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DENSITY FUNCTIONAL THEORY CALCULATION AND RAMAN SCATTERING
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The vibrational properties of ebastine have been investigated by density functional theory (DFT) calcu-
lations and Raman scattering experiments. The DFT calculation was performed with geometry optimization
and harmonic vibration using the B3LYP function with the 6-31G(d) basis set. The DFT calculated spectrum
of ebastine is in good agreement with Raman scattering experiments. A good linear correlation between cal-
culated and experimental wavenumbers has been obtained in the spectral range of 500-3250 cm™. Also, the
calculated bond lengths and bond angles of the ebastine molecule are consistent with reported X-ray diffrac-
tion results. The deviations of bond lengths and bond angles are smaller than 0.034 A and 3.1°, respectively.
In addition, the experimentally observed vibrational modes have been assigned and the characteristic modes
of the three parts benzhydryloxy, piperidine-butanone, and tert-butylphenyl of the ebastine molecule have been
discussed, which would be helpful for future degradation and activity studies of ebastine.
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Konebamenvuvie ceoticmea sdoacmuna ucciedosanvl ¢ NHOMOWBIO Meopuu PYHKYUOHANA NIOMHOCHU
(DFT) u memooos kombunayuonnozo paccesnus. Pacuem na ocnose DFT gvinonnen ¢ onmumusayuei 2eo-
Mempuu U 8 nPeonoIOHCEHUU APMOHUUHOCIU KoaebaHuil ¢ nomowvio yrxkyuu B3ILYP ¢ basucuvim Habopom
6-31G(d). Paccuumannwiii c nomowwvto DFT cnekmp 26acmuna Xopouio co2nacyemcsi ¢ IKCnepumMeHmanlbHbiM
cnekmpom KP. [lonyuena xopouias nunetinas KOppeusiyus Mexcoy paccuumanHulMy U UsmepeHHbLMU Yacmo-
mamu 6 ouanazone 500—3250 cm™!. Paccuumannvie onunwt yenvt cészeri MoneKyivl 36aACMUHA CO2NACYIOMCSL
C pe3yibmamamiy penmeeHo8cKol oudpaxyu, OmrKIOHeHUs. pACHemMHbIX 3HAYEHULl OM IKCHEPUMEHMATbHBIX
<0.034 A u 3.1°. Coenano omuecenue 5KcnepuMeHMaTbHLIX KOIeOAMENbHbIX MOO U 00CYICOeHbL XapaKmep-
Hble MOObL Mpex COCMABIAIOWUX MOAEKYIbl 230ACMUHA — OEH32UOPUTOKCU, NUNEPUOUH-OYMAHOHA, mpem-0y-
mungpenuna.

Knrwoueswle cnosa: s6acmun, pacuem c nomoupio meopuu yHKYUOHAA NIOMHOCHU, KOMOUHAYUOHHOE
paccesnue, KoiebamenbHble COCMOAHUSL.

Introduction. Ebastine, a second-generation H; receptor antagonist, is commonly used for symptomatic
treatment of allergic rhinitis and urticaria [1-3]. It does not penetrate the blood—brain barrier to a significant
amount, thus has low risk of side effects, such as sedation or drowsiness [4, 5]. Also, low side effects of a high
dose of ebastine in a child have been reported [6]. The pharmacologically active metabolite, carebastine, is
formed by the oxidation at methyl carbon on the tert-butyl group of the ebastine molecule [7]. Thus, knowledge
of molecular vibrational properties, especially that involving the tert-butyl group, would be helpful for identi-
fying and understanding the activity of ebastine. Also, a recent study showed that ultraviolet (UV) radiation
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can cause degradation of ebastine [8]. Knowledge of molecular vibrational properties would be useful for
understanding the UV degradation of ebastine.

Raman scattering is a powerful technique to investigate vibrational properties of molecules. However, for
large molecules, it is difficult to have a good understanding of vibrational properties by Raman scattering
solely. In this paper, we combine Raman scattering experiment and DFT calculation to investigate the molec-
ular vibrational properties of the antihistamine ebastine. Good agreement between DFT calculation and Raman
scattering experiment has been achieved with one scaling factor 0.95914+0.0020 in the spectral range
500-3250 cm™!. This scaling factor is consistent with the reference scaling factor 0.9614 [9]. Also, a good
linear relation with R? of 0.99985 has been obtained, and the deviations are smaller than 36 cm™'. In addition,
the bond lengths and bond angles of the ebastine molecule have been calculated, and the values are consistent
with reported X-ray diffraction results. Furthermore, the characteristic vibrational modes of the three parts
benzhydryloxy, piperidine-butanone, and tert-butylphenyl of the ebastine molecule have been assigned and
discussed.

Experiment and computational method. The powder form of the ebastine sample was purchased from
TCI (Shanghai) Development Company with a stated purity greater than 98% and used as received without
further purification. Raman scattering measurements of the ebastine sample were performed in backscattering
configuration with a Thermo Fisher DXR micro-Raman spectrometer. Two excitation lasers of 532 and 633
nm were used. The scattered signal was detected by an air-cooled CCD detector. The spectra were corrected
in wavenumber by using the 521 cm™! vibrational mode of a Si substrate.

For the DFT calculation, we employed the commonly applied method of Becke’s [10, 11] exchange func-
tion in combination with Becke’s three-parameter hybrid exchange function using the LYP [12, 13] correlation
function of Lee, Yang, and Parr (B3LYP). The polarized 6-31G(d) basis set was used for geometry optimiza-
tion and analytical vibration frequency calculation. The quantum mechanical calculations were performed us-
ing the ORCA program [14]. By using the VEDA 4 program [15, 16] for the related molecules, the vibrational
wavenumber assignments were made with a high degree of accuracy. Calculated data analysis and graph plot-
ting were performed using the Multiwfn 3.4.1(dev) program [17]. The Lorentzian curve was chosen for the
line shape and 8 cm™! was chosen for the full width at half maximum of each peak.

Results and discussion. Figure 1 presents the Raman scattering of the ebastine sample with two excita-
tion lasers of 532 and 633 nm in the spectral range of 500-3200 cm™'. As can be seen in Fig. 1, the vibrational
modes of ebastine can be much more easily observed by green laser than red laser, since Raman scattering
intensity is generally inversely proportional to the fourth power of excitation laser wavelength. There are
38 vibrational modes that can be resolved in the spectral range of 500-3200 cm™' in Fig. 1. Ebastine has the
molecular formula of C3;H39NO;, with molecular structure as shown in Fig. 2. In the figure, the complex
molecular structure is divided into three parts A, B, and C. Due to large molecular formula and complex mo-
lecular structure of ebastine, the assignment of the crowded vibrational modes in Fig. 1 is difficult. Below we
will apply DFT calculation and compare in detail with the experimental result for the assignment of all the
38 observed vibrational modes.
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Fig. 1. Raman scattering of ebastine with 532 (1) and 633 nm (2) laser excitations.
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Fig. 2. Molecular structure of ebastine; benzhydryloxy, piperidine-butanone,
and tert-butylphenyl — parts A, B, and C, respectively.

To achieve accurate vibrational frequency calculation, the ground-state geometry of the ebastine molecule
was optimized at the B3LYP/6-31G(d) level of theory without any symmetry restrain. The calculated result
showed that there is no imaginary frequency, indicating that the optimized geometry is at the lowest point of
the potential energy surface. The calculated bond lengths and bond angles of the ebastine molecule are pre-
sented in Tables 1 and 2, respectively. As can be seen, our calculated results are consistent with the reported
experimental bond lengths and bond angles obtained with X-ray diffraction [18]. The deviations of bond
lengths and bond angles are smaller than 0.034 A and 3.1°, respectively.

TABLE 1. DFT Calculated Bond Lengths (A) of Ebastine Molecule in Comparison with the XRD Results

Bond Calculated Ref. [18]
C21-C32 1.397 1.376
C21-C13 1.398 1.383
C32-C34 1.394 1.368
C34-C30 1.396 1.366
C30-C19 1.394 1.376
C19-C13 1.402 1.379
C13-Cl11 1.529 1.513
C11-01 1.424 1.427

C4-01 1.433 1.430

C4-C5 1.534 1.500

C4-Co6 1.528 1.506

Cs5-C7 1.545 1.515

C7-N3 1.467 1.459

C8-N3 1.464 1.456

C8-C6 1.542 1.507
C12-Cl15 1.529 1.482
C15-02 1.224 1.221
C15-C17 1.489 1.481

To obtain small deviations and good linear correlation between calculated and experimental wave-
numbers, the calculated wavenumbers are normally scaled down with some specific factors. In this study, the
calculated wavenumbers of all the vibrational modes in the spectral range of 500-3250 cm™! have been scaled
down by a uniform scaling factor of 0.9591(%+0.0020), which is obtained by linear fitting of the experimental
and calculated wavenumbers using the Origin program. This value is consistent with the reference scaling
factor 0.9614 [9]. Figures 3a and b present a comparison of Raman scattering experiment and DFT calculation
in the spectral range of 500-1750 cm™' and 2750-3250 cm™', respectively. The correlation of experimental
and calculated wavenumbers is plotted in Fig. 4 and fitted with a linear line. Our results show that the devia-
tions are less than 36 cm ™! between calculated and experimental wavenumbers, and all the modes provide a
good linear correlation between calculated and experimental wavenumbers with R? of 0.99985.



DFT CALCULATION AND RAMAN SCATTERING OF THE ANTIHISTAMINE EBASTINE 551

TABLE 2. DFT Calculated Bond Angles (degree) of Ebastine Molecule in Comparison with the XRD Results

Bond Calculated Ref. [18]
C32-C21-C13 120.4 121.2
C34-C32-C21 120.4 119.8
C30-C34-C32 119.4 119.9
C34-C30-C19 120.2 120.2
C30-C19-C13 120.7 121.0
C19-C13-C11 120.0 121.6
C21-C13-Cl11 121.2 120.4
01-C4-C5 107.5 108.7
01-C4-C6 112.0 112.2
C5-C4-C6 110.3 109.3
C4-C5-C7 110.7 110.7
N3-C7-C5 114.2 111.2
N3-C8-C6 114.5 112.2
C4-Co6-C8 110.3 110.6
N3-C9-C10 111.7 114.8
C9-C10-C12 113.0 111.9
02-C15-C17 120.4 119.4
02-C15-C12 120.8 120.1

IR a b
J 1
2 2
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Fig. 3. Comparison of Raman scattering spectrum and DFT calculated spectrum in the spectral range
of 500-1750 cm™! (a) and 2750-3250 cm™! (b), 1 — experimental, 2 — calculated.
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Fig. 4. The linear fit of DFT calculated and Raman experimental wavenumbers.



552

PENG H.et al.

The vibrational mode assignments have been performed by comparing the Raman observed peaks with
DFT calculated wavenumbers; the results are presented in Table 3. The ebastine molecule has three parts, i.e.,
benzhydryloxy, piperidine-butanone, and tert-butylphenyl, which are labeled A, B, and C in Fig. 2. All the
Raman observed vibrational modes of ebastine will be classified into three groups based on the three parts of
the ebastine molecule, and the characteristic modes of each group will be discussed. This will be helpful for
future studies of ebastine, such as understanding the activity of ebastine, UV degradation of ebastine, etc.

TABLE 3. Experimental and Calculated Vibrational Modes (cm™') of Ebastine in the Range of 500-3250 cm™!

Experi- Calculated .
Scaled Un- Assignment (%PED)
mental
scaled
57211 | 558 581 B(C23C16C18)(11)+B(C18C16C25)(10)
616N | 608 633 B(C19=C30C34)(26)+B(C13=C21C32)(10)
6331 | 625 651 {B(C18C29=C27)+p(C26=C17C27)+B(C28C26=C17)+P(C29=C27C17)}(77)
745 | 725 755 | (HC30C34C32)(14)+t(HC32C34C30)(18)+t(HC34C32C21)(15)
78481 | 770 802 {Vv(N3C7)+v(N3C8)+v(N3C9)}(43)
781 814 | t(HC10C12C15)(15)+t(HC8N3C7)(10)
8041BC1 | 804 838 | v(C5C4)(15)+t(HC28C26C17)(14)
815 849 | t(H6C28C26C17)(18)+t(HC26C28C18)(25)
83041 | 829 864 | T(HC20C31C35)(30)+t(HC22C33C35)(20)+t(HC33C35C31)(30)
+t(HC31C35C33)(19)
87041 | 849 884 {B(O1C11C13)+B(C401C11)}(10)
900 938 {v(C24C16)+v(C25C16)} (46)+{t(HC24C16C23)+t(HC25C16C23)}(17)
929l¢1 | 911 949 {v(C24C16)+v(C25C16)+v(C23C16)}(25)+1(HC23C16C24)(12)
939 978 {V(C5C4)+v(C6C4)} (12)+v(C6C8)(24)
9681 | 948 988 | B(C30H,C32H,C34H of R2)(48)
999IAl | 977 1018 | v(C19C30)(12)+v(C31C20)(13)+B(C19C30C34)(38)+P(C33C35C31)(16)
10249 | 1014 1056 | ©(H3C23C16C24)(12)+{t(H,C24C16C23)+1(H,C25C16C23)}(13)
1031187 | 1022 1065 | {v(O1C4)+v(O1C11)}(12)
106781 | 1056 1100 | {v(N3C7)+v(N3C8)+v(N3C9)}(14)+{v(C5C4)+v(C4C6)+v(C10C)+
v(C12C10)}(35)
108181 | 1075 1120 | {v(C5C4)+v(C6C4)+v(C10C9)+v(C12C10)}(32)
110411 | 1092 1137 | v(C18C29)(21)+B(HC28C26)(12)+B(C18= C29C27)(10)
1108 1154 | v(C28C26)(20)+{P(HC28C26)+B(HC26C28)+B(HC29C27)+
B(HC27C29)}(51)
1156!A1 | 1143 1191 | {B(HC30C34)+B(HC31=C35)+Pp(HC32=C34)+p(HC33C35)}(34)
+B(HC34=C32)(10)+B(HC35C33)(23)
118111 | 1157 1205 | {v(C13=C21)+v(C20=C14)+v(C21C32)}(10)+{v(C11C13)+v(C14C11)}(25)
+{B(HC19C30)+p(HC20C3 1)+B(HC21C32)+B(HC22=C33)}(27)
1193€1 | 1173 1222 | {v(C28C26)+v(C29C27)}(11)+{B(HC28C26)+B(HC29C27)
+B(HC26C28)+B(HC27C29)}(53)
1215181 | 1194 1244 | v(C17C15)(10)+{BHC28C26)+B(HC29C27)+B(HC27C29)}(16)
1216 1267 | v(C17C15)(14)
1236 1287 | B(H2C5C7)(27)+t(H2C6C8N3)(11)+0(C5C601C4)(12)
1248 1300 | {t(H44C8N3C7)+t(H,CIN3C7)}(13)
1292 1346 | {P(HC5C7)+P(HC6CS)+B(HCIC10)}(10)+{t(HC401C11)
+1(H,C5C7N3) +1(HC6C8N3)}(24)
1307 1361 | B(HCI12C15)(19)+t(HCIN3C7)(13)+t(HC10C12C15)(13)
1333 1389 | {B(HC5CT)+B(HCO6CS)+B(HCIC10)}(13)+{t(HC6CSN3)
+1(H,C7N3C8H)} (14)
1351 1407 | {BAHC4OD+B(HC1101)}(11)+{t(HC401C11)+t(HC5CTN3)}(25)
1371 1428 | {B(HC4O)+B(HC1101)}(37)
1429081 | 1448 1508 | {B(CSH)+B(C6H)+B(CTHL)+B(C8H2)L (75)+{B(CIH,)+B(C10H)}(10)
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Continue Table 3

Experi- Calculated
P Scaled Un- Assignment (%PED)
mental
scaled

144951 | 1457 | 1518 | {B(C5H)*+B(C6H)+B(CTH)+B(C8H2)}(79)

146419 | 1476 | 1537 | B(C23H;)(55)+B(HC24H)(17)+B(HC23C16C24)(10)

15821 [ 1550 | 1615 | {w(C18C29)+v(C26=C17)+v(C28C26)+v(C29=C27)}(28)+v(C27C17)(28)
+{BHC28C26)+B(HC29=C27)+B(HC26C28)+B(HC27=C29)} (14)
+{B(C18C29=C27)+B(C26=C17C27)+(C28C26=C17)+ (C29=C27C17)}(21)

160017 | 1596 | 1663 | {v(C18C29)+v(C26=C17)+v(C28C26)+v(C29=C27)}(53)
+(B(HC28C26)+B(HC29=C27)+B(HC22C28 +B(HC27=C29)}(17)

16768 | 1693 1764 | v(02=C15)(87)

[
287011 | 2863 | 2985 | w(CI1H)(92)

289381 | 2875 2998 | va(COH)(81)

29061 | 2901 | 3025 | w(C7TH,)(79)+v(CSH)(10)

292711 2926 | 3051 | w(C23H3)(47)+v(C24H3)(42)+v(C25H3)(10)

2944 | 2962 | 3088 | v(C6H)(10)+v(CSH,)(68)

29671 | 2991 3118 | va(C23H3)(57)+va(C24H3)(23)+va(C25H3)(11)

[
[
[
29391 | 2044 | 3070 | v(C10H)(10)+v(C12H,))65
[
[
[

303011 | 3055 | 3185 | {w(C30H)+v(C32H)+v(C34H)}71

303810 | 3062 | 3192 | v(C28H)(49)+v(C26H)(44)

30497 | 3076 | 3207 | {w(C30H)+v(C34H)}(67)+{v(C32H)+v(C19H)}(14)

[
[

30601 | 3096 3228 | v(C27H)(45)+v(C29H)(54)
[

30751 3108 | 3240 | w(C21H)(97)

N o te: Assignments and potential energy distribution (PED) (contribution > 10%) for vibrational normal
modes. Types of vibration: v = stretching; T = torsion; v, = asymmetrical stretching; B = bending; o = out-of-
plane bending. All wavenumbers are in cm .

Part A of the ebastine molecule, benzhydryloxy, contains two benzene rings which are labeled R2 (C13,
C19, C30, C34, C32, C21) and R3 (C33, C22, C14, C20, C31, C35), one C atom Cl11, and one O atom Ol
R2, R3, and O1 are bound with C11. The observed modes at 616, 745, 830, 870, 968, 999, 1156, 1181, 2870,
3030, 3049, and 3075 cm™! are correlated with vibrations of this part. In this part, the C11-O1 bond would be
affected more significantly than other bonds when external perturbations or physical stimuli are applied. Thus,
the identification of vibrational modes correlated with the C11-O1 bond would be helpful for future studies.
Our results show that the two modes at 870 and 1031 cm ! are correlated with the C11-O1 bond. The mode at
870 cm™! is assigned to O1C11C13 and C401C11 bending. The mode at 1031 cm™! is assigned to C1101C4
stretching.

Part B of the ebastine molecule, piperidine-butanone, contains a piperidine ring with five C atoms (C4,
C5, C6, C7, C8) and one N atom (N3), and a ketone chain of four C atoms (C9, C10, C12, C15) and one O
atom (02). The observed modes at 784, 804, 1031, 1067, 1081, 1215, 1429, 1449, 1676, 2893, 2906, 2939,
and 2944 cm™! are correlated with vibrations of this part. In part B, the C9-N3 bond would be affected more
significantly than other bonds when external perturbations or physical stimuli are applied. Thus, the identifi-
cation of vibrational modes correlated with the C9-N3 bond would be helpful for future studies. Our results
show that the two modes at 784 and 1067 cm™! are correlated with the C9-N3 bond. We expect that with UV
irradiation, these two vibrational modes of ebastine will be mostly affected. The study of UV irradiation on
ebastine is currently undergoing, and the results will be present elsewhere.

Part C of ebastine molecule, tert-butylphenyl, contains one benzene ring R1 (C17, C26, C28, C18, C29,
C27) and four C atom (C16, C23, C24, C25). The observed modes at 572, 633, 804, 929, 1024, 1104, 1193,
1464, 1582, 1600, 2927, 2967, 3038, and 3060 cm™ are correlated with vibrations of this part. It was reported
that in the process of ebastine oxidization into the pharmacologically active metabolite carebastine, the methyl
carbon on the tert-butyl group in part C is involved [7]. Thus, the identification of vibrational modes correlated
with the methyl carbon (C23, C24, C25) would be helpful for understanding the activity of ebastine. Our
results show that the three modes at 929, 1024, and 1464 cm ™' are correlated with the vibrations of methyl
carbon. The mode at 929 cm ! is correlated with the vibration of C16 with one methyl carbon. The mode
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at 1024 cm™! is correlated with H-C-C-C torsion, in which H and C atoms belong to the tert-butyl group. The
mode at 1464 cm™! is correlated with H-C bending in the methyl of the tert-butyl group.

Conclusions. The vibrational properties of the antihistamine ebastine have been investigated by DFT
calculation and Raman scattering experiment. The DFT calculated spectrum of the ebastine molecule is in
good agreement with Raman scattering experiments. The deviations of calculated and experimental wave-
numbers are smaller than 36 cm™!, and there is a good linear relation with R? of 0.99985. Also, the calculated
bond lengths and bond angles of the ebastine molecule are consistent with reported X-ray diffraction results;
the deviations are smaller than 0.034 A and 3.1°, respectively. In addition, the experimentally observed vibra-
tional modes have been assigned.
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