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Calculations and experimental studies of Raman scattering spectra
show that there is a dimeric aggregation of benzene molecules with
the molecule of methyl alcohol with the use of m-electrons of the
benzene ring. In this process, the H-active hydrogen atom of O—H
group is oriented to the edge of the benzene ring (a distance along
the normal to the plane of the benzene ring is 2.850 A) The un-
usual position of the H-active hydrogen atom is conditioned by the
interaction of two hydrogen atoms of the alcohol’s methyl group
with m-electrons of the benzene ring. In Raman scattering spectra,
the aggregation of molecules in the liquid state of the substance
leads to a broadening of the band of full-symmetric vibrations with

—1 as well as to a shift of this band toward
1

the maximum at 992 cm
lower frequencies by ~ 1 cm™!. The band at 992 cm™
more than twice at the strong dilution of the benzene—methyl al-
cohol mixture by a large amount of heptane. The aggregation of

is narrowed

benzene molecules takes place also with the molecules of formic
acid with the use of m-electrons of the benzene ring. As in the
case of the benzene—-methyl alcohol mixture, the H-active hydro-
gen atom of O-H group of the acid is shifted toward the edge of
the benzene ring. The energy of the benzene—formic acid dimer-
ization is 9.2 kJ/mole.

1. Introduction

In our previous paper [1], we presented the results of
studying the interaction of benzene molecules between
themselves and the interaction of benzene molecules with
molecules of chloroform. Calculations and experimental
studies of Raman scattering spectra (RS) showed that
two benzene molecules can form a dimer, by using the
m-electrons of one of the rings in the process of dimer-
ization. In this case, the planes of benzene rings are
perpendicular to each other, and one of the hydrogen
atoms of one benzene ring is oriented toward the center
of another benzene ring. A similar pattern is realized for
the dimerization of benzene and chloroform molecules.
The hydrogen atom of a chloroform molecule is oriented
toward the center of the benzene ring. Not all mutual
orientations of the molecules are equivalent. In the ben-
zene dimer, the proton-donor molecule is oriented so that
the plane of the benzene ring passes through the diago-
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nal drawn through opposite carbon atoms of the proton
acceptor. Moreover, two carbon atoms of the proton
donor and one carbon atom of the proton acceptor are
located on two parallel lines. In a chloroform-benzene
dimer, the chlorine atoms are located over three car-
bon atoms of the proton acceptor. The resulting dimer
has the axial symmetry Cs. Such a mutual arrangement
of atoms in the dimer is unusual. The interaction of
molecules by using m-electrons was described in [2-6].
We continued to study the proton-acceptor properties of
the benzene ring. In this paper, we describe the results
of studying the interaction of m-electrons of the benzene
ring with hydrogen atoms of the molecules of methanol
and formic acid. In the solution of benzene with methyl
alcohol, we investigated the Raman scattering spectra
of totally symmetric vibrations with a wavenumber of
992 cm 1.

2. Experimental Studies and Calculations

The registration of Raman spectra was carried out with
the help of an automated spectrometer DFS-52, which
represents a double monochromator with two diffraction
gratings 1800 lines/mm~!. The excitation source for RS
was an argon laser LGN-503 with a wavelength of 488
nm at the radiation power of 1 W. All measurements
were performed at the 90°-geometry of scattering of the
polarized incident light. Accounting for the instrumental
distortion, if necessary, was carried out by the method
described in [7]. The measurements were performed at a
temperature of 20 °C. In the experiment, we used chemi-
cally pure substances, which were subjected to the addi-
tional vacuum distillation. The error in the determina-
tion of the bandwidth and the relative position of bands
was +0.3 cm ™~

Quantum chemical calculations were carried out in the
RHF approximation with a set of Gaussian functions 6-
31G ++ (d, p) [8] for the isolated monomeric molecules
of methanol and formic acid, for a dimer aggregate of
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Calculated structure of a benzene monomer (a), methanol (b), formic acid (¢) and dimeric aggregates of methyl alcohol-benzene (d —
side view, e — top view) and formic acid-benzene (f — top view, distances in A, charges in units of electron charge)

benzene and methyl alcohol, and for a benzene-formic
acid dimer aggregate.

3. Discussion

Let us discuss, first of all, the results of quantum chemi-
cal calculations of the interaction of molecules of methyl
alcohol and benzene among themselves in an isolated
aggregate. As in the case of chloroform, m-electrons of
the benzene ring interact with the hydrogen atom of
the O-H group of alcohol. But it has its own peculiar-
ities. This hydrogen atom is oriented not just toward
the center of a benzene ring, as it was in the case of a
dimer of benzene and chloroform, but it is shifted to the
edge of the benzene ring (see Figure) and is located near
the carbon atoms C'C2CS (distances of H8C!, H8(C?
and H'8CS are equal, respectively, to 2.889, 3.171, and
3.029 A; but those of H!®C3, H18C* and H'8C® are equal,
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respectively, to 3.549, 3.664, and 3.428 A (numbers of
atoms are the same as in Figure). What is the reason
for such a displacement of H'® atom to the edge of the
benzene ring? This is probably due to the interaction of
the hydrogen atoms of alcohol H'® and H7 (charges, re-
spectively, +0.082 and +0.083 electronic units are less
as compared with charges of the same atoms in the
monomer molecule which are 0.089 and 0.089, respec-
tively) with atoms C? and C®, respectively, whose neg-
ative charges are increased in comparison with that in
a monomer molecule (in the monomer, they are —0.143
and —0.143; in the aggregate, they are —0.229 and —0.261,
respectively). The third hydrogen atom of the methyl
group CH3 C'® does not participate in the m-electron
bonding, but it is involved in the intramolecular hydro-
gen bonding: the length of the bond H® 0 is 2.067 A.
Thus, the hydrogen atom H!® is shifted to the edge of
the benzene ring due to the fact that three hydrogen
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atoms H'7, H'6 and H'® of the molecule of methyl al-
cohol participate in the interaction with m-electrons of
the benzene ring. Such mutual orientation of benzene
and methyl alcohol seems to be energetically favorable.
The distance along the normal to the plane of the ben-
zene ring for H'® is 2.850 A. The distance of H'6-C3 is
4.143 A, and that of H7—C® is 4.142 A.

In Raman spectra, the band with peak at 992 cm~! for
pure benzene has a half-width of 2.3 cm~!. This band
should be broadened due to the presence of monomer
molecules and dimeric aggregates of benzene molecules
in the liquid benzene. The frequency of vibrations of
the monomer molecules of benzene, according to calcu-
lations, only slightly differs from the frequency of vibra-
tions of the dimer by ~ 0.7-0.2 cm™'. Of course, the
spectral apparatus cannot resolve these lines. The ef-
fect is manifested only in increasing the line width. The
strong dilution of benzene with an inert solvent (hep-
tane) leads to a narrowing of this band by almost two
times, which, in our view, is partially connected with
the collapse of the dimeric aggregates. The dilution of
benzene by a large amount of methanol does not lead
to a large change in the line width (1.8 cm™!). This
effect can be explained: in a mixture of benzene and
methyl alcohol, the dimers of benzene are replaced by
benzene-alcohol dimers with almost the same difference
between the wavenumbers of monomers and dimers of
benzene and alcohol, and with the same direction of the
band’s shift, as in the case of a benzene dimer. However,
at a high dilution of the mixture with a neutral solvent
(heptane), there is the narrowing of the 992-cm~! band
by almost two times, as this was in the case of ben-
zene. Simultaneously, the band is shifted toward higher
frequencies by 1 cm™!. The explanation is the same
as for benzene: the benzene—methyl alcohol dimers are
destroyed, and we are dealing only with the monomer
molecules of benzene in the mixture. Calculations show
that the energy of the hydrogen bond methyl alcohol-
benzene is 6.5 kJ/mol. In Raman spectra, the benzene
band at 1075.4 cm ™! (experiment gives 992 cm~1), ac-
cording to calculations, in the mixture with the alcohol
shifts toward the low-frequency region (1074.3 cm™1!).
The difference is of 1.1 cm ™1, and the spectral apparatus
cannot resolve the lines of monomers and aggregates, the
band is just broadened. The O-H band of alcohol under
the aggregation with benzene should also shift toward
the low-frequency region (the calculated wavenumber of
a monomer is 4196.4 cm™!, and that of the aggregate is
4182 ¢cm™!; due to the approximate nature of the cal-
culation method, the exact coincidence of the values of
the vibrational frequencies with experimental values is
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achieved by introducing a scaling factor. In our case,
the scaling factor is 0.92).

We have also calculated the interaction of formic acid
molecules with benzene molecules. Figure (e) shows an
aggregate of formic acid — benzene. As in the previ-
ous cases, the interaction of molecules occurs with the
use of m-electrons of the benzene ring, but here, as in
the case of methanol, there are peculiarities. The hy-
drogen atom of O—H group of acid is oriented into the
benzene ring, but not to the center. This can be judged
from the distances of H?? atom to the carbon atoms of
benzene: H23-C1-3.281 A, H23-C2-3.728 A, H2-C3 —
3.729 A, H2-C* - 3282 A | H2-C5 — 2.762 A, H23-
6 — 2.762 A. Tt turns out that the hydrogen atom H23
is located on the edge of the benzene ring at equal dis-
tances from the atoms C® and C®. The reason for this
orientation of H?3, in our opinion, is as follows: car-
bon atom of acid is positively charged (+0.555 in the
monomer) and it also interacts with the m-electrons of
the ring (negative charge). Bond C®-C® of benzene

/O

passes between the oxygen atoms of No—H acid.
Apparently, this arrangement of the molecules is most
energetically favorable. Thus, there is no necessity for
a hydrogen atom to participate only in the interaction.
Under suitable conditions, the interaction may involve
other atoms. Note that the length of C?CS is a little
longer (1.3896 A) than that of other intercarbon bonds
(1.3882 A). Charges of atoms C® and C® (negative) is
somewhat larger (-0.183) than charges of other carbon
atoms of the ring (—0.150), although these charges are a
little greater than the charges of the monomer molecules
of benzene. The charges of atoms of formic acid are also
changed. The charge of the carbon atom of acid is in-
creased as a result of the interaction (up to +0.561, in
the monomer +0.555). The charge of the hydrogen atom
of O-H group is slightly increased (+0.411 in the dimer,
and +0.395 in the monomer; in case of the usual hy-
drogen bond, the charge of this atom usually increases
considerably). The negative charges of oxygen atoms are
redistributed (O?! — 0.501, 02° — 0.535; in the monomer
0.541 and 0.501, respectively). The positive charge of the
hydrogen atom H?2 is decreased (+0.084, and +0.101 in
the monomer). How the interaction of formic acid with
benzene should be manifested in Raman spectra? The
full-symmetric band at 992 cm ™! typical of benzene (cal-
culation gives 1075.4 cm™1) is shifted toward lower fre-
quencies by 1.5 cm~!. O-H band of formic acid should
undergo a low-frequency shift by 46.6 cm™!. The change
in the Raman spectrum is fairly large and corresponds to
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a significant energy gain of 9.2 kJ/mol in the formation
of the formic acid — benzene aggregate.

As in [1], the calculations presented in this paper are
related to the isolated formations of benzene — methyl
alcohol and benzene — formic acid. Features of the liquid
state are not taken into account. In the calculations, as
seen from the above, we do not consider the interaction
of aggregates with the environment and the thermal mo-
tion of molecules. The tendency of changes in molecular
values should, however, be preserved in the transition to
solutions.

The interaction of molecules and the formation of ag-
gregates with the participation of 7-electrons of benzene
in a number of properties is different from an ordinary
hydrogen bond. To fully understand this kind of inter-
action, further studies are needed.
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ATPETALIISA MOJIEKYJI BEH30JIY 3 MOJIEKYJIAMUI
METAHOJIY I MYPAIIIMHOI KMUCJIOTU

D.X. Tyxeamyanin, A. Horcymabaes, V.H. Tawrenbaes,
X. Xywmaxmos, A. A6canos, I'. Ilapigos

Pezowme

PospaxyHok i ekcnepuMeHTasIbHI JIOCJIiI?KEHHsI CIIEKTPIB paMaHiB-
CBKOTO PO3CIfIHHS ITOKa3aJjH, IO BiAOyBaeTbCs OUMEpHA arpera-
1ist MoJIeKyJl O€H30JIy 3 MOJIEKYJIaMU METUJIOBOI'O CHUDPTY 3a yda-
CTIO T-€JIEKTPOHIB OEH30JIbHOTO KiJIbIsA. Y IBOMY IIPOIECI AKTHUB-
uuii arom Boguio O-H rpynu opientroBanuit 10 Kparo GEeH30JIbHO-
ro Kinpng (BigcraHb B3JOBXK HOPMaJIi 0 IUIONMHU GEH30JIBHOIO
Kinbig gopisaioe 2,850 A) HesBuune 10J102KeHHST aKTUBHOI'O aTO-
Ma BOJIHIO 3yMOBJIEHO B3a€MO/II€I0 JBOX aTOMIB BOJHIO METHUJIOBOL
rpyIHN COUPTY 3 7-€JI€KTPOHAMM OEH30JIbHOIO Kimblst. Arperaris
MOJIEKYJI PiIMHYM NPHUBOAUTH y CIEKTPaX PaMaHiBCbKOI'O PO3CisH-
HsI JIO YIIMPEHHS] CMYTH HOBHOCUMETPUYHUX KOJIMBAaHb 3 MaKCHMY-
mowm mpu 992 ecm~ ! i 10 3cyBy miel cmyru y 6ik MeHITEX YacTOT Ha
~1 cv~ 1. Cmyra npu 992 cm~! Byxuae 6inbnre mizk BaBiui MpU
CHJIBHOMY PO30aBJIeHHI CyMilli GeH30/I-MEeTaHOJ 3HAYHOK KiJIbKi-
crio rerrany. Mosekysiu 6eH30/1y TAKOXK arperyiTh 3 MOJIEKYJIaMUi
MyPAaIIUHOI KHUCJIOTH 3a YYacCTIO T-eJIeEKTPOHIB OEH30JIbHOIO KiJlb-
g Sk i gas cymimnni 6enzosr—meranos, akTuBHu aToMm Bonaio O-H
rPpyI# KUCJIOTH 3MIIIyETHCH JO Kpalo OEH30JIbHOTO Kifbild. EHepris
nuMepu3aliil 6eH30/Ty 3 MOJIEKYJIOK MYPAIIUHOI KUCJIOTH JOPIBHIOE
9,2 kI /MOJTB.
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