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The frequency and intensity of IR absorption bands of female sex hormone, 17b-estradiol, are calculated and
assigned using density functional theory with the B3LYP/6-31G** approach. For a big number of bands such
assignment is made for the first time. The frequencies and normal modes of vibrations are predicted in the
low-frequency region of the IR spectrum. 
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Introduction The vibration motion of nuclei in
molecules is one of the most important factors which
conditions physico-chemical properties and reactivity
of substances. The solution for classical equations
subject to force filed, discovered from the
Schrödinger’s equation in adiabatic approximation,
allows determining the forms of vibration of
polyatomic molecules as well as their frequencies. The
use of these methods in biochemistry of steroid
hormones seems the most up to date, as it supplies the
possibility to understand the interaction of steroid
hormones with the receptors at the microscopic level.

The estrogens are considered to be important
regulators of mammalian reproductive function [1, 2].
They provide embryo formation and development.
Biochemical effects of estrogens are realized as a result
of their direct influence on the chromosomal apparatus
of the cell at the expense of gene expression change and

the stimulation of RNA synthesis rate (the details of this 
process are still not clear) [2]. On penetrating the cell
membrane the estrogens are initially bound with
cytoplasmic receptors, which causes their activation,
necessary for their penetration into the nucleus. The
process of gene expression begins with transcription,
i.e. with the formation of the mRNA precursors and the
formation of biologically active mRNAs, which then
move to cytoplasm. The mRNA translation on
ribosomes results in the synthesis of specific proteins of 
the cell, which gives grounds for the statement that the
cytosolic or direct action mechanism is specific for
estrogens.

The study of the reception of steroid hormones is
considered to be one of the most important challenges
of modern biology and medicine [1]. Especially, the
structure of estrogen receptors as well as their
interaction with 17b-estradiol represent a great interest
since the cancer diagnostics and treatment are directly
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connected to the activity of these receptors and to the
level of hormone in blood [3].

Current work presents calculations of frequencies
and intensity of vibrations in the IR spectrum of female
sex hormone 17b-estradiol using quantum-chemical
method of density functional theory (DFT) [4]. On the
basis of these calculations all bands in the IR spectrum
of the studied hormone [5] have been assigned. Current
analysis is very important not only for the methods
development of analytical control of hormones but also
for clarifying the nature of their biological activity.

Materials and Methods The geometry of the
molecule was calculated step by step, i.e. using the
method of molecular mechanics (MM+) and then using
the semiempirical self-consistent field method of
Hartree-Fok in the framework of PM3 approximation
[6]. The results obtained were used for the calculation
of equilibrium geometry and vibrational IR spectrum of 
the studied molecule with the DFT method at the theory 
level of B3LYP/6-31G** [4,6]. Introduction of
polarization functions in the basis set 6-31G** allows
better account of atomic polarizability in the force field
estimation. The calculations were made in the
Stockholm Center of Physics, Astronomy, and
Biotechnology (SCFAB). The scaling factors used for
the frequencies corrections of stretching () vibrations
are equal to 0.95 (for the C-H and O-H bonds), to 0.965
(for the C-C bonds in aromatic ring), and to 0.97 (for
deformation vibrations). Comparing the calculated
forms of normal vibrations with those assignments of
the bands in IR spectrum of estradiol described in the
literature [3], we were able to appreciate the
possibilities of the calculation method used in order to

predict the frequencies and forms of vibrations as well
as the intensity of absorption band in the IR spectra of
steroid hormones; to reveal the adjustment value for
anharmonicity of vibrations and correlation of
electrons (scaling factor) as well as to perform the
assignment of those experimental IR bands of estradiol
[3, 5], the vibrational modes of which are not described
in the literature.

Results and Discussion The numeration of atoms
in the estradiol molecule is presented in Fig.1,
conformation of the molecule obtained as a result of the
geometry optimization is presented in Fig.2, some
calculated geometrical parameters of the molecule are
presented in Table 1. As it can be seen from Fig.2,
estradiol molecule consisting of the four condensed
rings (phenol (A), two cyclohexanes (B, C), and
cyclopentanol (D)) has a complicated spatial structure.
The aromatic ring A is characterized by a flat
organization. The hydroxyl group O20H41 at the C3

carbon atom and the hydrogen atoms are located in the
plain of the A ring (equatorial position), which can be
seen in Fig.2 and from the values of dihedral angles
(Table 1). The deviation of the hydrogen atoms from
the plain of the ring A does not exceed 0.2°. The
cyclohexane rings B and C are of an arm-chair form
(Fig.2). The calculated valence angles in the
cyclohexane rings are close to the tetrahedral ones
(Table 2). Hydrogen atoms H24, H28, and H29 are located
in the equatorial position and all the rest hydrogen
atoms are in the axial position (directed upwards or
downwards). It is worth mentioning also that the
lengths of the C-H bonds are different, even in the
methyl group where the highest length is C14-H31
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Fig.1 The numeration of atoms in the estradiol molecule
Fig. 2 Conformation of the estradiol molecule optimizing by 
B3LYP/6-31G** method



(1.103A°), the smallest one is C9-H26 (1.044 A°). The D
ring has an envelope form, specific for the five-member 
rings. The OH group of cyclopentanol ring and the
methyl group are located in b-position.

There are 126 normal vibrations in the IR spectrum
of estradiol molecule, which consists of 44 atoms. The
calculated forms of normal vibrations, their
frequencies, and intensity are presented in Table 2. The
experimentally obtained IR absorption spectrum [5] is
presented in Fig.3 in the following coordinates:
transmission, % - wave number (frequency), cm-1. This
spectrum is obtained for a solid sample of estradiol,
dispersed in KBr and pressed into pellets. The
numbering of vibrational modes in the IR spectrum [5],
corresponding to our interpretation, is presented in
Fig.3. We used continuous numbering of all normal
modes in accordance to the increase of vibration

frequencies. The standard notations for assignment of
vibrational modes have been used [6].

The  vibrations bands of the hydroxyl groups The
characteristic frequencies determined by  vibrations of
the O-H bonds in estradiol molecule, according to our
calculations, have to appear at 3630 and 3619 cm-1

(Table 2, vibrational modes number 126 and 125).
Calculations show that the stretching vibration of O-H
group of phenol ring (A) should take place at higher
frequency than the vibration of O-H groups of
cyclopentanol ring (D), though the frequencies differ in 
11 cm-1 only.

The intensity of O-H stretching vibration of the
cyclopentanol ring is smaller, than that of the phenol.
Stretching vibrations of the O-H bonds of the
experimental IR spectrum [5] (Fig.3) are observed in
two broad bands with high absorption intensity at
3432-3422 and 3266-3256 cm-1, specific for associated
O-H groups due to the formation of intermolecular
hydrogen bonds and a narrow adsorption band at 3631
cm-1, which is specific for free hydroxyl group of
alcohols and phenols [7]. As it is seen from Table 2 and
Fig.3, the calculated frequencies of normal vibrations
of O-H bonds (taking into account the scaling factor)
are well correlated with the experimental value of the
stretching vibration frequency of the non-associated
hydroxyl groups.

Reasoning from the fact that the absorption in
phenols at the presence of hydrogen bonds of the
O-H…O type takes place at smaller energies
(3250-3200 cm-1), than in the secondary alcohols (3300
cm-1), broad band of absorption at 3446 cm-1 was related
by authors of Ref. [3] to stretching vibrations of O-H
bond of cyclopentanol ring, and at 3240 cm-1 was
related to stretching vibrations of O-H bonds of the
phenol ring. By comparison of the calculated and
experimental data we have supposed that in the solid
samples of estradiol the O-H groups of phenol and
cyclopentanol rings form intermolecular hydrogen
bonds with different energies and therefore the
different displacement of n(OH) bands takes place
towards the lower frequencies and the rearrangements
of vibration modes occurs.

The absorption bands connected with the C3OH and 
C17OH vibrations The d(OH) band of phenols is
typically observed between 1410-1310 cm-1 [7, 8]. In
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Table 1.
 The bond length, the valence and dihedral angles (grad) in the estradiol
molecule, calculated by B3LYP/6-31G** method

Parameter A
°

Parameter A
°

C1C2 1.390 C17O42 1.419

C2C3 1.397 O42H43 0.967

C3C4 1.394 C1C2C3 119.3

C4C5 1.401 C2C3C4 119.3

C1C10 1.405 C3C4C5 121.4

C5C10 1.409 C4C5C10 119.9

C5C6 1.519 C1C10C5 117.6

C6C7 1.531 C6C7C8 110.2

C7C8 1.533 C7C8C9 109.2

C8C9 1.553 C1C2C3C4 -0.2

C9C10 1.531 C1C2C3O20 180.0

C9C11 1.548 C2C3C4C5 0.3

C11C12 1.543 C4C5C10C1 -0.5

C12C13 1.535 C3C4C5C10 0.1

C13C14 1.549 C4C3C20H41 0.2

C14C15 1.544 C2C3C4H21 -179.7

C15C16 1.557 C10C5C6C7 -15.3

C16C17 1.557 C5C6C7C8 45.8

C13C17 1.552 C6C7C8C9 -64.9

C3O20 1.369 C8C9C10C5 -21.8

O20H41 0.966 C14C15C16C17 6.4

C8C14 1.530 C15C16C17O42 150.5
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Table 2.

 The frequencies (n, cm-1) and the intensity (I, km/mol) of normal vibrations in the vibration absorption spectrum of 17b-estradiol molecule, calculated
by B3LYP/6-31 G** method

Type of vibration* Mode n
 cor

I n
exp

 (cm-1) and their assignment

n(O20-H) at C3 126 3630 43.7 3446(n(O42-H)) [3]; 3432-3422 [5]; 3631 [5]

n(O42-H) at C17 125 3619 9.9 3240(n(O20-H)) [3]; 3266-3256 [5]; 3631 [5]

n
s
(C1-H and C2-H) A 124 3054 13.5 3062 R [3]

n
as
(C1-H and C2-H) A 123 3039 8.3 3017, 3028 R (n(C-H) A) [3]; 3019 [5]

n(C4-H) A 122 2986 27.9

n
as
(C18H

3
) and very little contribution of n

as
(CH

2
) D 121 2978 25.5 -

n
as
(CH

2
) D; n

as
(C18H

3
) 120 2955 38.1 2964(n

as
(C18-H

3
)) [3]; 2959 [5]

n
as
(C18H

3
); n

as
(CH

2
) D 119 2952 50.2 -

n
as
(CH

2
) D in the antiphase 118 2936 7.8 2936(n

as
(CH

2
) D) [3]; 2959 [5]

n
as
(CH

2
) C 117 2932 47.2 -

n
as
(C6H

2
) B 116 2923 44.8 2918, 2923 R n

as
(CH

2
) B, C) [3], 2921 [5]

n
as
(CH

2
) C and very little contribution of n

as
(CH

2
) B 115 2918 41.5

n
as
(C6H

2
); n

s
(C7H

2
) B 114 2906 40.7 -

n
s
(CH

2
) D in one phase and weak n

as
(CH

2
) B, C 113 2903 45.9 2907 [3]

n
s
(C18H

3
); n(C17-H44); n

s
(CH

2
) D, B, in the antiphase 112 2897 10.2

n
s
(C18H

3
) D; n(C17-H44); n

s
(CH

2
) D 111 2895 25.0 2884, 2889 R (n

s
(C18H

3
)) [3]

n
s
(C11H

2 
and C12H

2
) C, in the antiphase; n

s
(C18H

3
) 110 2890 32.4

n
s
(C15H

2
, C16H

2
) D, in the antiphase; n

s
(CH

2
) C; n(C17-H44) 109 2889 16.9

n
s
(C7H

2 
and C6H

2
) B, in the antiphase 108 2875 39.4

n
s
(C12H

2
); n(C17-H44) 107 2867 25.0 2864 (n

s
(CH

2
) B, C, D) [3]; 2864 [5]; 2860 [5]

n
s
(C6H

2
) 106 2859 25.1

n(C8-H) 105 2853 10.3 2854 R(n
s
(CH

2
) D) [3]

n(C-H) B, C 104 2817 19.1 2811 [5]

n(C9-H, C14-H) 103 2807 8.1

n
s
(C1=C2, C4-C5) and in the antiphase to them n

s
(C3=C4, C1-C10) 102 1611 87.7 1610 (n

s
(C-C)A) [3]; 1611 [5]

n
s
(C2-C3, C5=C10) and in the antiphase to them n

s
(C3=C4, C1-C10) 101 1586 7.3 1586(n

as
(C-C) A) [3]; 1586 [5]

n
s
(C2-C3, C3=C4) and in the antiphase to them n(C5=C10) A,

(C5-C6, C9-C10) B; d(bÐH19C1C2 and H21C4C3)
100 1494 83.3 1499(n(C-C-H) A) [3]; 1498 [5]

d(bÐC15H
2
 and ÐC16H

2
), in one phase; d

as
(C18H

3
) 99 1488 2.4 -

d(bÐC11H
2
 and ÐC15H

2
), in one phase; d

as
(C18H

3
) 98 1481 1.4 -

d(bÐC15H
2
 and ÐC16H

2
), in one phase; d

as
(C18H

3
) 97 1475 5.0 1469(d

as
(C18H

3
)) [3]; 1469 [5]

d(bÐCH
2
) B, C, D, stronger in C; d

as
(C18H

3
) 96 1465 0.8 1463(d(CH

2
) B, C, D) [3]; 1462 [5]

d(bÐCH
2
) B, C, D, stronger in B 95 1465 2.3

d(bÐCH
2
) B, C, D; d

as
(C18H

3
) 94 1456 2.7 1457, 1456 R (n(C-C-H) B, C, D) [3]

d(bÐCH
2
) B, C, D; d

as
(C18H

3
); n(C11-C12) 93 1449 1.3

d(bÐCH
2
) B 92 1446 4.5

n
as
(C1=C2, C4-C5) A; d(bÐC3O20H and C3C2H), in the antiphase 91 1437 60.2 1448(n(C-C-H) A) [3]; 1449 [5]

r(tH44C17O42H43); d(CH) B, C 90 1405 43.0 1442 [3]; 1439 R [3]; 1437 [3, 5]

d
s
(wC18H

3
); n(C8-C14); d(CH) B, C, D, stronger in C ring 89 1381 10.8 1383, 1390 R (d

s
(C18H

3
)) [3]**

d
s
(wC18H

3
); d(bÐCH

2
) B, C; n(C8-C14); d(CH) B, C 88 1379 17.5 -

d(bÐC3O20H); n
as
(C-C) A, B, C; r(wCH

2
); d(CH) B, C, D 87 1356 2.0 1359(d(O20H)) [3]; 1358 [5]
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Table 2 continue

Type of vibration* Mode n
 cor I n

exp
 (cm-1) and their assignment

d(bÐC3O20H); n
as
(C-C) A, B, C; d(bÐCH

2
) B, C, D; d(CH) B,

C 86 1347 1.8 -

d(bÐC3O20H); n
as

(C-C) A, B, C; r(wCH
2
); d(CH) B, C, D 85 1340 3.7 -

n
as

(C-C) A, B, C, D; r(wCH
2
); d(CH) B, C, D 84 1340 6.5 1345 [3]; 1342 [5]; 1340 R [3]

n
as

(C-C) A, B, C, D; r(wCH
2
); d(CH) B, C, D 83 1337 0.3 -

n
as

(C-C) A, B, C, D; r(wCH
2
); d(CH) B, C, D 82 1325 0.8 1320 [3]; 1321 [5]

n(C-C) A, B, C; r(wCH
2
); r(tCH

2
); d(CH) B, C; n(C3-O20) 81 1315 18.7

n(C-C) A, B, C; r(wCH
2
); r(tCH

2
); d(CH) B, C, D;

n(C3-O20)
80 1303 3.1 1302 [3]

d(bÐC17O42H); n(C-C) C, D; r(tCH
2
); d(CH) C, D 79 1299 6.0 -

r(tC17OH); r(tCH
2
); n(C-C) A, B, C, D; d(CH) A, B, C, D;

r(wCH
2
); B, C, D; n(C3-O20)

78 1295 11.0 -

r(tC17OH); n(C-C) and d(CH) A, B, C, D; r(tCH
2
);

r(wCH
2
)

77 1287 5.8 1283, 1287 R (d(O42H)) [3]; 1283 [5]

r(tC17OH); n(C-C) A, B, C, D; r(tCH
2
); d(CH); r(wCH

2
) 76 1281 5.2

r(tC17OH); n
as

(C15-C16, C17-C42); r(tCH
2
); d(CH) D, C;

r(wCH
2
)

75 1275 8.4

r(tC17O42H); n(C-C) and d(CH) A, B, C, D; r(tCH
2
);

r(wCH
2
)

74 1258 2.5

n(C-C) and d(CH) A, B, C, D; d(bÐC3OH); r(wCH
2
); r(rCH

3
) 73 1254 56.3 1250, 1256 R (rC18H

3
) [3]; 1250 [5]

d(CH); r(tCH
2
); r(wCH

2
) B, C, D; r(tC18H

3
);

r(tH44C17O42H)
72 1243 4.9 1236, 1240 R (n(C3-O)) [3]; 1239 [5]

d(CH); r(tCH
2
); r(wCH

2
) B, C, D; r(tC18H

3
);

r(tH44C17O42H)
71 1241 4.7

d(CH) A, B, C, D; r(tCH
2
) B, C, D 70 1230 3.9 1232 [5]

r(tCH
2
) B, C, D; n(C13-C14); d(bÐC17O42H43) D 69 1211 0.9 1218 ((CH

2
) D) [3]

r(tCH
2
) B, C, D; n(C13-C14); d(bÐC17O42H43) D 68 1199 4.8 -

r(tCH
2
); n(C-C) and d(CH) B, C, D; r(tC3O20H41 and

C17O42H43) 67 1189 42.5 1202 [3]; 1203 R [3]

r(tCH
2
); n(C-C) and d(CH) B, C, D; r(tC3O20H41 and

C17O42H43) 66 1172 37.0 1182[3]; 1180 R, 1181 R [3]

d(CH) A; n(C3-O20); r(tC3O20H41) 65 1165 156.7 1157[3]; 1164 R, 1162 R [3]

d(CH) A, B, C, D; n(C3-O20); r(tC3O20H41 and C17O42H43) 64 1153 3.0

d(CH) A, B, C, D; r(tC17O42H43); n(C-C) A 63 1152 0.2

n(C-C) and d(CH) A, B, C, D; n(C3-O); r(tCH
2
); r(tCOH) 62 1141 5.5 1136[3]; 1133 R [3]

n(C-C) and d(CH) A, B, C, D; r(tC17O42H); r(tCH
2
) 61 1122 7.1 1130 [3]; 1131 [5]

n(C17-O42); d(H44C17OH); d(CH); r(tCH
2
); n(C9-C11) 60 1114 50.1 1118 [3]; 1116 R [3]

n(C-C) A, B, C, D; d(CH); r(tCH
2
); d(H44C17OH); 59 1100 17.1 1103 [3]

n(C-C) A, B, C; d(CH); r(tCH
2
); 58 1083 3.8 –

n(C-C) A, B, C, D; r(tH44C17OH); d(CH) B, C, D; n(C17-O) 57 1064 23.8 1068 R [3]; 1071 [5]

n(C-C) A, B, C, D; r(tH44C17OH); d(CH) B, C, D; n(C17-O) 56 1062 65.0 1056 (n(C17-O)) [3]; 1066 [5]

n(C17-O42); r(tH44C17OH); n(C-C) D; d(CH); r(tCH
2
) B, C, D 55 1043 0.9 –

n(C17-O42); n(C-C) A, B, C, D; d(CH); r(tCH
2
); r(rCH

2
) D 54 1029 4.9 1021 ((rCH

2
) D) [3]; 1021 [5]

n(C-C) and d(CH) A, B, C, D; r(tH44C17O42H); 53 1014 2.2 –
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Table 2 continue

Type of vibration* Mode n
 cor I n

exp
 (cm-1) and their assignment

n(C-C) and d(CH) A, B, C, D (stronger in A); r(tCH
2
); r(tC18H

3
) 52 1008 0.9 1012, 1006 R (n(C-C) A) [3]

n(C-C) D; r(tCH
2
) D; r(tH44C17O42H) D 51 995 21.3 –

n(C-C) A, B, C; d(CH) A; r(tCH
2
) B, C, D 50 985 0.5 –

n(C-C) B, C, D; r(tCH
2
) B, C, D; r(tC18H

3
) 49 965 1.4 963 [3]; 966 R [3]

n(C-C) D, C; r(tCH
2
) (stronger  in D); r(tC18H

3
) 48 949 4.5 949 [3]; 951 R [3]

n(C-C) D, C; r(tCH
2
) (stronger in D); r(tC18H

3
);

r(tH44C17OH)
47 933 8.4 –

d
as

(C1H and C2H) A 46 923 1.2 929 (d
as
(C1, C2H)) [3]; 929 [5]

d
as

(C1H and C2H) A; r(tCH
2
) B, C; r(tC18H

3
); n(C-C) A, B, C; 45 917 8.4 918 [3]

r(tCH
2
) B, C, D; r(tC18H

3
); n(C-C) A, B, C, D; r(tC17OH) 44 901 4.3 –

r(tCH
2
) B, C, D; r(tC18H

3
); n(C-C) A, B, C, D; r(tC17OH) 43 888 0.5 –

d(C4-H); r(tCH
2
) B, C 42 846 9.2 874 (d(C4-H)) [3]; 874 [5]

r(tCH
2
) B, C; n(C-C) A, B, C, D; d(C4-H) 41 826 1.5 847 [3]

r(tCH
2
) B, C; n(C-C) A, B, C, D; d(C4-H) 40 825 10.8

r(tCH
2
) B, C, D; r(tC18H

3
); n(C-C) A, B, C, D; d

s
(CH) A 39 813 4.5 –

d
s
(C1H and C2H) A 38 810 2.5 820, 826 R (d

s
(C

1
, C

2
H)) [3]; 820 [5]

r(rCH
2
) B, C; d

as
(CH) A; n(C-C) A, B, C; d(A, B, C, D) 37 805 7.9 786 [3, 5]; 789 R [3]

r(rCH
2
) C, D; n(C13-C18); n(C-C) C, D; d(A, B, C, D) 36 771 5.9 –

d
as

(C1-C2-H); r(tC3O20H); r(tCH
2
) B 35 723 2.7 730 [5]

d(C-CH) A (the whole ring); r(tCH
2
) C, D 34 705 0.5 –

d(C-CH) A (the whole ring) 33 695 0.5 –

d(A, B, C, D) (stronger in D); r(tCH
2
) B, C, D; r(tCOH) 32 633 3.1 –

d(A, B, C, D) (stronger in A); r(tC3O20H) 31 615 0.2 –

d(A, B, C, D) (stronger in A); r(tCOH); r(tCH
2
) B, C, D 30 595 3.7 –

d(A, B, C, D) (stronger in A); r(tCOH); r(tCH
2
) B, C, D 29 563 1.1 –

d(A, B, C, D) (stronger than in A and D); r(tCH
2
) C, D;

r(tCOH)
28 551 0.1 –

d(A, B, C, D) (stronger in C and D); r(tCH
2
) C, D; r(tCOH) 27 530 3.9 –

d(A, B, C, D); r(tC3O20H); r(tCH
2
) C, D; d(CH) C, D 26 504 1.4 –

d(A, B, C, D); r(tC3O20H and C17O42H) 25 482 1.5 –

d(A, B, C, D) (stronger in B and C); r(tCOH C18H3 D);
r(tCH

2
) B, C

24 468 7.7 –

d(A, B, C, D) (stronger in A and B); r(tC3O20H, C17O42H) 23 448 15.3 –

d(A, B, C, D) (stronger in A); r(tC3O20H, C17O42H) 22 441 2.6 –

d(A, B, C, D) (stronger in A); r(tC3O20H, C17O42H); d(C4-H) 21 435 4.9 –

d(A, B, C, D) (stronger in A and B); r(tCOH) 20 396 0.7 –

d(A, B, C, D, C12H
2
, C18H

3
, C17O42H, C3O20H) 19 374 3.3 –

d(A, B, C, D) (stronger in A); r(tC18H
3
); r(tC3O20H, C17O42H); 18 364 7.6 –

r(tA, B, C, D, COH); r(rOH) 17 345 23.9 –

r(tA, B, C, D, C3O20H); r(rO20H) 16 338 104.2 –

r(tA, B, C, D); r(tC17O42H, C18H
3
); r(rO42H) 15 329 76.0 –

r(tA, B, C, D); r(tC18H
3
), r(tC3O20H, C17O42H) 14 298 1.1 –



Ref. [3] the experimental band of absorption around
1359 cm-1 was assigned to the deformation vibrations of 
OH-groups of phenol ring in the IR spectrum. Our
calculations show that vibration modes 87-85 of low
intensity with the frequencies of 1356, 1347, and 1340
cm-1 are determined by deformation vibrations of the
O20H group in the plain of the A ring (a change of the
valence angle C3O20H), which are mixed up with
asymmetric stretching vibrations of the C-C bonds of
carbon skeletal and deformation vibrations of CH

2
- and

CH-groups of the B, C, and D rings.
The d(OH) bands of the secondary alcohols are

typically observed in the area of 1350-1260 cm-1 [7, 8].
In Ref. [3] the absorption band in estradiol IR spectrum
at 1283 cm-1 (in the Raman spectrum at 1287 cm-1 (in
dimethylphormamide) and at 1289 cm-1 (in acetone))
was considered to be d(OH) vibration in the
cyclopentanol ring. Our calculations have shown that
the vibration mode number 79 with the calculated
frequency of 1299 cm-1 belongs to deformational
vibrations of the OH-group at the carbon atom C17,
mixing up with the skeletal vibrations of C-C bonds of
the C and D rings as well as deformation vibrations of
the CH

2
- and CH-groups of these rings. Vibrational

modes 78-74 correspond to torsional vibrations of the

C17OH group, connected with the skeletal vibrations in
the D ring. Skeletal vibrations (modes 78-76) are also
observed in the A, B, and C rings. Skeletal vibrations of 
the rings (modes 78-74) are mixed up with the
deformational twisting and wagging vibrations of
CH

2
-groups of the B, C, and D rings and deformational

vibrations of the CH-groups. In the experimental
spectrum (Fig.3) the vibrational modes 79-75 overlap
and the band has got a stronger absorption intensity.

The presence of the C-O polar bond in phenols
typically results in occurrence of the intensive
absorption band in the range of 1230-1140 cm-1 [7],
determined by the participation of this group in the
skeletal vibrations. In Ref. [3] only the band with the
frequency of 1236 cm-1 is related to stretching
vibrations of the C3-O bond in estradiol molecule,
nevertheless, according to our calculations for the
isolated molecule, the absorption in this range is
determined by deformational vibrations of CH- and
CH

2
-groups of the B, C, and D rings as well as by

twisting vibrations of the H44C17O42H fragment and
methyl group and does not have any contribution from
n(C3-O) (vibrational modes 72 and 71). Stretching
vibrations of the C3-O bond with the frequencies of
1315, 1303, and 1295 cm-1 (modes 81, 80, and 78),
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Table 2 ending

Type of vibration* Mode n
 cor I n

exp
 (cm-1) and their assignment

r(tA, B, C, D); r(tC18H
3
)- prevails; r(tC3O20H,

C17O42H) 13 280 13.3 -

r(tA, B, C, D); r(rO42H); r(tC18H
3
) 12 268 1.9 -

r(tC18H
3
) 11 239 2.5 -

r(tC18H
3
); r(tC17O42H) 10 232 2.2 -

r(tA, B, C, D); r(tC18H
3
); r(tC3O20H, C17O42H) 9 230 0.4 -

r(tA, B, C, D); d(CH) A; r(tCH
2
) B, C3O20H, C18H

3
) 8 207 0.3 -

r(tA, B, C, D); r(tC18H
3
); r(tC17O42H); r(tCH

2
) C 7 203 0.3 -

r(tA, B, C, D); r(tC18H
3
); r(tC17O42H); r(tCH

2
) C 6 161 0.5 -

r(tA, B, C, D, C18H
3
, C3O20H, C17O42H, C15H

2
, C16H

2
) 5 126 0.8 -

r(tA, B, C, D, C18H
3
, C3O20H, C17O42H, C15H

2
, C16H

2
) 4 119 0.1 -

r(tA, B, C, D, C18H
3
, C3O20H, C17O42H) (stronger in A) 3 100 1.0 -

r(tA, B, C, D, C18H
3
, C3O20H, C17O42H) (stronger in A) 2 60 0.1 -

r(tA, B, C, D, C18H
3
, C3O20H, C17O42H) 1 32 0.1 -

Note: *n –valence vibration (stretching of bonds); r – external deformational vibration; (w – wagging, r – rocking, t – torsional and twisting); d –
internal deformational vibration (valence angle change) (b – scissors, w – umbrella); ** [3] the vibrations are divided into stretching (n) and
deformational (d)



mixing up with stretching vibrations of C-C bonds of
the carbon skeleton, by wagging and torsional
vibrations of CH

2
-groups and deformational vibrations

of CH-groups of the rings. It is possible that existing
intermolecular hydrogen bonds may lead not only to
displacement of n(OH) bands but to experimental
frequencies of deformational vibrations, bound with
C-O-H groups as well. In the vibration mode 65 with
the frequency 1165 cm-1 and very high intensity (156.7
km/mol) and in low intensity vibration modes 64, 62
stretching bonds C3-O mix up with deformational
vibrations of C-H bond in A ring and other vibrations
(Table 2).

The bands with experimental frequencies 1320,
1302, 1157, and 1136 cm-1 [3], corresponding in our
calculations to the modes 81, 80, 65, 64, 62 and
frequencies 1315, 1303, 1165, 1153, 1141 cm-1, which
have the contribution of stretching vibrations of the
C3-O bond, in experimental IR spectrum of estradiol,
described in Ref. [3], are not of any relation.

The high intensity vibrational modes 60 and 56
with frequencies 1114 and 1062 cm-1 and the mode 55
with very low intensity belong to stretching vibrations
of the C17-O bond of cyclopentanol ring, deformational

vibrations of the H44C17OH fragment and other
vibrations (Table 2). Vibrational mode 54 is also
contributed by n(C17-O). The C-O absorption band in IR 
spectra of secondary alcohols is observed between
1125-1030 cm-1 [7-9]. In Ref. [3] the band in IR
spectrum with the frequency of 1056 cm-1 was
considered to be the stretching vibration of C-O bond in 
the five-member D ring, which corresponds to
vibrational mode 56 in our work. The absorption band
with the frequency 1118 cm-1 in the IR spectrum of
estradiol [3] have not been assigned. In accordance to
our data it is defined by stretching vibrations of the
C17-O bond, and by deformational vibrations of the
H44C17OH fragment, of the CH- and CH

2
-groups, of the

methyl group and by skeletal vibrations of the C-C
bonds in the cyclohexane ring C (vibrational mode 60).
In the IR spectrum [5] (Fig.3) this band is located in the
area of the crowded bands with low absorption
intensity.

Absorption bands, connected with vibrations of
atoms in the substituted aromatic ring As it is known
[7, 8] aromatic compounds may be found by IR
absorption in three areas, i.e. by stretching vibrations of 
the C-H bonds between 3100-3000 cm-1, skeletal
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Fig. 3 Estradiol IR spectrum 
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vibrations of aromatic C-C bonds between 1600-1500
cm-1 with different intensity, and by intense absorption
below 900 cm-1, determined by out-of-plane
deformational C-H vibrations. As it is seen in Table 2,
many vibrational modes depend on vibrations of atoms
in the substituted aromatic ring A. The modes 102-101
with frequencies 1611 and 1586 cm-1 are determined by
skeletal vibrations of C-C bonds of the whole ring, but
in vibrational mode 100 (n

cal
=1494 cm-1) the C-C

vibrations are observed only in a part of the A ring, as
well as in a part of the B ring, and besides, an excessive
change of the H19C1C2 and H21C4C3 angles occurs.

In vibration mode 91 (n
cal

=1437 cm-1) the
asymmetric vibrations of aromatic bonds C1=C2 and
C4-C5 are accompanied by the changes in the valence
angles C3OH and C3C2H. According to our calculations,
vibration modes 102, 100, and 91 are of high intensity,
and intensity of the mode 101 is below average (Table
2). All absorption bands corresponding the vibrational
modes 102-100, and 91 have a higher intensity in the
experimental IR spectrum [5]. The absorption band at
1600 cm-1 connected with n(C-C) of the whole ring is
one of the most characteristic ones in the spectra of
molecules, containing aromatic ring. The frequency
which corresponds to this absorption in benzene
molecule, calculated by AM1 and MNDO methods [10] 
is overestimated significantly and equals 1760 and
1718 cm-1 respectively. 

Vibration mode 52 with the frequency 1008 cm-1,
also belongs to skeletal vibrations of C-C bonds in the
substituted aromatic ring (symmetric stretching
vibrations of the C2-C3 and C3=C4 bonds) and to
deformational vibrations. This band in the IR spectrum
has to be weak, however, in the Raman (R) scattering of 
estradiol in dimethylphormamide [3], the
corresponding absorption band with the frequency
1006 cm-1 is active.

Stretching vibrations of C-H bonds in the
substituted aromatic ring of estradiol have to be
observed at 3054, 3039, and 2986 cm-1 (vibration modes 
124-122) and to be of average intensity. The vibration
mode 124 calculated by us is conditioned by symmetric
stretching vibrations of C1-H and C2-H bonds, is not
observed in the experimental IR spectra [3, 5],
however, it is observed in the CS spectrum in acetone at 
3062 cm-1 [3]. Asymmetric stretching vibrations of

C1-H and C2-H bonds with the frequency of 3039 cm-1

(vibration mode 123) correspond to the band at 3017
cm-1 in the IR spectrum and 3028 cm-1 in the CS
spectrum respectively [3]. The absorption band at 2986
cm-1 predicted by us, is conditioned by stretching
vibrations of C4-H bond in the experimental IR spectra
of estradiol was not observed, though it was present in
IR spectra of 17a-ethinyl estradiol (n

exp
=2986 cm-1) [3].

According to our calculations, deformational
vibrations of CH in the substituted aromatic A ring take
place at the energy values which are expected for the
substituted forms [7]. The vibration modes 65-58 and
54-52 are contributed by plain deformational CH
vibrations. Vibration modes 46, 45, 42-40, and 38 with
the frequencies of 923, 917, 846-825, and 810 cm-1,
respectively, belong to the out-of-plane d(CH)
vibrations in the A ring, i.e. the modes 46 and 45 –
asymmetric deformational C1H and C2H vibrations, the
mode 38 – symmetric deformational vibrations of these
groups, and in the vibration modes 42-40 the C4H
vibrations prevail.

The corresponding absorption bands in the
experimental IR spectrum [3] are observed at 929 cm-1

(d
as
(C1H and C2H)); 874 cm-1 (d(C4H)) and 820 cm-1

(d
s
(C1H and C2H)). The intensity of the vibration mode

42 does not correspond to the intensity of the
absorption band at 874 cm-1 (Fig.3). Vibration modes 39 
and 37 are contributed by the out-of-plane
deformational vibrations of all CH-groups of the A
ring.

The absorption bands connected with stretching
vibrations of the C-H bonds in the methyl group and in
the CH

2
- and CH-groups of the cyclohexane and

cyclopentanol rings According to our calculations,
stretching vibrations of the C-H bonds in methyl group
and in the CH

2
- and CH-groups of the cyclohexane and

cyclopentanol rings have to take place between 2978
and 2807 cm-1. In the experimental spectrum [5], the
absorption in this area is revealed in the form of a
complicated band (Fig.3). The intense vibration modes
121, 120, an 119 with the frequencies of 2978, 2955,
2952 cm-1 (n

exp
=2964 cm-1 [3]) belong to asymmetric

stretching vibrations of C-H in the methyl group, and to
the modes 112-110 with the frequencies of 2897, 2895,
2890 cm-1 which belong to symmetric vibrations. In the
vibration mode 112 the stretching vibrations of C-H
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bonds in the methyl group are mixed up with those of
C-H bonds in CH

2
-groups and in C17-H-group in the

cyclopentanol D ring. According to scientific literature
data, the specific infrared frequencies of asymmetric
stretching vibrations of C-H methyl group are located
between 2975 and 2950 cm-1, and asymmetric ones -
between 2885 and 2860 cm-1 [7, 8].

Vibration modes 120, 119, and 118 with the
frequencies of 2955, 2952, and 2936 cm-1 are
determined by asymmetric stretching vibrations of the
C-H bonds in CH

2
-groups of the cyclopentanol ring.

The n
as
(C-H) in CH

2
-groups of the cyclohexane rings

take place at lower energies (vibration modes 117-114
with the frequencies of 2932-2906 cm-1). The
corresponding symmetric stretching vibrations
(vibration modes 113-106 and n

s
(C7H

2
) in the vibration

mode 114) have to be observed between 2906 and 2859
cm-1 (n

exp
=2864 cm-1 [3]). Vibration modes, determined

by stretching vibrations of C-H bonds in CH
2
-groups,

are quite intense (Table 2). Specific frequencies of
asymmetric stretching vibrations of C-H methyl groups 
are located between 2940 and 2915 cm-1, and the
asymmetric ones between 2870 and 2845 cm-1 [7].

Stretching vibrations of C-H-groups have a lower
intensity in comparison with the similar vibrations of
C-H-bonds in CH

2
-groups (Table 2). The modes

105-103 with the frequencies of 2853, 2817, and 2807
cm-1 are conditioned by stretching vibrations of
C-H-groups of cyclohexane rings. The absorption band
in the experimental IR spectrum [5], corresponding to
vibration mode 105, is covered by a more intense band,
determined by the vibration modes 108-106. Stretching 
vibrations of C17-H44 in the D ring take place at higher
energies (modes 112, 111, 109, and 107). The data from 
Table 2 show that the frequencies of stretching
vibrations of C-H depend on the type of hybridization
of carbon atom. It is determined by the fact that the
polarity (and strength) of C(sp2)-H (in the A ring) is
higher than in C(sp3)-H (in the B, C, D rings).

The absorption bands, connected with the
deformational vibrations of methyl group, CH

2
- and

CH-groups of cyclohexane and cyclopentanol rings
Asymmetric deformational vibrations of methyl group
are typically observed between 1470 and 1435 cm-1 [7,
8]. The calculations performed testify that low intensity 
vibration modes 99-96, 94, 93 with the frequencies

1488-1465, 1465, 1449 cm-1 correspond to asymmetric
deformational vibrations of methyl group, mixing up
with deformational scissors vibrations of CH

2
-group of

the cyclopentanol and cyclohexane rings. Vibration
mode 93 has contribution of stretching vibrations of the 
carbon skeletal C11-C12 (Table 2) and the corresponding
band in the IR spectrum at 1457 cm-1 (and in the Raman
spectrum at 1456 cm-1) in Ref. [3] is assigned to the
n(C-C-H) mode of the B, C, and D rings. In the
experimental IR spectrum of estradiol [5] (Fig.3), the
vibration modes 99-92 are overlapped and revealed in
the shape of a shoulder on the strong band with the
transmittance minimum at 1448 cm-1, determined by the 
mixing of asymmetric C1=C2 and C4-C5 stretching
vibrations with the deformational vibrations of the
C3O20H and C3C2H fragments (vibration mode 91).

Symmetric deformational vibrations of the methyl
group generally take place in the narrow region
between 1385 and 1370 cm-1 [7]. In the theoretically
calculated vibration spectrum the symmetric
deformational vibrations of methyl groups are observed 
between 1381 and 1379 cm-1; they are mixed with
deformational vibrations of the CH

2
- and CH-groups in

the cyclopentanol and cyclohexane rings and with
stretching vibrations of the C8-C14 carbon skeletal
(vibration modes 89, 88). Table 2 shows that symmetric 
deformational vibrations of methyl groups have a
higher intensity comparing to the asymmetric ones.

Twisting vibrations of methyl group in the range
965-888, 813, and lower than 480 cm-1 are basically
determined by skeletal vibrations of the rings. Vibration
mode 73 (I=56.3 km/mol) with the frequency of 1254 cm-1

is determined by high amplitude asymmetric vibrations of
C-C bonds in the A ring, being mixed with the weak
skeletal vibrations of C-C bonds, wagging vibrations of
CH

2
-groups, deformational vibrations of CH-groups of

the B, C, and D rings, deformational rocking vibrations of
methyl groups and in-plain vibration of the C3O20H
fragment (the change of valence angle).

In Ref. [3] the corresponding absorption band
(n

exp
=1250 cm-1) is considered to be rocking vibrations

of the CH
3
-group. According to Ref. [11], the rocking

vibration of methyl group is revealed between 1200 and 
800 cm-1.

Scissors vibrations of CH
2
- groups are of low

intensity and according to our calculations they are to
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be observed between 1488 and 1446 cm-1 (vibration
modes 99-92). In Ref. [3] the band at 1463 cm-1 is
related to the CH

2
- groups, according to our

calculations it is determined by the overlapping
vibration modes 99-92. In the vibration modes 99-97
and 93 scissors vibrations of the CH

2
- groups are mixed

with the asymmetric deformational vibrations of
methyl group. Scissors vibrations at 1379 and 1347
cm-1, wagging and twisting vibrations between
1356-1241 cm-1, twisting vibrations between 1230 and
530 cm-1, and the deformational vibrations of
CH-groups between 1405 and 1230 and between 1172
and 1000 cm-1 are related with skeletal vibrations of the
B, C, and D rings. 

The absorption band at 1218 cm-1 in IR spectrum of
estradiol, described in the literature [3], (1220 (R,
dimethylphormamide), 1221 (R, acetone)) and CH

2
,

related to the D ring, according to our calculations, is
connected with the stretching and deformational
skeletal vibrations in the D ring, as well as with the
torsional vibrations of CH

2
-groups of the cyclohexane

rings (vibration modes 69, 68). The intensity of such
vibrational modes is low and therefore this band in the
IR spectrum [3] is covered by a wide band, determined
by the overlap of vibration modes 73-70.

The rocking vibrations of CH
2
-groups, determined

by stretching vibrations of C-C bonds of the carbon
skeleton, are observed in vibrational modes 37 and 36
with the frequencies of 805 and 771 cm-1, respectively.
In experimental IR spectra [3, 5], to our mind, they have 
a corresponding narrow band of middle intensity at 786
cm-1, which has not been assigned in Ref. [3]. Our
calculated intensity of these vibration modes is below
average.

Absorption bands, connected with the skeletal
vibrations Absorption bands corresponding to the
vibrations of the skeleton of estradiol molecule, should
be revealed in two areas, namely, 1356-771 cm-1 and
below 725 cm-1. The first area is determined by
stretching vibrations of C-C bonds of the carbon
skeleton. In the area of 725-435 cm-1 a significant
deformation of the rings is observed, and below 400
cm-1 the vibrations, connected with the twisting of the
rings are observed. All skeletal vibrations are mixed
with other vibration types and are generally not very
intense.

Low frequency vibrations One of the advantages of
calculation methods in quantum chemistry is the
possibility to predict the low frequency vibrations for
the hard-to-reach experimental areas. In the range of
633-32 cm-1, there are 32 vibrational modes which form
integral absorption area, connected with deformational
vibrations for all rings of the carbon skeleton, twisting
vibrations of CH

2
-group of the cyclohexane and

cyclopentanol rings, the C-O-H fragments and methyl
group. Vibration modes 17-15 are contributed by
rocking vibrations of hydroxyl groups. According to
our calculations vibration modes 16 and 15 are of high
intensity (104.2 and 76.0 km/mol, respectively).

The binding of steroid hormone with a receptor is
known to be irreversible and non-covalence. Big dipole 
moments of IR transitions for low frequency vibrations
may be responsible for disperse resonance interactions
of steroid hormone with a receptor, as well as for the
energy transfer between them. High density of low
frequency vibrations, to our mind, allows the molecules 
of hormones to be excited even at body temperature and 
to provide high activity of hormones and their
selectivity during their interaction with the receptor.

Conclusions The calculations performed proved
the reliability of the density functional method at the
level of B3LYP/6-31G** theory in predicting the
number of active vibrations in IR spectra of steroid
hormones, their frequencies and forms. The calculated
intensities of the vibrational modes in a series of cases
do not correlate with the intensities of absorption bands
in the observed IR spectrum; this may be connected
with the presence of intermolecular interactions, which
are not taken into account in the calculations. Beside
the explanation of the nature of bands in the IR spectra
of steroid hormones, the theoretical calculations of their 
vibrations should help in understanding the specifics of
interaction of hormones with the corresponding
receptors. Scrutinizing the question “Which factor
determines the specificity of steroid hormones and their 
ability to bind into the target cells with the receptor
forming an active hormone-receptor complex?” we
noticed the presence of four rings with specific
saturated bonds, which supply multiple low frequency
vibrations with a significant contribution made by
deformational vibrations of the polar COH fragments.
To our mind, the ability of non-rigid vibration system
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of steroid hormones to resonate with the specific
vibrations of protein molecules may provide their
affinity with receptor proteins.

Á. Ô. Ìè íà åâ, Â. À. Ìè íà å âà

Èññëå äî âà íèå èí ôðàê ðàñ íî ãî ñïåê òðà 17b-ýñ òðà äè î ëà êâàí òî âî-õè ìè -

÷åñ êèì ìå òî äîì 

Ðåçþìå

Êâàí òî âî-õè ìè ÷åñ êèì ìå òî äîì ôóíê öè î íà ëà ïëîò íîñ òè íà óðîâ íå
òå î ðèè B3LYP/6-31G** ðàñ ñ÷è òà íû ÷àñ òî òû è èí òåí ñèâ íîñ òè êî ëå -

áà íèé â ÈÊ ñïåê òðå ìî ëå êó ëû æåí ñêî ãî ïî ëî âî ãî ãîð ìî íà 17b-ýñ òðà -
äè î ëà è âû ïîë íå íî èõ îò íå ñå íèå. Äëÿ ìíî ãèõ ïî ëîñ òà êàÿ
èí òåð ïðå òà öèÿ ñäå ëà íà âïåð âûå. Òàê æå âïåð âûå ïðåä ñêà çà íû ÷àñ òî -
òû è ôîð ìû íèç êî ÷àñ òîò íûõ êî ëå áà íèé. Êðàò êî îá ñóæ äà åò ñÿ áè î -
ëî ãè ÷åñ êîå çíà ÷å íèå ïî ëó ÷åí íûõ ðå çóëü òà òîâ.

Êëþ ÷å âûå ñëî âà: 17b-ýñ òðà äè îë, êâàí òî âî-õè ìè ÷åñ êèé ìå òîä
ôóíê öè î íà ëà ïëîò íîñ òè, êî ëå áà òåëü íûé ÈÊ ñïåêòð.
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