -104.7
(13) (39) (19)-C(21) H(31) (13)-N(4)
C(5)-C(6) 1.540 1.533 C(16)-H 1.000 1.095 C(18)-C 120.0 120.8 C(7)-C(10)- 120.0 115.9 C(18)-C(14)-C 0.0 0.4
(40) (20)-C(21) H(32) (17)-C(19)
C(5)-C(7) 1.540 1.539 C(16)-H 1.000 1.094 0(3)-C 120.0 117.3 C(12)-C 120.0 118.7 C(13)-c(14)-C —180.0 179.1
(41) (21)-C(19) (10)-H(32) (18)-C(20)
C(6)-C(8) 1.540 1.541 C(16)-H 1.000 1.093 0(3)-C 120.0 123.2 C(9)-C(12)- 120.0 115.5 C(17)-c(14)-C 19.6 —74.8
(42) (21)-C(20) H(33) (13)-N(4)
C(7)-C 1.480 1.504 C(17)-H 1.000 1.082 C(19)-C 120.0 119.5 c(1o)=c 120.0 118.8 C(17)-c(14)-C 0.0 —-0.4
(10) (43) (21)-C(20) (12)-H(33) (18)-C(20)
C(8)-C 1.510 1.527 C(18)-H 1.000 1.085 N(4)-C 109.4 107.8 C(14)-C 109.5 109.9 C(13)-c(14)-C 180.0 -179.1
a1 (44) (13)-H (13)-H(34) (17)-C(19)
(34)
C(9)-C 1.480 1.507 C(20)-H 1.000 1.087 N(4)-C 109.5 106.4 c(14)-C 109.5 110.5 C(14)-C(17)-C 0.0 -0.1
12) (45) (13)-H (13)-H(35) (19)-C(21)
(35)
C(9)-C 1.540 1.540 C(22)-H 1.000 1.089 C(11)-N 118.0 118.3 H(34)-C 109.4 107.9 C(14)-C(17)-C —180.0 —-179.7
(15) (47) (4)-H(36) (13)-H(35) (19)-0(2)
C(9)-C 1.540 1.539 C(22)-H 1.000 1.095 C(13)-N 120.0 117.8 C(9)-C(15)- 109.5 110.9 0(2)-C(19)-C 180.0 179.4
(16) (48) (4)-H(36) H(37) (21)-C(20)
Cc(10)=cC 1.300 1.333 C(22)-H 1.000 1.095 0(2)-C 109.5 105.6 C(9)-C(15)- 109.5 111.2 C(17)-C(19)-C 180.0 —-179.9
12) (49) (22)-H H(38) (21)-0(3)
(47)
C(13)-C 1.540 1.515 Bond Exp. B3LYP 0(2)-C 109.5 111.3 C(9)-C(15)- 109.5 110.8 C(17)-C(19)-C 0.0 —-0.2
a4 Angles a (22)-H H(39) (21)-C(20)
(48)
C(14)-C 1.400 1.405 C(19)-0(2)- 120.0 118.1 0(2)-C 109.5 111.4 C(9)-C(16)- 109.5 110.9 0(2)-C(19)-C 0.0 -0.3
a7 C(22) (22)-H H(40) (21)-0(3)
(49)
C(14)-C 1.400 1.390 C(21)-0(3)- 120.0 109.1 C(6)-C(5)- 109.5 109.2 C(9)-C(16)- 109.5 110.9 0(3)-C(21)-C —180.0 —-179.9
(18) H(46) H(23) H(41) (20)-C(18)
Cc(17)-C 1.400 1.391 C(11)-N(4)- 122.0 123.0 C(6)-C(5)- 109.5 110.0 C(9)-C(16)- 109.5 111.4 C(19)-C(21)-C 0.0 —0.2
19 C(13) H(24) H(42) (20)-C(18)
C(18)-C 1.400 1.399 C(6)-C(5)-C 109.5 112.7 C(7)-C(5)- 109.4 109.5 C(14)-C 120.0 118.4 C(21)-C(20)-C 0.0 0.1
(20) 7) H(23) (17)-H(43) (18)-C(14)
C(19)-C 1.400 1.413 C(5)-C(6)-C 109.5 114.1 C(7)-C(5)- 109.4 109.0 C(19)-C 120.0 120.4 Oo(1) = C(11)- 43.3 114.7
(21) ® H(24) (17)-H(43) C(8)-C(6)
C(20)-C 1.400 1.387 C(5)-C(7)-C 109.5 113.3 H(23)-C 109.5 106.2 C(14)-C 120.0 120.4 N(4)-C(11)-C -136.7 66.3
(21) (10) (5)-H(24) (18)-H(44) (8)-C(6)
0O(3)-H 1.000 0.963 C(6)-C(8)-C 109.5 114.7 C(5)-C(6)- 109.5 109.3 C(20)-C 120.0 119.4 C(11)-C(8)-C 77.5 61.2
(46) (11) H(25) (18)-H(44) (6)-C(5)
N(4)-H 0.900 1.008 C(12)-C(9)- 109.5 110.8 C(5)-C(6)- 109.5 109.3 C(18)-C 120.0 120.0 C(8)-C(6)-C 158.5 178.3
(36) C(15) H(26) (20)-H(45) (5)-C(7)
C(5)-H 1.000 1.097 C(12)-C(9)- 109.5 110.9 C(8)-C(6)- 109.5 110.2 C(21)-C 120.0 119.2 C(6)-C(5)-C 164.2 177.7
(23) C(16) H(25) (20)-H(45) (7)-C(10)
C(5)-H 1.000 1.095 C(15)-C(9)- 109.5 110.7 C(8)-C(6)- 109.5 108.0 H(37)-C 109.4 108.2 C(5)-C(7)-C —144.7 119.2
(24) c(@16) H(26) (15)-H(38) (10)-C(12)
C(6)-H 1.000 1.097 C(7)-C(10) 120.0 125.4 H(25)-C 109.4 105.7 H(37)-C 109.4 107.7 C(7)-C(10)-C 180.0 180.0
(25) =C(12) (6)-H(26) (15)-H(39) (12)-C(9)
C(6)-H 1.000 1.096 o) =cC 123.0 122.4 C(5)-C(7)- 109.5 109.6 H(38)-C 109.5 107.8 C(10)-C(12)-C 21.7 116.5
(26) (11)-N4) H(27) (15)-H(39) (9)-C(15)
C(7)-H 1.000 1.096 o) =cC 116.0 122.4 C(5)-C(7)- 109.5 108.5 H(40)-C 109.5 107.7 C(10)-C(12)-C —98.4 —20.2
27) (11)-C(8) H(28) (16)-H(41) (9)-C(16)
C(7)-H 1.000 1.099 N(4)-C(11)- 121.0 115.2 C(10)-C 109.4 109.5 H(40)-C 109.4 107.5
(28) C(8) (7)-H(27) (16)-H(42)
C(8)-H 1.000 1.096 C(9)-C(12) 120.0 125.8 C(10)-C 109.5 109.3 H(41)-C 109.5 108.3
(29) = C(10) (7)-H(28) (16)-H(42)
C(8)-H 1.000 1.091 N (4)-C 109.5 114.1 H(27)-C 109.5 106.5 H(47)-C 109.5 109.5
(30) (13)-Cc(14) (7)-H(28) (22)-H(48)
C(9)-H 1.000 1.097 C(13)-C 120.0 119.6 C(6)-C(8)- 109.4 109.4 H(47)-C 109.4 109.5
(31) (14)-c(17) H(29) (22)-H(49)
C(10)-H 1.000 1.091 C(18)-C 120.0 121.3 C(6)-C(8)- 109.5 110.1 H(48)-C 109.5 109.3
(32) (14)-c(17) H(30) (22)-H(49)
I.m.Ss. 0.015 3.4
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aimed that the optimum structure to be obtained will be closest to the
experimentally determined one because all other calculations are made
according to the optimum structure obtained and therefore affect all
calculations. In the literature, it is seen that the crystal structure of
capsaicin was determined experimentally and reported by David et al.
(1998). Therefore, the input parameters of the studied molecule were
first entered according to the experimental data, and the molecule was
optimized. However, when the vibrational frequencies were calculated
according to the obtained structure, one negative frequency was calcu-
lated, indicating that the optimum structure was not in the ground en-
ergy state. For this reason, the calculations were repeated by arranging
the input parameters more appropriately, and this geometric structure
was also used for all other computations since all vibration frequencies
were positive. In this study, the parameters obtained by quantum
chemical calculation are given by comparing them with the experi-
mental data mentioned above. As seen in the bottom row of Table 1, the
root mean square (r.m.s.) values were given without considering the
hydrogen bonds (because in the determination of crystal structures by
X-ray analysis, bonds such as C-H and N-H are usually set to a fixed
value), and the r.m.s. value was found as 0.015 A for bond lengths and
3.4° for bond angles. These values show that there is a slight deviation
and a strong correlation between the experimental and computational
data. On the other hand, to understand how the theoretically obtained
structure and the experimental one fit well, it is necessary to look at the
dihedral angles of the structures first. However, comparing here, it
should be noted that the theoretical calculations were performed for the
isolated molecule and in the gas phase, and the experimental results
were obtained for the crystal structure. Therefore, it is expected that the
calculations that do not include intermolecular interactions will differ
from the experimental ones, especially for electron acceptor or electron
donor atoms and, accordingly, the bond length, bond angles, and
dihedral angles in which these atoms are located. When evaluated in this
manner, the expected differences can be seen in this study as the strong
intermolecular bonds originate from N and O atoms, and these inter-
molecular bonds affect the geometric structure. The differences in the
values of the dihedral angles of these atoms in Table 1 are due to this
effect. This different positioning in the molecular structure also affects
other atoms, and due to interactions between atoms, differences are
observed in the remaining parts of the molecule between the theoretical
and experimental ones. Therefore, it is usual for some shifts in the
theoretical calculations relative to the experimental data since all other
calculations are performed according to this structure. However, when a
comparison is made for bond lengths and bond angles, the differences
can be seen to be very low and satisfactory, demonstrating the success of
DFT in quantum chemical calculations. For example, the difference is
0.016 A for the C=0 double bond length, while it is only 0.003 A for the
C-0 bond. In addition, acceptable differences such as 0.017 A and 0.006
A were found for C-N bonds. A quick look at the C-C bonds, it can be
seen that some bond lengths matched with the experimental data
perfectly (for instance, C9—Cjs, C5—Cy, Cs—Cg, Co—Ciyg, C18—Cap), While
others were calculated at relatively larger values (C;—Cjo and C;9 = Cy2).
The C13-C14 bond was calculated as 0.025 A shorter than the experi-
mental one and found to be 1.515 A. In general, a good correlation for
bond lengths is obtained with the R2-value found to be 0.99325
(including hydrogen bonds) and is given in Fig. 2. When the bond angles
between atoms are compared, the most notable differences are the an-
gles in which the O and N atoms are located. 0;—Cj;-Cg bond angle was
calculated as 6.4° larger, and the most significant difference was
observed for this angle. The discrepancy of the N4~C;1—-Cg and Co-C15 =
Cyo angles was found to be 5.8°, and this difference was due to the
calculation of a smaller value for the first one and the latter; it is due to
the calculation of a larger value. It should also be noted that since all
other calculations are performed according to this structure, it is usual
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Fig. 2. Correlation between the experimentally obtained vs computed bond
lengths for cis-Capsaicin.

for some shifts in the theoretical calculations relative to the experi-
mental data.

3.2. Vibrational analysis

The purpose of vibration analysis is to find vibrational modes asso-
ciated with the molecular structure of the studied compound. Therefore,
Infrared and Raman spectra of capsaicin were obtained by quantum
chemical computation methods and vibration modes were determined
by visualizing with GaussView. Capsaicin consists of 49 atoms; accord-
ingly, 141 (3N-6, N indicates the number of atoms) vibrational fre-
quencies have been obtained. The vibrational frequencies values, IR
intensity (I;r), Raman Activity (Ar,), Raman Intensity (Ir,), and exper-
imentally obtained FT-IR (El Kaaby Ekhlas A. et al., 2016; Sherin Percy
Prema Leela et al., 2015), and Raman (Tian et al., 2018) -given in ita-
lics-values are presented in Table 2 (for cis-capsaicin) and Supplemen-
tary Table S2 (for trans-capsaicin). Here, the Raman activities were
obtained directly with the used software, and the Raman intensities
were calculated using the obtained Raman activities, with the following
formula derived from the density theory of Raman scattering (Keresz-
tury, 2006; Keresztury et al., 1993), and normalized to 1.

f(vo = v)*S;i

L=
v;[1 — exp(—hcv; /kT)]

where vy is the exciting laser wavenumber in em™! (in this work, we
have used the excitation wavenumber vy = 9398.5 cm ™!, which corre-
sponds to the wavelength of 1064 nm of an Nd: YAG laser), v; the
vibrational wavenumber of the ith normal mode (cm’l), while S; is the
Raman scattering activity of the normal mode v;, f (is a constant equal to
10712) is a suitably chosen common normalization factor for all peak
intensities. h, k, ¢, and T are Planck and Boltzmann constants, speed of
light, and temperature in Kelvin, respectively.

The experimental FT-IR spectrum of capsaicin was recorded in the
range of 4000-400 cm ™! by El Kaaby Ekhlas et al. (El Kaaby Ekhlas A.
etal., 2016) and Leela et al. (Sherin Percy Prema Leela et al., 2015). The
Raman spectrum was recorded by Tian et al. (2018) in the range of
1800-0 cm ™! in the solid phase, and these data were used as a reference
in this study. In the present study, the predicted IR and Raman spectra of
cis-capsaicin are shown in Fig. 3. Accordingly, the critical vibrational



Table 2
Calculated vibrational wavenumbers in comparison with experimental data, IR and Raman Intensities, Raman activities of cis-Capsaicin.
No Frequencies Frequencies Frequencies
Unscaled Scaled Exp.»>¢ Iir Aga Ija No Unscaled Scaled Exp. ®P¢ Ir Aga Tra No Unscaled Scaled Exp. >¢ Iir Aga Ira
1 11 10 0.25 1.43 0.40 30 450 442 6.79 0.50 0.13 59 998 981 970, 967 41.60 0.10 0.00
2 16 15 0.34 2.03 0.39 31 459 451 10.90 0.66 0.16 60 1009 992 8.57 1.91 0.08
3 21 21 0.31 1.35 0.19 32 466 458 466 52.88 1.24 0.29 61 1030 1012 5.92 7.09 0.27
4 29 28 0.55 2.61 0.26 33 468 460 11.67 0.34 0.08 62 1053 1035 2.38 10.06 0.36
5 36 35 2.57 0.40 0.03 34 497 489 474 24.48 0.65 0.13 63 1053 1035 1031, 1029 7.74 2.65 0.09
6 49 48 5.81 0.64 0.04 35 513 504 4.32 0.80 0.15 64 1060 1042 1034 34.66 2.05 0.07
7 65 64 3.50 1.06 0.05 36 531 522 525 2.30 1.19 0.21 65 1076 1058 1067 2.61 3.93 0.13
8 71 70 2.41 1.05 0.04 37 554 544 14.12 2.06 0.33 66 1103 1084 7.19 0.77 0.02
9 95 93 5.25 1.29 0.04 38 564 554 3.04 5.24 0.81 67 1114 1095 4.47 8.79 0.27
10 104 102 3.59 0.23 0.01 39 597 586 568 9.43 4.43 0.60 68 1138 1119 1119 152.59 1.94 0.06
11 126 124 1.26 0.15 0.00 40 665 654 640, 645 16.85 1.55 0.16 69 1138 1119 1124, 1123 21.09 2.59 0.08
12 131 129 1.15 1.25 0.03 41 698 686 3.83 0.48 0.05 70 1169 1149 0.77 1.92 0.05
13 168 165 2.38 1.27 0.02 42 731 718 720, 715 7.75 5.59 0.48 71 1173 1153 1161 68.35 2.46 0.07
14 184 181 0.07 1.77 0.03 43 752 739 9.34 7.23 0.58 72 1185 1165 1.96 4.64 0.12
15 196 193 0.64 0.50 0.01 44 755 742 758 3.80 2.08 0.16 73 1202 1182 1178, 1174 21.43 4.52 0.12
16 206 202 1.99 0.61 0.01 45 800 786 16.54 11.85 0.82 74 1204 1184 24.40 3.78 0.10
17 219 216 0.26 0.36 0.00 46 811 798 23.38 0.36 0.02 75 1212 1191 2.83 2.30 0.06
18 224 220 0.11 0.86 0.01 47 817 803 804, 805, 806 4.66 4.57 0.30 76 1213 1193 1204, 1203, 1201 11.34 10.37 0.26
19 239 235 1.65 2.90 0.03 48 839 825 824 1.89 4.26 0.26 77 1253 1232 27.04 1.17 0.03
20 253 249 5.15 0.95 0.01 49 845 830 841 0.88 5.74 0.35 78 1269 1247 1246, 1239 19.87 3.21 0.07
21 263 258 0.03 0.51 0.01 50 875 860 1.04 7.16 0.40 79 1271 1250 56.74 1.13 0.02
22 283 278 39.01 1.01 0.01 51 888 873 2.08 2.80 0.15 80 1282 1260 1258 75.69 1.76 0.04
23 286 281 9.92 1.19 0.01 52 900 885 874, 879 20.40 1.21 0.06 81 1299 1276 1265 41.84 13.28 0.28
24 301 296 53.83 0.98 0.59 53 919 904 896 4.35 0.25 0.01 82 1303 1281 1279 123.77 10.77 0.22
25 326 321 0.89 1.10 0.56 54 930 914 0.05 1.53 0.07 83 1307 1285 1284, 1282 46.61 10.75 0.22
26 364 358 352 2.72 2.40 0.96 55 946 930 4.05 4.27 0.20 84 1323 1300 1.44 21.31 0.42
27 369 363 0.60 1.70 0.66 56 953 937 940, 937, 938 1.22 8.93 0.40 85 1336 1313 10.13 1.19 0.02
28 373 367 370 3.45 1.93 0.73 57 961 944 0.30 4.17 0.19 86 1338 1315 0.65 2.56 0.05
29 391 384 17.20 2.90 1.00 58 989 973 0.11 0.56 0.02 87 1339 1316 1.58 9.11 0.18
No Frequencies Frequencies Frequencies
Unscaled Scaled Exp. *P¢ Iir Aga Ira No Unscaled Scaled Exp. *>¢ Iir Aga Ira No Unscaled Scaled Exp. *P¢ Iir Aga Ira

88 1360 1337 2.15 3.77 0.07 106 1505 1480 6.11 1.99 0.03 124 3038 2910 21.15 81.59 0.12
89 1360 1337 1.76 4.17 0.08 107 1506 1480 38.50 2.00 0.03 125 3056 2927 2926, 2927 37.37 136.08 0.20
90 1383 1360 1348, 1346 10.99 1.63 0.03 108 1509 1484 9.83 1.48 0.02 126 3065 2936 2936 60.13 5.58 0.01
91 1389 1366 45.58 14.21 0.25 109 1535 1509 1514, 1513 197.54 2.73 0.04 127 3071 2942 35.14 44.50 0.06
92 1391 1367 1359 34.09 14.79 0.26 110 1553 1527 1557, 1553 140.52 1.80 0.02 128 3073 2944 1.34 12.67 0.02
93 1395 1371 6.12 0.36 0.01 111 1635 1608 1596 51.53 31.85 0.36 129 3079 2950 2948 62.44 151.93 0.22
94 1402 1378 1.12 1.91 0.03 112 1643 1615 4.94 26.03 0.29 130 3089 2959 2954 28.06 67.01 0.09
95 1417 1393 1423, 1419 2.64 1.26 0.02 113 1723 1651 1626, 1612 0.75 84.13 0.81 131 3092 2962 15.80 79.39 0.11
96 1455 1430 1429 29.44 2.51 0.04 114 1727 1654 1666, 1639,1651 216.65 8.05 0.08 132 3095 2965 32.36 89.69 0.13
97 1475 1450 1451 16.29 10.05 0.15 115 2987 2862 2860, 2857 27.40 142.77 0.23 133 3100 2970 2970 12.95 51.14 0.07
98 1480 1455 9.81 12.54 0.18 116 3003 2877 13.14 136.29 0.22 134 3103 2973 54.63 32.15 0.04
99 1481 1456 1.54 8.64 0.13 117 3008 2882 8.12 103.69 0.16 135 3109 2978 2987 3.01 50.74 0.07
100 1485 1460 1458 4.81 3.67 0.05 118 3011 2884 38.77 163.00 0.25 136 3135 3004 20.68 101.03 0.13
101 1487 1462 1461 0.75 13.71 0.20 119 3014 2888 30.22 26.19 0.04 137 3145 3013 3013 17.47 93.89 0.12
102 1488 1463 1.51 5.72 0.08 120 3016 2890 33.41 39.49 0.06 138 3168 3035 3028 13.85 145.51 0.19
103 1489 1463 3.82 0.06 0.00 121 3019 2892 35.62 291.60 0.45 139 3205 3070 3073 2.94 33.50 0.04
104 1494 1469 10.46 9.91 0.14 122 3027 2900 2899 17.06 94.07 0.14 140 3625 3472 3315, 3309 15.17 55.84 0.04
105 1501 1476 10.55 12.91 0.18 123 3033 2906 19.32 200.54 0.30 141 3836 3675 3620 68.91 132.77 0.07

IIR &IRa: IR & Raman Intensities, ARa: Raman Activities, Scaling factors; 0,983 (<1700 cm-1) and 0,958 (>1700 cm-1) a El Kaaby Ekhlas A.; et al., 2016, b Sherin Percy Prema Leela et al., 2015, c Tian et al., 2018.
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Fig. 3. The IR and Raman spectra of cis-Capsaicin.

frequencies for capsaicin were evaluated based on the computational
results and the data mentioned above and are given below.

Although they remain in a very narrow region in the vibrational
spectrum (above 3000 cm ™), the absorption bands resulting from O-H—
N-H and C-H stretching give information about important details of the
structure. The O-H stretching is characterized by a very narrow band
that appears around 3400-3600 cm ™. Hydrogen bonds in the condensed
phase further complicate the vibrational spectrum; hence, this band is
usually either recorded as a very weak band or not observed in the
spectrum. While this band is observed in the FT-IR spectrum at 3620
em ™, the 3675 cm ™! frequency obtained in the calculations is assigned
as O-H stretching. The peak calculated at 3472 cm ™! and assigned as the
N-H stretching was experimentally recorded at 3315 and 3309 cm ™! in
FT-IR. A characteristic band is observed in the 1700-1800 cm™! region
due to the C=O stretching. The C—=0O double bond stretching for
capsaicin was recorded at 1633 and 1651 cm™! in the FT-IR and 1666
em™! in the Raman spectrum. Calculations show that this vibration
mode is obtained at 1654 cm ™. The pure mode calculated at 1651 cm ™!
was determined as Cyo = C;2 double bond stretching, and the peak at
1626 cm ™! obtained in the FT-IR spectrum (1612 cm ! in Raman) is
thought to correspond to this vibration mode. In heteroaromatic struc-
tures, CH stretching vibrations characteristically show their presence in
the region of 3000-3100 em ! (Silverstein and Bassler, 1962), and the
bands observed in the spectrum are not significantly affected by the
nature of the substituents. The vibration modes calculated at the spec-
ified region and 3013, 3035, and 3070 em ™! are due to the ring CH
stretching. Vibrations numbered 115-136 are assigned as CH stretching
modes of the chain. In-plane CH bending is generally observed at
1000-1300 cm’l, while a lower region, 750-1000 cm’l, is where
out-of-plane CH bending is observed (Cinar et al., 2014). The vibrations
of the ring CH bending, accompanied by CH in-plane and out-of-plane
bending in the chain, were obtained in the specified regions. For
example, aromatic ring CH in-plane bending at 1313 cm™! and
out-of-plane bending at 904 and 885 em ! are almost pure vibrational
modes. As with other skeletal vibrations, the CC stretching corresponds
to an absorbed band in the 1400-1600 cm™! region (Silverstein and
Bassler, 1962). The computed wavenumbers at 1527, 1608, and 1615
cm ™! correspond to the CC stretching modes of the ring, accompanied by
an IR peak recorded at 1553 and 1557 em L. It is seen that 1281 cm ™!
(1279 cm™! in IR) is the "ring breathing" mode of the aromatic ring. In
the lower spectral region, the out-of-plane ring CC deformations were
observed as pure or mixed modes. Vibration 109 was found at 1509
cm™! and matches 1513 and 1514 cm ™" in the IR spectrum. This peak is
assigned as pure NH in-plane bending. The 83-108 vibrations cover a
region assigned as CH in-plane bending (e.g., scissoring, wagging),
including methyl groups attached to the C9 atom and the methoxy
substituent. The low region of the vibrational spectrum (<600 cm™ ) is
complex and challenging to interpret, where out-of-plane bending is

observed, and modes can no longer be obtained purely. For instance, the
out-of-plane bending of NH observed at 458 cm ™! and OH at 278 cm™*
was contaminated with other modes. Similarly, vibrations 17 and 18 are
caused by the torsion of the methyl groups, while vibration number 14
comes from this vibration belonging to the methoxy group.

3.3. Nuclear magnetic resonance (NMR) analysis

The GIAO (Gauge Invariant Atomic Orbital) method, in which an
exponential term containing the vector potential is included in each
atomic orbital, is a standard method to calculate NMR spectra. In this
study, proton (lH) and carbon (13C) NMR chemical shifts of capsaicin
molecule were calculated in the gas phase, in chloroform and DMSO
(dimethyl sulfoxide) solvents, using the GIAO method at the B3LYP/
6-311++G (d, p) level. These calculated data are presented in Table 3
for cis-capsaicin compared with experimental NMR data recorded in
CDCl3 solvent and reported by Lin et al. (1993). The data for trans--
capsaicin are given as supplementary data in Table S3. A quick look at
Table 3 shows that all the calculated values for carbon chemical shifts
are larger than the experimental data. Here it should be remembered
once again that the observed values are recorded in the solvent and the
presence of solute-solvent interactions as well as intermolecular in-
teractions, whereas the calculations are performed for a single molecule,
and the results are obtained according to the optimized structure. This
can be seen from the fact that DFT calculates different values for each
hydrogen atom, despite the experimental values that all hydrogens
attached to the same carbon atom show the same chemical shift. The
paramagnetic contribution to the shielding computed with DFT tends to
be overestimated. Therefore, multiplying the calculated values with a
scaling factor will bring the results closer to the experimental ones, as
done for vibrational frequencies. For this study, two appropriate scaling
factors were found to be 0.59 for <50 ppm and 0.89 > 50 ppm values for
the '>C NMR results. However, since hydrogen atoms play the most
crucial role in intermolecular and solute-solvent interactions, neglecting
these effects in calculating chemical shifts for each hydrogen will cause
the difference to be much larger. Thus, it isn’t easy to specify a similar
scaling factor for proton NMR.

It is known that aromatic carbons give signals in the NMR spectrum
with chemical shift values from 100 to 150 ppm (Kalinowski et al., 1988;
Pihlaja and Kleinpeter, 1994). The aromatic ring C chemical shifts
correspond to the experimentally specified range of 111-147 ppm, but
this region should be 134-163 ppm by calculation. Since the Cs—Cg
atoms in the tail bond with two hydrogens and two carbons, their
chemical shifts were obtained at low values (high region), as expected. A
similar situation applies to the Cg atom to which two methyl groups are
attached. When looking at the Cj3, a relatively higher value was recor-
ded and estimated than the others since it also bonds with the electro-
negative N atom. On the other hand, methyl group C atoms have the
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Table 3
Predicted '3C and 'H NMR isotropic chemical shifts (with respect to TMS, all values in ppm) for cis-Capsaicin in comparison with experimental data.
Atom 13C NMR 'H NMR
Exp. * Gas Chloroform DMSO Atom Exp.” Gas Chloroform DMSO
C(5) 26.92 46.17 46.66 47.07 H(23) 1.34 1.48 1.52 1.54
C(6) 25.37 45.44 45.30 45.19 H(24) 1.34 1.10 0.95 0.82
C(7) 29.46 52.38 52.38 52.29 H(25) 1.64 1.39 1.55 1.65
C(8) 36.55 53.76 54.59 55.06 H(26) 1.64 1.86 1.91 1.94
C(9) 26.34 52.29 52.35 52.38 H(27) 2.02 1.81 1.86 1.90
C(10) 126.58 149.60 150.76 151.37 H(28) 2.02 2.28 2.29 2.31
c1) 172.88 189.99 193.03 194.42 H(29) 2.19 2.69 2.87 2.98
C(12) 137.82 161.04 161.13 161.23 H(30) 2.19 2.46 2.39 2.33
C(13) 43.33 58.97 59.02 59.04 H(31) 2.54 2.48 2.54 2.57
Cc(14) 130.07 153.43 154.33 154.87 H(32) 5.16 5.98 6.06 6.11
C(15) 23.10 37.78 37.87 37.83 H(33) 5.16 5.71 5.77 5.82
C(16) 23.10 38.19 38.16 38.11 H(34) 4.30 3.76 3.95 4.07
C(17) 110.61 133.71 133.87 133.69 H(35) 4.30 5.27 5.19 5.14
c(18) 120.52 137.16 138.64 139.81 H(36) 6.07 6.08 6.54 6.78
C(19) 146.69 163.96 163.57 163.08 H(37) 0.90 1.49 1.51 1.53
C(20) 114.35 133.57 134.85 135.77 H(38) 0.90 1.43 1.38 1.37
C(21) 145.03 159.76 159.52 159.25 H(39) 0.90 1.14 1.18 1.23
C(22) 55.76 69.33 70.01 70.34 H(40) 0.90 1.21 1.22 1.26
H(41) 0.90 1.49 1.50 1.53
H(42) 0.90 1.64 1.51 1.36
H(43) 6.76 8.29 8.30 8.29
H(44) 6.69 6.97 7.18 7.33
H(45) 6.81 7.05 7.32 7.48
H(46) 6.17 4.25 4.84 5.13
H(47) 3.80 4.55 4.62 4.65
H(48) 3.80 4.01 4.11 4.17
H(49) 3.80 4.22 4.26 4.25
Predicted average chemical shifts for TMS; H: 32,36 ppm and C: 195.5 (Gas), 195,9 (Chloroform), 196,1 (DMSO) ppm.
2 Lin et al. (1993).
lowest chemical shift values, as expected. Due to its bond with another
electronegative atom, O, the Cyy has the highest chemical shift value UV-Vis Spectra of cis-Capsaicin
among the atoms mentioned above. The chemical shift value of Cyy,
which bonds with O and N, gave the enormous value (low region) - 1.0 -
estimated at around 190 ppm, recorded at about 173 ppm. While the C;q
and Cj, atoms, linked to each other by double bonds, gave signals at 127
and 138 ppm, the calculations were approximately 25 ppm and 15 ppm 0.8 4
larger for these atoms, respectively.
It is seen that there is a linear correlation between the chemical shift 2z
values calculated by DFT and experimentally recorded. The relationship % 0.6 1
equations obtained for the recorded and calculated proton and carbon 8
chemical shifts for the chloroform solvent are given below. <
5 041
BC: 8cal = 100558y, +18.549 (R* = 0.9953) s
Iy7. _ 2 o in Gas Phase
H: 8cq = 1.0338y, +0.2371 (R = 0.9455) - o
. . . . . — in Ethanol
Figs. S2a and b (in supplementar'y material) show correlation ‘graphs (max. peak at 259,12 nm)
of carbon and proton chemical shift values for all three media (gas
phase, chloroform and DMSO solvent), respectively. 0.0 1 T y y T T '
400 350 300 250 200 150 100

3.4. Electronic feature analysis

To understand the electronic transitions of the studied molecule, TD-
DFT calculations were made on the electronic absorption spectrum by
considering the three lowest singlets — singlet spin-allowed excited
states in a vacuum and ethanol solvent. The simulated UV spectra of cis-
capsaicin are given in Fig. 4, and the calculated excitation energies,
oscillator strength (f), absorption wavelength (1), and spectral excita-
tions are presented in Table 4. Recently, the UV-Vis spectrum of
capsaicin was recorded by Qais et al. (2017), and an absorption peak at
280 nm was obtained. However, theoretical calculations found this peak
at 264 nm for the gas phase and 259 nm in ethanol solvent. This elec-
tronic absorption corresponds to the transition from ground to the first
excited state and is characterized by an electron excitation from the
HOMO to the LUMO and assigned as n—*.

Wavelength (nm)

Fig. 4. The UV-Vis spectra of cis-Capsaicin in gas phase and in
ethanol solution.

Table 4

The calculated absorption wavelength, A (nm), excitation energies E (eV) and
oscillator strengths (f) of cis-Capsaicin obtained at TD-DFT (B3LYP/6-311++G
(d,p).

Gas Ethanol

A (nm) E (eV) f A (nm) E (eV) f
264.20 4.6928 0.0125 259.12 4.7848 0.0816
259.66 4.7749 0.0496 250.65 4.9464 0.0008
251.20 4.9357 0.0017 237.48 5.2208 0.0088




M. Cinar et al.

Molecular orbitals and their properties, such as energy, are essential
parameters for quantum chemistry. HOMO and LUMO are frontier or-
bitals involved in chemical stability (Gunasekarana et al., 2008). HOMO
represents the ability to donate an electron, while LUMO, an electron
acceptor, represents the ability to gain an electron. Molecular orbitals
are also used by frontier electron density to estimate the most reactive
position in z-electron systems and explain various reactions in conju-
gated systems (Fukui et al., 1952). The slight difference between the
energies of the LUMO and HOMO is used to characterize conjugated
molecules. This results from significant intramolecular charge transfer
from the end-capping electron donor groups to the efficient electron
acceptor groups via the n-conjugate pathway. The energy of HOMO is
directly related to the ionization potential, while the energy of LUMO is
related to electron affinity. The energy difference between the HOMO
and the LUMO orbital is called the energy gap, which is important sta-
bility for structures (Ravikumar et al., 2008). Once the HOMO and
LUMO energy values of a molecule or molecular system are obtained,
these values can be used to compute the other essential parameters such
as ionization potential, electron affinity, chemical hardness and softness,
electronegativity, electronic chemical potential, and electrophilic index
which is expressed as the tendency of a molecule as a whole to accom-
modate electrons. These terms can be used to analyze a substance’s
structure, characteristics, reactivity, dynamics, toxicity, aromaticity,
and other factors. Using the total energy and Koopmans theorem, the
ionization potential and electron affinity, which describe the electrical
properties of molecules, can be calculated as I = -Egop0 and A = -Eryyo,
respectively (Bilkan, 2019). Some important properties calculation such
as chemical potential, chemical hardness and electrophilicity are
explained by Parr (Parr et al., 1999). In addition to the HOMO and
LUMO energy levels, the other mentioned parameters which give in-
formation about the electronic and chemical features of the steady
molecule were calculated and tabulated in Table 5. From the TD-DFT
calculations, the HOMO and LUMO energies of cis-capsaicin and the
energy difference between these two levels were obtained as —5.86 eV,
—0.51 eV, and 5.35 eV, respectively. The plots of these important or-
bitals are shown in Fig. 5. Electron affinity (A) is a quantity that can be
measured experimentally and physically observed, and is equal to the
difference in energy of a neutral atom and its gaseous anion. Electro-
negativity (y) and electrophilicity (y) are other arbitrarily defined
chemical concepts associated with electron affinity. Electronegativity,
on the other hand, can be defined as the power of an atom to attract
electrons and was formulated by Mulliken (1934) as half the sum of the
ionization potential and electron affinity. Thus, large values of I and A in
a system mean that the system will choose to accept electrons rather
than lose electrons. This value for the examined compound was found as
3.1871 eV. The measure of a system’s reactivity to attract electrons from
a nucleophile to form a bond is defined as electrophilicity and is directly
proportional to chemical potential, which is the negative of electro-
negativity, and inversely proportional to chemical hardness () (see
Table 5). For the concept in question, a value of 1.8986 was obtained in
this study. The A and y values for capsaicin are positive, suggesting that
it no longer prefers to reject electrons as electron-nuclear attraction

Table 5

The HOMO&LUMO energies and computed other parameters of cis-Capsaicin.
Parameters Formula Results
LUMO energy (eV) Erumo —0.51212
HOMO energy (eV) Enomo —5.86215
Energy band gap AE = Erymo — Enomo 5.3500
Ionization potential I = —Epnomo 5.8622
Electron affinity A = —Eymo 0.5121
Chemical hardness n=(10-A)/2 2.6750
Chemical softness E=1/2y 0.1869
Electronegativity x=(1I+A)/2 3.1871
Chemical potential u=-I+A)/2 -3.1871
Electrophilicity index w = u?/2n 1.8986

Radiation Physics and Chemistry 208 (2023) 110879

Ervmo =-0.51 eV

J

Enomo = -5,86 eV

HOMO

Fig. 5. The LUMO & HOMO molecular orbitals and energies of cis-Capsaicin.

overtakes electron-electron repulsion.

Mulliken Population Analysis is often used to calculate a qualitative
estimate of the partial atomic charges of a molecule because it measures
how the electronic structure changes under atomic displacement. Many
properties of a molecule, such as a dipole moment, polarizability, elec-
tronic structure etc., can be determined by Mulliken charge. In order to
determine atomic charges and orbital populations of molecular wave
functions in generic atomic orbital basis sets, a technique known as
"natural population analysis" has been devised. The natural analysis is an
alternative to the more used Mulliken population analysis, and it ap-
pears to have superior numerical stability and a better capacity to
characterize the distribution of electrons in compounds with strong
ionicity (Bilkan et al., 2016), like those containing metal atoms. Table 6
shows the predicted atomic charges obtained with the Mulliken and
Natural Population Analysis for each atom, while Fig. S3 (in supple-
mentary materials) shows it schematically. As expected, the total charge
is equal to zero. Table 6 shows that the atomic charges obtained with
Natural Population Analysis (NPA) are generally larger than those ob-
tained with Mulliken Analysis. NPA gave positive results for the atomic
charges of C(11), C(19) and C(21) for non-hydrogen atoms. Considering
that all three of these atoms are bound to electronegative Oxygen atoms,
the results are quite plausible. Milliken Analysis, on the other hand,
predicted the atomic charge of C(9), C(10), C(20), and C(21) as positive,
while giving a negative value for H(24), unlike NPA, which says that all
hydrogen atoms have positive charges.

The Hirshfeld surface is defined as the area occupied by a molecule in
a crystal by dividing the crystal electron density into molecular parts
(Spackman and Byrom, 1997; Spackman and Jayatilaka, 2009), and by
scanning the van der Waals distances and identifying the interaction
sites, the Hirshfeld surface for a molecule is obtained (Hirshfeld, 1977).
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Table 6
The atomic charges obtained by Mulliken and Natural Population Analysis.
Atom Mulliken Natural Atom Mulliken Natural
0o(1) —0.386 —0.649 H(23) 0.187 0.227
0(2) —0.287 —0.524 H(24) —0.031 0.235
0(3) —0.494 —0.690 H(25) 0.151 0.217
N(4) —0.160 —0.667 H(26) 0.156 0.233
C(5) —0.126 —0.450 H(27) 0.173 0.229
C(6) —0.356 —0.441 H(28) 0.150 0.230
C(7) —0.696 —0.471 H(29) 0.170 0.243
C8) —0.190 —0.525 H(30) 0.159 0.258
C(9) 0.491 —0.301 H(1) 0.167 0.231
C(10) 0.515 —0.216 H(32) 0.143 0.217
c(11) —0.328 0.684 H(33) 0.128 0.216
C(12) —0.587 —0.204 H(34) 0.155 0.234
Cc(13) —0.287 —0.266 H(35) 0.189 0.263
Cc(14) 0.188 —0.073 H(36) 0.317 0.417
C(15) —0.653 —0.648 H(37) 0.160 0.226
C(16) —0.634 —0.647 H(38) 0.164 0.230
c(17) —0.012 —0.299 H(39) 0.155 0.221
C(18) —0.303 —0.245 H(40) 0.160 0.224
C(19) —0.311 0.286 H(41) 0.160 0.225
C(20) 0.203 —0.303 H(42) 0.129 0.233
C(21) 0.144 0.277 H(43) 0.179 0.261
C(22) —0.110 —0.296 H(44) 0.089 0.233
H(45) 0.100 0.231
H(46) 0.381 0.500
H(47) 0.154 0.223
H(48) 0.157 0.203
H(49) 0.175 0.204

Once the Hirshfeld surface is obtained, the parameters d, and d; are also
determined, corresponding to the distance from the Hirshfeld surface to
the nearest outer core and the distance to the nearest core on the surface,
respectively. The dyom, represents the normalized contact distance that
allows the identification of regions that are particularly important for
intermolecular interactions and is obtained by the following formula,
depending on the d,, d; and radii of the atom vdw (Spackman and
McKinnon, 2002);
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di _ r:_/dw de _ r’;dw
rfdw + rzdw

orm =

Fig. 6 (top) shows the 3D Hirshfeld surface of capsaicin obtained and
mapped over dpom. Here, bright red dots on the Hirshfeld surface indi-
cate OH interactions, and light red dots indicate CH---O interactions.
Other visible points represent the H---H contacts on the surface. A 2D
fingerprint plot of the surfaces with the partial contribution of the entire
surface is presented in Fig. 6 (bottom) to highlight the close contacts of
specific atom pairs such as H-H, O-H/H-O, and C-H/H-C. If d, < d; the
molecule is said to be an acceptor, and if d, > d; the molecule is said to
be a donor, this is observed as complementary regions in the fingerprint
graph.

The two sharp spikes in the 2D fingerprint plots show the typical
O-H---O interaction. The contribution of this interaction to the total
surface is 15.7%. Indicative of C-H---m interactions are prominent
"wings," which are visible in Fig. 6. The contribution of C-H---C in-
teractions to the total surface was determined as 15.2%. The total
contribution of the H-H interactions, seen as the most dominant inter-
action, was calculated as 67.2% and thus covered most of the Hirshfeld
surface. Since the contribution of interactions originating from the ni-
trogen atom is negligible, it is not shown here.

The Molecular Electrostatic Potential (MESP) map is another
important tool often used to study intermolecular interactions in a
molecular system and identify nucleophilic and electrophilic attack lo-
calizations. In these maps, a color scale from red to dark blue is used to
characterize the structure’s extremely negative and positive regions
under consideration. For example, yellow represents a less negative, and
light blue corresponds to a less positive region. Regions that can be
considered approximately as the neutral zone are shown in green. In the
map given in Fig. 7, it is seen that prominent colors in the form of
yellow-orange are located around the Oxygen atoms. These regions
show O-H:--O interactions and are electronegatively labeled concerning
the Hirshfeld surface. The absence of dark blue regions on the map in-
dicates the structure’s lack of highly positive regions.

As it is known, the number of occupied states per unit volume at a
specific energy of a system that has reached thermal equilibrium value

O-H/H-0:15.7 %

di

C-H/H-C: 15.2 %

H-H: 67.2 %
di di

06 08 TU T2 TA 16 T8 20 272 23

06 08 TO TZ TA T8 T8 02722724 06 08 TO TZ TA 16 T8 0 773

Fig. 6. The Hirshfeld surface (top) and the 2D fingerprint histogram resolved into O---H, C---H and H---H contacts (bottom).
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Fig. 7. The molecular electronic potential (MEP) surfaces.

indicates the DOS (Density of States). The DOS plays a critical role in the
kinetic theory of materials. Therefore, in this study, the DOS and PDOS
spectra of capsaicin under investigation were examined and are present
in Fig. 8. The chemical structure of capsaicin consists of three critical
regions: A (Aromatic head), B (Amide group) and C (Hydrophobic tail).
As seen in Fig. 8, DOS spectra were drawn considering these three
critical regions. In this graph, the minimum of the conduction band
corresponds to the value at which the binding energy is zero (E = 0). The
valance and conduction bands are dominated by the contributions of the
hydrophobic tail of capsaicin. However, the contributions of other re-
gions are too significant to be ignored. The contributions of the specified

A B B
CH; CHs )
o
CH;0 N =
H
OH

(Aromatic Head) (Amide Group) (Hydrophobic Tail)

- Aromatic Head
— Amide Group
= Hydrophobic Tail
— Occupled orbitals
Virtual orbitals

Density of States

" MM l ]

Ene1g} (eV)

=1

=15 15

Fig. 8. The DOS and PDOS spectra of cis-Capsaicin.

10

Radiation Physics and Chemistry 208 (2023) 110879

regions of capsaicin to the DOS levels are C, B and A, respectively. The
lowest contribution is from the A region because the number of H-
bonding in this region is high. Moreover, the contributions of the 2p
orbitals of the ¢C, yN and gO elements in capsaicin structure are more
dominant in the valence and conduction bands. Furthermore, the energy
band gap value between the top of the valence band and the bottom of
the conduction band was observed as about 5.35 eV. This value was
determined to be equivalent to the energy difference between HOMO
and LUMO levels of cis-capsaicin (see Fig. 5).

4. Conclusion

In this study, the molecular structure, spectroscopic properties and
DOS levels of capsaicin were comprehensively determined using DFT
and presented by comparing them with experimental data. It was
determined that there is a perfect agreement between the data obtained
as a result of our optimization studies for the molecule isolated under
vacuum conditions and the experimental data in the literature. A highly
concordant correlation (R? = 0.99325) was obtained between the
calculated bond lengths and the x-ray crystallographic data. Moreover, a
good match was observed between the corresponding experimental re-
sults and the data obtained for bond angles (except for the angles where
N and O atoms are located). The most significant difference was
observed for the 01=C11-C8 bond angle by calculating 6.4° larger.
Contrary to these good harmonies, some deviations according to
experimental data recorded in the literature were seen in dihedral angles
arising from intermolecular interactions. The relationships for chemical
shifts of carbon and hydrogen atoms by evaluating the experimental
data according to the calculations made in chloroform solvent were
found as 1.00558¢x, +18.549 and 1.0338¢x, +0.2371, respectively. It
was determined by TDDFT calculations that the UV-Vis radiation for the
studied molecule is absorbed at 264 nm and 259 nm for the gas phase
and ethanol solvent, respectively. These absorption peaks were assigned
as 1—n* electronic transitions between LUMO and HOMO energy levels
(energy gap is 5.35 eV), and the other essential parameters were
calculated as follows: electron affinity at 0.512, chemical hardness at
2.675, chemical softness at 0.187, electronegativity at 3.187 and elec-
trophilicity index at 1.899. From Hirshfeld surface analysis, the contri-
bution of O-H:--O and C-H---C interactions to the total surface was
computed as 15.7% and 15.2%, respectively. The total contribution of
the H-H interactions, seen as the most dominant interaction, was
calculated as 67.2% and determined to cover most of the Hirshfeld
surface. Lastly, from the DOS spectra analysis, it was determined that the
contributions of the regions of capsaicin to the DOS levels are C (Hy-
drophobic tail), B (Amide group) and A (Aromatic head), respectively.
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