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Abstract

Labetalol is an antihypertensive agent that possesses both a- and B-adrenergic blocking properties. This characteristic
allows for its clinical use in both chronic hypertension and hypertensive emergencies. In this study, the FT-IR, FT-Raman,
1 H, 13 C, and DEPT-135 NMR spectra of labetalol hydrochloride (Labetalol HCI) were recorded and examined. Fur-
thermore, the pharmacologically active (R, R) stereoisomer of labetalol was theoretically investigated using the B3LYP
functional and the 6-311++G(d, p) basis set. The theoretically determined ground-state geometry of the molecule showed
excellent agreement with experimental data reported in the literature. Using the obtained optimized structure, the vibra-
tional spectra of the molecule were simulated, and the vibrational modes were assigned by evaluating them together with
the experimental data. Nuclear Magnetic Resonance (NMR) analysis of the molecule was performed considering experi-
mentally recorded values and calculations for gas phase, DMSO, and chloroform solvent environments, and the chemical
shift values for each H and C atom were determined. Using Time-Dependent Density Functional Theory (TD-DFT) and
Solvation Model based on Density (SMD) approaches, the UV-Vis spectra of the molecule were obtained in the gas phase
and in four different solvent environments (ethanol, methanol, DMSO, and water). To better understand the electronic
properties of the molecule, Frontier Molecular Orbitals (FMO), Molecular Electrostatic Potential Surface (MEPS), Hirsh-
feld surface analysis, Mulliken and Hirshfeld charge distributions, and Density States (DoS) analyses were performed. In
addition, the non-linear optical (NLO) properties of the molecule were theoretically calculated, and the results showed
that the molecule could be a promising NLO candidate.
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Introduction

Hypertension, which occurs when blood pressure consis-
tently stays above normal limits, is one of the leading health
problems worldwide, leading to countless health compli-
cations and even death [1]. Today, a wide range of phar-
macological agents are used to regulate and control blood
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pharmacological structure, labetalol is described as the first
representative of a group of drugs that block both o- and
B-adrenoreceptors and are therefore used in antihyperten-
sive treatment [4—7]. It acts as a competitive antagonist at
a-adrenoreceptors, a non-selective competitive antagonist
at B-adrenoreceptors, and has a postsynaptic effect [8, 9].
Labetalol also has a mechanism for blocking the effects of
some endogenous chemicals on the heart and cardiovascu-
lar system. This blockage causes a decrease in heart rate
and blood pressure. This reduces the workload on the heart
and helps lessen the risk of heart failure [10]. In addition,
in stressed patients, selective a-1 blockade of labetalol, in
addition to non-selective beta-blockade, improves coronary
hemodynamics and may have positive effects in myocardial
ischemia. Selective a-1 blockade compounds have positive
effects in preventing various types of arrhythmias [11].

Labetalol has four distinct stereoisomers due to the pres-
ence of two asymmetric centers in its structure. While the
first two isomers, (S, S) and (R, S), are considered pharma-
cologically inactive, (S, R) and (R, R) (dilevalol) exhibit
significant a-blocker and B-blocker effects. Labetalol, used
in experimental and clinical studies, is a pharmacological
formulation obtained by mixing these four stereoisomers
in equal proportions [12-16]. Since non-specific drug
toxicities develop independently of the chiral structure in
most cases, this indicates that each enantiomer contributes
to the resulting side effect to the same degree [15, 17, 18].
However, since labetalol is a well-tolerated B-blocker, side
effects are generally mild and transient, occurring early in
treatment [19].

The crystallographic structure of labetalol was first
reported in 1984. This study revealed the solid-state struc-
ture and molecular conformation of the compound using
X-ray diffraction [20]. Botes et al. investigated the saliniza-
tion of five commercial beta-blockers, including labetalol,
with nicotinic and isonicotinic acid using methanochemistry
techniques [21]. Sanfilippo et al. reported the synthesis of
active isomers of labetalol and structural verification of the
products using NMR [22]. Absorption changes of labetalol
and pseudoephedrine in the presence of B-cyclodextrin were
investigated by UV-Vis analysis, and the resulting com-
plexes were determined via absorption shifts [23]. Another
study developed an RP-HPLC method that allows labetalol
hydrochloride to be separated and determined without mix-
ing with its oxidative degradation product, and supported
experimental results by calculating molecule-stationary
phase interactions and binding energies using DFT [24].
Carlo and Patrick analyzed the degradation mechanisms of
five beta-blockers, including labetalol, using CID-MS/MS
and supported the findings with DFT calculations [25]. Ber-
nal et al. used quantitative structure-response relationship
(QSAR) modeling and molecular dynamics simulations

@ Springer

together to determine the biological activities and interac-
tion profiles of new vasodilator candidates that can be used
in the treatment of cardiovascular diseases [26]. They deter-
mined structural features such as HOMO energy, smooth-
ness, and electronegativity and integrated computational
modeling with experimental findings.

Based on the findings reported in the literature, this
study aims to determine the ground-state structures of the
monomeric and dimeric forms of the (R, R) stereoisomer
of labetalol using the DFT/B3LYP method, to elucidate its
molecular spectroscopic properties, and to compare them
with the experimental spectroscopic characteristics of labet-
alol hydrochloride obtained from Fourier transform infrared
(FT-IR), FT-Raman, 'H, 13C and DEPT-135 NMR analyses.

Materials and methods
Experimental studies

The Labetalol hydrochloride sample was procured from
Apollo Scientific and used as received without further puri-
fication. FT-IR spectrum was recorded on a Perkin Elmer
Spectrum One spectrometer in the 4000-400 cm™! region
at room temperature, employing a resolution of 4 cm™ and
32 scans. FT-Raman measurements were carried out in the
4000-0 cm™! region using a Thermo Scientific NXR FT-
Raman module with a 1064 nm Nd: YAG laser as the exci-
tation source. A liquid nitrogen-cooled germanium detector
and a CaF, beam splitter were used in the spectrometer for
spectral acquisition. NMR spectra were recorded at room
temperature on a Bruker Avance 111 400 MHz spectrometer
with the compound dissolved in DMSO-d,. Chemical shifts
were reported in ppm relative to tetramethylsilane (TMS) as
the internal standard for the 'H and '*C NMR spectra.

Computational methods

The ground-state equilibrium geometry of the molecule
was completely optimized for an isolated system in the
gas phase. Based on the optimized structure, vibrational
frequency and NMR chemical shift calculations were car-
ried out within the framework of density functional theory
(DFT) [27, 28] at the B3LYP/6-311 + + G(d, p) level of
theory [29, 30]. To improve agreement between calculated
and experimental vibrational wavenumbers, scaling fac-
tors of 0.983 for frequencies below 1700 cm™ ! and 0.958
for those above 1700 cm™ ! were applied within the B3LYP
method [31, 32]. Vibrational mode assignments were deter-
mined using potential energy distribution (PED) analysis
implemented in the VEDA4 program [33]. The isotropic
chemical shifts ("H and '*C NMR) were calculated using the
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Gauge-Including Atomic Orbital (GIAO) method [34, 35],
with tetramethylsilane (TMS) as the reference compound
in both the gas phase and solvent phases (dimethyl sulfox-
ide -DMSO- and chloroform). UV—Vis spectral properties
were determined using Time-dependent Density Functional
Theory (TD-DFT) [36, 37] in both gas phase and four differ-
ent solvent environments such as ethanol, methanol, water
and DMSO. In the calculations, the Solvation Model based
on Density (SMD) was preferred, which accounts for both
electrostatic and non-electrostatic solvation effects by treat-
ing the solvent as a continuous dielectric medium, thereby
providing theoretical spectra that are more consistent and
reliable with experimental UV—Vis results in solution. The
dipole moment, oscillator strengths, and absorption wave-
lengths were calculated for the first six electronically excited
states, together with the HOMO-LUMO energies. Hirshfeld
surface analysis was employed to elucidate intermolecular
interactions in the crystal structure. In addition, Molecular
Electrostatic Potential (MESP), Frontier Molecular Orbital
(FMO), and Hirshfeld and Mulliken charge analyses were
performed to evaluate the electronic charge distribution and
the intra- and intermolecular interaction characteristics of
the investigated molecule. Since the Density of States (DoS)
plays an important role in understanding electronic struc-
ture and material properties, the corresponding DoS spectra
were also analyzed. All structural parameters and spectro-
scopic properties were computed at the B3LYP/6-311 + +
G(d, p) level using Gaussian 16 software [38]. Hirshfeld
surface analysis was carried out using the available .cif file
of the compound [21] with CrystalExplorer 3.1 [39], and

Fig. 1 Optimized equilib-

rium structure of (R, R)-
labetalol (E=—1073.984 Har-
tree=—29224.62 eV) obtained by
B3LYP/6-311++G(d, p)

DoS calculations were performed with GaussSum 3.0.2 [40]
software.

Results and discussion
Molecular geometry

The crystallographic structure of (R, R)-Labetalol HCI was
first described in the literature in 1984 [20]. Later, the sali-
fication of five beta blockers also including labetalol, with
nicotinic and isonicotinic acid via mechanochemistry is
described by Botes et al. [21]. To the best of our knowl-
edge, these two studies are the only ones in the literature
that have used experimental techniques to investigate the
structure of labetalol, however, it should be emphasized
that there are some differences between the data of these
two studies. Therefore, the computational results from our
study were compared with the two experimental studies
mentioned. Since the ground-state structure of a molecule
is used to calculate its spectroscopic properties in quantum-
chemical computations, it is crucial to first identify the opti-
mal ground-state structure. To optimize (R, R)-Labetalol,
experimental data [21] were used as input parameters. For
the isolated and monomeric (R, R)-Labetalol, the optimized
geometrical structure is displayed in Fig. 1, whereas Fig. S1
shows the dimeric structure. Geometric parameters, includ-
ing bond lengths, bond angles, and dihedral angles, are listed
in Table 1 according to the atomic numbering in Fig. 1.
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Labetalol is a molecule that contains two aromatic
rings—one with polar functional groups and the other
a hydrophobic terminal phenyl ring—and single bonds
between the aliphatic side chains, allowing for free rota-
tion, thus exhibiting non-planar conformational flexibility.
Therefore, (R, R)-Labetalol was investigated in this study,
focusing on three fragments: the polar ring (ring 1), the
hydrophobic ring (ring 2), and the aliphatic chain or back-
bone (Scheme 1).

When examining the polar ring, which is the first frag-
ment for the monomer structure, the C-C bond lengths
within the ring are calculated by B3LYP to be in the range
of 1.381-1.417 A. In the dimer structure, these bond lengths
were found to be 1.389-1.438 A, while experimental stud-
ies show these values to be in the range of 1.378-1.412 A.
Calculations for the ring-attached amide group also show
a good correlation with experimental data; however, the
C = O bond was estimated to be shorter, while the C-N
bond was calculated to be longer. Experimental and theo-
retical studies showed that when examining the CCC bond
angles in the ring, there are no significant deviations from
the expected 120° angle. A similar situation occurs in the
bond angles of the amide group, and a nearly planar angle
was observed between the amide group and the ring. The
predicted C-C bond lengths for the hydrophobic ring show
very good agreement with the experimental data reported
in [21] but reveal significant differences compared with the
other experimental dataset [20]. These differences are valid
for both experimental sets. The CCC bond angles of the
ring were found to be exactly 120° in the study, while these
angles were estimated with very small differences in the
B3LYP calculations [21]. When examining the backbone
connecting the two rings, it is observed, as expected, that
the dimer calculations are closer to the experimental values
than the monomer. The interatomic bond angles in the back-
bone can be estimated to be around 110°. The C-N-C bond
angle is given as 118.4° in the study, and B3LYP’s estimate
is closer to this, as can be seen in Table 1 [21]. Overall,
the B3LYP calculations are consistent with the experimen-
tal values, and appropriate optimization was performed to
determine the spectroscopic properties. This can be seen in
the r.m.s values given in the bottom row of Table 1. Our
calculations are based on r.m.s. values are much more con-
sistent with a study in the literature, and while this value is
only 0.03 A for bond lengths, it was found to be 1.69° for
bond angles.

Vibrational (IR and Raman) analysis
The recorded FT-IR and FT-Raman spectra for labetalol

hydrochloride, and simulated vibrational spectra for (R, R)-
Labetalol are given in Figs. S2 and S3, respectively. The
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recorded wavelengths and calculated vibrational param-
eters, along with the assignments for each vibrational mode,
are given in Table S1.

The (R, R)-Labetalol molecule consists of 48 atoms, and
therefore 138 vibrational modes were calculated. Skeletal
vibrations in organic molecules often come from the linear
or branched chain structures within the molecule and fall
between 1400 and 700 cm™ !. The pattern of the absorption
bands typically changes significantly when a substituent is
added to the chain or ring. These bands are so frequently
referred to as “fingerprint” bands, and the appearance of this
portion of the spectrum is often used to identify a molecule
or structural unit. Group frequencies, on the other hand, are
typically located much above or below the region where
skeletal vibrations are found and, with a few exceptions, are
mostly independent of the molecule’s overall structure [41].
The distinctive region for quickly identifying C-H, O-H,
and N—H stretching vibrations is the high-frequency range
above 3000 cm™ ! [42]. O-H stretching is identified by a very
broad band seen about 3400-3600 cm™ !. However, hydro-
gen bonding between molecules in the condensed phase
complicates the vibrational spectra. For the studied mol-
ecule, the stretching mode of the OH attached to the polar
ring was estimated by B3LYP as a pure mode of 3830 cm ™ .
For the OH stretching in the backbone, this value was calcu-
lated as 3175 cm™ ! and recorded as 3177 cm™ ! in the FT-IR.
The O-H in-plane bending vibration occurs in the range
of 1440-1395 cm™ !, while the O—H out-of-plane bending
vibration appears in the 960-875 cm™ ! region [43, 44]. The
in-plane bending vibrations of both OHs were estimated at
1298 and 1406 cm™ !, and the recorded IR and Raman values
of 1413 and 1418 cm™ ! support these calculations. When
we examined the out-of-plane OH bending modes, a pure
vibration at 812 cm™ ! and a contaminated vibration at 844
cm™ ! were calculated for the ring-connected group. For the
OH group located in the aliphatic chain, two contaminated
vibrations were predicted at 306 and 329 cm™ !. Symmetric
and asymmetric stretching vibrations of the amino group, as
well as N-H stretching vibrations, are located in the region
where O—H stretching bands are observed in the spectrum.
The symmetric and asymmetric stretching modes of the NH,
group, which belongs to the amide group, were calculated
as pure vibrations at 3452 and 3733 cm™ !, respectively. The
scissoring modes of NH, were calculated at 1581 and 1627
cm” !, contaminated by other vibrational modes. The rock-
ing mode of this group was predicted by B3LYP at 1057 and
1097 cm™ !, the twisting mode at 535 cm™ !, and the wagging
mode at 235 and 240 cm™ !. The stretching mode of the N—-H
group in the aliphatic chain was calculated at 3382 cm™;
in-plane bending vibrations were determined at 1494 and
1496 cm™ ! and out-of-plane bending vibration at 725 cm™ .
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Table 1 Comparison of calculated and reported geometric parameters of Labetalol (monomer and dimer)

Bond lengths Monomer Dimer Exp. 1* Exp. 2° Bond Lengths Monomer Dimer Exp. 1? Exp. 2°
C(1)-C(2) 1.404 1.390 1.399 1.386 C(7)-C(9)-C(10) 123.1 123.7 122.3 122.0
C(7)-C(9) 1.407 1.423 1.393 1.399 C(9)-C(10)-0(41) 121.5 122.9 120.6 120.1
C(9)-C(10) 1.483 1.443 1.502 1.487 C(2)-C(1)-0(39) 117.7 119.0 117.8 118.1
C(10)-0(41) 1.240 1.262 1.252 1.254 C(9)-C(10)-N(42) 119.0 119.0 120.2 119.2
C(10)-N(42) 1.361 1.391 1.331 1.330 0(41)-C(10)-N(42) 119.5 118.0 119.2 120.7
C(11)-C(13) 1.543 1.528 1.521 1.510 C(6)-C(11)-C(13) 112.3 108.0 111.2 110.1
C(11)-0(47) 1.437 1.424 1.427 1.342 C(6)-C(11)-0(47) 112.3 115.0 107.0 115.0
C(1)-C(9) 1.417 1.438 1.406 1.408 C(13)-C(11)-0(47) 105.4 106.4 111.3 111.8
C(13)-N(45) 1.457 1.520 1.495 1.494 C(9)-C(1)-0(39) 123.0 120.5 121.9 122.7
C(16)-C(18) 1.533 1.524 1.517 1.515 C(11)-C(13)-N(45) 115.3 114.6 111.9 113.5
C(16)-C(22) 1.537 1.537 1.460 1.523 C(18)-C(16)-C(22) 112.1 113.6 115.5 113.5
C(16)-N(45) 1.473 1.531 1.543 1.507 C(18)-C(16)-N(45) 109.8 110.2 107.8 110.1
C(6)-C(7) 1.387 1.389 1.410 1.383 C(22)-C(16)-N(45) 108.1 106.8 112.9 106.2
C(6)-C(11) 1.514 1.517 1.535 1.515 C(16)-C(22)-C(25) 115.7 114.2 114.0 113.9
C(22)-C(25) 1.543 1.546 1.398 1.527 C(1)-C(2)-C(4) 120.7 120.7 119.8 121.1
C(1)-0(39) 1.340 1.347 1.350 1.352 C(22)-C(25)-C(28) 114.5 113.5 110.6 110.2
C(25)-C(28) 1.516 1.514 1.659 1.603 C(25)-C(28)-C(29) 120.7 120.2 117.1 120.0
C(28)-C(29) 1.401 1.401 1.421 1.390 C(25)-C(28)-C(37) 121.3 121.4 125.0 119.9
C(28)-C(37) 1.399 1.398 1.397 1.390 C(29)-C(28)-C(37) 118.0 118.4 117.9 120.0
C(29)-C(31) 1.393 1.394 1.381 1.390 C(28)-C(29)-C(31) 121.1 120.1 119.6 120.0
C(31)-C(33) 1.395 1.392 1.396 1.390 C(29)-C(31)-C(33) 120.2 119.6 121.1 120.0
C(33)-C(35) 1.393 1.394 1.320 1.390 C(31)-C(33)-C(35) 119.4 120.1 119.7 120.0
C(35)-C(37) 1.395 1.393 1.425 1.390 C(33)-C(35)-C(37) 120.1 120.1 121.6 120.0
C(2)-C(4) 1.381 1.413 1.379 1.378 C(28)-C(37)-C(35) 121.1 121.0 119.6 120.0
C(4)-C(6) 1.408 1.401 1.412 1.392 C(2)-C(4)-C(6) 121.2 119.7 120.9 121.0
O...H 3.711 C(13)-N(45)-C(16) 116.8 120.5 113.6 118.4
Bond angles Monomer  Dimer Exp. 1 Exp. 2° Dihedral angles Monomer  Dimer Exp. 17 Exp. 2°
C(2)-C(1)-C(9) 119.3 120.5 120.3 119.2 C(37)-C(28)-C(29)-C(31) 0.4 0.6 7.3 0.0
C(4)-C(6)-C(7) 118.0 120.1 118.9 118.0 C(25)-C(28)-C(37)-C(35) 179.9 177.5 172.6 176.5
C(4)-C(6)-C(11)  121.0 119.6 120.5 121.5 C(29)-C(28)-C(37)-C(35) -0.3 -0.9 -1.5 0.0
C(7)-C(6)-C(11)  121.0 120.2 120.5 120.5 C(28)-C(29)-C(31)-C(33) -0.1 -0.1 -2.0 0.0
C(6)-C(7)-C(9) 122.5 121.8 120.3 122.4 C(29)-C(31)-C(33)-C(35) -0.2 -0.6 -3.5 0.0
C(1)-C(9)-C(7) 118.4 117.2 119.7 118.4 C(31)-C(33)-C(35)-C(37) 0.2 0.3 3.5 0.0
C(1)-C(9)-C(10)  118.5 119.1 119.9 119.6 C(33)-C(35)-C(37)-C(28) 0.0 0.5 2.3 -0.0
Dihedral angles Monomer Dimer Exp. 1? Exp. 2°
C(1)-C(2)-C(4)-C(6) 0.1 -0.1 -1.5 0.6
C(2)-C(4)-C(6)-C(7) 0.7 0.8 2.7 0.5
C(2)-C(4)-C(6)-C(11) -177.3 -174.6 178.9 -178.3
C(9)-C(1)-C(2)-C(4) -1.1 2.1 -0.3 -1.3
C(4)-C(6)-C(7)-C(9) -0.5 0.7 -2.0 -0.7
C(11)-C(6)-C(7)-C(9) 177.5 176.2 178.2 178.0
C(4)-C(6)-C(11)-C(13) 72.4 99.4 47.6 114.8
C(4)-C(6)-C(11)-0(47) -46.1 -142.0 -74.2 -12.6
C(7)-C(6)-C(11)-C(13) -105.5 -76.0 -136.2 -63.9
C(7)-C(6)-C(11)-0(47) 1359 42.5 102.0 168.7
C(6)-C(7)-C(9)-C(1) -0.5 -2.8 0.2 0.0
C(6)-C(7)-C(9)-C(10) 179.0 177.6 177.7 179.0
C(1)-C(9)-C(10)-O(41) -5.6 -5.0 -8.0 -5.9
C(1)-C(9)-C(10)-N(42) 175.1 177.1 1723 173.3
C(7)-C(9)-C(10)-O(41) 174.9 174.6 174.3 173.1
C(7)-C(9)-C(10)-N(42) -4.4 -3.4 -5.3 -7.7
0(39)-C(1)-C(2)-C(4) 179.3 178.7 179.8 169.0
C(6)-C(11)-C(13)-N(45) 178.3 164.3 170.5 161.9
0(47)-C(11)-C(13)-N(45) -59.2 -71.8 -70.3 -32.7
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Table 1 (continued)

Dihedral angles Monomer Dimer Exp. 1? Exp. 2°
C(2)-C(1)-C(9)-C(7) 1.3 35 1.0 1.0
C(11)-C(13)-N(45)-C(16) -73.4 -64.9 -165.1 -60.3
C(2)-C(1)-C(9)-C(10) -178.2 -177.0 -176.7 -179.9
0(39)-C(1)-C(9)-C(7) -179.1 -177.3 -179.1 -179.3
C(18)-C(16)-C(22)-C(25) 65.5 74.8 -63.0 59.3
N(45)-C(16)-C(22)-C(25) -173.4 -163.5 -61.7 -179.6
C(18)-C(16)-N(45)-C(13) -78.3 -53.0 -76.1 -68.3
0(39)-C(1)-C(9)-C(10) 1.3 2.3 3.2 0.3
C(22)-C(16)-N(45)-C(13) 159.1 176.9 155.1 168.5
C(16)-C(22)-C(25)-C(28) 63.1 71.0 175.8 66.2
C(22)-C(25)-C(28)-C(29) 67.6 82.0 70.1 68.3
C(22)-C(25)-C(28)-C(37) -112.6 -96.4 -109.8 -115.2
C(25)-C(28)-C(29)-C(31) -179.9 -177.8 -172.8 -176.5

Bond lengths in Angstroms (A), bond angles and dihedral angles in degrees (°). r.m.s. (bond lengths, A); Monomer vs. Exp. 1: 0.05, Monomer
vs. Exp. 2: 0.03, Dimer vs. Exp. 1: 0.05, Dimer vs. Exp. 2: 0.03. r.m.s. (bond angles, °); Monomer vs. Exp. 1: 2.40, Monomer vs. Exp. 2: 1.76,
Dimer vs. Exp. 1: 2.80, Dimer vs. Exp. 2: 1.69. Exp. 1 data is taken from Ref. [20] and Exp. 2 data is taken from Ref. [21]

OH

1. Polar ring

Scheme 1 Structure of labetalol

The C-H stretching vibration in the heteroaromatic
structure appears in the 30003100 cm™ ! region, which is
characteristic for the rapid identification of aromatic C—H
stretching vibrations [42]. On the other hand, -CH, group
results in asymmetrical stretching frequency at 2940-2980
ecm ! and symmetrical C—H stretching absorption, which
remains constant between 2850 and 2890 cm™ ! [41]. The
rings’ CH stretching modes were calculated in the region
of 3019-3062 cm™ !, and only one value at 3062 cm™ ! is
recorded in the experimental Raman spectrum within this
region. Asymmetric stretching for the CH, and CH; groups
in the backbone were calculated to be in the range of 2219—
2967 cm™ !, while symmetric stretching modes were in the
range of 2882-2907 cm™ !. The vibrational bands observed
at 3812 and 3869 cm™ ! are attributed to C—H stretching
modes of the chiral centers along the molecular backbone.

@ Springer

2. Backbone

SN

CH3

3. Hydrophobic ring

C-H in-plane bending vibrations are generally in the range
of 1000-1300 cm™ !, while out-of-plane bending vibrations
are approximately in the range of 650-1000 cm™ ! [43, 44].
In the studied molecule, the in-plane C—H bending vibra-
tions of the rings are distributed over the 1140-1500 cm™ !
range; some are assigned as pure vibrational modes, whereas
others are coupled with additional vibrational modes. The
out-of-plane C—H bending vibrations appear in the 700-983
cm™ ! region and, as shown in the table, most of them are
assigned as pure modes. The scissoring modes of CH, and
CHj; groups located in the backbone correspond to the range
of 1447-1482 cm™'. At 1386 cm™ !, the CH, umbrella mode
was identified as a pure mode. The wagging modes of these
groups are in the range 1330—1372 cm™ !, while the twisting
mode is indicated at 1070 and 1187 cm™ !. Since the C=0
stretching vibration causes a significant change in the dipole
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moment, a strong and distinct peak is obtained in the 1700—
1800 cm™ ! region [43, 45]. The vibrational mode recorded
at 1673 and 1679 cm ! in the FT-IR and Raman spectra,
respectively, and calculated at 1670 cm™ !, was assigned
as the C = O stretching. The spectral region of 1400-1650
cm !, located at the top of the fingerprint area, is the region
where C = C stretching vibrations are observed, especially
in aromatic rings. Five bands in this region at the intervals
of 1625-1590, 1590-1575, 1540-1470, 1465-1430, and
1380-1280 cm™ ! were identified [46].

The C-C stretching modes of the rings were recorded
within a range consistent with the literature, and very good
agreement was observed between experimental and calcu-
lated values in this region. For the two aromatic rings, the
in-plane CCC bending vibrations were recorded and cal-
culated to lie approximately in the 700-1100 cm™! range.
This region partially overlaps with the out-of-plane bend-
ing vibrations of the ring C—H bonds. Both vibration modes
were calculated and recorded within the expected range
and are consistent with the literature. Out-of-plane CCCC
bendings are observed in a lower range, 700-400 cm™ ', and
were calculated quite successfully by B3LYP in the 397—
712 cm™ ! range.

Nuclear magnetic resonance (NMR) analysis

The Gauge-Invariant Atomic Orbital (GIAO) method is for-
mulated using an exponential multiplier that incorporates a
vector potential in each atomic orbital, making it insensitive
to gauge transformations of the magnetic field. It is currently
the most widely accepted approach for calculating NMR
spectra. In this context, the 'H and '*C NMR chemical shift
values for the monomer and dimer (R, R)-Labetalol mol-
ecule were calculated using the GIAO method for different
dielectric environments, including gas phase, chloroform,
and dimethyl sulfoxide (DMSO) solvent, using the B3LYP
hybrid functional and the 6-311 + + G(d, p) basis set. The
'H, 13C, and DEPT (Distortionless Enhancement by Polar-
ization Transfer)-135 NMR spectra recorded in DMSO-d,
are shown in Fig. S4. The recorded and calculated chemi-
cal shift values (ppm) for each H and C atom are given in
Table 2. Proton and carbon chemical shift values for labet-
alol [22] and only proton chemical shift values for labetalol
+ isonicotinic acid [21] were previously recorded in DMSO
solvent and published. In NMR spectra, especially 1H NMR
spectra, it is very difficult to precisely assign chemical shifts
to specific atoms. Therefore, the assignments in Table 2 take
into account the studies mentioned above. Since the samples
used in the experimental NMR spectrum consist of a mix-
ture of (R, R) and (R, S) stereoisomers, many of the peaks
in the 1°C NMR spectrum consist of two separate peaks very
close to each other, each corresponding to a stereoisomer.

Therefore, chemical shifts in carbon atoms can be more
easily identified by also utilizing the DEPT-135 spectrum.
In the DEPT-135 spectrum, positive peaks correspond to
methine (CH) or methyl (CH;) carbons, while negative
peaks correspond to methylene (CH,) carbons. On the other
hand, quaternary carbons, which do not have protons, do
not give a signal and are therefore not visible. Therefore,
the methyl carbon is represented by the peak at 15.63 ppm,
while the methylene carbons are represented by the peaks
at 31.44, 33.77, and 50.65 ppm. Because oxygen is elec-
tronegative, the carbon atoms bonded to oxygen resonate
in the downfield region. Both of the carbons to which the
oxygen atoms are linked in this molecule showed a peak of
172.16 ppm. Similarly, the carbon atom to which the phenyl
ring is attached to the backbone resonated in the downfield
region, giving a chemical shift of 160.89 ppm. The carbon
to which the amide group is linked produced a signal at
114.80 ppm, and the carbon to which the aliphatic chain is
attached produced a signal at 141.36 ppm when the polar
ring’s carbon atoms without hydrogen bonds were exam-
ined. The signals at 68.32 and 53.79 ppm correspond to two
backbone carbons: one is substituted with a hydroxyl group
and a hydrogen, and the other with a methyl group and a
hydrogen. Aromatic carbons are known to produce signals
in the NMR spectrum with chemical shift values between
100 and 150 ppm [47-49].

The remaining carbons of the hydrophobic ring resonated
in the range of 126.48-128.87 ppm. In the polar ring, two
carbon atoms with equivalent chemical environments give
rise to a signal at 132.20 ppm. In contrast, the remaining
carbon, due to its different neighboring environment, reso-
nates at 117.74 ppm. Even though monomeric and dimeric
forms were handled independently in the computations,
differences between the calculated model and the crystal-
lographic structure impact the electronic structure and,
consequently, the ensuing chemical shifts. Therefore, it is
common to observe differences between the predicted and
observed values. As can be seen from the r.m.s. values given
in Table 2, the calculations for the monomeric structure are
closer than those for the dimeric structure.

The signal at 12.95 ppm in the '"H NMR spectrum shown
in Fig. S4 was not predicted by theoretical calculations. The
signal in question arises from the hydrogen-solvent inter-
action, since the experimental spectrum was recorded for
Labetalol HCI, whereas the calculations were performed
for the Labetalol molecule alone. It should also be empha-
sized that the signal observed at 3.39 ppm in the spectrum
originates from water molecules and is not associated with
the compound. Because the NH and OH protons in the
compound under investigation can exhibit both intermo-
lecular and solvent interactions, the largest discrepancies in
the calculations are expected to arise from these protons.
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Table 2 The recorded and predicted a. 1 H NMR isotropic chemical shifts (with respect to TMS, all values in ppm). b. 13 C NMR isotropic chemi-
cal shifts (with respect to TMS, all values in ppm)

Atom

Monomer

Dimer

Exp.

Gas

DMSO Chloroform Gas

DMSO

Chloroform

a. 1 H NMR isotropic chemical shifts (with respect to TMS, all values in ppm). b. 13 C NMR isotropic chemical shifts (with respect to TMS,

all values in ppm)
H(40)
H(5)
H(30)
H(32)
H(36)
H(38)
H(34)
H(3)
H(8)
H(44)
H(43)
H(12)
H(27)
H(14)
H(26)
H(15)
H(17)
H(24)
H(23)
H(46)
H(20)
H(21)
H(48)
H(19)
r.m.s.

9.34
7.96
7.44-7.47
7.18-7.32
7.18-7.32
7.44-7.47
7.18-7.32
6.90
7.96
8.55-8.68
8.55-8.68
4.90
2.69-2.81
2.90-3.21
2.69-2.81
2.90-3.21
2.69-2.81
1.68-1.92
1.68-1.92
6.13
1.34
1.34
1.06
1.34

b. 13C NMR isotropic chemical shifts (with respect to TMS, all values in ppm)

C(10)
c(1)
C(28)
C(6)
C4)
c(37)
c(31)
C(29)
C(35)
C(33)
c(7)
CQ2)
C(9)
C(11)
C(13)
C(16)
C(22)
C(25)
C(18)

rm.s.

172.16

172.16

160.89

141.36
132.20, 132.53
128.86, 128.87
128.75, 128.77
128.86,128.87
128.75, 128.77
126.48, 126.71
132.20, 132.53
117.74

114.80

68.32, 68.53
50.65, 50.71
53.79, 53.90
33.77,34.43
31.44,31.54
15.63,16.10

12.40 12.24 12.28
7.72 7.92 7.88
7.58 7.89 7.80
7.57 7.85 7.77
7.46 7.77 7.67
7.40 7.73 7.61
7.39 7.68 7.59
7.12 7.23 7.23
6.71 7.45 7.19
5.37 6.34 6.04
4.60 5.35 5.17
4.29 4.64 4.51
3.00 3.10 3.08
2.80 2.74 2.78
2.59 2.81 2.73
2.47 2.70 2.62
2.56 2.65 2.60
1.72 1.94 1.86
1.76 1.69 1.74
1.51 1.81 1.72
1.20 1.46 1.34
1.21 1.34 1.29
0.49 0.95 1.10
0.50 0.36 0.40
1.42 1.37 1.58
177.09 179.75 179.15
172.79 17158 171.85
151.37 153.83  153.20
140.55 14332 142.65
139.54 140.82  140.61
136.32 13751 137.03
135.19 136.10 135.83
134.68 13592 135.58
134.19 13542 13494
131.71 13253 132.19
128.96 13332  131.58
126.19 124.64 12536
116.52  117.69 117.34
76.01 76.38 76.27
58.64 58.39 58.44
50.54 50.99 50.87
45.59 45.95 45.77
37.49 37.30 37.38
18.91 19.18 18.98
6.37 6.48 6.22

13.11/13.12
6.07/6.07
7.33/7.33
7.63/7.63
7.94/7.94
7.32/7.33
7.77117.77
5.31/531
5.75/5.75
3.26/3.79
3.26/3.79
3.97/3.97
2.65/2.96
2.25/4.11
2.65/2.96
225/4.11
4.43/4.42
1.75/1.96
1.75/1.96
3.58/1.90
2.53/2.53
1.93/1.93
2.65/2.65
0.96/0.96
2.03

170.17/170.19
173.98/173.98
145.18 /145.16
137.37/137.37
107.89/107.85
135.85/135.86
135.93/135.92
133.08 /133.07
138.54/138.52
135.72/135.76
123.53/123.54
109.08 / 109.07
112.07 /112.07
80.78 /80.77
59.98/59.98
62.16/62.16
47.11/47.11
36.00/36.01
18.08 /18.07
11.79

12.74/12.74
4.77/4.77
7.75/1.75
7.84/7.84
7.83/7.82
7.67/7.68
7.69/7.69
5.00/5.00
5.20/5.20
3.15/3.67
3.14/3.68
4.04/4.04
2.83/3.01
3.04/3.59
2.83/3.01
3.04/3.59
3.91/3.90
2.00/1.75
2.00/1.75
4.68/4.72
2.07/2.07
1.82/1.82
2.59/2.60
0.84/0.84
1.94

158.82/158.82
170.30/170.30
152.20 /152.18
144.57 / 144.57
103.84/103.84
137.38 /137.40
135.98/135.97
136.05/136.05
137.09/137.07
132.91/132.96
109.31/109.31
105.27/105.27
105.99/106.00
79.82/79.81
60.72/60.73
62.14/62.14
44.53/44.53
37.08/37.08
15.92/15.91
11.62

12.73/12.74
4.72/4.72
7.54/7.54
7.76/1.76
7.88/7.87
7.58/7.59
7.75/71.75
4.95/4.95
5.09/5.09
2.98/3.48
2.98/3.48
3.99/3.99
2771297
3.00/3.67
2771297
3.00/3.67
4.12/4.11
1.86/1.62
1.86/1.62
434/4.42
2.25/2.25
1.86/1.86
2.95/2.95
0.68/0.68
2.02

158.19/158.20
170.32/170.32
149.28 / 149.26
142.92/142.92
103.56/103.55
137.12/137.14
135.81/135.81
134.38 /134.38
137.95/137.93
134.41/134.45
110.17/110.17
105.23/105.22
106.78 / 106.78
80.15/80.15
61.26/61.27
62.08/62.07
45.13/45.13
36.95/36.95
16.21/16.20
9.80
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The amino group protons appeared at 8.55-8.68 ppm in
the experimental spectrum; however, the calculations, as
expected, predict chemical shifts slightly upfield. A similar
situation applies to the NH proton. For instance, this proton
resonates at 6.13 ppm experimentally, while calculations
predict a chemical shift of 1.51-1.81 ppm for the mono-
meric structure. In the dimeric structure, due to intermo-
lecular interactions, this shift moves downfield. Therefore,
it can be said that by aligning the theoretical framework
more closely with the experimental one, B3LYP will be able
to predict this value more accurately. The largest chemical
shift in the spectrum (9.34 ppm) is attributed to the phenolic
OH proton attached to the polar ring and is consistent with
the literature in DMSO medium [50]. In contrast, theoreti-
cal GIAO calculations yield a value approximately 3 ppm
larger (> 12 ppm), which is a common theoretical deviation
for phenolic OHs. However, for the other OH proton in the
aliphatic chain, this difference is quite small, particularly for
the monomeric structure. This proton resonates at 1.06 ppm,
a signal not reported in the literature. Protons in aromatic
rings generally resonate in the range of 6.5-8.5 ppm. In ben-
zene derivatives, such as simple phenyl groups, this range
is 7.0-7.5 ppm, but these values can vary depending on the
groups attached to the ring. For example, in aromatic rings
containing electron-withdrawing groups, protons resonate
at 7.5-8.5 ppm, while the chemical shift of protons shifts to
the range of 6.5-7.2 ppm with the attachment of electron-
donating groups [49, 51]. The five hydrogen atoms attached
to the hydrophobic ring appeared in the range of 7.18-7.47
ppm. In the polar ring, the H(3) proton has a chemical shift
of 6.90 ppm due to its distant interaction with the Oxygen
atom, while the other two protons resonated at 7.96 ppm,
consistent with the literature. While protons in the methyl
group showed a chemical shift of 1.34 ppm, protons in the
methylene groups, as expected, signaled with a higher shift,
in the range of 1.68-3.21 ppm, the chemical shift values for
protons located in chiral centers were recorded as 2.69-2.81
and 4.90 ppm, respectively. As with carbon atoms, calcula-
tions for protons in the monomer are more consistent with
experimental values than for the dimer. The r.m.s value for
the monomeric structure is 1.37 ppm when the calculations
are performed in DMSO, but it is roughly 2.00 ppm for the
dimeric structure. The discrepancies between experimental
and calculated values are primarily due to the inability to
perfectly replicate the experimental environment in calcula-
tions. Nevertheless, it can be said that DFT alone is suffi-
cient for interpreting any NMR spectra and determining the
molecular structure.

Analysis of electronic properties

To elucidate the electronic transitions of the investigated
molecule, TD-DFT calculations of the electronic absorption
spectrum were performed in vacuum and in four solvents:
ethanol, methanol, water, and DMSO, considering six sin-
glet — singlet spin-allowed excited states with the lowest
energy. Simulated UV-Vis spectra of (R, R)-Labetalol for
all media are given in Fig. 2. Furthermore, calculated val-
ues, including excitation energies, oscillator strengths (f),
absorption wavelengths (L), transition states, configuration
interaction coefficients, and percentage contributions to
electronic transitions, are presented in Table 3. The UV-Vis
spectrum of Labetalol has been previously reported, with
maximum absorption peaks at 302 nm [52] and 308 nm
[53]. Compared to previous literature, a higher resolution
UV-Vis spectrum was obtained; this spectrum revealed three
maximum absorption peaks at wavelengths of 206, 232, and
302 nm [54]. As shown in Table 3, in this study, consider-
ing six singlets — singlet spin-allowed excited states with
the lowest energy, only one electronic transition’s oscillator
strength was found to be non-zero for media other than etha-
nol. The second non-zero f value obtained for the ethanol
solvent is quite small. Oscillator strength (f) measures how
strongly a transition interacts with light, and if the dipole
transition moment between two energy levels is zero, f =
0, meaning that the transition is optically forbidden. In
this case, for (R, R)-Labetalol, a single allowed transition
around 320 nm in the solvent medium was calculated, corre-
sponding to a transition from the ground to the first excited
state. When solvent effects are excluded (i.e., in a vacuum),
this electronic transition was predicted to occur at 328.6
nm. Fig. S5 illustrates the frontier molecular orbital patterns
that are crucial to electronic transitions. The energy values
and energy differences of these molecular orbitals can be
seen in Table 4. Other crucial parameters, such as ionization
potential, electron affinity, chemical hardness and softness,
electronegativity, electronic chemical potential, and the
electrophilicity index—which is a measure of a molecule’s
overall propensity to accept electrons—can be calculated
from the HOMO and LUMO energy values of a molecule
or molecular system. The TD-DFT-calculated values for
all these parameters are listed in Table 5. As can be seen
from the frontier molecular orbital patterns and Table 3, the
optically allowed only one transition occurs from HOMO
to LUMO, and is assigned as n—n*. HOMO is localized to
the relatively electron-rich n-conjugated regions of the mol-
ecule, while LUMO is distributed preferentially over elec-
tron-withdrawing functional groups that represent potential
electron-accepting regions. This indicates intramolecular
charge transfer from the donor to the acceptor. To esti-
mate the atomic charge distribution, Mulliken population
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Fig. 2 Simulated UV-Vis spectra of
(R, R) -labetalol
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Table 3 Calculated absorption wavelengths (A, nm), excitation energies (E, eV), oscillator strengths (f) and the highest electron transitions percent-
ages (%) of the (R, R)-Labetalol in vacuum and solvents

Media A (nm) E (eV) f Transition states Coeflicients %
Gas 392.1 3.162 0 (88—89) 0.54966 30.21
349.2 3.551 0 (84—89) 0.47616 22.67
331.1 3.745 0 (86—91) 0.3597 12.94
328.6 3.773 0.0267 (88—89) 0.70135 49.19
308.6 4.017 0 (87—89) 0.54961 30.21
297.4 4.169 0 (84—389) 0.47849 22.9
DMSO 382.19 3.244 0 (88—89) 0.55322 30.61
345.37 3.59 0 (84—89) 0.47319 22.39
327.7 3.784 0 (86—90) 0.36918 13.63
319.4 3.881 0.0523 (88—89) 0.69844 48.78
296.9 4.175 0 (87—89) 0.54934 30.18
293.9 4219 0 (84—389) 0.45742 20.92
Ethanol 383.7 3.231 0 (88—89) 0.5464 29.86
345.9 3.584 0 (84—89) 0.48258 23.29
327.8 3.782 0.0066 (86—90) 0.36551 13.36
3224 3.846 0.0451 (88—89) 0.69951 48.93
300.2 4.13 0 (87—89) 0.55071 30.33
294.2 4214 0 (84—89) 0.46119 21.27
Methanol 383.7 3.231 0 (88—89) 0.54532 29.74
346 3.583 0 (84—89) 0.486 23.62
327.7 3.783 0 (86—90) 0.36392 13.24
322.6 3.843 0.0434 (88—89) 0.69964 48.95
300.5 4.125 0 (87—89) 0.54897 30.14
294.2 4214 0 (84—89) 0.45966 21.13
Water 383.5 3.233 0 (88—89) 0.5452 29.72
345.9 3.585 0 (84—89) 0.48615 23.63
327.6 3.785 0 (86—90) 0.36362 13.22
3222 3.848 0.0439 (88—89) 0.69952 48.93
300 4.132 0 (87—89) 0.54857 30.09
294.1 4.216 0 (84—89) 0.45885 21.06
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Table 4 Energy values and energy differences of molecular orbitals
playing an active role in electronic transitions calculated for the (R,
R)-Labetalol, all values in eV

Gas DMSO Ethanol Methanol Water
Enomo -6.01 -591 -5.94 -5.95 -5.95
Enomo-1 -6.64 -6.52 -6.56 -6.58 -6.58
Eumo -1.73  -1.49 -1.56 -1.57 -1.57
E; umo+1 -0.75 -0.45 -0.46 -0.45 -0.45
AE ymo+1)-HOMO 526 546 5.48 5.49 5.50
AE( umo+1y-mumo-1)  5-89  6.07 6.11 6.12 6.13
AE; ymo-toMo 428 4.42 438 437 4.38
AE| umo-HoMOo-1) 491 5.03 5.01 5.00 5.01

analysis [55] and the Hirshfeld partitioning scheme [56]
were employed. The atomic charge distributions obtained
using both methods are listed in Table S3. According to
these results, Mulliken population analysis indicates a net
charge transfer from the hydrophobic ring-chain fragment
to the polar ring, supporting the donor-acceptor behavior
highlighted above. On the other hand, Hirshfeld charges
indicate negative charge accumulation on both aromatic
rings and a mainly localized positive charge on the aliphatic
chain. Mulliken analysis emphasizes directional charge
transfer, while Hirshfeld analysis reflects a more balanced,
delocalized electron density distribution [57]; thus, the two
population analysis methods yield qualitatively different
charge distributions.

The calculated energy values are very similar for etha-
nol, methanol, and water, while a slight shift is observed for
DMSO, and the difference is more pronounced in the gas
phase. The HOMO energy levels were predicted between
—5.91 and — 6.01 eV, while the LUMO levels ranged from
—1.49 to -1.73 eV, resulting in an energy gap of 4.28-4.42
eV. This indicates that (R, R)-Labetalol has a relatively wide
energy gap, thus high electronic stability and a tendency to
react independently of external factors (solvents), stemming
solely from its own electronic structure, i.e., low intrinsic
reactivity. In molecular systems, the ionization potential is
directly related to the HOMO energy level, and the electron

affinity to the LUMO energy level. The energy gap, defined
as the difference between these two boundary orbitals, is
one of the most critical measures of a structure’s chemi-
cal stability. After determining the HOMO and LUMO
energy values of a molecule, other fundamental parameters
such as chemical hardness, softness, electronegativity, and
electrophilic index, as well as electrical properties such as
ionization potential (I = -Eyopo) and electron affinity (A
= -E; umo)> can be calculated. These data, obtained within
the framework of Koopmans’ theorem [58] and theoretical
approaches developed by Parr [59], allow for comprehen-
sive analyses of the substance’s reactivity, toxicity, aromatic
character, and dynamic structure. Electron affinity refers
to the energy change associated with the formation of a
gaseous anion from a neutral atom. This quantity is physi-
cally observable and experimentally measurable. Systems
with high A and I values are more prone to accepting new
electrons rather than losing them. The ionization potential
and electron affinity values indicate that the (R, R)-Labet-
alol molecule has a limited electron-donating ability and
a moderate electron-accepting character.While the chemi-
cal hardness is relatively high, the softness values are low,
supporting the molecule’s chemically stable nature. Fur-
thermore, the electrophilicity index indicates a moderately
electrophilic character, consistent with partial intramolecu-
lar charge transfer rather than complete charge dissociation,
as shown by the Hirshfeld charge distribution.

Another important tool frequently used to study intermo-
lecular interactions in a molecular system and to determine
the localization of nucleophilic and electrophilic attacks is
the Molecular Electrostatic Potential (MESP) map. A color
scale from red to dark blue characterizes the extreme nega-
tive and positive regions of the structure under study. A
negative potential means that a proton will be attracted by
that region, while a positive potential means that a proton
will be repelled by that region. Green represents approxi-
mately the neutral region, while yellow represents a less
negative region, and light blue represents a less positive

Table 5 The HOMO&LUMO energies and computed chemical reactivity parameters of (R, R)-Labetalol

Parameters Formula Gas DMSO Ethanol Methanol Water
LUMO energy (eV) Ervmo -1.73 -1.49 -1.56 -1.57 -1.57
HOMO energy (eV) Exomo -6.01 -5.91 -5.94 -5.95 -5.95
Energy band gap AE =Erumo — Enomo 428 4.42 4.38 4.37 4.38
Ionization potential I = —Fygomo 6.01 591 5.94 5.95 5.95
Electron affinity A= —FErumo 1.73 1.49 1.56 1.57 1.57
Chemical hardness n=(1-A)/2 2.14 221 2.19 2.19 2.19
Chemical softness & =1/2n 0.23 0.23 0.23 0.23 0.23
Electronegativity x = (1+A4)/2 3.87 3.70 3.75 3.76 3.76
Chemical potential nw=—-(1+A4)/2 -3.87 -3.70 -3.75 -3.76 -3.76
Electrophilicity index ) = M2/277 3.50 3.10 3.21 3.23 3.23
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region. These maps also correlate with electron density
and help predict from which direction a charged reactant
(electrophile or nucleophile) will approach the molecule.
The MAPS maps obtained for vacuum and four different
solvents are presented in Fig. S6, and it can be seen that
all maps were obtained similarly. The maps show that the
negative electrostatic potential is concentrated on aro-
matic rings and heteroatom-containing functional groups,
while the positive potential is predominantly localized in
the aliphatic chain region. This distribution indicates that
the electron density is concentrated on the rings and that
the chain exhibits a relatively electron-deficient character,
consistent with Hirshfeld analysis. It can also be said to
visually support the trend of directional charge transfer
predicted by Mulliken analysis. Therefore, it cannot be
said that there is a complete charge dissociation within
the molecule, but rather a partial and delocalized redis-
tribution of intramolecular charge accompanied by donor-
acceptor interactions.

The density of states (DoS) is the number of quantum
states per unit volume at a given energy level in a system
under thermal equilibrium and plays a key role in mate-
rial kinetic theory. Total DoS (t-DoS) represents the total
electronic density of states at each energy level as the sum
of the contributions of all atoms and orbitals in a mate-
rial, while partial DoS (p-DoS) refers to the portion of
this total attributable to a specific atom, orbital, or spin
component. The DoS spectrum of (R, R)-Labetalol was
plotted by separating into three critical regions: the polar
ring, the backbone (aliphatic chain), and the hydrophobic
ring, and is given in Fig. 4. It should be kept in mind that
the p-DoS spectrum is additive, with each fragment plot-
ted by cumulatively adding its contribution to the previous
ones. Therefore, the individual spectra of each fragment
were plotted separately and are presented in Fig. S7. In
the valence region between —20.0 and —6.0 eV, all three
groups showed distinct peaks, with some peak positions
overlapping in certain energy ranges. This indicates orbital
hybridization between the groups. This hybridization
shows that the molecule’s electronic structure is shaped
by multiple groups and that the valence-band electron
distribution is complex. In the spectrum, the minimum
point of the conduction band corresponds to the value
where the binding energy is zero (E=0), and the density
of states approaching zero around —6.00 eV indicates a
distinct HOMO-LUMO energy gap. The energy band gap
of approximately 4.40 eV between the valence band peak
and the conduction band bottom is consistent with the cal-
culated energy gap. The contribution of the hydrophobic
ring is significantly increased in the region near LUMO.
Therefore, it can be said that the electronic character at the
start of conduction is largely due to the hydrophobic ring.
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Hirshfeld surface analysis

The Hirshfeld surface is a tool that divides the total electron
density in a crystal structure into individual molecular parts,
representing the spatial volume of the molecule within the
crystal [60, 61]. Using this method, van der Waals contact
distances are scanned to precisely determine intermolecular
interaction points [56]. Hirshfeld surface analysis provides
information about crystal packing by evaluating intermo-
lecular contacts and interactions according to van der Waals
radii.

After obtaining the Hirshfeld surface, the internal distance
(d,), the distance from a point on the surface to the nearest
nucleus of the molecule in which that point is located, and
the external distance (d,), the distance from the same point
on the surface to the nearest outer nucleus in a neighboring
molecule, are also determined. The sum of these two values
(d; and d,) gives the approximate van der Waals distance
and indicates how close the atoms are to each other. Since d,
and d, alone do not account for the atomic size, the normal-
ized contact distance, d,,,,,,, Which allows for the identifi-
cation of regions particularly important for intermolecular
interactions, is obtained from the following formula, where
' are the van der Waals radii of the atoms [62].

e
vdw
Te

di — iy d, — v

dnorm = vdw
i

Ifd,,.,, <0 (d, <d), the Hirshfeld surface is represented
by red regions, indicating that the interatomic distances are
shorter than the sum of the van der Waals radii. Therefore,
strong and close-contact interactions, such as hydrogen
bonds, are possible. If d,,,,, > 0 (d, > d,), the interatomic
distances are greater than the sum of the van der Waals radii,
and weak or negligible interactions are present. Blue regions
on the Hirshfeld surface represent this situation. If d,,,,, =
0 (d, = d;), white regions correspond, where the interatomic
distances are at the limit of the van der Waals radii and are in
contact. Therefore, Hirshfeld surface analysis, when evalu-
ated together with MEPS maps, can be used to investigate
the electronic properties of the molecule. The Hirshfeld sur-
face of Labetalol mapped onto d,,,,,,,, obtained from the *cif
file from the [21] study, is shown in Fig. 3 (top). Surface
examination reveals that the red regions are concentrated on
the amide group, indicating OH interactions with neighbor-
ing molecules within the crystal structure or intermolecular
interactions involving hydrogens bonded to nitrogen. The
blue regions are mostly observed in aliphatic and hydrogen-
rich regions and may represent weak or repulsive contacts.
The remaining points visible on the surface correspond to
H---H interactions. Previous assessments of charge transfer

from Hirshfeld charge distribution and MEPS maps have
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Fig. 3 The Hirshfeld surface (top)
and the 2D fingerprint histogram
for labetalol

di f ai
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I I I R

3 e

3 Ao

T T2 T4 7% TH IO I T4 Jh W

CH/HC:13.3%

been supported by the Hirshfeld surface, and a charge redis-
tribution is reflected in the crystal packing. The bottom part
of Fig. 3 presents the 2D fingerprint plot of the surfaces,
displaying the partial contributions of the total surface and
highlighting close intermolecular contacts, including H-H,
O-H, and C-H. The two prominent spikes observed in the
2D fingerprint graphs correspond to characteristic O-H:--O

TG T2 T4

Te T8 IO JZ2 14

OH/HO: 12.1 %

interactions, which cover 12.1% of the total surface. The
distinctive ‘wing’ structures observed in Fig. 3 indicate
C-H---m interactions; in this context, the contribution of
C—H---C interactions to the total Hirshfeld surface is deter-
mined to be 13.3%. The calculations showed that H-H
interactions are the dominant component of the Hirshfeld
surface, accounting for 69.3% (see Fig. 4).
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Fig.4 t-DOS (left) and p-DOS (right) spectra of (R, R)-labetalol

Table 6 The electric dipole moment (i, D), polarizability (o) and first
hyperpolarizability () of (R, R)-Labetalol

a.u. esu (x 10724 a.u. esu (x 1073%)
o, 225852 33.468 B -42.020  -0.363
a, -30.933 -4.584 B 74501 0.644
a, 272427 40370 Buyy -87.740  -0.758
a, 16452 2438 Bryy 313.858 2711
a, -0551  -0.082 B -87.144  -0.753
o, 260.776 38.643 B 46.005  0.397
0y 253.018  37.493 Bz 126712 1.095
Ao 41.440  5.658 B -111.822  -0.966
a.u. Debye B, -3.502 -0.030
., 0.000  0.000 Bz 150.667  1.302
u, 0.000  0.000 B, 241581  -2.087
u, 1810 4.602 B, 384.857  3.325
Uy 1810 4602 B, 190.235  1.643
Bror 492.611  4.256
Book 190.235  1.643
B/ P 0386 0.386

Non-linear optical (NLO) properties

Nonlinear optical (NLO) materials have been extensively
studied owing to their important roles in various technolo-
gies, including optical communication, optical computing,
data storage, optoelectronics, and photonic systems [63—
65]. In this context, extensive studies are underway on mol-
ecules with nonzero hyperpolarization values that can serve
as basic components of NLO materials.

To evaluate the NLO response of the investigated mol-
ecule, the total dipole moment (1), mean polarizability (a),

@ Springer

polarizability anisotropy (Aa), and first hyperpolarization
(B) were calculated, and the results are presented in Table 6.
The mathematical expressions and theoretical details used
in the calculations are given in detail in our previous stud-
ies [31, 66]. The total dipole moment (u,,,) is calculated to
be 4.602 D, which is more than three times of the standard
reference material urea (1.3732 D) [67]. On the other hand,
the mean polarizability was found to be 37.493 x 10~ 2* esu
is more than seven times greater than that of urea (5.0477
x 10”24 esu) [67]. This result can be attributed to the asym-
metric charge distribution on the molecule. When the dipole
moment values are examined, it is seen that the total dipole
moment is only along the z-axis (u, = 4.602 D, u, = u,
= ()). This indicates that the charge distribution within the
molecule is not random, but rather correlated in a specific
direction. In other words, one side of the molecule behaves
as a relatively electron-rich character, while the other side
behaves as an electron-poor character.

Hyperpolarizability (f) refers to a molecule’s capacity to
respond nonlinearly to an applied electric field. Therefore,
it indicates the molecule’s potential to alter the frequency
of incident light or contribute to optical phenomena such
as second-harmonic generation (SHG). A high B value sug-
gests that the molecule may be significant for optoelectronic
and photonic applications. The total first-order hyperpolar-
izability value calculated in this study (B,,=4.256 x 107
esu) is approximately 11 times greater than that of urea
($=0.372 x 1073° esu), which is used as a standard reference
molecule in nonlinear optics (NLO) studies. This result
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indicates that the molecule exhibits a more pronounced
charge-transfer character and greater electronic delocaliza-
tion under an electric field, and shows that the molecule is
a promising candidate for NLO applications. However, the
Bro/Bros Tatio of 0.39 indicates that the molecule’s nonlin-
ear optical response is not perfectly aligned with the dipole
moment direction. In other words, hyperpolarizability does
not originate solely from the dipole moment direction; the
B tensor components also have significant contributions in
the x and y directions, as shown in Table 6. This suggests
that the molecule does not possess a donor—m—acceptor
architecture and that intramolecular charge transfer involves
two-dimensional or multidirectional electron delocalization
rather than occurring along a purely linear pathway. Con-
sequently, while this molecule is theoretically a promising
NLO candidate, the experimental SHG yield needs to be
evaluated in conjunction with crystal structure analysis.

Conclusion

(R, R)-Labetalol, examined in this study, is one of the phar-
macologically active stereoisomers of labetalol. However,
while (R, R)-Labetalol was considered theoretically, experi-
mental spectroscopic analyses were performed for Labetalol
hydrochloride. This study aimed to determine the compre-
hensive ground-state geometry and spectroscopic properties
of this compound, utilizing both experimental techniques
and the strong predictive capabilities of DFT. The results
obtained were evaluated comparatively using both experi-
mentally recorded and theoretically calculated data; detailed
comparisons were also made with studies reported in the
literature. While it was not possible to fully replicate the
crystallographic environment in the calculations, the opti-
mized geometry showed very good agreement with the
experimental crystal data. Indeed, as a result of the com-
parisons, r.m.s. values were calculated as 0.03 A for bond
lengths and 1.69° for bond angles. Both IR and Raman spec-
tra of the compound were recorded and supported by theo-
retically simulated spectra. All data were evaluated together
to assign vibrational modes, and characteristic vibrations
critical for the identification of the compound were suc-
cessfully determined. To improve the agreement between
experimental and theoretical vibrational frequencies, the
calculated raw frequencies were corrected with appropriate
scaling coefficients, thus significantly improving the agree-
ment between the two datasets. The recorded NMR spectra
yielded results consistent with both previous studies and
theoretical calculations. This clearly revealed the chemi-
cal shift values and bonding relationships of each carbon
and hydrogen atom. Furthermore, a previously unreported
signal of 1.06 ppm was observed in the 'H NMR spectrum

for Labetalol; this signal was determined to originate from
a hydrogen bonded to an oxygen atom at one of the chiral
centers in the aliphatic chain. UV—Vis spectra were obtained
in different solvents to investigate the electronic properties
of the molecule. The results revealed that the molecule did
not exhibit strong interaction with solvents such as ethanol,
methanol, water, and DMSO, and that the data obtained
in solution were quite close to the values calculated for
vacuum. Six electronic transitions were identified within
the scope of TD-DFT calculations; five were found to be
optically forbidden, with oscillator strengths close to zero.
The only allowed transition was determined to occur at
approximately 4.4 eV from HOMO to LUMO and to have
n—n* character. The charge distribution of the molecule
was investigated using both theoretical MESP analysis and
Hirshfeld surface analysis based on crystallographic data.
In addition, Mulliken and Hirshfeld atomic charge analy-
ses were performed, and the two methods yielded slightly
different results. When evaluated together with frontier
molecular orbital analyses, Mulliken population analysis
indicated a directional donor-acceptor-type charge transfer
within the molecule, while Hirshfeld analysis showed that
this process occurred as a partial, delocalized charge redis-
tribution rather than a complete charge dissociation. Finally,
the NLO properties of the molecule were examined, and it
was determined that it has approximately 11 times higher
hyperpolarizability values when compared to the reference
substance, urea. This result suggests that the compound may
be a promising NLO candidate; however, the experimental
SHG vyield should be evaluated alongside crystal structure
analysis.
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