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Abstract—Experimental Raman spectra of the corticosteroid hormones corticosterone and desoxycorticoste-
rone are recorded at different temperatures (in the range of 30−310 K) in the region of low-frequency
(15−120 cm−1) vibrations using a solid-state laser at 532.1 nm. The intramolecular vibrations of both hor-
mones are interpreted on the basis of Raman spectra calculated by the B3LYP/6-31G(d) density functional
theory method. The intermolecular bonds in tetramers of hormones are studied with the help of the topolog-
ical theory of Bader using data of X-ray structural analysis for crystalline samples of hormones. The total
energy of intermolecular interactions in the tetramer of desoxycorticosterone (−49.1 kJ/mol) is higher than
in the tetramer of corticosterone (−36.9 kJ/mol). A strong intramolecular hydrogen bond О21 –Н···О=С20

with an energy of −42.4 kJ/mol was revealed in the corticosterone molecule, which is absent in the desoxy-
corticosterone molecule. This fact makes the Raman spectra of both hormones somewhat different. It is
shown that the low-frequency lines in the Raman spectra are associated with skeletal vibrations of molecules
and bending vibrations of the substituent at the C17 atom. The calculated Raman spectrum of the desoxycor-
ticosterone dimer allows one to explain the splitting and shift of some lines and to interpret new strong lines
observed in the spectra at low temperatures, which are caused by the intermolecular interaction and mixing
of normal vibrations in a crystal cell. On the whole the calculated frequencies are in a good agreement with
the experimental results.

DOI: 10.1134/S0030400X15020149

INTRODUCTION
The study of dynamical response of biomolecules

in a wide temperature range (from cryogenic to room
temperatures) allows one to determine the intra- and
intermolecular force constants and potentials by solv-
ing the inverse spectral problem and, finally, to predict
conformations of biological associates and polymers
and their changes with variation of ambient conditions
[1–8]. This is especially important for hormones,
because it allows their interaction with receptors to be
predicted, which is the key problem of biochemistry
and biomedicine. Therefore, it is not surprising that
the study of temperature dependence of the spectral
properties of hormones has received considerable
attention [1, 2, 7, 8].

Experiments on neutron scattering for the steroid
hormones testosterone and progesterone and their
derivatives at 20 and 290 K [1, 2] allowed the assign-
ment of low-frequency vibrations by comparing them

to the results of quantum-chemical calculations of IR
spectra. Inelastic neutron scattering offers certain
advantages over IR spectroscopy in the studies of low-
frequency vibrations of molecules and phonons in
crystals due to the extension of the range and the
change of selection rules [2].

Detailed analysis of the nature of low-frequency
vibrations of progesterone, 17α-hydroxyprogesterone,
and cortisone was presented in [9]. In this paper, the
authors attempted to relate the change in the position
of observed absorption bands with variation of tem-
perature from 300 to 18 K to the presence of intermo-
lecular hydrogen bonds.

Earlier, we studied the absorption and Raman
spectra of a number of corticosteroid hormones
belonging to progestins and glucocorticoids [7–12].
The temperature dependence of Raman lines and ter-
ahertz absorption was investigated [7, 8], the quan-
tum-chemical modeling of hormones was performed
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at the density functional theory (DFT) level, the
observed spectral features were assigned to vibrational
modes in molecules [10, 11], and the intra- and inter-
molecular interactions in crystalline samples of hor-
mones were analyzed [8, 12].

In the present paper, the temperature dependence
of low-frequency Raman spectra of the corticosteroid
hormones corticosterone (CS) and desoxycorticoste-
rone (DCS) (Fig. 1) was studied. In the human body,
these hormones affect water−salt exchange, and, in
addition, they exhibit a glucocorticoid activity [13].
CS is formed in mitochondria of cells of adrenal cortex
from DCS under the action of the enzyme P450c11
(11β-hydroxylation). The molecules of these hor-
mones are characterized by the presence of a hydroxyl
group at the carbon atom C11 of the steroid core (Fig. 1).
Analysis of the molecular structure of the hormones in
question and the character of intermolecular interac-
tion in crystalline samples allowed us to explain the
specific features of the temperature dependence of
Raman spectra.

EXPERIMENT AND THEORETICAL 
CALCULATIONS

Synthetic steroid hormones CS (4-pregnen-11β,
21-diol-3, 20-dione) and DCS (4-pregnen-21-ol-3,
20-dione) from the Koch-Light Laboratories Ltd were
used without additional purification.

Fine crystalline powders of hormones were pressed
into tablets 8 mm in diameter. The Raman spectra
were recorded with a TriVista 777 triple grating spec-
trometer using a line of 532.1 nm of a solid-state Mil-
lenia Pro laser. The light power focused to a strip
50 μm in width and 250 μm in length was about
70 mW. The experiment on recording Raman scatter-
ing from the samples was conducted with the nominal
scattering geometry at the angle of 90° without polar-
ization selection. The spectra were measured in the
temperature range of 30−310 K, and the photolumi-
nescence contribution was subtracted in the form of a
cubic polynomial and, in some cases, by using a linear
approximation. The Raman spectra were recorded
using the facilities of the High-Resolution Spectros-
copy of Gases and Condensed Matter Center for Col-

lective Use of the Institute of Automation and Elec-
trometry of the Siberian Branch of the Russian Acad-
emy of Sciences.

Normal vibrations (NVs) and vibrational spectra of
molecules of the hormones under study were calcu-
lated by the DFT method [14, 15] with the B3LYP
functional and the 6-31G(d) basis set using the Gauss-
ian 03 program package [16]. The applicability of this
calculation method to prediction of the frequencies,
forms of vibrations, and intensities of lines in the
Raman spectra of steroid hormones was demonstrated
in [7, 17]. All the NV frequencies are real, which indi-
cates that the true minimum on the total energy hyper-
surface of molecules was found. The calculated NV
frequencies were compared to the experimental fre-
quencies without using a scaling factor.

Molecular crystals of the hormones studied belong
to the P21 monoclinic space group. Parameters of ele-
mentary cells are listed in Table 1.

Structural information on the hormones in ques-
tion (Table 1) is somewhat controversial. For example,
it was reported in earlier papers published in 1973 that
the elementary cells of CS [18, 20] and DCS [20, 21]
contain two molecules. However, it followed from the
results of [22] that the elementary cell of DCS con-
tained four molecules. The data available in the litera-
ture on nonvalence interactions in the crystal struc-
tures of CS and DCS are incomplete. The authors of
[18, 20] pointed to the existence of intermolecular
hydrogen bonds in the cell of CS between the oxygen
atom of a ketone group at C3 of ring A and the hydro-
gen atom of a hydroxyl group at C11 of a neighboring
molecule. According to [20, 21], there are no intermo-
lecular hydrogen bonds in a DCS crystal and the mol-
ecules are bound by the van der Waals forces. R. Dey
et al. [22] reported evidence for the presence of intra-
molecular hydrogen bonds О20···Н16, О20···Н18,
О20···Н21 in DCS (Fig. 1).

To study the nonvalence interactions in the crystal
structures of CS and DCS, we chose fragments of
crystals consisting of two elementary crystal cells with
the experimental geometric parameters a, b, and c
reported in [19, 21]. In our opinion, such model

Fig. 1. Structure of molecules (a) CS and (b) DCS. The standard numbering of carbon atoms is shown in (a), and the notation
of rings is shown in (b).
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objects provide more reliable results than the elemen-
tary crystal cell containing two molecules.

In the calculation of intermolecular interactions in
the hormones crystals, we used an additive scheme of
decomposition of a crystal package of four hormone
molecules into six dimer pairs. For the selected
dimers, we performed the DFT calculation of the
Kohn−Sham orbitals with the B3LYP functional in
the 6-31G(d) basis set [14, 23]. With the results
obtained, the electron density function ρ(r) was ana-
lyzed in terms of the Bader theory the Quantum The-
ory of Atoms in Molecules (QTAIM) [24]. This
method rigorously defines the criterion for the exis-
tence of a chemical bond (the bonding interatomic
interaction): the presence of a bond critical point (CP)
and a bond path between interacting atoms is, accord-
ing to this theory, the necessary and sufficient condi-
tion for the existence of a chemical bond. The QTAIM
method allows one to reveal even very weak inter-
atomic interactions in crystals and isolated molecules
(of the Н···Н, СН···О type, etc.), which are very diffi-
cult to detect experimentally.

The energy of intermolecular bonds in dimers and
the energy of intramolecular nonvalence interactions

were determined using the correlation formula pro-
posed by Espinosa [25, 26]

Е = 0.5v(r),
where v(r) is the potential energy density (in au) at the
corresponding critical point of the bond.

RESULTS AND THEIR DISCUSSION
The CS hormone molecule differs from the DCS

molecule by the presence of a hydroxyl group at the
C11 carbon atom. The presence of the О11Н group has
a specific effect on the electron density in the B and C
rings of the CS molecule (Fig. 1). In particular, the
hydroxyl group strongly polarizes the C11 atom (q =
+0.13e), which induces a weak polarization of adja-
cent C9 and C12 atoms via the σ-core. If the О11Н
group is absent (in the DCS molecule), the C11 atom
acquires a characteristic negative charge (q = –0.29e)
caused by polarization of the CH bonds. The appear-
ance of an additional hydroxyl group leads to an
increase in the dipole moment from 2.00 D in DCS to
2.13 D in CS. The absence of the О11Н group in the
DCS molecule does not change significantly the bond
lengths and valence angles as compared to the CS mol-
ecule but considerably modifies the dihedral angles.
The changes are most considerable (from 6° to 9°) for

Table 1. Description of data on the structures of the substances studied

Substance Corticosterone Desoxycorticosterone

Molecular formula C21H30O4 C21H30O3

Molecular mass, g/mol 346.5 330.4

Crystal system monoclinic Monoclinic

Symmetry group Р21 [18, 19] Р21 [21, 22]

Number of molecules in a cell 2 [18–20] 2 [20, 21]
4 [22]

Parameters of the elementary cell
a, b, с (Å)

α 90° [18, 19] 90° [21, 22]

β 97.25° [18]
90° [19]

98.01° [21]
100. 94° [22]

γ 90° [18, 19] 90° [21, 22]

a 8.992 [18]
8.308 [19]

8.718 [21]
11.706 [22]

b 12.293 [18]
12.192 [19]

12.509 [21]
11.171 [22]

c 8.322 [18]
8.953 [19]

8.481 [21]
13.966 [22]

Volume of the cell (Å3) 912.5 [18]
906.86 [19]

915.8 [21]
1793.11 [22]

Intramolecular hydrogen bonds О20···Н16, О20···Н18, О20···Н21 [22]

Intermolecular hydrogen bonds С3=О···НО(С11) [18, 20]
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the dihedral angles С11С9С10C5, С11С9С10C1, and
С11С9С10C19, which characterize the conformation of
ring A, and the angles С8С9С11С12 and С9С11С12С13 in
ring C (4°). It is known that the dihedral angles are
responsible for occurrence of a very specific confor-
mation of hormones, which, in turn, governs their
characteristic biological properties (in view of the spa-

tial specificity of a hormone interaction with a recep-
tor in a living cell) and also their physico-chemical
properties [27, 28]. It is assumed that the mineralocor-
ticoid properties of hormones are associated with the
rigidity of ring C and the glucocorticoid properties—
with the rigidity of ring A [13, 29]. The CS molecule
conformation provides a more efficient bonding of
this molecule with the glucocorticoid receptor [29],
which significantly changes its biological activity as
compared to DCS [13].

We assume that the conformation and rigidity of
the skeleton, in conjunction with specific features of
intermolecular interactions in crystal samples of the
hormones studied, have a significant effect on the
energy of low-frequency vibrations, which is actually
observed at close inspection of the Raman spectra and
their temperature dependence.

The experimental Raman spectra of the hormones
under study in the frequency region 15−130 cm−1 are
shown in Fig. 2. For convenience, the spectra are
shifted along the ordinate axis. The calculated fre-
quencies, activities, and forms of NVs in the Raman
spectra of the isolated CS and DCS molecules and the
dimer of DCS are summarized in Table 3. The inter-
molecular vibrations ν1–ν5 calculated for the DCS
dimer are presented in a separate table (Table 2).

The Raman spectra of the studied hormones
recorded in the region of 15−130 cm−1 have several
intense lines (Fig. 2). As the temperature is lowered
down to 30 K, the line widths decrease, the spectral
resolution becomes better, the lines are shifted toward
higher frequencies (Fig. 3), and new Raman lines
appear. The temperature dependence of intensity of
the Raman lines has a complicated character and
includes the temperature dependence of the
Bose−Einstein factor.

The first three lines in the Raman spectra of CS (at
30, 53, and 59 cm−1) and DCS (at 19, 41, and 54 cm−1)
are shifted by 3−4.5 cm−1 upon lowering the tempera-
ture down to 30 K (Fig. 3a). New lines that will be
explained by the DFT calculation of vibrations of an
associate composed of two molecules also appear in
this case. Here, we will restrict ourselves to an analysis

Table 2. Frequencies, activities, and forms of intermolecular vibrations in the spectrum of the DCS dimer calculated by the
DFT method in the B3LYP 6-31G(d) approximation

Note. NV is a normal vibration, Si is the activity of NV, Å4/amu.

Vibration NV ν, cm−1 Si

Out-of-phase translational vibration along the a axis ν1 6 0.06

Out-of-phase translational vibration along the c axis ν2 11 0.32

Out-of-phase translational vibration along the c axis ν3 14 0.34

Out-of-phase librational vibration ν4 22 0.37

In-phase librational vibration ν5 28 0.63

Fig. 2. Raman spectra of (a) CS and (b) DCS at different
temperatures. The assignment of frequencies ν1–ν6 corre-
sponds to the theoretically calculated normal vibrations. 
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of NVs calculated for the isolated CS and DCS mole-
cules. According to the quantum-chemical calcula-
tions, the experimental line in the spectrum of CS at
30 cm−1 (Fig. 2a) belongs to swinging of the skeleton of
the molecule with folding and unfolding, which is
called by spectroscopists the butterf ly vibration
(Table 3, the ν1 normal vibration with a calculated fre-
quency of 28 cm−1). Swinging of the skeleton without
bending (the ν2 normal vibration at a frequency of

39 cm−1) does not manifest itself as a separate line in
the Raman spectrum of hormone CS because of a low
intensity.

The ν1 normal vibration with a calculated fre-
quency of 32 cm−1 corresponds in the experimental
Raman spectrum of hormone DCS to the weak shoul-
der in the left wing of the band at 41 cm−1. This shoul-
der forms a separate line on lowering the temperature
down to 65 K (Fig. 2b). In our opinion, the first exper-

Table 3. Frequencies, activities, and forms of the NVs in the Raman spectra of CS and DCS calculated by the DFT method
in the B3LYP 6-31G(d) approximation. (The experimental frequencies are shown in bold.)

NV is a normal vibration, Si is the activity of NV, Å4/amu; r is the rocking vibration, τ is the twisting vibration.

Vibration

CS DCS DCS dimer

NV ν, cm−1 Si NV
ν,

cm−1 Si NV ν, cm−1 Si

Swinging of the whole skeleton 
with folding and unfolding

ν1 28
(30)

1.03 ν1 32
(30)

1.18 ν6 30 0.33

ν7 37 0.77

Swinging of the skeleton without 
bending

ν2 39 0.21 ν2 39
(41)

0.42 ν8 41 1.17

ν9 47 0.79

Swinging of the skeleton (mainly, 
rings A and D) and the fragment 
at С17

ν3 52
(53)

0.79 ν3 51
(54)

0.43 ν11 60 1.80

Swinging of the skeleton (mainly, 
ring A) and the fragment at С17

ν4 60
(59)

0.60 ν4 59
(54)

0.40 ν10 55 0.89

ν12 62 0.15

Swinging of the skeleton, twisting 
of the fragment at С17

ν5 79
(93)

1.33 ν5 80
(70)

1.31 ν13 69 1.19

ν14 70 0.74

ν15 77 1.47

ν16 90 0.30

Twisting of the fragment at С17, 
r(C21H2)

ν6 112
(112)

0.25 ν6 113 0.32 ν17 104 0.04

ν18 108 0.23

Swinging of the skeleton, 
r(C21H2)

ν7 125 0.63 ν7 126 0.59 ν19 121 0.62

ν20 129 0.64

Fig. 3. Temperature dependences of frequency shifts of the Raman lines of (a) CS and (b) DCS. The lines of CS: (1) 30, (2) 53,
(3) 59, (4) 93, and (5) 112 cm−1. The lines of DCS: (1) 19, (2) 41, (3) 54, and (4 (4')) 70 cm−1.
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imental line (at 19 cm−1) is associated with intermo-
lecular vibrations. The ν2 normal mode in the spec-
trum of DCS has a higher calculated intensity (S2 =
0.42 Å4/amu) than in the spectrum of CS (S2 =
0.21 Å4/amu); therefore, it forms a separate line in the
experimental spectrum at 41 cm−1 (the calculated
value is 39 cm−1). This line becomes more distinct
with decreasing temperature (Fig. 2b).

The lines at 53 and 59 cm−1 in the Raman spectrum
of hormone CS (normal vibrations ν3 and ν4) corre-
spond to a swinging of the whole skeleton of the mol-
ecule with more pronounced torsional vibrations of
rings A and D and the fragment at C17 (Table 3). The
ν3 and ν4 normal vibrations, the frequencies and inten-
sities of which are close to each other (the calculated
values are 51 and 59 cm−1 and 0.43 and 0.40 Å4/amu,
respectively), form one experimental line at 54 cm−1 in
the spectrum of DCS (Fig. 2b).

It should be noted that the structure of vibrational
lines becomes more complicated on lowering the tem-
perature for all the hormones studied (Fig. 2), which
can be associated with the imposition of hindered
rotation of molecules about crystal axes and other
changes in mutual positions of particles on the intra-
molecular vibrational motion. Polarizability of mole-
cules changes under the action of crystal surround-
ings, which governs the intensity of Raman lines.

The large frequency shift (7−9 cm−1) on lowering
the temperature (Fig. 3a) is observed for lines at 93
and 112 cm−1 in the Raman spectrum of hormone CS
associated with twisting vibrations of the fragment at
C17 (the ν5 and ν6 normal vibrations with the calculated
frequency values 79 and 112 cm−1, respectively). In the
experimental spectrum of DCS the line corresponding
to the ν6 normal mode is too weak to be observed at
temperatures higher than 65 K, although the frequen-
cies and intensities calculated for the ν6 normal mode
of isolated molecules of CS and DCS have close values
(112 and 113 cm−1 and 0.25 and 0.32 Å4/amu, respec-
tively). At lower temperatures, the ν6 line intensity in
the Raman spectrum of DCS is sufficiently high for
the line to be observed (Fig. 2b).

In comparing the spectra of CS and DCS, it is nec-
essary to emphasize the shift of the experimental line
at 93 cm−1 relative to the theoretical value of 79 cm−1

calculated for the ν5 normal mode of an isolated CS
molecule and the shift of the analogous line by 10 cm−1

toward lower frequencies in the spectrum of DCS
(Table 3, Fig. 2). The temperature shift of this line in
the experimental spectrum of CS is 9 cm−1 on cooling
to 30 K (the upper curve in Fig. 3a). At the same tem-
perature (30 K), the ν5 line in the spectrum of DCS is
split into three components (Fig. 2b). The illegible
form of this line in the DCS spectrum at different tem-
peratures does not allow us to quantitatively estimate
the temperature shift; however, the final splitting, start-

ing with 110−90 K is sufficiently distinct. In Fig. 3b this
splitting is shown by curves 4 and 4 '. One can see in
Fig. 3b that the curves 4 and 4 ' exhibit different tem-
perature shifts of components of the ν5 band. Curve 4 ''
is not shown in Fig. 3b because of a too large tempera-
ture shift (18 cm−1).

Because the CS and DCS are isostructural (Table 1),
the above distinctions can be accounted for by differ-
ences in the intermolecular interactions in the crystal
forms of the hormones in question. The low-fre-
quency molecular vibrations are very sensitive to such
interactions [9].

The calculation of intermolecular interactions by the
Bader method in the crystal package consisting of four
CS molecules revealed 18 intermolecular bonds stabiliz-
ing the tetramer with the total energy −36.9 kJ/mol. Of
these bonds, two very weak hydrogen bonds are
formed by the ketone group С3=О, С3=О···Н(С21)
and С3=О···Н(С17), which are present in dimer 1−4,
with energies of –3.9 and –2.2 kJ/mol and bond lengths
2.712 and 2.964 Å, respectively (Fig. 4a) and 15 nonva-
lence bonds Н···Н with the total energy –28.6 kJ/mol
and one bond С3···Н(С12) in dimer 1−4 with the
energy of –2.1 kJ/mol. Of the hydrogen−hydrogen
bonds, the bonds (С2)Н···Н(С7) in dimers 1–2 and 4–3
(Fig. 4a) have the highest energy –3.7 kJ/mol. The
DFT calculation does not show that the hydroxyl
group О11Н is involved in the formation of intermolecu-
lar hydrogen bonds with the oxygen atom О3 (Fig. 1a);
however, the hydrogen atom of the О11Н group forms sev-
eral intermolecular Н···Н bonds: with the atom Н(С15) in
dimers 1–2 and 4–3 with an energy of –1.9 kJ/mol and
with the atom Н(С19) in dimer 4–1 with the energy
‒1.5 kJ/mol.

We have shown that the hydrogen atom of the
hydroxyl group О11Н forms a strong intramolecular
Н···Н bond with the hydrogen atom of the methyl group
С19Н3, the energy of which equals –28.0 kJ/mol and the
bond length is 1.734 Å, and the hydrogen atom of the
hydroxyl group О21Н forms a strong intramolecular
hydrogen bond О21 –Н···О=С20 with the energy –42.4
kJ/mol and bond length 1.888 Å. It may be for this rea-
son the hydroxyl group О21Н does not take part in the
formation of intermolecular hydrogen bonds in CS.

The total energy of intramolecular nonvalence inter-
actions in the CS molecule amounts to –70.0 kJ/mol,
while it is more than a factor of 4 lower in DCS
(‒17.0 kJ/mol). In the DCS molecule, in which, in
contrast to CS, the hydroxyl group OH at the С11 car-
bon atom is absent, the intramolecular Н···Н interac-
tion of the hydrogen atom at С11 with the hydrogen
atom of the methyl group С19Н3 (Fig. 1b) also exists,
but, unlike the О11Н···Н(С19Н3) interaction in CS, it is
approximately a factor of 3 weaker (Е = –7.9 kJ/mol).
There exists also an intramolecular (С12)Н···Н(С21)
interaction with the energy –9.1 kJ/mol, which is
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much stronger than in CS (–3.5 kJ/mol). The DFT
calculations by the Bader method did not reveal the
presence of an intramolecular hydrogen bond in the
DCS molecule.

The intermolecular interactions in the tetramer of
DCS (Fig. 4b) are stronger than in CS (Е = –49.1 kJ/mol)
due to the formation of a larger number of hydrogen
bonds. In the DCS tetramer we found ten weak О···Н
interactions with the total energy –22.3 kJ/mol (for
comparison, this energy in CS is –6.1 kJ/mol). The oxy-
gen atom of the hydroxyl group О21Н forms hydrogen
bonds (С7)Н···О21–Н with the energy –4.3 kJ/mol in
dimers 1–2 and 4–3 and with the energy –3.7 kJ/mol
in dimer 2–3 (Fig. 4b). The О21 oxygen atom forms
weaker intermolecular hydrogen bonds with the
hydrogen atom at С14 in dimers 2–1 and 3–4 (the
interaction energies are –1.49 and –1.50 kJ/mol).

The differences in the structural parameters of two
molecules in the DCS dimer and the distinctions

between their intramolecular nonvalence interactions
in DCS were revealed by the X-ray structural analysis
[22], although our calculations do not confirm the
presence of intramolecular hydrogen bonds in crystals
of DCS noted in [22].

In contrast to CS, the intermolecular interactions
involving the oxygen atom of the ketone group С3=О are
very weak in DCS. For example, the С3=О···Н(С11)
interaction calculated for DCS dimers 1–2 and 4–3 has
a negligible energy –0.8 kJ/mol. The weak interactions
С20=О···Н(С19Н3), С20=О···Н(С6), and С20=О···Н(С9)
with energies –2.2, –1.6, and –1.5 kJ/mol were predicted
by our calculations for dimer 2–3.

Of the intermolecular nonvalence Н···Н interactions
in DCS, the following interactions have the highest
energy: Н(С6)···Н(С18Н3) in dimers 1–2 (Fig. 4b) and
4–3 with the energy –3.5 kJ/mol and Н(С6)···Н(С16)
in dimers 1–3 and 2–4 with the energy –3.4 kJ/mol.

Fig. 4. Some intermolecular interactions in the tetramers of hormones (a) CS, (b) DCS obtained from the analysis of the electron
density function by the QTAIM method. (The structures are taken from the PCA data [19, 20].)
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We found 12 Н···Н interactions in the DCS tetramer
with the total energy –26.8 kJ/mol.

Thus, the capacity of the CS and DCS molecules
for intermolecular and intramolecular nonvalence
interaction is different, which, in our opinion, leads to
distinctions in the experimental Raman spectra of
these hormones and their temperature dependences.
We explain the significant differences in the position
and temperature shift of the ν5 line in the spectra of CS
and DCS relative to the calculated frequency values by
the fact that different functional groups take part in the
formation of hydrogen bonds. For example, the
ketone group С3=О takes part in the formation of
intermolecular hydrogen bonds in CS, while in DCS
this role is played by the hydroxyl and carbonyl groups
of the fragment at С17, the twisting vibrations of which,
according to our calculations, are responsible for the
appearance of the ν5 line in the Raman spectrum.
Twisting of polar groups –СОСН2ОН in the crystal
strongly changes molecular polarizability due to inter-
molecular forces. This fact explains the growth of the
ν5 line intensity under cryogenic conditions because,
in this case, the lowest vibrational quanta manifest
themselves. For these quanta, the Franck−Condon
factors and the electronic structure of molecules in a
cell are closely related to the optimized equilibrium
structure.

For the lowest quantum number v = 0, vibrations
of nuclei around the equilibrium position are not
affected by anharmonicity, and their wave functions
are maximal at this point. Heating of a crystal from 30
to 300 K changes not only the Bose−Einstein distribu-
tion, which describes the Raman intensity for the
vibrational spectrum, but also the anharmonicity con-
tribution, the Franck−Condon factors, and vibronic
mixing of electronic states for vibrational modes of
different natures. The last contribution is especially
important for the low-frequency modes (
that are mixed with crystal phonons and intermolecu-
lar vibrations of О···Н and Н···Н bonds. Our analysis
of such bonds by the Bader method allows us to under-
stand the qualitative distinction between the tempera-
ture dynamics of Raman spectra of CS and DCS crys-
tals (Figs. 2a, 2b, 3a, and 3b).

We more thoroughly interpreted the low-temperature
Raman spectrum of DCS on the basis of a DFT calcula-
tion of an associate of two molecules (dimer 1−2,
Fig. 4b). The geometry of the dimer was optimized start-
ing from the experimental structure (Fig. 4b); some
intermolecular distances were constrained to improve
the convergence procedure in the optimization pro-
cess. The calculated Raman spectrum of this dimer of
DCS is shown in Fig. 5 and demonstrates good agree-
ment with the low-temperature experimental spectra
(Fig. 2b) judging from the number of observed bands
and the characters of their shifts. The correlation
between normal vibrations ν6–ν20 calculated for the
DCS dimer and normal vibrations ν1–ν7 calculated for

ω <� )Bk T

the isolated DCS molecule is shown in Table 3. The
splitting of monomolecular modes is associated with
the appearance of new degrees of freedom in the
dimer. Intermolecular normal vibrations ν1–ν5 calcu-
lated for the DCS dimer are presented in a separate
table (Table 2).

On the basis of the calculation of the DCS dimer,
the lines at 19 and 30 cm−1 in the experimental Raman
spectrum (Fig. 2b) are assigned most reliably. The line
at 19 cm−1 belongs to intermolecular translational
vibrations (superposition of three NVs ν1, ν2, and ν3,
Table 2, Fig. 5). The ν1 vibration of the “butterfly”
type of the DCS molecule, indicated above for the
dimer, is split into two NVs ν6 and ν7 with the calcu-
lated frequencies of 30 and 37 cm−1 (Table 3). The first
of these NVs (ν6 in Fig. 5) corresponds to the line at
30 cm−1 in the experimental spectrum in Fig. 2b; how-
ever, the main contribution to the intensity of this line
is made by the librational vibration (hindered rotation
of molecules about the c crystal axis) with a calculated
frequency value of 28 cm−1 (ν5 in Fig. 5, Table 2).
The ν7 normal vibration, calculated for the dimer, forms
a weakly pronounced shoulder in the left wing of the
41-cm−1 band, which can be observed in the experi-
mental spectrum of DCS at low temperatures (Fig. 2b).

The translational vibrations (ν1–ν3 in Fig. 5, Table 2)
manifest themselves in a DCS crystal and yield the
first line in the Raman spectrum at 19 cm−1 (Fig. 2b).
The important result of this calculation is qualitative
prediction of nonzero activity of these vibrations in the
Raman spectrum. Of interest is also the splitting of the
line in the DCS spectrum associated with twisting of
the fragment at С17 into three new lines (Table 3, ν5,
Fig. 2b; ν13, ν14, ν15, ν16 in the dimer, Fig. 5). This occurs
because, in the force field of the dimer, the twisting of the
fragment at С17 generates new types of interactions and

Fig. 5. Raman spectrum calculated by the DFT method for
the optimized dimer of DCS. (Raman activity values Si are
normalized to unity.)
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force constants, which hinder the motion of this type.
Because the fragment is polar, the Raman scattering of
light from such vibrations becomes more intense due to
the strong change of polarizability of the dimer. In the
dimer model the crystal surroundings is taken into
account only partially; clearly, the change of polariz-
ability of a real crystal cell on twisting vibrations of the
group –СОСН2ОН should be stronger and their
intensity in the Raman spectrum will also increase in
a more real model of a crystal.

CONCLUSIONS
The experimental Raman spectra of corticosteroid

hormones CS and DCS are interpreted on the basis of
DFT calculations. It was shown that the low-fre-
quency lines in the Raman spectra belong to the skel-
etal vibrations of the molecules and the bending vibra-
tions of the substituent at the С17 atom. On the whole,
the calculated frequencies are in a good agreement
with the experimental results. The discrepancies dis-
cussed in the paper are associated with the intermolec-
ular interactions and the influence of crystal packing.
In particular, the calculations predict the presence of
18 weak intermolecular interactions of the types of
О···Н and Н···Н in the tetramer of CS and 22 interac-
tions in the tetramer of DCS with the total energy
‒36.9 and –49.1 kJ/mol, respectively, which stabilize
the crystal cells. In the CS molecule, the strong intra-
molecular hydrogen bond О21–Н···О=С20 with the
energy –42.4 kJ/mol and the intramolecular bond
О11–Н···Н(С19Н3) with the energy –28.0 kJ/mol were
revealed, which significantly govern the formation of
the CS conformation.

In the optimization of the DCS dimer and the cal-
culation of its Raman spectra by the DFT method in
the B3LYP/6-31G(d) approximation, new intense
low-frequency lines were obtained, which are caused
by the intermolecular interaction and the mixing of
normal vibrations of neighboring molecules in a
molecular crystal. The active modes corresponding to
intramolecular vibrations exhibit shifts and splittings
in the Raman spectrum, which are clearly seen at low
temperatures.

The different temperature dynamics of lines in the
Raman spectra of CS and DCS is due to distinctions
between nonvalence, intermolecular and intramolec-
ular, interactions.
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