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The wvibrational spectra of liquid aromatic hydrocarbons — bromobenzene, dioxane, toluene —
are studied in a wide frequency range by means of Raman spectroscopy. The manifestation
of torsional vibrations of individual groups of atoms is established from the obtained data on
the low-frequency spectra. The possibility of using a semiempirical method for calculating the
potential barriers of methyl and halide groups in benzene derivatives is shown.
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1. Introduction

Vibrational spectroscopy is one of the most infor-
mative experimental methods for studying the liquid
state of substances. Using vibrational spectroscopy,
one can obtain information that is often inaccessible
to other experimental methods of research. There are
many theoretical and experimental works [1-15] de-
voted to the investigation of contributions of intra-
and intermolecular interactions to the contours of vi-
brational bands.

Vibrational spectra of molecules are character-
ized by the position of the maxima of the bands,
their intensity, and shape. The study of changes in
these parameters caused by intermolecular interac-
tions makes it possible to obtain information about
the structure of liquids and the presence of relatively
long-lived intermolecular complexes and associates in
them [16-18], as well as to study the molecular dy-
namics. Intermolecular interactions in liquids cause
changes in the force constants of interatomic bonds
in molecules. The dynamic nature of these interac-
tions is the cause for the broadening of the bands in
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the vibrational spectra of liquids. However, if this
disturbance keeps for a relatively long time, it leads
to a change in the frequency of the vibrational band
in the spectrum. This time should significantly ex-
ceed the relaxation time of intramolecular vibrations,
which usually does not exceed tens of picoseconds in
liquids. Therefore, the existence of a relatively long-
lived local order in a fluid associated with the forma-
tion of various complexes and associates is manifested
in a changing of the frequencies of intramolecular vi-
brations. These changes are observed most clearly in
the bands corresponding to the vibrations of atoms,
through which the interaction between the molecules
in an associate takes place. The variety of such local
environments leads to the fact that there are several
discretely shifted bands in the spectrum, the number
of which is determined by the number of types of as-
sociates formed in the liquid. The intensity of these
bands depends on the concentration of associates of
this type in the liquid [9, 10, 18, 19].

The low-frequency part of vibrational spectra con-
tains, in particular, torsional vibrations of molecu-

1 The paper was presented at XXIVth Galyna Puchkovska In-
ternational School-Seminar “Spectroscopy of Molecules and
Crystals” (August 25-30, 2019, Odesa, Ukraine).
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Fig. 1. Scheme of the experimental setup for the registration of Raman spectra: 01 — exciting
laser; 02, 06 — connection of optical fiber with a capacity of up to 90%; 03 — tuned lens; 04 —
microscope table; 05 — filter set; 07 — spectrometer STR250; 08 — piezoelectric detector; 09 —

white light; 10 — screw focusing

les. It should be noted that the study of torsional vi-
brations of atomic groups of complex molecules is of
great importance for understanding the forces acting
in molecules. The data on torsional frequencies are
necessary for the statistical calculation of the ther-
modynamic functions of molecules, and the exact val-
ues of thermodynamic functions are, in turn, required
for solving various problems. Refining the frequency
values or detecting the new lines in a low-frequency
region plays an important role for the reliable inter-
pretation of the entire vibrational spectrum, since low
frequencies are very sensitive to small changes in force
constants.

Despite the wide scientific and practical applica-
tion, the study of the behavior of physical regularities
associated with the manifestation of low-frequency
Raman spectra, at the moment remains practically
unlit in the scientific literature. There are only a few
works devoted to these problems [20-22].

In the presented work, we study the intermolecu-
lar interactions in some liquid aromatic hydrocarbons
such as bromobenzene (CgHs-Br), toluene (CgHs—
CHs), and dioxane (C4HgOs) by analyzing their Ra-
man spectra. All these molecules consist of a ben-
zene ring, some atoms of which are substituted by
other atoms or groups of atoms. So, in bromoben-
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zene, one of hydrogen atoms is substituted by Br, in
toluene — by methyl group CHs. In dioxane, two car-
bon atoms of the benzene ring are substituted by oxy-
gen atoms. The different nature of the attachment of
methyl and halide groups to the benzene ring makes
them interesting objects for studying the effect of
a non-polar hydrocarbon substituent on the nature
of the relaxation processes of molecules in the liquid
phase [13, 23]. Such systematic study of entire classes
of compounds with a gradually complicating struc-
ture of molecules is of particular importance. It can
help to understand the role of the shape and size of
molecules in the intermolecular interaction.

2. Experiment

The Raman spectra were recorded using a laser Ra-
man spectrometer STR250 with a confocal micro-
scope. This is a very compact flexible system with
high sensitivity, which can be used for the registra-
tion of the weak Raman scattering. The scheme of the
experimental setup is presented in Fig. 1.

The setup consists of a spectrometer (07) with a fo-
cal length of 250 mm with a scanning mechanism in
the spectral range 50-7000 cm ™!, three different au-
tomatically changing diffraction lattices (600; 1200;

1800 number of lines per 1 mm), resolution of 1 cm™1!,
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Fig. 2. Raman spectrum of liquid bromobenzene
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Fig. 3. Raman spectrum of liquid toluene
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Fig. 4. Raman spectrum of liquid dioxane
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and CCD (08) camera with cooling at —60 °C. It also
includes an optical microscope (03) for a small sample
with a spatial resolution of <1 mm and an excitation
laser (01) for the visible region (532 nm). The Raman
spectra were recorded at an angle of 180 °C with re-
spect to the incident light. The studied objects were
thoroughly cleaned according to the procedures de-
scribed in [24].

3. Results and Discussions

The general view of the registered Raman spectra
of pure liquid bromobenzene, toluene, and dioxane
in the spectral range 503300 cm ™! are presented in
Figs. 2-4, respectively. The positions of the maxima
for the registered bands of the investigated liquids
and their intensities are presented in Table 1.

Table 1. Maxima positions and intensities
of Raman bands in the registered spectra
of bromobenzene, dioxane, and toluene

Bromobenzene — Dioxane — Toluene —
CgH5Br C4HgO2 C6H5(CH3)
v,em™! |3 (aw) | v, em™! | 7, (au.) | v, cm™! | 3, (a.u.)

177 980 434 87 215 379
244 231 486 133 345 64
310 1745 835 1249 465 41
481 187 852 125 518 439
613 389 1016 305 620 165
668 696 1111 107 728 19
998 2530 1130 110 785 1300
1018 1592 1218 152 1002 2371
1068 826 1306 245 1030 650
1156 175 1338 58 1155 122
1165 344 1394 50 1179 105
1580 261 1443 235 1210 508
3077 1710 2671 s 1379 162
3142 196 2729 193 1586 136
2785 121 1604 232
2868 975 2442 102
2902 464 2743 86
2978 977 2876 216
2931 763
2993 258
3019 186
3065 1301
3158 56
3186 43
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A characteristic difference between polyatomic and
one-atomic molecules in the context of molecular
spectroscopy is that, in all molecules consisting of no
less than three atoms, the motion is more complex
than that in atoms. In other words, along with the
motion of electrons, the vibrational (periodic changes
relative to the location of nuclei) and rotational (pe-
riodic changes in the orientation) movements of a
molecule play an important role.

The vibrational relaxation of molecules in lig-
uids is determined mainly by intermolecular interac-
tions. Three mechanisms of relaxation of intramolec-
ular vibrations are distinguished:

e energy relaxation which is the dissipation of the
energy of intramolecular vibrations to all other de-
grees of freedom of the movement, including the
translational and rotational motions of molecules and
other vibrational modes;

e phase relaxation, i.e., the phase modulation of in-
tramolecular vibrations by collisions with surround-
ing molecules or, in other words, local field fluctua-
tions;

¢ resonant energy exchange — the exchange of en-
ergy quanta of intramolecular vibrations between os-
cillators of the same type.

In most liquids studied so far, the phase relax-
ation is the dominant mechanism of vibrational re-
laxation. The resonant energy exchange can make a
significant contribution to the shape of the contours
of bands in pure liquids with strong intermolecular in-
teractions. Its manifestation in the vibrational spec-
tra of liquids was studied in many theoretical and ex-
perimental works (for example, [25, 26]). It was found
that, in addition to the broadening of the contours
of bands in liquids with strong intermolecular inter-
actions, the resonant energy transfer should cause
a discrepancy between the positions of the maxima
of bands of the same vibrations in the isotropic and
anisotropic Raman scattering spectra. The frequency
of the band maximum in the anisotropic spectrum
(Vanis) should be higher than in the isotropic one
(vis, and the frequency difference Av = vanis — Vis
should be positive. This discrepancy effect was found
in many liquids, and it has become generally accepted
to explain it by the manifestation of the resonant en-
ergy exchange. The observed experimental value of
Av usually does not exceed several wavenumbers.

According to our experimental data, the Raman
bands of C-Br in bromobenzene, C-H in toluene,
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and C-O in dioxane are complex. For bromobenzene,
four intense bands with frequencies of 177 cm™!,
310 cm !, 998 cm !, and 3077 cm ™! can be roughly
distinguished. The most intense line is 3077 cm™1,
against the background of which lies a band at
3142 cm~! with relatively low intensity. This indi-
cates that, despite the fact that all these bands are
related to the same C = H vibrations, their depo-
larization coefficients are different. When comparing
the spectra of compounds with common structural
features, it turned out that, in some cases, together
with frequencies, the other band parameters — inten-
sity, width and degree of depolarization — keep their
value when moving from one molecule to another.

Our results showed that not every branching or
other structural feature of molecules, repeated in a
number of similar compounds, leads to the appear-
ance of characteristic lines in their spectra. Only some
specific groups of atoms or bonds (in some cases, in-
dividual atoms and bonds) have characteristic lines
in the Raman spectra.

The special role of the characteristic structural el-
ements is due to the fact that they are the struc-
tural units of molecules that actually manifest them-
selves in vibrations and, through vibrations, in Ra-
man spectra. If there are several identical character-
istic structural elements in the molecule under study,
then the frequencies of the characteristic lines belong-
ing to them coincide in many cases. Consequently,
the intensities of the corresponding lines are propor-
tional to the number of such structural elements. This
phenomenon is well illustrated by the example of the
lines belonging to the stretching vibrations of the CHg
group of toluene, which has two C = C bonds. In the
spectrum of this compound, the intensity of the 1210-
em™! line is equal to 508 relative units, whereas, in
the spectra of dioxane with one C = C bond, the in-
tensity of the corresponding line is equal to 152 (see
Table 1).

If, with a change in the molecule, the vibrations
of the main characteristic structural element are dis-
turbed, then the lines of the other characteristic ele-
ments appear in the spectrum more clearly. The iden-
tification of characteristic structural elements with
their inherent sets of characteristic lines represents
the first step toward establishing a correlation be-
tween Raman spectra and a molecule structure. The
second step is to study the regularities of torsional
vibrations of individual atomic groups in complex
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Fig. 5. Bond lengths and angles between bonds for a dioxane
molecule

molecules. Torsional vibrations of individual atomic
groups in complex molecules manifest themselves in
the low-frequency region of vibrational spectra (from
50 to 500 cm™1).

As is seen from Figs. 2-4, in the low-frequency
region of the registered Raman spectra of the ob-
jects studied (100-600 cm™!), a significant number
of bands were registered. According to the structural
formula, in addition to the torsional vibrations of the
CHjz group (177 em~!, 244 em™!, 310 cm™! — for
bromobenzene; 434 cm™!, 486 cm~! — for dioxane;
215 cm™!, 345 ecm™!, 465 cm ™! — for toluene), defor-
mational vibrations can be observed in the spectra.

The analysis shows that the interpretation of the
observed bands, in particular, the assignment of low-
frequency Raman bands to the torsional vibrations
without special theoretical analysis is difficult, be-
cause the vibrational spectra of these liquids are very
rich. Therefore, the calculation of the torsional fre-
quencies of methyl groups in the studied liquids was
carried out by a semiempirical method. If the height

Table 2. Calculated end experimental
frequencies of torsional vibrations

v, cm— 1
Substance
Experiment Calculated
Bromobensene 266 254
Dioxane 382 369
Toluene 296 304
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of a potential barrier of torsional vibrations is known,
it is not difficult to find the corresponding frequency
and, comparing the calculated values with experi-
mentally observed ones, to determine the frequen-
cies of torsional vibrations. For methyl-substituted
molecules, there are no reliable data on the poten-
tial barrier height of torsional vibrations in the litera-
ture. Therefore, an attempt was made to theoretically
calculate the potential barriers and the corresponding
frequencies of torsional vibrations in xylenes [27].

Semiempirical methods of calculation are based on
the assumption that the height of the potential bar-
rier is equal to the difference in the repulsion ener-
gies between both rotating parts of the molecule in
the positions with the smallest and greatest repul-
sions. There are several methods of semiempirical cal-
culation of barriers.

We used a semiempirical method to calculate po-
tential barriers, but we have substantially changed
this method by quantum chemical calculations in or-
der to spread it to molecules that are more com-
plex. For the studied molecules, the potential barri-
ers were calculated using the potential repulsion pro-
posed in [27]. We used also reliably determined bar-
rier values from microwave data and accurate struc-
tural data (bond lengths and angles) determined by
quantum chemical calculations. The results of quan-
tum chemical calculations involving ithe intermolec-
ular interaction for dioxane as an example are shown
in Fig. 5.

The latter is very important because of a sharp
change in the potential values with a change in the
interatomic distance. Our calculation showed that the
use of the repulsion function between hydrogen atoms
for the molecules under study from [23]

U = 950.5exp(—1.98r) — 1995 exp(—3.7r), (1)

where r is the distance between hydrogen atoms in
angstroms, without consideration of the interaction
between other atoms in the most cases gives a satis-
factory agreement with experimental data. The cal-
culated frequencies of torsional vibrations for the
studied substances and the corresponding experimen-
tal values are presented in Table 2.

As is seen from Table 2, the calculated and ex-
perimental frequency values are in a satisfactory
agreement. In this case, the relationship between the
height of the potential barrier U and the frequency
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of torsional vibrations v takes a particularly simple
form
3 U
V= —~1/—. (2)
2we V 2
For the calculations, one should also know the re-
duced moment of inertia I, for torsional vibrations. In
the case where we have a molecule of the symmetric
top type, the expression for the reduced moment of
inertia is [28]

K2
L:j¢O—LgH;>

where ¢ — 1, 2, 3; I; — principal moments of inertia
of the whole molecule; K; — direction cosines of the
angles formed by the axis of the top with the principal
axes of inertia; I, — moment of inertia of the top
in relation to the axis of rotation. The case of the
reduced moment of inertia of torsional vibrations in
the presence of several symmetric rotating groups was
considered in [29].

(3)

4. Conclusion

Because the low frequency part of Raman spectra
of the studied aromatic hydrocarbons — bromoben-
zene, dioxane, and toluene — consists of a large num-
ber of bands, it is rather difficult to assign the ob-
served bands and to interpret the whole spectra with-
out a special theoretical analysis. Such rich spectrum
means that, along with torsional vibrations, deforma-
tional vibrations are also observed in this region. If,
for molecules containing heavier groups, the bands ly-
ing in the lowest frequency region of the spectrum are
usually assigned to torsional vibrations, in the case of
the torsional vibrations of methyl groups, the corre-
sponding bands can lie in a relatively wide spectral
region up to 500 cm~!. This is because the moment
of inertia of a methyl group is small. Considering the
experimental data, it is clear that it is difficult to dis-
tinguish a certain group of bands of the investigated
substances by some distinctive features. The bands
observed in the low-frequency region have different
widths and intensities.
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EKCIIEPUMEHTAJIBHE JOCJ/IIJI>KEHHA
CHEKTPIB KOMBIHAIIITHOT'O PO3CISTHHA

CBITJIA JEAKNX APOMATNYHUX BYT'JIEBOIHIB
Peszmowme

JocniizkeHO KOJIMBAJIbHI CIIEKTPU PIIMHHUX apOMAaTUYHUX BY-
IJIEBOAHIB — OGPOMOEH30Jy, TIOKCAaHY, TOJIYOJIy — B IIIUPOKOMY
iHTepBaJIi YaCTOT METOJIOM KOMOIHAI[IHHOIO PO3CisiHHSI CBiTJIA.
3 OTpUMaHUX JaHUX [0 HU3BKOYACTOTHUM CIEKTPAM BCTAHOB-
JIEHO TPOsiB TOPCIOHHUX KOJIMBaHb OKpeMHX rpyn arowmis. ITo-
Ka3aHO MOKJIMBICTH BUKOPHCTAHHS HAIliBEMIIIPUYIHOI'O METOILY
JIJIsl PO3paxyHKy MOTEHIIaJbHUX 6ap’€piB METUJILHOI Ta IraJiol-
JHOL TPyII HOXigHUX GEH30IIy.
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