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MANIFESTATION OF INTERMOLECULAR
INTERACTIONS IN RAMAN SPECTRA AND AB INITIO
CALCULATIONS OF MOLECULAR AGGREGATION

IN LIQUID ETHYLENE GLYCOL

We present the results of a study of intermolecular interactions in ethylene glycol by Raman
spectra. For a more reasonable assumptions about the possibility of the existence of aggregated
intermolecular complexes and monomeric molecules of ethylene glycol in the liquid, as well as
manifestations of these formations in spectra, we carried out ab initio calculations of the nor-
mal vibration frequencies, depolarization ratios of bands, formation energy, and other physical
and optical characteristics for aggregated compleres of molecules. Calculations were carried
out in the framework of a self-consistent field (RHF) using the basis 6-81G++(d, p) with full
optimization of the geometry of molecules. Calculations showed a possibility of the formation
of an intermolecular H-bond between the H atom of the O—H group of one molecule and the
O atom of another molecule. For a dimeric aggregate, the intermolecular H-bond length is
1.986 A. In molecules of the dimer, there is a slight change of bonds’ lengths, but also there is
a significant change of the charge distribution between atoms. The energy of dimer formation
is 4.6 kcal/mole, the dipole moment of an aggregate is 6.85 D (in the monomeric molecule,
the dipole moment is 2.78 D). In Raman spectra, there are some features of the manifestation
of the H-bonding between molecules: asymmetry of bands and splitting of bands that are the

features that accompany the H-bond formation.
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1. Introduction

In the ethylene glycol molecule, there are two CH,OH
groups of atoms combined by a simple bond with each
other through the carbon atoms. Therefore, these
groups can rotate with respect to each other, or there
is a possibility for different configurational isomers
[1]. In this regard, although CHyOH groups are iden-
tical, the relative position of O—H bonds is such that
these CHo,OH groups of a monomer must be slightly
different with respect to the charges of atoms and the
bond lengths between atoms (see Fig. 1, a). Anyway,
the hydrogen atoms of O—H groups can form a hydro-
gen bond. There are two such groups. Therefore, we
have made calculations for the dimer formation in a
case where one of the O—H groups is involved.

There is an interest in the structure of an aggregate
of molecules formed by H-bonding. In Raman spec-
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tra, we studied a fragment of the spectrum, which
contains, in our opinion, some features of the forma-
tion of a simple H-bond.

2. Experimental Technique and Method
of Quantum-Chemical Calculations

Raman spectra were recorded with the help of an
automated spectrometer DFS-52; which is a double
monochromator with two gratings 1200 lines/mm.
The excitation source was an Ar™* ion laser LGN-503
with a wavelength of 488 nm and an output power of
1 W. All measurements were performed at the trans-
verse (90°) scattering geometry with polarized exci-
ting light. The measurements were made at a temper-
ature of 20 °C. In the experiment, we used a chem-
ically pure substance, which was subjected to addi-
tional distillation under vacuum. Errors in the deter-
mination of a bandwidth and a relative position of
the bands were +0.3 cm™!.

Quantum-chemical calculations were carried out
in the B3LYP (DFT) approximation with a set of
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Fig. 1. Calculated structure of the monomer a) and the dimer b) of ethylene glycol (charges are in the units of electron charge,

the distance is in A)
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Fig. 2. Fragment of the Raman spectrum of ethylene glycol
in the region of intermolecular and H-bond vibrations

the Gauss functions 6-31G++(d,p) [1] for isolated
monomer molecules of ethylene glycol and for the
dimeric ethylene glycol aggregate [2].

3. Results and Discussion
3.1. Quantum-chemical calculations

Calculation results for a monomeric molecule and an
isolated dimer are presented in Fig. 1, ¢ and b, cor-
respondingly. It is seen that CH>;OH groups of an
ethylene glycol molecule are different in some cases
with respect to bond lengths and, especially, atomic
charges in the molecule. This result indicates that
CH,OH groups are turned with respect to each other.
Such rotation is connected with a barrier caused by
the interaction of O-H bonds on the molecular edges.
Moreover, there is a strong interaction of H atoms of
CH,OH groups with O atoms (H® and H® atoms with
0% and O? atoms, consequently). Distances between
H8 and 0% 2.061 A, H® and 02-2.053 A that is close
to the average length of an H-bond.

This is something similar to a strong intramolecular
interaction, intramolecular H-bond.
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The calculations showed that the molecules of ethy-
lene glycol can form intermolecular hydrogen bonds
to form dimeric units. One hydrogen atom of the
O-H group of one molecule and an oxygen atom of
another molecule take part in the bonding. Accord-
ing to the calculations, the dimer formation energy is
4.6 kecal /mol.

Thus, the results of calculations show that the
molecules of ethylene glycol are really aggregated
through hydrogen bonds to form dimers. The study
of the interaction of molecules and its manifestation
in the Raman spectra is of a certain interest.

In principle, the molecules of ethylene glycol can
form two hydrogen bonds for each CHyOH group, and
chain-like formations are possible. The dimer forma-
tion carries a redistribution of charges and a change
(small) in the bond lengths, and this happens differ-
ently for molecules of a proton donor and a proton
acceptor. To find out the charge distribution and the
distribution of bond lengths, we can be on the base
of the structure of a dimer (Fig. 1, b). For the cal-
culated structure of a monomer, the dipole moment
of the molecule is 2.73 D, while it is 6.35 D for the
dimer. The length of the hydrogen bond is 1.986 A.

3.2. Raman spectra

The formation of an H-bond in the dimer leads to
the manifestation of several bands associated with
mutual vibrations and the vibration of the molecules
along the hydrogen bond in the IR and Raman spec-
tra. These bands are located in the range from 10 to
100 cm ™1 [3]. Their intensity in the Raman spectra is
low, and they scarcely can be registered against the
Rayleigh wing (with a length up to 200 cm™!). In
the IR spectra, some of these bands are quite intense,
and they can be registered.

ISSN 2071-0194. Ukr. J. Phys. 2014. Vol. 59, No. 3



Manifestation of Intermolecular Interactions

We now turn to intramolecular vibrations and their
manifestation in Raman spectra. Figure 2 shows a
small section of the experimentally recorded Raman
spectrum of ethylene glycol. As can be seen from
the figure, the band is quite complex. The band at
866 cm ™! is asymmetric in the high-frequency side,
two bands at 1060 cm~! are overlapped (1054 and
1078 cm 1), and the band at 1463 cm~! has the shape
of a narrow line. Obviously, the formation of inter-
molecular hydrogen bonds must somehow influence
the shape of bands.

The calculated values of the band frequencies are
as follows: for the band at 866 cm ™!, the calculation
gives the dimer bands at 950.9 and 954.2 cm ™!, the
difference is ~4 cm~!. It is possible that the asym-
metry of the band at 866 cm ™! is associated with this
complexity. The doublet structure was predicted by
calculations for the band at 10541078 cm™': the cal-
culated values are 1159.2 and 1171.8 ecm™! with the
frequency difference ~21 cm™! (in the experiment,
we have ~21 cm™!). Note that the calculated and
experimental frequencies differ by 10-15% [4]. The
matching can be achieved by a correction factor. For
a monomer and a dimer, this correction factor is 0.92.
When considering the calculated data and their com-
parison with experiment, one should keep in mind
the fact that the calculations are approximate, and
the experimental data are obtained with some errors.
Therefore, it is difficult to expect the full coincidence
of the calculated and experimental data. However,
the tendencies for the calculated data and experimen-
tal results are the same.

4. Conclusions

In this paper, we present the results of a study of
intermolecular interactions in ethylene glycol by Ra-
man spectra and ab initio calculations of normal
vibration frequencies, depolarization ratios of bands,
the formation energy, and other physical and opti-
cal characteristics for the aggregated complexes of
molecules. The calculations were carried out in the
framework of a self-consistent field (RHF) using the
basis 6-31G++(d, p) with the full optimization of the
geometry of molecules. The calculations showed a
possibility of the formation of an intermolecular H-
bond between an H atom of the O-H group of one
molecule and an O atom of another molecule. For the
dimeric aggregate, the intermolecular H-bond length

ISSN 2071-0194. Ukr. J. Phys. 2014. Vol. 59, No. 3

is 1.986 A. In molecules of the dimer, there is a
slight change of bonds’ lengths, but also there is a
significant change of the charge distribution between
atoms. The dimer formation energy is 4.6 kcal/mole,
the dipole moment of the aggregate is 6.35 D (in a
monomeric molecule, the dipole moment is 2.73 D).
In Raman spectra, some features of the H-bonding
between molecules such as the asymmetry and the
splitting of bands, the features that accompany the
H-bond formation, are found.
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[TPOSAB MIX>KMOJIEKYJIIPHOT B3AEMO/III

VY CIIEKTPAX KOMBIHAIIMHOTO PO3CIFOBAHHS
TA KBAHTOBO-XIMIYHI PO3PAXYHKW ATPETAIIIT
MOJIEKVYJI Y PIIKOMY CTAHI ETUJIEHTJIIKOJIIO

Peszmowme

IIpencraBieHo pe3yabTaTH JOCIIIXKEHHS MiKMOJIEKYJISPHOT
B3a€MOJIil B €TUJIEHIJIIKOJII METOJOM CIIEKTPOCKOINT KOMOiHA-
niiinoro posciosanus ceitia (KPC). Ilposeneno kBaHTOBO-
XiMiuHI po3paxyHKU eHepril yTBOPEHHs arperariB, HOpMaJIbHUX
KOJINBaHb, CTYIEHs JENOIAPU3alil BiAIIOBIIHNX CMyT CIIEKTPa
KPC, ta inmmux (isudHUX Ta ONTUYHUX XapaKTEPUCTUK MOJIE-
KYJIIDHUX arperaTiB Ta MOHOMEDPHHX MOJIEKYJI €THJICHIJIIKOJIIO.
Pospaxynku nposesieno meromom ab initio y HabJIu>KeHHI ca-
Moysrozekeroro nousst (RHF) i3 3acrocyBannsam 6asucHux dyH-
kniit 6-31G++(d, p) 3 noBHOW onTHMizaniero reomerpil Mose-
KyJ1. Po3paxyHKu MiTBEPAUIN MOXKJIUBICTH yTBOPEHHS MiXK-
MOJIEKYJISIPHOI'O BOJHEBOI'O 3B’sI3Ky Mi»K aTOMOM BOJIHIO I'DYIIH
O—H ozniel MosieKynu Ta aToMOM KHCHIO 1HINOI MosieKysin. JloB-
JKHHA MIXKMOJIEKYJISIDHOTO BOJHEBOI'O 3B’SI3Ky Yy IHMEPHOMY
arperari craHoBuTb 1,986 A. Bussneno JesaKy 3MiHy JIOBXKUHH
MOJIEKYJISIDHUX 3B'SI3KiB Y JHMMeEpi, a TaKOXK 3HAYHHII IIepepo3-
[IOALJI €JIeKTPOHHOI IycTHHY Mik aromamu. Eneprist yTBopeHHs
JAuMepy CTaHOBUTH 4,6 KKaJj/MoJb, HOro JUIOIILHUN MOMEHT
nopisaioe 6,35 1 (aJ1s1 NOPIBHAHHS JUIOIBHUN MOMEHT MOHO-
MepHOI MoJieKyu cTaHoBuThb 2,73 ). Biamosimai sminm, mo
criocrepirarorbest y cnekrpax KPC, Taki ik acumeTrpist Ta pos-
LIEIUIEHHS] JIESTKUX CIIEKTPAJIbHUX CMYT, € XapaKTePHUMHU JIJIsi
YTBOPEHHSI Mi’KMOJIEKYJISIDHOT'O BO/IHEBOT'O 3B’SI3KY.
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