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Abstract Theoretically predicted vibrational wavenum-

bers of baicalein were compared with available infrared

(IR) and Raman experimental data. Assignments of the

experimentally obtained normal vibrational modes were

done using density functional theory calculations with

M05-2X functional and the 6-311?G(2df,p) basis set

implemented in the Gaussian 09 package. According to the

results, the 1,700 to 1,400 cm-1 Raman and IR regions are

associated with the double-bond character of the carbonyl

group, aromatic in-plane skeletal vibrations, and aromatic

character of the pyrone ring. In particular, the bands in the

1,650 to 1,550 cm-1 region represent the C=O and C2=C3

characteristic stretching modes. Most of the bands in the

1,500 to 650 cm-1 range involve C–C stretch, O–C stretch,

and in-plane C–C–H, C–O–H, C–C–O, C–O–C, and C–C–C

bending vibrations of the rings. Bands below 650 cm-1 are

mostly assigned to different torsional modes of the rings.

The applied method reproduced the experimental results

with a high degree of accuracy.

Keywords Baicalein � IR spectra � Raman spectra �
M05-2X/6-311?G(2df,p) level of theory

Introduction

Besides the variety of internally developed defense mech-

anisms against reactive oxygen species, organisms rely also

on some external factors including dietary substances, such

as flavonoids, vitamins C and E, hydroquinones, and var-

ious sulfhydryl compounds. The flavonoid family is a vast

and very important group of low-molecular-weight plant

phenolics. Circumstantial evidence, provided by numerous

investigations, points to their essential role in plant phys-

iology, as they are involved in the light phase of

photosynthesis, pigmentation, growth and reproduction,

nitrogen fixation, regulation of iron channels associated

with phosphorylation, resistance to pathogens and preda-

tors, ultraviolet (UV) protection of plants, and chemical

defense [1–7].

By virtue of their unique electron-rich and highly con-

jugated chemical structure, flavonoids generally act as very

good hydrogen and electron donors, which are very

important determinants in antioxidant activity. Moreover,

their radical intermediates are relatively stable due to

delocalization effect and the lack of suitable sites for attack

by molecular oxygen. Their pronounced antioxidant activ-

ity, closely related to a variety of their beneficial actions

in vivo and in vitro, operates at different levels in the oxi-

dative process, including scavenging lipid peroxyl radicals,

chelation of metal ions able to promote radical forma-

tion through Fenton reactions, scavenging free radicals,

removing oxidatively changed and damaged biomolecules,

or regeneration of membrane-bounded antioxidants such as

vitamin E [8–18].
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In recent years, the chemical behavior of flavonoids as

antioxidants has become the subject of very intense

experimental and theoretical research, since the structure–

properties relation has not yet been settled. In combination

with experimental measurements, the various tools of

computational chemistry have provided ways to disclose

the relationship between the structure, properties, and

performance of these very important molecules. This

paper, as part of our ongoing investigations of flavonoid

molecular structures [19–22], reports experimental and

theoretical research into the baicalein (5,6,7-trihydroxy-2-

phenyl-4H-chromen-4-one) structure by means of experi-

mental IR and Raman spectroscopies and mechanistic

calculations. In this way, by detailed vibrational band

assignments, it is possible to provide good insight into the

structural changes which appear upon all relevant flavonoid

interactions. Found in the traditional Chinese medicinal

herb Baikal skullcap (Scutellaria baicalensis Georgi),

baicalein and its glycosidized form baicalin are two of its

major bioactive flavone compounds. They are widely used

in treatment of widespread and disease-related symptoms

such as insomnia, fever, and perspiration. Baicalein has

also been the subject of numerous studies which have given

promising results in different areas, such as inhibition of

iron-induced lipid peroxidation and anticancer, anti-

inflammatory, and antioxidant activities [23–26].

Results and discussion

Geometry of baicalein

Different conformations of baicalein (Fig. 1) are implied

by the possibility of rotation around the C2–C10 single

bond connecting the B and C rings and by the disposition

that each –OH group can undergo in the molecule. Opti-

mization at the M05-2X level of theory with the

6-311?G(2df,p) basis set yields as preferred structure a

nonplanar conformation (s = 23.4�) in which the hydroxyl

groups are oriented in such a way as to form the maximum

number (three) of hydrogen bonds. This value for s indi-

cates that baicalein cannot use its full delocalization

potential and is less active as scavenger. Nonplanarity can

also be caused by the lack of 3-OH group, which causes a

slight twist of the ring [27]. The energetic value for the

rotation barrier around the torsional angle s (16.2 kJ/mol),

which leads to the B ring being perpendicular to the plane

of the A and C rings, is much lower in comparison with the

values of 24.7 kJ/mol for quercetin [21] and 23.0 kJ/mol

for fisetin [20]. Obviously, the rotation around s angle

proceeds easily, and there is a very small energy gap

between the two most stable conformations. This result

suggests their probable coexistence.

Equilibrium geometrical parameters of the absolute

minimum are reported in Table 1, together with bond order

values and data coming from crystallographic measure-

ments [28]. If the known differences between the vacuum

and condensed-phase environments are taken into account,

the geometry appears to be quite well reproduced, and the

small discrepancies are easily ascribable to the packing in

the crystal. Significant geometrical differences were found

only in the case of three hydrogen bonds. The O5–H5–O4

(1.689 Å), O6–H6–O5 (2.240 Å), and O7–H7–O6

(2.154 Å) hydrogen bonds present in the gas-phase mini-

mum are significantly different from experimental values.

The first one is shorter by 0.051 Å, and the other two are

longer by 0.530 and 0.204 Å, respectively, in comparison

with the experimental values. Also, it should be empha-

sized that this density functional theory (DFT) method

overestimates the value of the dihedral angle between rings

B and C by about 15�.

The Wiberg bond order analysis (Table 1), as well as

small nonplanarity of the molecule, preclude a possible

extended delocalization with a consequent good stabiliza-

tion of the radical species, eventually originating from the

hydrogen abstraction from the –OH groups of all the rings.

As indicated by Rice-Evans et al. [29] and by van Acker

et al. [18], the antioxidant properties of flavonoids can be

derived just from their good delocalization possibilities.

IR and Raman spectra analysis

The vibrational spectra of polyhydroxylated flavones are

generally very complex with the plurality of spectral bands

mostly assigned to different modes of O–H vibrations, due

to the fact that these molecules usually have several

hydroxyl groups which are expected to have significant

impact on the spectra appearance.

The experimentally obtained, theoretically calculated,

and scaled band positions, wavenumbers, along with the

corresponding assignments for the first 69 vibrational

modes (of total 84) appearing in the 4,000 to 400 cm-1

region are listed in Table 2. Vibrational normal modeFig. 1 Structural formula of baicalein
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assignments were done on the basis of a best-fit compari-

son between the experimentally obtained and theoretically

calculated spectra (Figs. 2, 3). Table 2 also lists relative

descriptions of IR and Raman intensities, potential energy

distribution (PED) values [30], and the description of the

largest vibrational contributions to the normal modes. It

can be seen that the calculated band positions provide a

very good fit to the observed results, indicating correct

mode assignments.

As baicalein possesses very low symmetry, belonging to

the C1 symmetry group, its Fourier-transform (FT)-IR and

Raman spectra are quite similar in appearance with slightly

more bands present in the IR spectrum and some differ-

ences in relative intensities. The difference in number and

intensity of the bands is the consequence of the Raman

scattering effect itself. As implied by the low symmetry,

the Raman and IR active vibrational modes also have rather

similar assignments.

The most distinct and easily recognizable broad bands in

IR and normal Raman (NR) spectra of phenols and poly-

phenols (also alcohols) are the bands assigned to different

modes of O–H vibrations (Table 2). Although being pre-

dicted by DFT as three sufficiently intense (especially

DFT-calculated IR intensities) bands (modes 84–82,

Table 2), only two intense IR bands at 3,410 and

3,065 cm-1 are present. The first band, characteristic of

weak hydrogen-bonding interaction, is assigned to

mode 83 belonging to O–H stretching vibration of ring A

(C7–OH). The second one is assigned to mode 82

(C5–OH), which is characteristic of OH groups involved in

Table 1 M05-2X/6-

311?G(2df,p) geometrical

parameters of the absolute

minimum of baicalein in the

gas phase

Distances in Å and valence

angles in degrees. Experimental

data are crystallographic

measurements [40]

Bond lengths Exp. Gas phase Wiberg bond order Angles Exp. Gas phase

D(O1–C2) 1.353 1.347 1.011 A(C9–01–C2) 119.88 120.39

D(C2–C3) 1.360 1.348 1.631 A(O1–C2–C10) 112.73 112.37

D(C3–C4) 1.432 1.440 1.122 A(O1–C9–C10) 121.17 120.38

D(C4–C10) 1.439 1.446 1.093 A(O1–C2–C3) 122.19 122.61

D(C5–C10) 1.414 1.403 1.246 A(C2–C3–C4) 121.05 121.06

D(C5–C6) 1.384 1.376 1.365 A(C3–C2–C10) 125.07 125.02

D(C6–C7) 1.404 1.393 1.293 A(C3–C4–C10) 116.07 114.93

D(C7–C8) 1.392 1.385 1.364 A(C4–C10–C5) 121.79 120.81

D(C8–C9) 1.387 1.380 1.386 A(C4–C10–C9) 119.61 120.61

D(C9–O1) 1.369 1.364 0.964 A(C9–C10–C5) 118.58 118.58

D(C9–C10) 1.400 1.392 1.301 A(C10–C5–C6) 119.92 119.81

D(C2–C10) 1.469 1.470 1.048 A(C5–C6–C7) 119.67 120.14

D(C10–C20) 1.399 1.392 1.371 A(C6–C7–C8) 121.55 121.21

D(C20–C30) 1.392 1.384 1.441 A(C7–C8–C9) 117.84 117.92

D(C30–C40) 1.393 1.386 1.430 A(C8–C9–C10) 122.26 122.34

D(C40–C50) 1.393 1.387 1.423 A(C8–C9–O1) 116.56 117.28

D(C50–C60) 1.386 1.383 1.449 A(C10–C20–C30) 120.08 120.15

D(C60–C10) 1.402 1.392 1.367 A(C20–C30–C40) 120.47 120.20

D(O4–C4) 1.260 1.238 1.541 A(C30–C40–C50) 119.53 119.85

D(O5–C5) 1.348 1.341 1.064 A(C40–C50–C60) 120.36 120.15

D(O6–C6) 1.362 1.364 0.993 A(C50–C60–C10) 120.39 120.23

D(O7–C7) 1.350 1.347 1.045 A(C60–C10–C20) 119.14 119.41

D(H5–O5) 0.970 0.993 0.623 A(C60–C10–C2) 120.27 120.52

D(H6–O6) 0.970 0.964 0.720 A(C2–C10–C20) 120.58 120.07

D(H7–O7) 0.970 0.965 0.728 A(C3–C4–O4) 122.76 123.18

DH(H5–O4) 1.740 1.689 A(C10–C4–O4) 121.17 121.88

DH(H6–O5) 1.710 2.240 A(C10–C5–O5) 122.13 122.00

DH(H7–O6) 1.950 2.154 A(C6–C5–O5) 117.93 118.18

A(C5–C6–O6) 122.56 122.11

A(C7–C6–O6) 117.76 117.75

A(C6–C7–O7) 120.07 119.28

A(C8–C7–O7) 118.39 119.51

s(O1–C2–C10–C20) 9.000 23.463
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Table 2 Experimental and calculated positions of the bands in the IR and Raman spectra of baicalein, assignments and intensities of the normal

modes

Mode Assignment Exp. values M05-2X/6-311?g(2df,p)

�vIR/cm-1 �vR/cm-1 �vscaled/cm-1 IR/Raman

intensity

Raman

activity

PED (%)

84 OH stretching (A) (C6–OH) 3,629.7 w/vw 66.2 mOH (99)

83 OH stretching (A) (C7–OH) 3,410 3,616.5 m/vw 114.6 mOH (99)

82 OH stretching (A) (C5–OH) 3,065 3,091.4 vw/vw 76.4 mOH (97)

81 CH stretching (A) 3,079.4 vw/v 68.3 mCH (99)

80 CH stretching (B) 3,064.6 vw/vw 247.3 mCH (98)

79 CH stretching (B) 3,060.1 vw/vw 22.1 mCH (95)

78 CH stretching (B) 3,053.5 vw/vw 76.2 mCH (83)

77 CH stretching (B) 3,046.3 vw/vw 114.4 mCH (95)

76 CH stretching (B) 3,036.3 vw/vw 40.8 mCH (95)

75 OH stretching (A) 3,017.7 vs/vw 133.1 mCH (86)

74 C=O stretching (C) 1,656 1,654 1,654.0 vs/m 206.5 mC=O (47) ? dCOH (10)

CC stretching (A–C)

73 CC stretching (A, C) 1,615 1,612 1,619.6 s/m 345.1 mCC (64)

C=O stretching (C)

72 CC stretching (B) 1,604.3 vw/vs 531.2 mCC (57) ? dCCH (14)

71 CC stretching (A–B–C) 1,587 1,589 1,593.3 vw/w 150.1 mCC (44)

OC stretching (A)

70 CC stretching (C) (C2=C3) 1,560 1,566 1,566.6 vw/s 318.0 mCC (44) ? dCCH (11)

69 CC stretching (A, C) 1,504 1,507 1,495.1 w/w 144.5 mCC (18) ? dCCH (34)

OC stretching (A)

68 CC stretching (B) 1,471 1,466 1,474.8 vw/vw 9.2 mCC (13) ? dCCH (59)

67 CC stretching (A, C) 1,448 1,450 1,463.8 vs/vw 11.9 mCC (56)

CCC bending (A, B)

COH bending (A–C)

66 CC stretching (B) 1,414 1,406 1,427.5 vw/vw 25.2 mCC (29)

CCH bending (B)

65 OC stretching (A) 1,388 1,381 1,388.3 w/vw 13.6 mCC (17) ? dCCH(30)

CC stretching (B)

COH bending (A)

64 CC stretching (A, C) 1,365.9 vw/vw 67.0 mCC (67) ? dCCH (12)

COH bending (A)

63 OC stretching (C) 1,340 1,363.1 s/vw 73.4 mCO (12) ? dCOH (20)

CC stretching (A)

COH bending (A)

62 OC stretching (C) 1,304.0 s/vw 56.0 mCO (12) ? dCOH (20)

COH bending (A)

61 CC stretching (B) 1,296 1,280 1,298.8 vw/vw 0.9 mCC (10) ? dCCH (65)

CCH bending (B)

60 CC stretching (A) 1,293.3 vw/vw 9.2 dCOH (23)

COH bending (A)

59 CC stretching (B) 1,272.4 vw/vw 23.1 mCC (35) ? dCCH (13)

CCH bending (B)

58 COH bending (A) 1,242 1,248 1,245.2 w/vw 38.9 mCO (24) ? dCOH (21)

CCH bending (C)

1372 T. P. Brdarić et al.

123



Table 2 continued

Mode Assignment Exp. values M05-2X/6-311?g(2df,p)

�vIR/cm-1 �vR/cm-1 �vscaled/cm-1 IR/Raman

intensity

Raman

activity

PED (%)

57 CC stretching (C–B) 1,210 1,203 1,216.1 vw/s 241.9 mCC (34) ? dCCH (33)

CCH bending (C)

CCH bending (B)

56 COH bending (A) 1,178.5 vw/vw 3.7 mCC (14) ? dCOH (45)

CCH bending (A)

55 COH bending (A) 1,181 1,170.3 vw/vw 64.0 mCO (26) ? dCOH (10) ? dCCH (20)

CCH bending (C)

54 CCH bending (B) 1,161 1,160 1,155.0 vw/vw 7.9 mCC (11) ? dCCH (72)

CCH bending (A)

53 CCH bending (A, B) 1,126.6 w/vw 2.9 dCCH (49)

COH bending (A)

52 CCH bending (B) 1,103 1,110 1,125.1 vw/vw 6.3 dCCH (72)

51 CCH bending (A) 1,084 1,078.3 vw/vw 10.9 mOC (58)

CCC bending (A, C)

CCO bending (A, C)

50 CCH bending (B) 1,067.0 vw/vw 0.1 mCC (17) ? dCCH (43)

49 CCH bending (A, C) 1,031 1,032 1,054.1 m/vw 1.5 mCC (23) ? dCCO (20) ? dCCH (13)

COH bending (A)

48 CCH bending (B) 1,019 1,019.7 vw/vw 32.6 mCC (30) ? dCCH (25) ? dCCC (15)

47 CCH bending (A, B, C) 1,003.0 vw/vw 8.1 mCC (15) ? dCCH (13)

46 CCH bending (B) 995 999 984.1 vw/vw 0.3 dCOH (49)

45 CCH bending (B) 963 973.9 vw/vw 50.8 mCC (14) ? dCCC (59)

44 CCH bending (B) 964.6 vw/vw 1.4 mOC (65) ? dCCH (13)

43 CCH bending (B) 915 918.2 vw/vw 0.1 dCCH (39)

CCC bending (A–C)

CCO bending (C–B)

42 COC bending (C) 897 892.2 vw/vw 3.0 mCC (13) ? dCCC (11) ? dCOC (13)

CCH bending (C)

COH bending (A)

41 CCH bending (A) 874.5 vw/vw 5.3 mCC (35) ? dCCH (15)

COH bending (A)

CCC bending (A)

40 CCO bending (A–C) 852 848.7 vw/vw 0.9 dCCC (18) ? dCCO (23)

CCH bending (C)

39 CCH bending (B) 832.4 vw/vw 3.0 dHCC (54)

CCC bending (A)

CCO bending (C)

38 CCH bending (A) 824 820.8 vw/vw 1.7 dHCC (74)

CCC bending (B)

37 CCO bending (A, C) 818.2 vw/vw 0.1 dCCO (35)

CCC bending (B)

36 CCC bending (A) 778 772.5 vw/vw 0.7 mCC (11) ? dCCC (14)

CCO bending (A–C)

35 CCC bending (B) 748 760.8 vw/vw 2.4 mCC (15) ? dCCC (11)

CCH bending (B)
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Table 2 continued

Mode Assignment Exp. values M05-2X/6-311?g(2df,p)

�vIR/cm-1 �vR/cm-1 �vscaled/cm-1 IR/Raman

intensity

Raman

activity

PED (%)

34 CCO bending (A, C) 734 729 707.9 vw/vw 0.2 dCCH (45)

CCH bending (C)

33 CCC bending (A, C) 706 712 693.9 vw/vw 3.9 mOC (13) ? dCCO (12) ? dCCC (13)

CCO bending (A, C)

CCH bending (A, C)

32 CCC bending (A, B) 682 687.4 vw/vw 4.8 dCCO (12) ? dCCC (24)

CCO bending (A, C)

CCH bending (B)

31 CCC bending (B) 668 679.1 vw/vw 0.5 dCCH (22) ? dCCC (28)

CCH bending (B)

30 CCH bending (B) 638 645 655.6 vw/vw 2.51 dCOC (12) ? dCCH (26)

COC bending (A–C)

29 CCC bending (A, B) 627.6 vw/vw 0.6 dCCO (15) ? dCCC (32)

CCO bending (B)

28 CCOH torsion (A) 616 621 618.7 vw/vw 7.1 dCCO (30)

CCCC torsion (A, C)

27 CCCC torsion (A, B, C) 602.0 vw/vw 23.8 mCC (28) ? dCCC (24)

CCOH torsion (A)

26 CCCH torsion (B) 596.9 vw/vw 9.2 dCCC (73)

CCOH torsion (A)

25 CCCH torsion (A–C) 595 590.2 vw/vw 0.5 sHCCC (21) ? so.p. OCCC (60)

24 CCCH torsion (A) 572 576 557.6 vw/vw 6.2 dCCO (55)

CCCO torsion (A, C)

23 CCCH torsion (A) 519 521 499.5 vw/vw 3.3 mOC (10) ? dCCC (45)

CCCO torsion (A, C)

22 CCCH torsion (A, B, C) 487 481 472.7 vw/vw 1.0 dCCC (13) ? sCCCC (14)

CCCO torsion (A, C)

21 CCCC torsion (A, B) 459 446.1 vw/vw 1.4 dCCC (14) ? sCCCC (19)

CCCO torsion (A, C)

CCCH torsion (A, B, C)

20 HCCC torsion (A) 421 426 431.3 vw/vw 0.6 sHOCC (96)

19 CCOH torsion (A) 402.1 vw/vw 5.6 dCCC (19)

CCCH torsion (A, B)

CCCO torsion (A, C)

CCCC torsion (A, B)

18 CCCC torsion (B) 392.6 vw/vw 1.7 sHCCC (16) ? sCCCC (19)

CCCH torsion (B)

17 CCCC o.p. torsion (B) 380.6 vw/vw 2.1 sHOCC (10) ? so.p. CCCO (48)

CCCO o.p. torsion (B)

CCCC torsion (A, B)

CCCOC torsion (A–C)

IR intensities are normalized with highest peak equal to 100. Raman intensities are calculated using the formulae for Raman intensity and then

normalized to 100. Raman activity = Si of the normal mode

o.p. out-of-plane mode, vw very weak, w weak, m medium, s strong, vs very strong
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strong hydrogen bonding. These results are also confirmed

by theoretical calculations (Table 1). The 3,850 to

3,200 cm-1 region is also very characteristic of various

C–H stretching modes, but in the experimentally obtained

IR and Raman spectra no bands are observed (Fig. 2). The

lack of bands readily assignable to the various C–H

stretching modes could arise from the possible interactions

of adjacent molecules in the crystal phase [31, 32]. As

obvious from Table 2, the largest vibrational contributions

to the normal stretching modes of rings A, B, and C in the

3,850 to 3,200 cm-1 region are assigned solely to the

stretching modes themselves. The rest of the vibrational

modes are presented as the sum of various contributions.

The 1,700 to 1,400 cm-1 IR and Raman regions (Fig. 3)

are generally associated with the double-bond character of

the carbonyl group, aromatic in-plane skeletal vibrations,

and aromatic character of the pyrone ring [32–35]. In the

IR spectrum of baicalein, the most intense bands appear in

the 1,656 to 1,560 cm-1 region (1,654 to 1,567 cm-1

scaled DFT values), usually involving a combination of the

C=O stretching (1,656 and 1,615 cm-1), C2=C3 stretching

(1,560 cm-1), and C–C stretching (1,656, 1,615, 1,587, and

1,560 cm-1) vibrations. In the Raman spectrum these

bands appear in the 1,654–1,566 cm-1 region, almost at the

same positions as corresponding bands in the IR spectrum

(1,654 and 1,612 cm-1; 1,566 cm-1; 1,654, 1,612, 1,589,

and 1,566 cm-1). As baicalein lacks a hydroxyl group

at the C3-position the frequencies of both the C=O

and C2=C3 stretching modes are slightly increased and

positioned at higher values compared with 3-OH substi-

tuted flavones such as quercetin and some other flavonols
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Fig. 2 Experimentally obtained (top) and theoretically calculated

(bottom) IR (a) and Raman (b) spectra of baicalein
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[35–37]. Most of the bands between 1,500 and 1,000 cm-1

involve C–C stretching, O–C stretching, and in-plane

C–C–H, C–O–H, C–C–O, and C–C–C bending vibrations

of the rings. The plurality of less intense bands which

appear only in the IR spectrum below 1,000, 1,019 cm-1

(1,020 cm-1 by DFT), 995 (984 cm-1 by DFT), 963 cm-1

(974 cm-1 by DFT), 915 cm-1 (918 cm-1 by DFT),

897 cm-1 (892 cm-1 by DFT), 852 cm-1 (849 cm-1 by

DFT), 824 cm-1 (821 cm-1 by DFT), 778 cm-1

(772 cm-1 by DFT), 748 cm-1 (761 cm-1 by DFT),

734 cm-1 (708 cm-1 by DFT), 716 cm-1 (694 cm-1 by

DFT), 682 cm-1 (687 cm-1 by DFT), 668 cm-1

(679 cm-1 by DFT), and 638 cm-1 (679 cm-1 by DFT), is

predominantly assigned to the C–C–C, C–C–H, C–C–O,

C–O–C, and C–O–H deformation modes of all three rings.

Bands that appear below 650 cm-1 in both IR (616, 572,

519, 487, 459, and 421 cm-1) and Raman spectra (621,

576, 521, 481, –, and 426 cm-1) are assigned to in-plane

C–C–C–C, C–C–O–H, C–C–C–H, and C–C–C–O torsional

modes of the rings. DFT-predicted wavenumber values for

the various torsional modes are, as all the rest of calculated

modes, in very good agreement with experimentally mea-

sured values (618, 558, 499, 472, 446, and 431 cm-1).

Band around 400 cm-1, predicted only by DFT calcula-

tions, is assigned to out-of-plane C–C–C–C and C–C–C–O

torsional modes of the B ring.

Conclusions

The results of the applied M05-2X/6-311?G(2df,p) density

functional method in determination of the spectroscopic

and electronic features of baicalein point to a nonplanar

molecule, characterized by an extended delocalization and

conjugation of the p electrons, which exists in one stable

form containing three hydrogen bonds. Spectral assign-

ments, done on the basis of a best-fit comparison between

the experimentally obtained and theoretically calculated IR

and Raman spectra, match quite well, indicating DFT

calculations as a very accurate source of normal mode

assignments.

Experimental

Computational methods

The conformations of different baicalein forms were fully

optimized with the new local density functional method

(M05-2X), developed by the Truhlar group [38, 39], by using

the 6-311?G(2df,p) basis set as implemented in the Gauss-

ian 09 package [40]. This new hybrid meta exchange–

correlation functional is parameterized for nonmetallic

compounds, yielding satisfactory overall performance for

main-group thermochemistry and thermochemical kinetics,

as well as organic, biological, and noncovalent interactions

[38, 41, 42]. Moreover, this functional has been proven to

give much better correlation between experimental and

calculated band wavenumbers compared with DFT/B3LYP

functional with 6-31G(d,p) basis set.

The vibrational frequencies were obtained from diago-

nalization of the corresponding M05-2X Hessian matrices.

The nature of the stationary points was determined by

analyzing the number of imaginary frequencies: 0 for

minimum and 1 for transition state. Relative energies were

calculated at 298 K.

The vibrational modes were assigned on the basis of

PED analysis [30] using VEDA 4 program with its visu-

alization interface [43]. Normal coordinate analysis of

baicalein was carried out to obtain a more complete

description of the molecular motions involved in the fun-

damentals. The calculated vibrational wavenumbers were

scaled with the uniform scaling factor of 0.9444 [44–46] to

obtain better match between calculated and experimental

wavenumber values.

Potential energy surfaces were obtained in relation to the

torsion angle s defined by the C3–C2–C10–C20 atoms

(Fig. 1) between rings B and C. The torsion angle s was

scanned in steps of 10� without constraints on all other

geometrical parameters. The effects of the following

torsion angle rotations were also studied: C4–C5–OH,

C5–C6–OH, and C6–C7–OH. Afterwards, the structures

were further optimized without any constraint around each

potential minimum. Particular attention was devoted to the

DFT interpretation of the reactivity of OH groups in the

parent molecule, and the radicals and cations formed after

H-removal from the molecule.

Natural bond orbital (NBO) analysis [47–50] of baicalein

was also performed. The Wiberg bond orders [51] were

calculated using the GenNBO program. It should be noted

that the Wiberg bond order (sometimes referred to as the

Wiberg bond index) is equal to 1 and 2 for pure single and

double bonds, respectively. In the case when a bond partic-

ipates in some p-electron conjugation, its Wiberg bond order

will assume a value between 1 and 2, with values closer to 2

indicating stronger double-bond character.

IR spectra

IR spectra were recorded on a Thermo Nicolet 6700 FT-IR

spectrometer with attenuated total reflectance (ATR). The

spectra were recorded in the middle IR region from 4,000 to

400 cm-1, which is important for monitoring the structural

changes of molecules. The spectral resolution was 2 cm-1.

Baicalein (Merck, USA) was studied in potassium bromide

matrix with sample:KBr ratio of 1 mg:150 mg.
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Raman spectra

Raman spectra were recorded on a Thermo Scientific

Nicolet Almega XR Raman spectrometer. The spectra were

obtained in the region from 3,500 to 500 cm-1 directly

from the pure powder sample. A 532-nm laser was used for

sample illumination, enabling spectral resolution of

2 cm-1. The laser output was kept at 10 mW. Each spec-

trum was collected after 1 s of exposure. The number of

exposures was ten. Fluorescence correction was applied.

The theoretical Raman intensities (IR
i ) were derived

from the computed Raman scattering activities using the

following equations [52]:

IR
i ¼ Cðt0 � tiÞ4t�1

i B�1
i Si; ð1Þ

where Bi is a temperature factor which accounts for the

intensity contribution of excited vibrational states, and is

represented by the Boltzmann distribution:

Bi ¼ 1� exp � htic

kT

� �
: ð2Þ

In Eq. (1), t0 is the wavenumber of the laser excitation

line (t0 = 18,797 cm-1, corresponding to wavelength of

532 nm), ti is the normal mode wavenumber (cm-1), while

Si is the Raman scattering activity of normal mode Qi. The

theoretical Raman intensity, IR
i , is given in arbitrary units

(C is a constant equal to 10-12). In Eq. (2) h, k, c, and T are

the Planck and Boltzmann constants, speed of light, and

temperature in Kelvin, respectively. The factor Bi was

assumed to be 1; otherwise, the calculated Raman

intensities for the bands below 300 cm-1 were extremely

overestimated in comparison with experiment [53].
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