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Abstract: In the present study, vibrational analysis of hypericin molecule was experimentally performed
using FT-IR spectroscopy. The molecular structure, geometric parameters, vibrational wavenumbers,
molecular electrostatic potential and the highest and the lowest occupied molecular orbital analyses of
hypericin molecule were theoretically obtained with Density Functional Theory. The vibrational
wavenumbers were consistent with literature and the experimental data obtained in the current study.
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Hypericin molekiiliiniin Molekiiler Yapisi ve Titresim Frekanlarinin
Deneysel ve Teorik olarak Incelenmesi

Ozet: Bu caligmada hiperisin molekiiliiniin titresim analizi FT-IR spektroskopisi ile deneysel olarak
gerceklestirildi. Ayn1 zamanda, hiperisin molekiiliiniin molekiiler yapisi, geometrik parametreleri, titresim
dalgaboylari, molekiiler elektrostatik potansiyeli ile en yiiksek ve en diisiik dolu orbital (HOMO-LUMO)
analizleri Yogunluk Fonksiyonel Teorisi ile teorik olarak elde edildi. Titresim dalgaboylarinin literatiir verileri

ve mevcut ¢calismadan elde edilen deneysel sonuglarla tutarl oldugu gézlemlendi.

Anahtar Kelimeler: Hiperisin, Titresim Spektrumlari, DFT, HOMO ve LUMO analizleri, MEP yiizeyi.

1. INTRODUCTION

Hypericum perforatum L. is a herbal medicine
which is named as St. John's Wort (SJW) and used

for  psychiatric  disorders, wounds, and
inflammation. In addition to the treatment of
depression [1-3], SJW also exhibits anti-

inflammatory [4,5] and analgesic effects [6,7].

Lee et al, [8] investigated the effects of
acylphloroglucinols on CYP3A4 enzyme activity
to examine their roles in herb—drug interaction.
Siskos et al., [9] investigated the Proton NMR
chemical shift assignment of hypericin using DFT
calculations. Oztiirk et al.,, [10] evaluated the
wound-healing capability of St. John’s Wort on
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chicken embryos. Zhang et al., [11] evaluated a
complex of hypericin with B-cyclodextrin.

St. John's wort herb extract, was traditionally
obtained using different solvents and with or
without antioxidants [12]. GITEA et al., [13]
analyzed the extracts of hypericum species by
UV/VIS. Derun et al., [14] performed the
extraction and analysis of Hypericum perforatum
L. using GC-MS and LC-MS. Nikolic et al., [15]
investigated St.John’s wort as an antibiotic.
Hasanein et al., [16] investigated the effect of this
molecule on memory impairment in rats.

Hypericum perforatum L. is a medicinal plant
[17]. Most of the constituents in Hypericum
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perforatum L. have displayed diverse therapeutic
and biological effects [18]. The polycyclic
bianthrone, hypericin, from the medicinal plant
Hypericum (Hypericaceae), was found to have
antiviral activity against numerous membrane-
containing  viruses [19,20]. Hypericin and
hyperforin are among the most active constituents
in SJW [21]. Among other constituents,
naphthodianthrones and phloroglucinols have
shown interesting pharmacological properties as
reported by Wolfle et al. [22].

The vibrational wavenumbers of hypericin, an
active constituent of Hypericium, were studied in
this research. The recorded experimental data (FT-
IR) were supported with parameters which were
computed using theoretical methods (DFT /
B3LYP / 6-311++G(d,p)). The calculated and
experimental results were used to give detailed
information of the molecular structure of
hypericin. Furthermore, the dipole moment,
HOMO and LUMO shapes and energies as well as
the MEP surface of the hypericin were
investigated with the aforementioned
computational level. The structural characteristics
of the title molecule were specified. Its vibrational
frequencies, other interactions between the atoms,
optimization steps, structural parameters and
energies were also examined.

2. EXPERIMENTAL DETAILS

In the present study, Hypericin was obtained from
Sigma-Aldrich Corporation. FT-IR spectrum of
Hypericin from Hypericum perforatum molecule
was recorded in 400-4000 cm* region, using KBr
pellet, on  Fourier  Transform Infrared
spectrometer.

3. COMPUTATIONAL PROCEDURES

The molecular geometry, vibrational
wavenumbers, HOMO and LUMO analyses and
MEP map of the Hypericin molecule were
evaluated with DFT / B3LYP / 6-311++ G(d,p)
[23,24]. Molecular properties including geometric
parameters and vibrational wavenumbers were
investigated using GaussView and Gaussian 09W
programs [25-27]. The Raman activities evaluated

with the Gaussian09 software were converted to
corresponding Raman intensities with the
following equation,
_ f vy — Vi)4 Si
' v.[L-exp(=hcv, /KkT)]

where vo (cm™) is the frequency, vi is the
vibrational wavenumber, h and k are Planck and
Boltzman constants, T is the temperature in
Kelvin, c is the speed of light, and f is the scaling
factor. S; represents the Raman activities and I;
represents the Raman intensities [28-31].

4. RESULTS AND DISCUSSIONS
4.1. Analysis of Molecular Structure

Hypericin’s empirical formula is CzHi160s. The
structure of hypericin is composed of -eight
conjugated rings and it has methyl and hydroxyl
substitutions as shown in Figure 1. The optimized
molecular structure was obtained with B3LYP/6-
311++G(d,p) level of the hypericin molecule
(Figure 1). The molecular energy and dipole
moment values calculated with the B3LYP/6-
311++G(d,p) level are -1755.21315427 a.u. and
1.5462 Debye, respectively. The bonds lengths
and angles were obtained using the B3LYP basis
set as given in Table 1.

Figure 1. Hypericin’s optimized molecular structure.

The C-C bond lengths were theoretically obtained
between 1.383 A-1.432 A for the hypericin
molecule. The C-O bond length of hypericin
molecule is about 1.333 A-1.353 A. The
C(23)=0(34) and C(8)=0(33) bond lengths were
found at 1.274 A. Likewise, hydroxyl groups’ O -
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H bond lengths vary from 0.992 A to 0.995 A.
H46...034, H45...034, H41...033 and
H42...033 intra-molecular hydrogen bonding
lengths are calculated as 1.657, 1.639, 1.657 and
1.639 A, respectively. C22-C47 (C-CHs) and C1-
C51 (C-CHs) bonds that are the longest bond
lengths in hypericin molecule are computed as
1.515 A with mentioned computational level. The
bond angles H-O-C and O-C-C obtained by DFT
vary between 106.66° and 122.82°, respectively.
The calculated bond angles of C47-C22-C17,
C47-C22-C21, C51-C1-C2 and C51-C1-C6 are
116.38°,  123.45°, 123.45° and  116.39°,
respectively at the B3LYP level. The largest bond
angles were found in C47-C22-C21 and C51-C1-
C2 angles with 123.45° (cal.) and in O38-C5-C4

with 122.83° (cal.) values. Additionally, the bond
angles of O-C-C-C and C-C-C-C vary from
-177.33° to 177.03° and from -32.39° to 155.73°,
respectively. The bond angles of C47-C22-C21
and C51-C1-C2 were theoretically found as
123.45°. We can see form the optimized molecular
geometric form that the hypericin molecule is non
planar. Out of plane deviations were observed in
the region that hydroxyl and methyl groups were.
For example, as given in Table 1, C1-C2-C21-
C22, C2-C21-C22-C47, C21-C2-Cl1l-Ch1, C27-
C28-C29-035, C11-C30-C29-035, C14-C13-
C12-036, C30-C11-C12-036 and C12-C11-C30-
C29 dihedral angles are calculated as -32.39°, -
19.04°, -18.85°, 168.32° 14.61° 198.33°, 14.58°
and 29.00°, respectively.

Table 1. The computed molecular geometrical parameters of hypericin

Bond length (A)

The calculated Bond angles (°)

The calculated

C18 - 039 1.336
C27 - 040 1.333
C29 - 035 1.353
C12 - 036 1.353
C14 - 037 1.333
C5-038 1.335
C23 =034 1.274
C8 =033 1.274
C22 - CHs 1.515
Cl-CHs 1.515
C - H (aromatic) 1.084-1.085
C - H (methyl) 1.088-1.093
039 - H46 0.992
040 - H45 0.995
035 - H44 0.964
036 - H43 0.964
037 - H42 0.995
038 - H41 0.992
H46...034 1.657
H45...034 1.639
H41...033 1.657
H42...033 1.639
Cc-C 1.383-1.432
Selected dihedral angles (°)
C2-C21-C22-047 -19.04
C21-C2-C1-C5k1 -18.85
C11-C30-C29- 035 14.61
C30-C11-C12- 036 14.58
C12-C11-C30-C29 29.00
Cl-C2-C21-C22 -32.39
Cl-C2-C3-C4 15.78
C3-C2-Cl1-Ch1 155.73
C12-C11-C30-C29 29.00
Cl11-C12-C13-C14 -7.126
C27-C28-C29-C30 -7.14
C20 - C21 - C22 - C47 155.59

C-C-C (aromatic) 116.30-124.05

H46-039-C18 106.82
H45 - 040 - C27 106.66
H44 - 035 - C29 109.66
H43 - 036 - C12 109.66
H42 - 037 - Cl14 106.66
H41- 038 - C5 106.83
039-C18-C17 118.16
039-C18-C19 122.82
034 -C23-C19 120.57
034 -C23-C26 120.89
040 - C27-C26 122.52
040 -C27-C28 117.99
035-C29-C30 118.02
035-C29-C30 120.16
036-Cl12-Cl11 118.02
036 -C12-C13 120.16
037-Cl14-C13 117.99
037-C14-C9 122.52
033-C8-C9 120.89
033-C8-C4 120.57
038-C5-C4 122.83
038-C5-C6 118.15
C47-C22 - C17 116.38
C47-C22-C21 123.45
C51-C1-C2 123.45
C51-C1-Cé6 116.39

Selected dihedral angles (°)

039-C18-C19-C20 177.03
034 -C23-C26-C25 175.59
040 - C27-C28 - C29 179.27
035-C29-C30-C25  -159.09
036-C12-C13-C14  168.33
037-C14-C9-C10 -177.33
033-C8-C4-C3 8.85
038-C5-C6-C1 -177.23
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4.2. Vibrational Frequency Analyses

Hypericin molecule consists of 54 atoms and
accordingly it has 156 vibrational modes. In the
following discussion, the hypericin molecule is
experimentally examined and the experimental
and theoretical vibrational frequencies, FT-IR
intensities and assignments of hypericin are given
in Table 2. The obtained and calculated FT-IR
spectra of hypericin are given in Figure 2. As
shown in Table 2, the obtained and calculated

zzzzz

zzzzz

scaled FT-IR vibrational frequencies are
consistent with each other. Harmonic frequencies,
IR intensities and Raman activities are evaluated
by DFT/B3LYP approach. Also, scaling factors
were used between theoretical and experimental
vibrational wavenumbers. The calculated (B3LYP
/ 6-311++G(d,p)) vibrational wavenumbers were
scaled with 0.983 and 0.958 for frequencies lower
and higher than 1700 cm™, respectively [32, 33].

ooooo

IR intensity

T T
4000 3500 3000 2500

T T T T T
2000 1500 1000 500 0
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Figure 2. The observed (top) and theoretical (bottom) FT-IR spectra of hypericin

The spectral vibrational analysis was carried out
depending on the characteristic vibrations of the
methyl group, carbonyl group and hydroxyl
group. C-H, CHs, OH, CO, CC, C22-C47, and C1-
C51 vibrations are explained, respectively.

The aromatic C-H stretching bonds are assigned in
the range 3100-3000 cm™ [34]. The bands
calculated at 3040.5, 3040.6, 3044.5 and 3044.6
cm ™t in IR spectrum can be assigned to the CH
stretching vibrational modes in the molecule. The
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stretching vibrations (asymmetric) of CHs3; were
expected to be in the range of 3000-2905 cm™ and
stretching vibrations (symmetric) in 2870-2860
cm® range [35,36]. The experimental and
calculated wavenumbers for stretching, scissoring,
rocking and torsion modes for methyl groups are
given in Table 2. In the present study, CHjs
symmetric stretching in molecule appeared at
2925 cm? in FT-IR spectra and the related
calculated scaled frequencies were 2912.1, 2915.2
cm. CH; asymmetric stretching in the molecule
appeared at 3010 cm™ in FTIR and the related
calculated scaled frequencies were 2956.5,
2961.3, 3007.3, 3009.2 cm™. The symmetric and
asymmetric bending vibrations of CHs groups
generally appear in 1465-1370 cm™ region
[37,38]. Symmetric bending vibration of CH3 was
observed at 1413 and 1459 cm-1 in its FT-IR
spectrum. These calculated values are agreeable
with the experimental FTIR values at 1406.1 and
1464.2 cm™, respectively. The other symmetric
bending vibration (6;CHs) is calculated at 1387,4
cm™. In B3LYP/6-311++G(d,p) calculation, the
CHs rocking vibrational modes were observed at
scaled 752.2, 939.8, 1017.2, 1036.6, 1046.4, cm™,
These values are consistent with the experimental
FT-IR values at 743, 943, 1014, 1029 and 1046
cm™. Torsional vibration mode was observed at
scaled 234.7 cm™ by B3LYP / 6-311++G(d,p)
calculation.

The vibrational modes of the OH group are in-
plane bending, stretching, and out-of-plane
bending. The location of these species vary based
on the extent of hydrogen bonding, as OH group
vibrations exhibit the highest sensitivity to the
environment. Free OH stretching modes result in
sharp bands in 3700-3584 cm™ region, and this
stretching mode emerges between 3550 and 3200
cm? due to the intra-molecular and inter-

molecular hydrogen bonding effect [39]. OH
stretching mode appeared at 3212 cm™ in FT-IR
spectra and the related calculated scaled frequency
was 3132.6 cm™. The other calculated scaled
frequencies for OH stretching mode were 3059.7,
3060.0, 3132.8, 3664.1, 3664.3 cm™.

Silverstein and Webster [40] reported that in
phenol compounds absorption occurs in 1390-
1330 cm® and 1260-1180 cm™ region of C-O
vibrational bands. As shown in Table 2, the bands
observed at 1046 and 1413 cm™ and computed at
1046.4 and 1406.1 cm™ are ascribed to the
vibrational stretching modes between the carbon
and oxygen (O) atoms.

The CC stretching vibrations in aromatic ring
generally emerge in the region 1400 —1625 cm™
[41]. As seen in Table 2, C-C stretching vibrations
were theoretically calculated at 922.9-1604.1 cm™.
The wavenumbers of C-C stretching vibrations
were observed at 917-1605 cm™ in the FT-IR
spectrum. The bands observed at 662, 675, 802,
917, 943, 974, 1046, 1091 and 1111 cm™ and
calculated at 658.1, 668.4, 796.5, 922.9, 939.8,
996.2, 1046.4, 1085.2, 1117.7 and 1147.4 cm™
can be assigned to the in-plane bending (CCC)
vibrations of the molecule. Also, the torsional C —
C — C — C modes are observed at 720 cm™ and
computed at 726.6 cm™. The torsional, in-plane
and out-of-plane bending vibrational modes for H
-C-C-C,H-O-CandC-C-C-C(orO-
C — C — C) are presented in Table 2. In FTIR
spectra, the bands at 662 cm?® were
experimentally assigned to C — C — C bending.
The corresponding bending frequency (B3LYP/6-
311++G(d,p)) is 658.1 cm™. The calculated
frequencies for C22-C47 (vC-CHs) and C1-C51
(vC-CH3) are 1085.2 cm™ and 1147.4 cm?,
respectively.
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Table 2. The observed and theoretical vibrational frequencies and assignments of hypericin

The calculated

Assignments Exp. IR (cm™)

Unscaled freq. Scaled freq. IR int.
tCHs 238,7 2347 0,715
8CCC 662 669,5 658,1 1,687
3CCC 675 680,0 668,4 41,965
THCCC+yCCCC 682 695,3 683,5 0,160
THCCC+ tCCCC 720 739,2 726,6 0,184
yCCCC+yOCCC+pCHs 743 765,2 752,2 0,373
yOCCC+yCCCC 781,4 768,1 1,870
yCCCC 785 787,8 7744 0,860
8CCC 802 810,2 796,5 0,107
THCCC 821 836,9 822,7 9,382
TtHCCC 832 838,8 824,5 42,609
THOCC 856,3 841,8 124,335
THOCC 860,5 845,9 11,809
THOCC 882,9 867,9 193,225
THOCC 887,5 8724 3,348
SCCC+vCC 917 938,9 9229 10,970
SCCC+pCHs+vCC+3HCC 943 956,0 939,8 39,335
8CCC+vC-CHs 974 1013,4 996,2 12,463
pCHs 1028,5 1011,0 1,939
pCHs 1014 1034,8 1017,2 1,421
pCHs 1029 1054,5 1036,6 2,080
pCHs 1058,7 1040,7 2,567
pCH3+8CCC+vCO+3HCC 1046 1064,5 1046,4 12,328
vC-CH3+3CCC+vCC+3HCC+3HOC 1091 1104,0 1085,2 2,880
vCC+3CCC+3HOC 1111 1137,0 1117,7 95,305
vC-CH3+38HCC+vCC+3CCC+3HOC 1167,3 11474 14,374
SHCC+3HOC 1180 1196,8 1176,5 446,101
SHCC 1208,3 1187,8 1,091
SHCC+3HOC 1249 1273,7 1252,0 169,956
SHOC+3HCC+vCC 1280 1276,9 1255,2 28,966
vCC+3HOC 1333 1357,7 1334,6 15,027
vCC+8HCC+8HOC 1367 1393,1 1369,4 2,320
8sCHs (sym. bend.) 14114 1387,4 19,186
vCC+ vCO + 8sCHs (sym. bend.) 1413 1430,5 1406,1 233,424
8sCH3+3HOC 1459 1489,5 1464,2 27,145
vCC+ SHCC+8HOC 1495 1525,0 1499,0 58,428
vC=0+ vCC+ dHOC 1549 1579,0 1552,2 28,583
vCC+ 8HOC 1580 1608,4 1581,1 254,658
vCC+ 8HOC 1605 1631,9 1604,1 122,597
vsCH3 3039,8 2912,1 6,738
vsCH3 2925 3043,0 2915,2 42,496
vasCH3 3086,2 2956,5 17,722
vasCH3 3091,1 2961,3 6,108
vasCH3 3139,1 3007,3 1,399
vasCH3 3010 31412 3009,2 10,378
vCH 3173,8 3040,5 1,324
vCH 3173,9 3040,6 4,648
vCH 3178,0 3044,5 3,896
vCH 3178,1 3044,6 3,393
vOH 3193,8 3059,7 68,247
vOH 3194,2 3060,0 526,743
vOH 3212 3269,9 3132,6 128,651
vOH 3270,1 3132,8 98,185
vOH 3824,7 3664,1 63,655
vOH 3825,0 3664,3 196,281

v: stretching; 8,: in-plane bending; &: scissoring and symmetric bending; w: wagging; t: twisting; p: rocking; T: torsion; y:out-
of-plane bending; lir:IR intensity (km/mol).
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Showalter et al. performed the ab initio quantum
mechanical calculations of the normal form of
hypericin and reported the calculated frequencies
of normal mode vibrations of hypericin species
[42]. The scaled vibrational modes in this spectral
region for ground state singlet (‘‘normal’” form)
oscillator(s) were within the range of 1102-1612
cm? [42]. In the same study, the time-resolved
infrared data obtained on the microsecond time
scale for hypericin was within the range of 1300 -
1628 cm™, which is consistent with those of the
present research.

4.3. HOMO-LUMO Analyses

The highest and the lowest occupied molecular
orbitals are also referred to as the frontier
molecule orbitals [43]. HOMO and LUMO energy
band gap is an important factor in determination
of molecular electrical properties [44]. HOMO
indicates the electron-donating capability and
LUMO presents the electron accepting capability
of a molecule [45].

In our study, the simulated HOMO and LUMO
surfaces, energy values and their shapes for the
titte molecule are given in Figure 3. The
calculated HOMO and LUMO energy values are
-5.774 eV and -3.221 eV respectively at the DFT /
B3LYP /6-311++G(d,p). The energy gap between
HOMO and LUMO is computed at 2.553 eV. The
HOMO is localized on the groups excluding 033,
C8, C7, C24, C23, 034, hydrogen atoms and
methyl groups, while the LUMO is placed on
overall molecular structure except methyl groups
and hydrogen atoms.

E(LUMO)

E(HOMO)
Figure 3. The simulated HOMO (-5.774 eV) and LUMO
(-3.221 eV) surfaces and energy values of hypericin

4.4, Molecular Electrostatic Potential

MEP is an important indicator to understand the
molecular interactions [46]. MEP is associated
with the total electronic density, and it is an
important indicator in understanding the locations
of nucleophilic reactions and electrophilic attack.
For the studied systems the MEP values were
evaluated as previously explained using the
equation [47-49].

D Ze )
V(r)‘;‘ﬁAfr‘ I|r'—r|dIr
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where Za is the charge of nucleus A, o(r’) is the
charge density at I’ and T’ is the integration
variable. V (I) electrostatic potential at any point

of a molecule is given by the electrostatic
potential equation.

Negative, positive and zero electrostatic potential
regions are shown with red, blue and green colors,
respectively. The negative regions surround the
oxygen atoms (037, 038, 039 and 040) that
contain the hydroxyl group (OH). The positive
electrostatic potential regions are localized around
the other aromatic and methyl hydrogen atoms,
particularly H43 and H44 atoms (Figure 4).

Figure 4. The simulated MEP map.

5. CONCLUSION

In this study, the molecular structure and the
vibrational frequencies of the hypericin molecule
were examined. The assigned frequencies were
investigated in consideration of the computed and
the experimental FT-IR analysis results. The
HOMO, LUMO and MEP analyses were
performed to determine electronic charge transfer,
energy band gap, electrophilic and nucleophilic
sites (or negative and positive electrostatic
regions) and charge distribution of the hypericin
molecule. Computed vibrational frequencies and
assignments are consistent with the experimental
FT-IR values obtained in this study.
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