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AGGREGATION OF MOLECULES

IN LIQUID ETHYLENE GLYCOL AND ITS
MANIFESTATION IN EXPERIMENTAL RAMAN
SPECTRA AND NON-EMPIRICAL CALCULATIONS'!

Intra- and intermolecular interactions in liquid ethylene glycol have been studied using the
Raman spectroscopy method and non-empirical calculations. The results of non-empirical cal-
culations show that an intermolecular hydrogen bond is formed between the hydrogen atom of
the OH group in one ethylene glycol molecule and the oxygen atom in the other molecule. The
formation of this bond gives rise to a substantial redistribution of charges between those atoms,
which, nevertheless, insignificantly changes the bond length. In the corresponding Raman spec-
tra, the presence of hydrogen bonds between the ethylene glycol molecules manifests itself as
the band asymmetry and splitting.
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1. Introduction

Among various specific interactions, the hydrogen
bond is of particular interest. It is pertinent to plenty
of substances in different aggregation states. The de-
velopment of the hydrogen bond theory was strongly
favored by the research of vibrational spectra of com-
pounds with hydrogen bonds, in particular, with
the help of Raman spectroscopy. The combination of
spectroscopic research methods with quantum chemi-
cal calculations of investigated systems allows the na-
ture and characteristic features of the latter to be
explained. At present, non-empirical (ab initio) cal-
culations are applied to find correlations between the
experiment and the theory, as well as to calculate the
properties of molecular structures.

Ethylene glycol is widely used in various branches
of industry. Therefore, this substance is intensively
studied with the help of various experimental and the-
oretical methods. Numerous researches testify that
an ethylene glycol molecule can exist in ten basic
conformations [1]. However, only some of them are
stabilized by means of an intramolecular hydrogen
bond. The inter- and intramolecular hydrogen bonds
in ethylene glycol have been studied to a much less
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extent, including information obtained in the frame-
work of quantum chemical methods.

In the case of the intramolecular hydrogen bond,
different parts of the same molecule become coupled
to each other. Compounds with intramolecular hy-
drogen bonds possess lower melting and boiling points
and lower viscosity in the liquid state, because the
molecules are weakly connected with one another in
this case [1]. The study of intra- and intermolecu-
lar interactions using Raman spectra and quantum
chemical methods makes it possible to evaluate the
possibility of the formation of hydrogen bonds in
the cases of both monomers (intramolecular hydrogen
bonds) and monomer clusters (intermolecular hydro-
gen bonds) [2-6].

The aim of this work was to study the aggregation
process of ethylene glycol molecules and its spectral
manifestation using Raman spectroscopy and quan-
tum chemical model calculations.

2. Experimental Method
and Non-Empirical Calculation Technique

In our experiment, we used ethylene glycol of the
chemically pure grade, which was subjected to the

I 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.

additional vacuum distillation. The Raman spectra of
ethylene glycol were measured on a Thermo Nicolet
6700 FTIR/FT-Raman spectrometer. All measure-
ments were carried out at room temperature (20 °C).

To compare the results obtained, several approxi-
mation methods (RHF, B3LYP, and MP) with a set
of Gaussian functions 6-31G++ (d,p) [7] were used,
when carrying on non-empirical calculations for the
monomer and other isolated high-molecular-weight
clusters of ethylene glycol molecules. In all calcula-
tions, two d and p orbitals were used.

3. Results and Their Discussion

Non-empirical calculations were carried out for the
following isolated ethylene glycol molecular aggre-
gates: monomer, dimer, trimer, and tetramer. The
structures of those aggregates, as well as all possi-
ble intra- and intermolecular interactions between the
molecules in them, are shown in Fig. 1.

An ethylene glycol molecule contains two CHyOH
atomic groups linked to each other by means of a
simple bond between their carbon atoms. Therefore,
those groups can rotate relative to each other,
i.e. various spatial isomers can be formed [8, 9]. In
this regard, although the CHy;OH groups are iden-
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Calculated structures of ethylene glycol molecules: monomer (1), dimer (2), trimer (3), and
tetramer (4). The inter- and intramolecular hydrogen bonds are also shown

tical, the OH bonds are mutually so arranged that
the CHoOH monomeric groups should slightly differ
from each other in both their atomic charges and the
bond lengths between atoms. In any case, the hydro-
gen atoms of OH groups can form a hydrogen bond.

The monomer and the dimer of an ethylene glycol
molecule were studied in work [10]. Calculations were
carried out for a dimer formation, when one of the
OH groups was involved. Of interest is the structure
of an aggregate of molecules connected by hydrogen
bonds. A fragment in the Raman spectra was studied,
which, in our opinion, contained attributes of the hy-
drogen bond formation. Furthermore, as was shown
in work [11], the CH;OH groups of ethylene glycol
are sometimes different in the bond lengths and, es-
pecially, in the atomic charges. Besides two hydro-
gen bonds, which are formed in the ethylene glycol
molecule with the help of an OH group, the appear-
ance of chain formations and intramolecular hydrogen
bonds is also possible.

Our non-empirical calculations showed that in-
tramolecular hydrogen bonds play an important
role in the growth of the ethylene glycol boiling
point. According to the results obtained, one rather
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Fig. 2. Charge distributions over the ethylene glycol monomer and dimer

strong intramolecular hydrogen bond is observed for
monomeric molecules, and two such bonds are ob-
served for dimers and trimers (Fig. 1, for tetrameric
and higher-order aggregates, those intramolecular hy-
drogen bonds become weaker). This means that the
CH5OH groups are rotated with respect to each other,
which is associated with a potential barrier arising
owing to the interaction between the OH bonds at
the ends of the molecule [11, 12]. In addition, there
is also a strong interaction of the hydrogen atoms
in the CH,OH groups with the oxygen atoms; more
specifically, of the hydrogen H® and H® atoms with
the oxygen O* and O? atoms, respectively. The cor-
responding distances equal 2.061 A between H® and
0%, and 2.053 A between H? and O2, which is close
to the average length of an intramolecular H-bond.

Our calculations also showed that an intermolec-
ular hydrogen bond can appear between two ethy-
lene glycol molecules, which results in the forma-
tion of a dimeric aggregate [13]. The hydrogen atom
from the OH group of one molecule and one of the
oxygen atoms from the other molecule participate in
the formation of this bond. According to our calcula-
tions, the hydrogen bond energy in the dimer equals
1.26 kcal/mol. In principle, two hydrogen bonds for
each CHoOH group are possible for ethylene glycol
molecules, which allows the formation of molecular
chains.

The formation of a dimer gives rise to the redis-
tribution of charges and a change of bond lengths,
and those phenomena occur differently for the proton-
donor and proton-acceptor molecules. Figure 2 illus-
trates the charge redistribution in a monomer and a
dimer of ethylene glycol molecules. The dimer struc-
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ture makes it possible to judge the charge distribution
and the change of bond lengths (Fig. 2).

According to the calculation results, the charge dis-
tributions in the molecular aggregates from monomer
to tetramer were analyzed. For the calculated struc-
tures, the dipole moments of aggregates were found
to equal: 2.6 D for the monomer, 6.4 D for the dimer,
8.4 D for the trimer, and 2.3 D for the tetramer. At-
tention should be paid that the dipole moment de-
creases with an increase in the number of molecules
in the aggregate (see Table). This means that a strong
redistribution of bonds occurs in the ethylene glycol
aggregates with the growth of the number of hydrogen
bonds. For example, the hydrogen bond length equals
1.986 A for a dimer [10]. The formation of H-bond in
a dimer leads to the appearance of three to six new
vibrational bands in the spectrum, which are associ-
ated with the mutual vibrations of atoms and with the
vibrations of the hydrogen bond itself. The indicated
bands are located within a spectral interval from 10 to
200 cm~!. The Raman activity in the Raman spectra
is low, so that the background wing of the Rayleigh
line, the length of which is up to 200 cm™!, does not
enable one to be detected.

The registered Raman spectrum of ethylene glycol
is shown in Fig. 3. Its study in the interval from 800
to 1500 cm~! corresponding to OH vibrations showed
that the bands belonging to this interval are rather
complicated. In particular, the band at 866 cm™! is
asymmetric on the high-frequency side, two bands
near 1060 cm~! (namely, at 1054 and 1078 cm™~!)
overlap, and the band at 1463 cm™! looks like a nar-
row line.

The formation of intermolecular bonds in liquid
ethylene glycol manifests itself in the Raman spec-
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Results of non-empirical calculations
for ethylene glycol molecules using the BSLYP method

Aggregate VO—H; VO—H; AE*, D, ARy,
No type em~1 (D) r em™! (K) r kcal/mol debye kcal /mol
1 Monomer 1169.6 0.7 3808.3 0.16 53.6 2.6
1285.8 0.7 3857.5 0.24
2 Dimer 1171.7 0.7 3658.9 0.3 108.2 6.4 1.26
1200.5 0.7 3793.1 0.12
1287.4 0.6 3796.2 0.13
1334.1 0.3 3857.3 0.25
3 Trimer 1074.0 0.45 3521.5 0.18 163.3 8.4 2.87
1171.8 0.75 3615.2 0.39
1274.2 0.62 3654.3 0.22
1287.9 0.70 3793.2 0.11
13.28.9 0.37 3798.6 0.13
1360.8 0.72 3857.3 0.25
4 Tetramer 1205.4 0.74 3175.5 0.02 214.9 2.8 1.08
1296.5 0.75 3244.7 0.59
1369.9 0.52 3307.0 0.57
13.96.6 0.37 3380.1 0.34
1423.9 0.55 3478.0 0.21
1437.3 0.63 3515.6 0.21
1445.7 0.70 3614.1 0.05
1447.0 0.67 3617.5 0.73

* The vibrational energy of an isolated molecule (the quantum mechanical system) at the zero point.

** The energy of intermolecular hydrogen bond.

tra as the asymmetry of the bands at 866, 1054, and
1078 cm . The half-width of the combined band con-
sisting of two lines at 1054 and 1078 cm~! amounts
to 57 em~!. These bands belong to planar deforma-
tion vibrations of the O—H bond. According to our
calculations, the asymmetry observed in the Raman
spectra stems from the appearance of aggregate vi-
brations at frequencies located on the high-frequency
side of the monomer band.

The calculated values of the band frequencies are
as follows: for the 866- cm™! band, the calcula-
tions give dimer bands at 950.9 and 954.2 cm™!,
with a frequency difference between them of about
4 cm~!. Perhaps, the asymmetry of the 866-cm cm ™!
is associated with this complexity. A doublet struc-
ture is also obtained for the band at 1054—
1078 cm™'; namely, the calculated values are 1159.2
and 1171.8 cm ™!, with a frequency difference of about
21 cm™! against an experimental value of about
24 cm~! (Fig. 4).
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Fig. 3. Raman spectrum of ethylene glycol

Note that the calculated frequencies differ from the
experimental ones by about 10%. A coincidence of the
values for the ethylene glycol monomer and dimer
can be achieved with the help of a correlation fac-
tor [14].
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Fig. 4. Theoretical Raman spectra of ethylene glycol: (a) the
whole spectrum, (b) the bands in an interval of 800-1500 cm !
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Fig. 5. Raman spectra of ethylene glycol calculated using

the BBLYP method: monomer (1), dimer (2), trimer (&), and

tetramer (4)

302

In Fig. 5, the calculated Raman spectra of OH vi-
brations in ethylene glycol for the monomer, dimer,
trimer, and tetramer aggregates are depicted. One
can see that, when the number of molecules (the
number of hydrogen bonds) increases, the band
shifts toward low frequencies (the corresponding shift
achieves a value of 632.8 cm™1). This behavior is in
good agreement with the results of work [15].

The analysis of the experimental Raman spec-
tra and the calculations show that ethylene glycol
molecules form dimers with the antiparallel orienta-
tions of their molecules by means of the hydrogen
bond. As the number of molecules in the aggregate
increases, the appearance of inter- and intramolecu-
lar hydrogen bonds in liquid ethylene glycol manifests
itself more distinctly in the Raman spectra. The for-
mation of the H-bond in a dimer leads to the emer-
gence of three to six new vibrational bands in the vi-
brational spectrum. Those bands are associated with
mutual vibrations of molecules and their vibrations
around the hydrogen bond.
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Translated from Russian by O.I. Voitenko

X. Xyweaxmos, A. 2Kymabaes,
I'. Mypodos, A. Abcanos, I. Illapugpos

ATPETAIIA MOJIEKYJI Y PIIMHHOMY
ETUJIEHIJIIKOJII, IOT'O IIPOSB ¥V CIIEKTPAX
KOMBIHAIIIMTHOI'O PO3CIFOBAHHS

I HEEMIIIPYHI PO3PAXYHKU

PezmowMme

HocniizkeHO BHYTPINIHBO- 1 MIi’KMOJIEKYJISIDHY B3a€MOJII0 B
E€TUJIEHTJIIKOJII METOJIOM KOMOIHAIIHHOrO PO3CilOBaHHS CBIT/IA
i HeeMITipUYHUX po3paxyHKiB. HeeMmipunynuMu pospaxyHKamMu
oKa3aHo, 110 Mixk aromoM Boguio OH rpynu oxmiel monexymu
i aTOMOM KHCHIO IHIIIOI MOJIEKYJIM YTBOPIOETHCS MizKMOJIEKY-
JISSPHUM BOJHEBUIA 3B’SI30K, 1[0 MPUBOJAUTH JI0 iICTOTHOIO mepe-
pO3IOAiNy 3apsiiB MiXK aToMaMH i HE3HAYHUX 3MiH JIOBXKUH
3B’s13KiB. B criekTpax KOMOIHAIIHOTO PO3CirOBaHHST HASBHICTH
BOJIHEBOT'O 3B’SI3KY MiK MOJIEKYJIAMU IPOSIBJISIETHCS Y BUIJISII
acuMeTpil i pO3IIEIJIEHHS CMYT.

303



