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A theoretical study of capsaicin was conducted using density functional theory (DFT) with the B3LYP and CAM-B3LYP functionals, com-
bined with the 6-31G(d), 6-311+G(d,p), LanL2DZ, and CC-pVDZ basis sets. The study analyzed theoretical vibrational modes, Raman
spectra, conformational energies, and global minima in geometric optimization. Results indicate that the LanL2DZ basis set provides the
lowest conformational energies and the fastest computation times, whereas 6-31G(d) yields higher EPM values in VEDA. The CAM-B3LYP
functional, particularly when combined with advanced basis sets such as 6-311+G(d,p) and CC-pVDZ, yields more accurate electronic prop-
erty predictions. Overall, CAM-B3LYP/6-311+G(d,p) offers the best compromise between computational efficiency and spectral accuracy,
while B3LYP/CC-pVDZ remains suitable for preliminary analyses.
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1. Introduction B3LYP functional combined with the 6-311++G(d,p) basis
set. Di Zang (2023) [14] utilized DFT/B3LYP parameters

Capsaicin (CA) is the active compound found in red pepperin a study on CA. Siudem (2017) [15] employed the DFT
responsible for its pungent taste and the subject of extensiv@ethod with the B3LYP functional and the 6-31G(d,p) basis
research since its initial identification in 1919. Its chemicalset, along with others such as 6-311+G(d,p), 6-31+G(d,p),
structure was determined in 1923 [1] and was chemically synand CC-pVDZ, investigating different functionals. Mustafa
thesized in 1930 [2]. Itis a selective neuropeptide-releasing2016) [16] used the LanL2DZ (B3LYP) basis set for struc-
agent for primary peripheral sensory neurons. Peppers qfiral and spectroscopic calculations. Leela (2015) [17] ap-
the Capsicumgenus (familySolanaceagare among the most  plied the B3LYP/6-311++G(d,p) method. These calculations
widely consumed spices in the world. However, as a chemhave allowed the optimization of molecular geometry and the
ical irritant, CA creates a burning sensation in humans angentification of preferred conformations.
other mammals upon contact with biological tissues [3]. To establish an efficient comparative framework among

Frequently used as an analgesic, CA is found in variougommon optimization methods, in this study CA was ana-
formulations, including creams, liquids, and patches in dif-lyzed using DFT calculations with the B3LYP and CAM-
ferent concentrations. It is also present in dietary suppleB3LYP functionals in combination with the LanL2DZ, 6-
ments [3] and dental applications [4] and is commonly as-31G(d), 6-311+G(d,p), and CC-pVDZ basis sets.
sociated with anti-inflammatory properties [4, 5].

Recently, Sheng-Hong Liet al. (2022) [6] used CA
as the gold standard for identifying residual oils based o
Raman spectroscopy [6, 7]. Tiat al. (2018) [7] applied
the same technique to detect CA in gutter oil. While Liu
(2017) [8] applied Raman spectroscopy to identify CAinille- ca (trans-8-methyl-N-vanillyl-6-nonenamide) (Fig. 1) is a
gal cooking oils. El Kaaby (2016) [9] analyzed the spectrumcyystalline, lipophilic, colorless, and odorless alkaloid with
of CA extracted from differenCapsicum annuum Lpep-  the molecular formula GH27NO; [18]. The structure of
per explants using Fourier Transform Infrared Spectroscopya consists of a hydrophilic aromatic ring, an amide bond,
(FT-IR). Cinar (2023) [10] demonstrated a strong correlationang a hydrophobic side chain [19]. The CA molecule was
between experimental and DFT (Density Functional Theoryhptimized using the Gaussian GO9 software with the DFT

calculations for CA molecules. method to obtain Raman vibrational spectra and molecular
Studies based on Density Functional Theory (DFT) havesonformation data.

been fundamental in advancing the understanding of the

structural, electronic and spectroscopic properties of CAp 2. Computational methods

GP Sheeja Mol (2024) [11] used the 6-311++G(d,p) basis

set. Roman (2024) [12] performed theoretical calculations€Computational calculations were performed using the Gaus-
using the hybrid methods B3LYP/6-31G(d) and B3LYP/6- sian 09 package, optimizing the structure and predicting the
311++G(d,p). Cinar (2023) [10] and (2010) [13] applied theharmonic vibrational Raman and IR frequencies [20]. Func-
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6-311+G(d,p), LanL2DZ, and cc-pVDZ) to evaluate the sen-
sitivity of the results to basis-set quality, ranging from more
economical choices to those capable of describing electron
correlation effects with higher accuracy.

3. Results and discussion

Figure 1 illustrates the optimized structure of the CA
molecule obtained using G09. The VEDA software pre-
sented 48 stretching, 47 bending, 46 twisting, and also 75
CH stretching modes for CA the molecule.

Simulated Raman spectra (Figs. 2 and 3) of the CA
molecule were obtained using three different functional com-
binations and basis sets. Figure 2, using the B3LYP func-
tional combined with different basis sets (LanL2DZ, CC-
pVvDZ, 6-311+G(d,p), and 6-31G(d)), Raman peaks appear
within similar wavenumber regions across all combinations,
indicating that all methods adequately capture the primary
FIGURE 1. Molecular representation of CA. Carbon atoms are rep- Vibrational modes of CA. The 6-311+G(d,p) basis set (ma-
resented in gray, hydrogen in white, oxygen in red and nitrogengenta) exhibits more intense bands at low frequencies (
in blue. The functional structure of the molecule is identified, in- 1000 cnT!), suggesting a higher sensitivity of this basis
cluding the vanillyl group (on the right), the aliphatic chain and to specific vibrational modes. Bands around 1600&m
the central amide. The figure was generated based on optimize@dharacteristic of aromatic C=C stretching modes, show vari-
geometry via DFT calculations. able relative intensities, being more pronounced with the
_ LanL2DZ and 6-311+G(d,p) basis sets. The 6-31G(d) ba-
tional CAM-B3LYP/LanL2DZ, B3LYP/CC-pVDZ, and gjs set (yellow) tends to smooth the spectrum, resulting in
B3LYP/6-311+G(d,p) were employed. B3LYP is a three pa-jgwer peak resolution, reflecting its limitations in accurately
rameter function (B3) used for the Lee-Yang Parr (LYP) fU”C'describing vibrations of complex systems.
tional correlation exchange. The LYP correlation is a more
cost-effective approach to calculating the molecular struc-
ture, vibrational frequencies, and energy of optimized struc-
tures [21-23]. CAM-B3LYP (A hybrid exchange-correlation
functional using the Coulomb-attenuating method) is a tweak
of B3LYP designed to improve the treatment of long-range ﬁ[L
interactions, especially in systems with excited states or long- —
range interactions (such as those involved in hydrogen bond- ‘ ‘ i
. 0 1000 2000 3000 4000
Ing) [24] Wavenumber (cm™)

Basis set: 6-311+G(d,p); Triple-polarized basis set forg,q re 2. Simulated Raman spectra of the capsaicin molecule ob-
heavy atoms and polarized basis set for hydrogens, balangsined from DFT calculations using the following combinations of
ing accuracy and [25].6-31G(d); Double-polarized basis sefunctional and basis sets: B3LYP/LanL2DZ (brown), B3LYP/CC-
and single difuse function. LanL2DZ uses pseudopotenpVDZ (orange), B3LYP/6-311+G(d,p) (magenta), and B3LYP/6-
tials for heavy metals (mainly transition metals), useful in31G(d) (yellow).
calculations of systems containing these metals [26]. CC-
pVDZ; Correlated and polarized basis set, with good accu-
racy in DFT calculations for a wide range of molecules [27].
The choice of functionals and basis sets in this study was

guided by the balance between computational cost and accu 2| cAM-BaLYP 6:316(
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B3LYP functional, widely employed in studies of molecu- * s A M N t
I . . . . CAM-B3LYP CCA:LR'\\{\PAE.N\-M
ar structure and vibrational spectroscopy, provides consis- = - =L =
tent results with relatively low computational demand, mak- Wavenumber (cm™)

ing it suitable fqr comparat.i\./e analyses of stability and _Vibra-FlGURE 3. Simulated Raman spectra of the capsaicin molecule
tional frequencies. In addition, the CAM-B3LYP functional gptained from DFT calculations using the following combinations
was considered due to its improved treatment of long-rang@s functional and basis sets: CAM-B3LYP/LanL2DZ (red), CAM-
exchange and excited-state interactions. Regarding the ba®3LYP/CC-pVDZ (blue), CAM-B3LYP/6-311+G(d,p) (green) and
sets, different levels of flexibility were selected (6-31G(d), CAM-B3LYP/6-31G(d) (cyan).

Rev. Mex. Fis72030503



DFT SIMULATIONS AND RAMAN SPECTROSCOPY PROPERTIES OF CAPSAICIN 3

Figure 3, employing the CAM-B3LYP functionality with and is particularly sensitive to long-range electronic inter-
the same basis sets, the band positions remain similar iactions, which accounts for the greater peak dispersion in
the same basis sets obtained from B3LYP. However, sigits spectrum. B3LYP, by contrast, remains one of the most
nificant changes in intensity distribution indicates the influ-widely used functionals and provides a reliable description
ence of the exchange-correlation functional on polarizabil-of electronic properties when combined with the CC-pVDZ
ity. The CAM-B3LYP/6-311+G(d,p) spectrum (green) in- basis set, which offers a favorable balance between accuracy
creased intensity and sharper features in the intermediagnd computational cost. The highly polarized and diffuse 6-
region (1000-1700 cm'), indicating an improved descrip- 311+G(d,p) basis set is effective for weak interactions but
tion of electronic transitions coupled with specific vibrations.tends to reduce resolution under simplified vibrational ap-
These observations reveal that the CAM-B3LYP functionalproximations.
enhances spectral resolution and peak intensities in the 1000- Comparing different DFT methods and basis sets is there-
1700 cnt! region, which is critical for experimental compar- fore essential for validating spectroscopic simulations against
ative studies, as polar and aromatic group modes are well dexperimental data. Vibrational modes around 1600 tand
scribed. Regarding basis sets, more comprehensive sets like3200 cnt! are particularly informative for monitoring in-
6-311+G(d,p) provide better relative intensities and spectralermolecular interactions, including CA binding to biological
detail, whereas simpler bases such as 6-31G(d) may lead teceptors or solvation effects. Among the tested methods,
spectral information loss by underrepresenting complex viB3LYP/CC-pVDZ delivers the best spectral resolution and
brational modes. is recommended for detailed spectroscopic studies, whereas

The calculated spectra span a broad vibrational rang€AM-B3LYP is more suitable for capturing a broader range
(100-3700 crml), encompassing characteristic modes of CAof vibrational modes and complex electronic interactions,
such as deformations, torsions, aromatic ring vibrations, C-Ghus providing complementary insights for molecular inves-
stretches, and C-H, O-H, and N-H stretching vibrations [10].tigations.

The CAM-B3LYP functional combined with the The vibrational modes observed between 700 and
LanL2DZ basis set yields spectra with greater peak dis1600 cnt! (Fig. 1) are mainly associated with motions of
persion and variable intensities across the vibrational dothe carbon chain and the benzene ring. C-C stretching modes
main [16]. This method enhances bands around 1600are expected within 1400-1600 crh[7], with specific bands
1700 cnt!, typical of aromatic C=C stretching, as well as detected at 1191, 1361, 1429, 1574, and 1606'grassigned
those in the 3000-3200 cm region, assigned to C-H and to symmetric stretching af(C-C), §(C-H), v(N=N), v(C=C)

O-H stretching [7, 10, 14]. The broader band distribution carin phenolic rings, and(C-N) groups [20,25]. Silversteiat

be attributed to the sensitivity of CAM-B3LYP to long-range al. [31] reported C-N stretching vibrations in the 1382-1266
electronic effects, which amplify the number of vibrational cm™! region for aromatic amines, while C-O stretching is
modes simulated. In contrast, B3LYP combined with the CCusually found between 1260 and 1000 ©m14]. In the
pVDZ basis set produces spectra with sharper, more defingaresent study, C-O stretching is instead assigned to the 1750-
peaks and relatively higher intensities, particularly in the 6001800 cnt! region. Additional assignments include: 1183
1800 cnt! region. This approach improves spectral contrastcm=! (§CHs ring), 1219 cnt! (§OH aromatic), 1312-1338
favoring Raman-active modes and providing an accurate deem—! (§CH), 1398 cnt! (§CH), 1552 cnt! (§NH), 1655-
scription of aromatic ring vibrations along with amide and 1665 cn! (vC=C phenyl), 1750 cm! (vC=C aliphatic),
phenolic groups. The B3LYP/CC-pVDZ combination there-and 1769 cm! (vC=0 amide). Vibrations corresponding to
fore represents an efficient balance between computationi-H stretching typically occur in the 3450-3250 cirange.
cost and accuracy, making it a widely validated choice forAbove 3000 cmi!, strong peaks at 3608 cm (vNH) and
spectroscopic simulations of organic molecules. 3751 cnt! (vOH) are observed, the latter assigned to phe-

In contrast, the spectrum generated with the B3LYP funcholic hydroxyl groups [7,17].
tional and the 6-311+G(d,p) basis set exhibits a smoother In the high-frequency region, bands observed above
spectral profile, characterized by broader peaks and subt®800 cnt! are mainly attributed to C-H stretching vibra-
frequency shifts relative to the other methods. Although thaions. Aliphatic C-H stretches from $hybridized carbons
6-311+G(d,p) basis set is robust and well suited for describtypically appear between 2850-2950 thy while sg hy-
ing weak bonds and long-range interactions, it yields lowetbridized C-H bonds in aromatic and olefinic groups produce
peak resolution, particularly in the high-frequency regionabsorptions above 3000 crh In particular, features near or
(> 3000 cm—1). This suggests that, while advantageous forabove 3050 cm' are characteristic of aromatic C-H stretch-
modeling complex interactions, this basis set may be less apAg, associated with hydrogen atoms bonded tocgbons.
propriate for capturing fine spectral details in high-resolutionThese occur at slightly higher frequencies compared to the
Raman studies [7,14]. aliphatic stretches.

The spectral differences observed are intrinsically linked  Overall, the results from Figs. 2 and 3 indicate that com-
to the properties of the DFT functionals and basis sets enbinations involving CAM-B3LYP/6-311+G(d,p) are recom-
ployed. CAM-B3LYP, a long-range hybrid functional, in- mended for investigative protocols, as they produce spectra
corporates exchange and correlation effects more extensivetiiat better reproduce experimental features, including rel-
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ative intensities and peak widths consistent with observa-
tions. However, smaller basis sets combined with conven-
tional functionals €.g, B3LYP) remain useful for prelimi-

nary analyses, although they may overestimate certain band:

2,673275%10* -
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3.1. Parameters data for conformers

~2,673375<10°

The general conformational data are presented in Table I. Ta-
ble I results for B3LYP and CAM-B3LYP functionals with
LanL2DZ, 6-31G(d), 6-311+G(d,p), and CC-pVDZ basis
sets. The conformational values the lowest energy valuegigure 4. Conformational potential energy of the capsaicin
for the LanL2DZ basis set (B3LYP) [15], with an energy molecule, obtained by DFT. Rotation angle (O1-C11-N4-36).

of -982.445092 Hartree, compared to -982.070886 Hartree

(CAM-B3LYP/6-31G(d)). Higher conformational values are (~ -26733 eV), indicating a highly stable molecule. X axis:
observed for the 6-311+G(d,p) and CC-pVDZ basis sets irRotation angle (O1-C11-N4-H36), which implies a study of
the B3LYP functional, respectively. The other sets show inrotation around the C11-N4 bond, probably to understand ro-
termediate values. tational barriers and more stable conformations.

The 6-31G(d) basis set demonstrated the highest effi- Figure 4 presented the conformational potential energy
ciency in EPM parametrization, with values of 35.69 andprofile of the CA molecule obtained through DFT calcula-
35.51 for the tested functionals. The LanL2DZ set the lowestions for the dihedral rotation O1-C11-N4-H36. The curve
EPM values in these respective cases. three apparent minima; however, considering the periodic

Additionally, Table | reveals distinct values for polar- nature of the dihedral angle, a 36fbtation corresponds to
izability. Basis sets with polarized and diffuse functionsthe same molecular orientation. Therefore, only two distinct
stand out for their higher polarizability values compared tominima represent unique conformers, while the third repro-
the other sets. In this case, results obtained with the 6duces the first due to rotational symmetry. A joint analysis
311+G(d,p) basis set indicated values of 233.53 and 225.8With the data in Table Il that the Scorpion conformer (Con-
In the Raman effect, for example, the variation of the polarformer 2) corresponds to the global minimum, exhibiting the
izability term is one of the factors responsible for activatinglowest total energy and thus the most stable structure. The
vibrational modes present in the molecules [32]. Compact and Extended conformers, on the other hand, cor-

The inclusion of diffuse (+) and polarization (“d” and respond to local minima, characterized by slightly higher en-
“p”) functions increases the accuracy of calculations for hy-ergies and representing metastable states along the rotation
drogen and oxygen atoms, respectively. The CC-pVDZ basipathway.
set was optimized for computational efficiency by removing  Between these minima, energy peaks are observed that
redundant functions and including polarization functions byrepresent relatively low rotational barriers (on the order of
default. These adjustments cause shifts in the bands abo@00005 eV), indicating significant conformational flexibil-
3000 cnt!, which can be observed in Fig. 2. The over-ity. This low barrier suggests that the molecule can easily
estimated results are expected, as the calculations assurnmeerconvert between similar conformations at room temper-
electron density free from any external disturbances. Sincature. This subtle variation is typical of rotations in single
Raman spectroscopy detects vibrations related to changeslionds, such as C-N in substituted amides or amines. Such
electric polarizability, polar molecular groups tend to showconformational behavior may directly influence the interac-
little or no activation in Raman measurements [29, 30]. tion of CA with its biological targets, such as the TRPV1

Figure 4 shows the conformational data. Y axis: Potenteceptor, affecting its biochemical and pharmacological ac-
tial energy (in electron volts, eV), with very negative valuestivity [33, 34].

2,6734x10%0

TABLE |. Computational data on energy, dipole, polarizability and EPM for different functionals and basis sets.

Functional B3LYP CAM-B3LYP
Basis set 6-31G(d) 6-311+G(d,p) LanL2DZ CC-pvDZ 6-31G(d) 6-311+G(d,p) LanL2DZ CC-pVvDZ
Energy (Hartree) -982.5893 -982.8748 -982.4451  -982.6439 -982.0709 -982.3581 -981.9171  -982.1238
Dipole 3.3846 3.5465 4.2293 3.1307 3.5507 3.6116 4.4727 3.2541
Polarizability 202.000 233.530 202.600 213.287 196.511 225.809 196.500 207.281
EPM 35.69 34.610 33.44 35.339 35.51 33.973 33.55 35.193

Energy (Hartree): One Hartree is equal to 2625.5 kJ/mol, 627.5 kcal/mol, 27.211 eV, and 219474.6Time energy reported from a calculation is the
energy required to separate the molecule into nuclei and electrons [36].
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Total Energy (eV) - Zoomed Range Dipole Moment

CAM-B3LYP/cc-pVDZ B3LYP/631G*

CAM-B3LYP/LanL2DZ
CAM-B3LYP/6-311+G**

B3LYP/6311+G**

CAM-B3LYP/6-31G** B3LYP/LanL2DZ

Method

Method

B3LYP/cc-pvDZ
B3LYP/LanL2DZ
B3LYP/6-311+G**

B3LYP/cc-pVDZ

CAM-B3LYP/631G*

B3LYP/6-31G** CAM-B3LYP/6311+G**

—24100-24080-24060—-24040—-24020-24000-23980-23960 —23940
Energy (eV) CAM-B3LYP/LanL2DZ

CAM-B3LYP/cc-pVDZ

FIGURE 5. Total energy of capsaicin calculated using different
DFT methods (Hartree to eV conversion). Lower values indicate
greater stability.

I3

1 3 )

2
Dipole Moment (Debye)

FIGURE 6. Comparison of dipole moments for capsaicin using var-

_ious functionals and basis sets. Higher values suggest increased
Thus, the CA molecule reveals the presence of three dissolarity.

tinct energy minima. The global minimum, which represents
the most stable conformation, occurs around°340esent-
ing the lowest potential energy value recorded-{2.6734 x

10* eV). In addition, two local minima are observed at ap-
proximately 200 and 520, which indicate conformations
that are also stable, but energetically less favored. The ex- =™
istence of these multiple minima suggests that CA can adopt;  swaccevz
different conformations in the equilibrium state, with prefer- E e
ence for the conformation associated with the global mini-
mum.

Table | presented computational data related to energy,
dipole moment, polarizability, and the EPM parameter for
different combinations of functionals (B3LYP and CAM- * Polaizabity (a.0) e
B3LYP) and basis sets (6-31G(d), 6-311+G(d,p), LanLZDZ’FIGURE 7. Average polarizability of capsaicin calculated with dif-

CC-pVD2). .The CAM-B3LYP functional yields _S"th'Y ferent DFT methods. Higher values indicate stronger Raman activ-
lower energies (Energy (Hartree)) than B3LYP, |nd|cat|ngity_

greater energetic stability [35]. Figure 5 shows the energies
obtained for the different parameters. The combination withelectronic response (Fig. 7). EPM values range from 33.44 to
the LanL2DZ basis set results in the lowest energy values fo85.69, with minor variations across different basis sets.
both functionals. The highest EPM value (35.69) is obtained using B3LYP
As seen from Fig. 5, the results show very similar totalwith 6-31G(d), while the lowest (33.55) is found with CAM-
energies, with only minor relative differences compared toB3LYP and LanL2DZ (Fig. 8).
the absolute magnitude of approximatel94, 000 eV. Long- In Table I, the total energy values were originally ob-
range corrected functionals (CAM-B3LYP) yield slightly tained in Hartree units and converted to electron-volts (eV)
lower total energies than conventional B3LYP, indicatingusing the relation 1 Hartree 27.2114 eV. The results show
greater molecular stabilization in this case. The choice othat the most stable configuration was obtained using the
basis set also influences the results, as more extended basBsL YP/6-311+G(d,p) method, which presented the lowest
such as 6-311+G(d,p), produce slightly more negative totaénergy: -982.878431 Hartree, corresponding to -26741.91
energies than simpler ones, such as 6-31G(d,p), due to theiv. In general, methods employing the CAM-B3LYP func-
greater flexibility in describing electronic orbitals. Although tional exhibited slightly less negative total energies, indi-
these differences are on the order of only a few tens of e\gating less favorable energetic configurations compared to
they are significant when the aim is to compare methods oB3LYP. This behavior can be attributed to the nature of the
to evaluate molecular properties that depend on total energg AM-B3LYP functional, which incorporates long-range cor-
The dipole moment varies depending on the basis set, witkections and tends to better represent electronic excitation
the highest value observed for CAM-B3LYP with LanL2DZ phenomena, though it may slightly penalize ground-state en-
(4.472728), suggesting greater charge separation (Fig. 6). ergy.

CAM-B3LYP generally provides higher dipole moment Regarding the dipole moment, values ranged from
values compared to B3LYP. Polarizability values range from3.13 Debye (B3LYP/CC-pVDZ) to 4.47 Debye (CAM-
196.5 to 233.53, with CAM-B3LYP and 6-311+G(d,p) yield- B3LYP/LanL2DZ), revealing significant differences in the
ing the highest value. In general, CAM-B3LYP exhibits molecule’s polarity depending on the method used. The
greater polarizability than B3LYP, indicating a more flexible highest value, obtained with CAM-B3LYP, suggests greater

Polarizability

B3LYP/631G*

B3LYP/6311+G**

CAM-B3LYP/6311+G**

CAM-B3LYP/LanL2DZ

CAM-B3LYP/cc-pVDZ

o
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Electrostatic Potential Maximum (EPM)

B3LYP/631G*
B3LYP/6311+G**

B3LYP/LanL2DZ

B3LYP/cc-pVDZ

Method

CAM-B3LYP/631G*

CAM-B3LYP/6311+G**

CAM-B3LYP/LanL2DZ ﬁ‘\ r
‘ ‘ e~
CAM-B3LYP/cc-pVDZ J
5 10 15 20 25 30 35

EPM (adimensional)

o

. o a) Conformer 2
FIGURE 8. EPM values of capsaicin, representing vibrational op-

timization. Higher values suggest better geometry-vibration align-
ment.

Pl
charge separation and may indicate a more pronounced de- q/‘i"i 2
9

scription of the electronic asymmetry of CA, which is rel-
evant for studies of molecular interaction with polar envi- ’A‘j
ronments such as solvents or biological receptors. This be-

havior is consistent with the purpose of the CAM-B3LYP

functional, which typically generates more polarized elec- b) Conformer 19
tronic distributions. The average polarizability of the ana-
lyzed systems ranged from 196.5 a.u. to 233.5 a.u., with
the B3LYP/6-311+G(d,p) method again standing out by pre-
senting the highest polarizability (233.53 a.u.). This param-
eter is fundamental in Raman spectroscopy studies, because
higher polarizability is associated with more intense vibra-
tional modes and therefore simulated spectra with greater res-

olution and contrast. The combination of high polarizability ¢) Conformer 37
and low total energy reinforces the suitability of B3LYP/6-
311+G(d,p) for detailed vibrational descriptions. FIGURE 9. Representation of local minima and global minimum

The energy parameter maximum (EPM) is an a-on the potential energy surface of the capsaicin molecule. a) Con-

dimensional value representing the percentage of structurgliZ L SEPEE o0 TR EE E T, e

gptlmlzaltlonlof ﬂre molecul%:n rellatlon to th(ej fexstmgé:/‘:r- structure with elongated side chain; c) Conformer 37 - compact
rational molecular groups. The values ranged from 33.44 tQu,ctre with possible weak intramolecular interaction.

35.69, reflecting minor variations in vibrational efficiency de-

pending on the set of bases and the functional employed. The ~qonformation 2. known as the “scorpion conformer”

highest EPM was obtained with B3LYP/6-31G(d) (35.69),[Fig. 9a)], features the molecule in a more folded state, with
indicating a higher degree of agreement between the optihe amide group favorable to the formation of an intramolec-
mized geometry and the expected V|br_at|on modes, while thg 4, hydrogen bond, possibly involving a carbonyl and a
lowest value (33.44) was recorded with B3LYP/LanL2DZ. nearby hydroxyl or amine group. This internal stabilizing

In general, methods that higher polarizability and lower t0-jnteraction gives this conformation the lowest energy among
tal energy also higher EPM values, suggesting a correlatioghose analyzed, characterizing it as the global minimum on
between geometric optimization and high-quality simulatedhe potential energy surface. However, its compactness may
spectroscopic properties. be entropically unfavorable in solution, especially in polar
Figure 9 showed different conformations 2, 19, and 37media, where the energetic gain from solvent interactions
The CA molecule exhibits significant conformational flexi- would be limited.
bility due to the presence of a long aliphatic chain, polar func-  In conformation 19 [Fig. 9b)], the long side chain con-
tional groups (such as amide, hydroxyl, and ether) and a sultaining the vanillyl group is extended relative to the aromatic
stituted aromatic ring. Conformational analysis, performeding. The amide group adopts a relatively linear geometry.
through DFT calculations, allowed the identification of dif- This structure favors dispersion interactions along the chain
ferent local minima on the potential energy surface, reprebut may be associated with higher energy due to the reduced
senting conformations accessible to the molecule under varcompactness of the molecule. In polar media, this conforma-
ous conditions. tion tends to be entropically disfavored because it extensively
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exposes nonpolar groups to the solvent, thereby reducing iesquilibrium becomes significantly less likely. The fact that
relative stability in such an environment. Conformation 2 is the global minimum suggests that it is the
In conformation 37 [Fig. 9c)], the side chain containing most prevalent under equilibrium conditions, especially in
the amide group folds more, bringing the aromatic groupcondensed phases (solution or membranes). In summary, the
closer to the end of the chain. This geometry suggests thB3LYP/6-311+G(d,p) method demonstrates the best overall
possibility of weak intramolecular interactions, suchrmas performance for the structural and spectroscopic description
or dipole-dipole interactions between molecular fragmentsof CA, providing the lowest energy, the highest polarizability
The relative compactness may make it more stable in nonpand an electronic profile consistent with high-quality simu-
lar environments, as it reduces the exposure of polar grougated Raman spectra. However, CAM-B3LYP methods, al-
to the solvent, optimizing the interaction with the medium. though less energetically stable, stand out for their higher
polarity and sensitivity to long-range electronic interactions,
3.2. Energetic comparison of the conformers making them preferable for studies involving solvation, elec-
tronic excitation, or molecular coupling. The CA molecule
The energies obtained for the three conformations are predresented several stable conformations associated with the
sented in Table Il associated with the O1-C11-N4-H36 di-O1-C11-N4-H36 dihedral rotation, with small energy barri-
hedral rotation. It is noted that the most compact structuregrs between them. This indicates that, under normal thermal
which allows the formation of an intramolecular hydrogenconditions, it can adopt multiple similar geometries, which
bond (Conformer 2), exhibits the lowest total energy and ignay influence its flexibility [37].
therefore the most stable conformer in the gas phase.
Conformation_z (“scorpion”) - Globa_l minimum. Thisis 4 conclusions
the most energetically stable conformation, being 0.16~V (
3.7 kcal/mol) more stable than Conformation 19. Its folded Among the tested methodologies, the CAM-B3LYP func-
structure likely enables the formation of an intramoleculartional combined with the 6-311+G(d,p) basis set exhibited
hydrogen bond (between NH and C=0 or OH), making thesuperior performance in reproducing the experimental spec-
molecule more compact [15]. This internal interaction re-tral features, offering an optimal balance between computa-
duces the total energy of the molecule, thus stabilizing theional efficiency and accuracy. CAM-B3LYP yields the low-
system. It also represents a typical structure for binding test conformational energies across all tested basis sets com-
biological receptors, as it presented a more accessible fungared to B3LYP and provides improved molecular polariz-
tional core [11]. ability values. B3LYP spectra are largely comparable below
Conformation 37.  Approximately 0.05 eV~(@.2 1800 cnt!; however, the 6-31G(d) and LanL2DZ basis sets
kcal/mol) above the global minimum. It may represent a transhow shifts in C=0, N-H, and aliphatic O-H vibrations, re-
sition state or a viable conformation in solution. Although spectively. Overall, CAM-B3LYP, particularly when paired
not the most compact, it may exhibit internal dipole-dipolewith sophisticated basis sets such as 6-311+G(d,p) and CC-
interactions. Thermodynamically, it is a reasonably favoredoVDZ, delivers more accurate electronic property values.
structure. The choice of basis set significantly influences the dipole
Conformation 19. The most expanded, with minimal in- moment and polarizability, affecting the description of the
tramolecular interaction. Around 0.16 e¥3.7 kcal/mol)  molecule’s electronic distribution. Conformational analy-
above the global minimum, which is a significant differencesis indicates three main structures for CA: Conformation 2
on a molecular scale. It may occur in systems with high ro{“scorpion”), the most stable due to an intramolecular hydro-
tational freedom (such as in the gas phase or at high tengen bond; Conformation 37, intermediate in stability, stabi-
peratures), but it is less favored in biological or polar envi-lized by dipole-dipole interactions in nonpolar environments;
ronments. Differences of up to 1 kcal/met@.043 eV) still  and Conformation 19, a more extended and less stable struc-
allow conformational co-existence (seeg, Conf. 2 and 37), ture.
but above 3 kcal/mol (as in the case of 19), co-existence at
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