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In spite of wide and diverse practical applications of polyethylene glycols (PEG), dependence of Raman spectra
of these substances on molecular weight, structure of terminal groups and conformational composition is still little
studied. In this work we experimentally study Raman spectra of liquid samples of ethylene glycol, tri(ethylene
glycol), tetra(ethylene glycol), PEG400 and PEG600 as well as methylated mPEGS550 and mPEG750. With increase
in the number of PEG monomeric units the most noticeable changes are observed for wavenumbers of the bands
at 321, 832 and 1125cm™! and intensities of the bands at 885, 1043 and 1125cm™!. We showed that Raman
spectra of mPEGs contain additional feature compared with the PEG spectra, namely the band at 2830 cm ™. This
band is related to the vibrations of O—CHj3 groups. In theoretical part of this work we analyze 16 approximations
using the density functional theory for modeling the structure and Raman spectra of PEG molecules in the 7,
helix conformation using the ethylene glycol nonamer as an example. By comparing with experimental data from
Raman spectroscopy and X-ray diffraction, we show that the combination of the generalized gradient approximation
functional OLYP and the 4z basis set of the of Gaussian functions type is the most suitable for calculating the

structure and Raman spectra of PEG molecules.
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Introduction

Polyethylene glycols (PEG, HO—(CH,—CH,—0),—H)
and methoxypolyethylene glycols (mPEG,
HO—(CH;—CH,;—0),—CHj3) are widely used in many
fields: in agriculture, chemical, food, pharmaceutical,
cosmetic [1-5] and electronics industry [6], in solar
energy [7], in archaeology [8]. One of the most important
applications of PEG is their use as macro-initiators: mPEG
for the synthesis of diblock copolymers or PEG for the
synthesis of triblock copolymers. Such copolymers are
applied to create carrier nanoparticles used in nanosomal
targeted drug delivery systems with a specified release
profile of the active component, and to create tissue
engineering constructions in regenerative medicine [9-12].
Polyethylene glycols can be synthesized with a molecular
weight (MW) in a very wide range: from hundreds to tens
of millions of Daltons. The physicochemical properties of
PEG strongly depend on MW, which makes it possible
to precisely select PEG in accordance with the specific
application [1,4,5]. The ability to modify the structure of
PEG by substituting end groups with various chemically
active functional groups, as well as the possibility of
synthesizing branched PEG, significantly expand the scope
of application of these compounds [1,2]. It is necessary
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to use pure and monodisperse PEG for the production of
effective and safe medicines [3,13]. Chromatography, mass
spectrometry, and NMR spectroscopy methods are used
to determine the MW, molecular weight distribution, and
purity of PEG [3].

PEG can be in liquid, waxy, and solid states at room
temperature depending on MW [1,4,5]. Two conformations
of molecules in PEG semicrystalline samples are described
in the literature - the helix conformation [14] and the
all-trans-conformation [15], as well as their corresponding
types of crystal lattice: monoclinic and triclinic. Using X-
ray diffraction analysis, it was shown that the unit cell of
the monoclinic crystal lattice contains four molecules in the
conformation of a distorted helix 7, [14], whereas the unit
cell of the triclinic crystal lattice contains one molecule in
the it-trans -conformation [15]. The triclinic crystal structure
is stable only in stretched films under load.

For practical applications, it is most interesting to study
PEG in various medical systems in which PEG molecules
are in a non-crystalline state and can adopt different
conformations [1]. Vibrational spectroscopy methods are
highly informative, non-destructive, and fast tools for
analyzing organic compounds. However, despite the fact
that attempts have been made for several decades to develop
vibrational spectroscopy methods for quantitative analysis
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of the conformational composition of PEG, this task still
remains unresolved [16-24]. The main problem is the large
number of possible conformations of molecules in the non-
crystalline state [6,25]. Therefore, despite the accumulated
knowledge about the vibrational spectra of PEG, at present
the method of Raman spectroscopy is not used for routine
analysis of PEG in various systems and materials. In this
regard, the development of methods for determining the
content, structure and conformational composition of PEG
molecules in a non-crystalline state in systems of complex
structure is relevant.

The methods of quantitative analysis of the structure of
a substance or mixture of substances using Raman spec-
troscopy are based on attributing Raman bands to certain
vibrations of atomic nuclei and determining the dependence
of the wavenumbers and intensities of Raman bands on
the structural characteristics of the substance under study.
When examining a series of samples with different MW
of molecules, the structure of end groups, the degree of
branching or conformational composition, it is possible to
find the dependence of the spectral characteristics of the
bands on these structural characteristics. These problems
can be solved by numerical methods, for example, by
modeling using the density functional theory (DFT).

Calculations based on quantum chemistry methods,
including calculations by the DFT method, have been
effectively used for many years to determine the structure
and vibrational spectra of various organic molecules and
molecular systems. Currently, a number of commercial
and non-commercial programs have been created that allow
calculations for polyatomic molecules to be performed with
high accuracy and with low cost of computing resources.
However, it is necessary to choose the best approximation
for obtaining reliable and practically important results: a
combination of the electron density functional and a basis
set of wave functions. Nowaday, several hundred different
functionals and basis sets have been proposed, combinations
of which are selected for each specific task.

In our recent study [26], the structures and Raman spectra
of a PEG molecule with 9 monomeric units in two confor-
mations were calculated using the OLYP/4z approximation:
the conformation of helix 7, and the trans-conformation.
Based on comparison with experimental Raman spectra,
it was shown that liquid and solid PEG substances at
room temperature are in the most energetically favorable
conformation - the conformation of helix 7,. At the
same time, the content of PEG molecules in the all-
trans-conformation is insignificant in comparison with the
most probable conformation, both according to estimates
using the energy values of molecules obtained by the DFT
method, and according to the results of comparing the
calculated and experimental Raman spectra. Based on
calculations of the structure and Raman spectra of ethylene
glycol (EG) oligomers in the conformation of helix 7,
it was determined that the positions of the peaks of the
PEG Raman lines around 830, 1100, and 1470 cm ™! should
strongly depend on the length of the molecule.

There are several papers [6,27-30], devoted to the
modeling of EG oligomers using DFT. However, short
oligomers were considered in [6,28-30], the lengths of
which are insufficient to describe the structure of the
molecule in the conformation of helix 7,. Only in [27] the
results of calculations by the DFT method in the B3LYP/6-
31G approximation for the EG oligomer with 8 monomeric
units in the conformation of helix 7, with methoxy and
methyl groups at the ends of the chain are presented.
In comparison with the X-ray diffraction data from [14],
the authors obtained a good match for the period of
regularity of helix 7,, however, the torsion angles in
the molecular backbone did not correspond well to the
experimental data from [14]. The authors explained this
result by the fact that the calculations were carried out for
a single chain (an isolated structure), while in the crystal
lattice the PEG chains are distorted due to intermolecular
interaction.

However, we have previously shown that the widely used
hybrid B3LYP functional poorly describes both the structure
and the Raman spectra of various organic molecules, such
as the normal alkanes [31] and polylactide [32], while the
generalized gradient functional OLYP gives a better match
for both substances. At the same time, selection of the
best DFT approximation for calculating the structure and
Raman spectra was not carried out for PEG. Therefore,
one of the tasks of this work was to determine the best
combination in terms of compliance with experimental
data for calculating the structure and Raman spectra of
PEG..

16 approximations of DFT are used in this work: 4 elec-
tron density functionals (OLYP [33], PBE [34], B3LYP [35]
and PBEO [36]) and 4 basis sets of Gaussian type functions
(3z and 4z [37], cc-pVTZ and cc-pVQZ [38]). The modeling
is performed for the EG oligomer in the conformation of
helix 7, with 9 monomeric units, i.e. for the EG nonamer.
The comparison is performed with the experimental Raman
spectra of PEG with MW of 400 Da, which corresponds to
approximately 9 monomeric units.

The choice of the four functionals under consideration
is attributable to the following reasons. The generalized
gradient functional OLYP was chosen by us to calculate
the structure and Raman spectra of normal alkanes in [31]
and poly(L-lactide) in [32] and has since been successfully
used by us to model the structure and Raman spectra of
organic compounds of different classes [26,39,40]. The
generalized gradient functional PBE and the hybrid func-
tionals B3LYP and PBEQ are among the most common and
frequently used functionals for modeling the structure and
properties of large molecules and molecular systems. In
addition, there is a clear pairwise relationship between the
functionals of different classes OLYP — B3LYP and PBE —
PBEO, consisting in a significant pairwise similarity of the
correlation parts of these functionals, which allows us to
identify common patterns in the transition from generalized
gradient functionals to hybrid ones.

The selected basis sets of Gaussian type functions have
successfully proven themselves earlier in the study of the
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Table 1. EG oligomers under study
Liquid samples
Sample designation | Molecular weight, Da Approximate numl:;lri tzf PEG monomeric Manufacturer
EG 62 1 Sigma-Aldrich
TriEG 150 3 ACMEC
TetraEG 194 4 ACMEC
PEG400 400" 9 Standard TS 20.16.40-007-71150986-2019
mPEG550 550" 12 Sigma-Aldrich
PEG600 600" 13 MIFCT
mPEG750 750" 16 Sigma-Aldrich

Note. * Here and further: Average MW.

spectral properties of various molecular systems [26,32,39—
46]. The basis sets of functions 3z and 4z [37] use
the same exponential values for different angular mo-
menta [47]. The correlation consistent basis sets cc-
pVTZ and cc-pVQZ are widely used for quantum chemical
calculations and are constructed taking into account all
polarization functions that lower energy by an order of
magnitude.

This construction is balanced and consistent from the
point of view of taking into account the change (de-
crease) in the energy of the molecule in accordance
with the contributions of functions with different values
of angular momenta. In addition, the 3z basis set is
dimensionally comparable to the cc-pVTZ set, and the 4z
basis set is comparable to the cc-pVQZ set. Based
on this, it is appropriate to conduct a study with ex-
tended basis sets, which can be compared with each
other both in terms of type of construction and dimen-
sion.

Thus, the objectives of this study are: (1) selection
of the best approximation (a combination of the electron
density functional and a basis set of wave functions) for
calculating the structure and Raman spectra of PEG, (2)
experimental study of the Raman spectra of PEG and
mPEG with different MW in the liquid state using the
results of calculations of Raman spectra by the DFT method
for interpreting the results.

Samples and methods

Samples

In the course of this work, commercial samples of EG
and EG oligomers with different MW were experimentally
studied. Methylated PEGs (mPEGs) are distinguished by
the presence of the attached group CHj, which substitutes
the hydrogen atom. At room temperature all the samples
were in a liquid state. The characteristics of the samples
are presented in Table 1. The purity of the samples varies
from 98.0 to 99.5%.
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Modeling by the DFT method

For accomplishing the task of this work we performed
a quantum chemical modeling of the structure and Raman
spectra of the EG oligomer with 9 monomeric units (EG
nonamer), adopted the conformation of helix 7,, which we
previously identified as the most probable for PEG in both
solid and liquid states [26]. A structure with 9 monomeric
units was chosen for modeling, so that there was one PEG
monomeric unit with terminal fragments H or OH on both
sides of the fragment of helix 7,. The two edge monomeric
units may have geometric distortions relative to other units
of the helix 7, Therefore, they had to be added at the edges
of the EG oligomer.

The modeling was performed on the basis of DFT. We
used the program ,,PRIRODA® [48], performed calculations
in the approximation of the gas phase (isolated molecule),
and considered atomic vibrations as vibrations of a system
of uncoupled harmonic oscillators. In order to establish opti-
mal combinations of functional and basis set from the point
of view of comparison with experimental data, calculations
were carried out using 4 electron density functionals and
4 basis sets. We used the generalized gradient functionals
OLYP [33] and PBE [34], as well as the hybrid functionals
B3LYP [35] and PBEO [36]. The contracted basis sets
of Gaussian type functions 3z and 4z [37] implemented
in the program ,,PRIRODA®“ were used as basis sets, as
well as the contracted correlation consistent basis sets cc-
pVTZ and cc-pVQZ [38]. Thus, we modeled the structure
and Raman spectra of the EG nonamer in 16 different
approximations within the framework of the DFT. A more
detailed description of the calculation procedure and the
approach we use to broaden the peaks in the calculated
Raman spectra is presented in [31].

After obtaining all sets of vibration wavenumbers and
Raman activities in 16 approximations, the calculated bands
were broadened using the self-made program Broadened
Spectrum Modeling [49]. The weighting coefficient between
the Gauss and Lorentz functions was determined from the
deconvolution of the spectra and is 0.5. The following values
of full width at half maximum were selected: 60cm™~! for
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Figure 1. The experimental Raman spectrum of the PEG400 sample, measured at a wavelength of exciting radiation of 785 nm, calculated
and broadened Raman spectra of the EG nonamer, obtained using the electron density functionals OLYP, PBE, B3LYP and PBEO and the

following basis sets: 3z (a), 4z (b), cc-pVTZ (c), cc-pVQZ (d).

the bands in the spectral range up to 600cm~!, 30cm™!
for the bands in the spectral range of 700—1500cm™!
and 110cm~! for the bands in the spectral range of
2400—3800cm~!. The spectrum of the PEG400 sample
with an average MW of 400 Da, approximately correspond-
ing to 9 PEG monomeric units, was used as a reference
experimental Raman spectrum.

Raman spectroscopy

The Raman spectra of all samples were recorded at room
temperature using a Senterra II confocal Raman microscope
(Bruker Optics, USA). The following instrumental parame-
ters were used to record the spectra: scattering by 180°,
spectral resolution of 4cm™!, excitation wavelengths of
532nm (with laser radiation power of 25 mW) and 785 nm
(with 100mW laser radiation power). The exciting and
scattered radiation was focused by a lens with a magnifica-
tion of 20x (numerical aperture of 0.40). The diameter of

the laser spot on the sample surface in the case of using
the excitation wavelength of 532nm was 10 um, and in the
case of wavelength of 785nm was 12 um.

Results and discussion

Theoretical

Figure 1 shows a comparison of the reference exper-
imental Raman spectrum of the PEG400 sample with
the calculated and broadened Raman spectra of the EG
nonamer obtained in the considered 16 theoretical ap-
proximations. We have found that the choice of the
electron density functional affects the calculated spectrum
to a much greater extent than the choice of the basis set
of the wave functions. It should be noted that in the
case of measurements on the Raman microscope used by
us at an excitation wavelength of 785nm, the sensitivity
of the detector decreases with increasing wavelength of
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Figure 2. Experimental Raman spectrum of the PEG400 sample measured at a wavelength of exciting radiation of 785 nm, calculated
and broadened Raman spectra of the EG nonamer in the approximations OLYP/4z, OLYP/cc-pVQZ, PBE/4z, B3LYP/4z and PBE(/4z: the

spectral ranges of 100-2000 (a), 2000—4000cm ™" (b).

the detectable radiation. Therefore, in the experimental
Raman spectrum of the PEG400 sample in Fig. 1, the
intensity of the lines in the spectral range after 2500 cm™!
is underestimated in comparison with the intensity of the
lines in the spectral range from 100 to 1500 cm™—!.

To select the best approximation from the 16 considered
options, the wavenumbers of the 5 most intense and
well-resolved Raman lines in the reference experimental
spectrum and in the calculated spectra of the EG nonamer
in the spectral range of 700—1500cm~! were compared.
This comparison showed that calculations using the gen-
eralized gradient functionals OLYP and PBE describe the
experimental spectrum significantly better than calculations
using the hybrid functionals B3LYP and PBEO. The
average difference between the calculated and measured
wavenumbers for the five bands under consideration in the
case of the B3LYP functional exceeded 140cm—!, and in
the case of the PBEO functional exceeded 170cm~!. In
the case of the PBE functional, the average wavenumber
difference was significantly smaller and, depending on the
choice of the basis set, was 18—20cm~!. The best
agreement with the experimental data was in the case of
the OLYP functional: the average wavenumber difference,
depending on the choice of the basis set, was 4—9cm™".
The best match to the experimental spectrum was in the
case of combinations of the OLYP functional with basis
sets of 4z (average wavenumber difference is 4cm™!, the
maximum difference between the compared wavenumbers
is 10cm~!) and cc-pVQZ (average wavenumber difference
is 5cm~!, the maximum difference between the compared
wavenumbers is 12e¢cm~!). Taking into account the errors
of both measurements and quantum chemical modeling, it
can be concluded that the combinations of OLYP/4z and
OLYP/cc-pVQZ reproduce the experimental Raman spectra
of oligomers with comparable accuracy. Bearing in mind
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the results we obtained for PLA in [32], the OLYP/4z
approximation has additional advantages for calculating the
Raman spectra of PEG, since it can be further used to carry
out calculations for PLA-PEG copolymers widely used for
medical purposes.

Fig. 2 shows a more detailed comparison of the experi-
mental spectrum with the theoretical ones for combinations
of all the functionals used in the work with a basis set of 4z,
as well as for the OLYP/cc-pVQZ approximation.

The OLYP/4z approximation reproduces better than
other approximations considered not only the experimental
Raman spectra of the PEG400, but also the structure of
PEG molecules. Table 2 shows the calculated geometric
characteristics of the EG nonamer and their experimental
values obtained by X-ray diffraction for high-molecular-
weight PEG in [14]. The numbering of atoms is shown
in Fig. 3.

The dihedral angles obtained by the DFT method are
compared with the average values of the angles determined
using X-ray diffraction, since for the PEG molecule in the
conformation of helix 7, the values of the dihedral angles in
the crystal lattice relative to C-O bonds vary from —185.9
to —155.7°, and the values of the dihedral angles relative to
the C-C bonds vary in the range from 49.0 to 91.8°. The
experimental values of the angles vary in such a significant
range, since attributable to intermolecular interactions in
the crystal lattice, the structure of PEG molecules in the
conformation of helix 7, is distorted relative to the structure
of PEG in this conformation outside any environment [14].

The period of regularity of helix 7, in the case of all the
theoretical approximations under consideration turns out to
be longer than in the experiment, which can be explained,
among other things, by the limitations of the model used in
the calculations: as the length of oligomeric chain increases,
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Figure 3. The structure of the EG nonamer, optimized in the OLYP/4z approximation. Carbon atoms are shown in grey, hydrogen atoms

are shown in white, oxygen atoms are shown in red.

Table 2. The period of regularity of helix 7, and dihedral angles in the center of the backbone of the EG nonamer, calculated in all
considered 16 approximations ,,density functional-basis set“, in comparison with experimental data

Method [(02—0p), A Z(Cg—05—Cy—Cyp), deg Z£(05—Cy—C19—O0g), deg Z(Cy—Cip—06—C11), deg
Experiment 19.48 —174.0" 68.4* —174.0"
OLYP/3z 19.78 —-177.1 732 —177.1
OLYP/4z 19.84 —177.3 74.0 —177.3
OLYP/cc-pVTZ 19.64 —177.3 732 —177.3
OLYP/cc-pVQZ 19.80 —176.8 73.7 —176.8
PBE/3z 19.88 —176.5 742 —176.3
PBE/4z 19.84 —176.9 74.3 —176.9
PBE/cc-pVTZ 19.88 —176.8 75.0 —176.8
PBE/cc-pVQZ 1991 —176.4 74.8 —176.5
B3LYP/3z 20.99 —176.7 75.6 —176.7
B3LYP/4z 21.04 —177.1 76.1 —177.0
B3LYP/cc-pVTZ 20.92 —-177.5 76.4 —177.7
B3LYP/ce-pVQZ 21.06 ~176.9 76.7 ~176.9
PBE0/3z 21.03 —177.1 75.0 —177.1
PBE0/4z 21.13 —177.3 75.5 —177.5
PBEO/cc-pVTZ 21.11 —-177.5 76.4 —177.5
PBEO/cc-pVQZ 21.20 ~177.0 76.5 ~176.9

Note. * The experimental values of the dihedral angles relative to the C—O- and C—C-bonds obtained by X-ray diffraction are presented here as their

average values [14].

the period of regularity of the helix should decrease. Nev-
ertheless, for the OLYP functional in combination with any
basis set, the overestimation of the value of this parameter
relative to the experimental data is no more than 2%. A
comparable, though slightly larger, overestimation occurs
when using another generalized gradient functional, PBE.
In the case of the hybrid B3LYP and PBEO functionals, the
relative overestimation of the regularity period of helix 7,
ranges from 7—9%, ie. increases by several times. It
is worth noting that a direct comparison of the dihedral
angles in the backbone of an EG nonamer calculated in the

gas phase approximation with the dihedral angles measured
using X-ray diffraction in a crystal lattice is not fully correct.
Due to the strong distortion of the geometry of helix 7, [14],
the comparison is only of an estimative nature.

Thus, when comparing the 4 electron density functionals
under consideration, it is the OLYP functional that best
describes the structural parameters of PEG molecules. The
choice of a basis set from 4 considered options has little
effect on the calculation of geometric characteristics, and,
therefore, the combination of the OLYP functional and the
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basis set of 4z is quite suitable for calculating the structure
of PEG.

Experimental

In accordance with the technical capabilities of the
commercial Raman microscope used, the Raman spectra
of EG and EG oligomers were recorded in the range
from 45 to 4270cm~! for the wavelength of exciting
radiation of 532nm and 55 to 3650 cm~! for a wavelength
of 785nm. Two regions turned out to be the most
informative ranges of the PEG Raman spectrum: from 100
to 1800cm~! (the so-called ,fingerprint“ region, here-
inafter range I, Fig. 4,4, b) and range of 2250—4250 cm ™!
(hereinafter range II, Fig. 5,4 b). Raman bands of the
studied samples were not found in the range from 1800
to 2250cm~!. For the convenience of processing and
analyzing the spectra, both ranges were considered sepa-
rately. After subtracting the fluorescence background, the
intensity in the spectra in the range 1 was normalized
to the peak intensity of the most intense band in the
range of 1400—1500cm~!, and in the range II — to
the peak intensity of the band with a wavenumber of
about 2878 cm ™!,

When comparing the Raman spectra recorded at exci-
tation by radiation with different wavelengths, two things
must be taken into account. Firstly, when using radiation
with a wavelength of 785nm, the sensitivity of the detector
used decreases significantly with increasing wavelength of
the detectable radiation. This leads to an underestimation
of the intensity of the Raman bands in the range II
compared to the range 1. As a result, the band of the
stretching vibrations of OH bonds, which has a noticeable
intensity in the spectra recorded with exciting radiation
with a wavelength of 532 nm, is reduced in intensity when
recording spectra with exciting radiation with a wavelength
of 785 nm.

Secondly, non-polarized Raman spectra were recorded in
this work, i.e. without the use of an analyzer. In the case of
registration of non-polarized Raman spectra, the direction
of polarization of the scattered light relative to the direction
of polarization of the exciting radiation differs for the two
excitation wavelengths, and this leads to differences in the
relative intensities of the Raman bands.

Fig. 4 and 5 show that the Raman spectra of the EG
oligomers change monotonously with increasing molecule
length, and the trends are the same for both wavelengths of
the exciting radiation. As expected, the strongest changes
are observed for short oligomers.

For a reliable analysis of the structure of EG oligomers
using Raman spectra, it is necessary to select Raman bands,
the wavenumber or intensity of which varies significantly
with increasing length of the molecule. Such Raman
bands of EG oligomers are predominantly localized in
the range I — the ,fingerprint region” (Fig. 4,a, b): the
strongest changes in wavenumber are observed for the
lines around 321, 832 and 1125cm~! (Table 3), and the
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Table 3. Dependence of wavenumbers of PEG Raman bands
on MW

1

Molecular Wavenumber, cm ™
Compound .
weight, Da 785 nm 532 0m
EG 62 347 — | — (346 — | —
TriEG 150 321(832(1125|317|831 (1123

TetraEG 194 29783411130 (289|834 (1129

PEG400 400 269|837|1133 275|834 (1133

mPEGS550 550 273|846 | 1137|269 |844|1134

PEG600 600 274|840 1134|274|837|1135

mPEG750 750 278 |845|1136|273|844|1136

strongest changes in intensity are observed for the lines
around 885, 1043, and 1125cm~! (Table 4). Here and
further, the wavenumbers of the Raman bands are indicated
for triethylene glycol (TriEG).

Range 50—400cm—!

A narrow band corresponding to the longitudinal acoustic
mode LAM [50,51] is observed in the Raman spectra of
crystalline PEG in the region of 10—50cm™!, and its coun-
terpart which is a wide and having complex structure
D-LAM (disordered longitudinal acoustic mode) band is
observed in the spectra of liquid and amorphous PEG in the
region of 200—400 cm~! [52]. The D-LAM band is a super-
position of bands corresponding to vibrations of molecules
in various conformational states. These two bands have
been studied quite well. In particular, it is known that the
wavenumbers of both the bands LAM [50] and D-LAM [52]
shift into the low-wavenumber range with increasing length
of the molecule. The wavenumber of LAM depends on the
type of end groups (PEG or mPEG) [50]. Since crystalline
samples are not studied in this work, only the D-LAM band
will be discussed further.

The shape and position of the D-LAM band strongly
depend on the length of the oligomer (Fig. 4, a, b, Table 3).
The EG spectrum is characterized by a symmetrical peak,
the maximum of which is at a wavenumber of 347 cm™!.
The D-LAM band becomes much wider in the PEG
spectra and its shape becomes asymmetrical. The D-LAM
wavenumbers for the two excitation wavelengths are slightly
different. This is probably attributable to the fact that
when the spectra are excited by radiation with a wavelength
of 532 nm, the intensity of the D-LAM band is much lower,
and as a result, the wavenumber measurement error is much
greater.
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Figure 4. Raman spectra of EG, PEG, and mPEG recorded at excitation wavelengths of 785 (a) and 532nm (b), range 1.

Table 4. Dependence of the ratio of peak intensities of the PEG Raman bands on MW

Compound Molecular weight, Da s/ 72 o/l 25/ Trar2 a1/l
532 785 532 785 532 785 532 785

EG 62 — — — — — — 0.18 —
TriEG 150 1.06 0.50 0.67 043 0.58 0.41 0.08 —
TetraEG 194 092 0.44 0.61 0.39 0.59 042 0.05 —
PEG400 400 0.62 0.29 0.50 0.31 0.67 0.47 0.03 -
mPEGS550 550 0.44 0.21 0.46 0.27 0.70 0.50 0.02 —
PEG600 600 0.56 0.26 048 0.28 0.66 0.46 0.04 —
mPEG750 750 0.40 0.19 0.44 0.26 0.70 0.49 0.02 -

Range 800—900cm—!

The Raman spectrum in the range from 800 to 900 cm ™!
changes significantly with increasing the oligomer length
(Fig. 4,a,b, Table 3): the wavenumber of the band at
about 832cm™! increases noticeably, and the intensity of
the band at about 885cm™! decreases considerably. These
observations fully correspond to the results of calculations
by the DFT method presented in [26]. In addition, the
bands in this range change significantly in the experimental
Raman spectra at transition from liquid oligomers to solid
ones [26,53]. The Raman bands in this area are closely
located to each other and therefore poorly resolved. This
makes it difficult to analyze these bands.

The quantum chemical modeling carried out in this work
has shown that the band at about 832cm™! refers to
a superposition of the symmetric stretching vibrations of
C—0O—C-bonds and the rocking vibrations of groups CH.
The results of calculating the Raman spectra of EG
oligomers in the conformation of helix 7, with the number
of the monomeric units from 2 to 13 [26] showed that the
wavenumber of this band increases with increasing number
of the monomeric units in the helix. This band is observed
at a wavenumber of 844cm™! in experimental spectra of
solid PEG. Based on theoretical and experimental studies,
the authors of several papers also attributed this band to
vibrations of molecules in the conformation of helix 7, [53].

In particular, the authors of [30] carried out measure-
ments of the Raman spectra of solid mPEG with MW

Optics and Spectroscopy, 2025, Vol. 133, No. 5
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Figure 5. Raman spectra of EG, PEG, and mPEG recorded at excitation wavelengths of 532 (a) and 785nm (b), range IL

of 1000 Da with the increase in temperature. Based on
the deconvolution of the spectra in the range from 750
to 975cm™! using 9 components, they concluded that
two peaks at 810 and 844cm~!, obtained as a result
of spectrum deconvolution, correspond to vibrations of
the monomeric units in gauche- and trans-conformations
relative to the C—O bond, respectively. The authors showed
that with the increase in temperature, the intensity of the
band at 810 cm~! increases, and the intensity of the band at
844 cm~! decreases, indicating a decrease in the content of
molecules in the conformation of helix 7,.

According to the DFT modeling, the band at 885cm™!
relates to the symmetric stretching vibrations of C—C—O-
bonds at the edges of the oligomer. It is stated in [19] that
there is a band corresponding to the stretching vibration
of the terminal group C—OH in the Raman spectra of
low-molecular-weight PEG. Modeling of EG oligomers of
different lengths [26] showed that the position of the band
at 885cm~! does not change significantly with increasing
length of the molecule, but the intensity sharply decreases.
This band is not present in the experimental Raman spectra
of solid PEG [26], which confirms that it relates to the
vibrations at the edges of the molecule. In addition, as
it will be shown below, the intensity of this band in the
mPEG spectra is lower than in the PEG spectra, which
also proves its assignment to the vibrations at the edges of
non-methylated oligomers.

The authors of a number of papers [53] reported the
appearance of a weak and wide band at 880cm™! in
the spectra of solid PEG upon heating or in solutions.
This band relates to vibrations of molecules in disordered
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conformations [19] and is not associated with the band at
885 cm™!, which corresponds to the vibrations at the edges
of the molecule.

For a more detailed interpretation of the Raman spectra
in the region of 800—900 cm ™!, it is necessary to calculate
the Raman spectra of EG oligomers of various lengths and
in various conformations. However, based on the already
available data, it can be concluded that the wavenumber and
intensity of the band at 832cm™! can be used to estimate
the length of the molecule and conformational composition,
respectively, and the intensity of the band at 885cm™! can
be used for estimating the length of the molecule.

Range 1000—1200cm—!

The spectral range from 1000 to 1200 cm™~! contains two
Raman bands that strongly depend on the length of the
molecule: a wide and having complex structure band with
a peak at 1043 cm™!, the intensity of which decreases with
the increase in the length of the molecule, and a band at
1125cm™!, for which a shift towards higher wavenumbers
and an increase in intensity are observed with the increase
in the oligomer length.

Our modeling of the EG oligomer in the conformation
of helix 7, with 9 monomeric units showed that there are
a number of quite intense bands in this range, for which
the dependence on the length of the oligomer should be
different. In particular, the band at 1040 cm ™! was attributed
to the asymmetric stretching vibrations of C—C—O-bonds at
the edges of the oligomer. The decrease in the intensity of
this band with an increase in the length of the molecule
is explained by a decrease in the relative contribution of
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vibrations of the edge sections of the molecule to the
Raman spectrum of the oligomer. Four bands corresponding
to backbone vibrations are also calculated in the range
from 1050 to 1065cm~!: two bands corresponding to
the superposition of the stretching vibrations of C—C-
bonds and scissoring vibrations of C—C—O-bonds, and two
bands corresponding to the superposition of the stretching
vibrations of C—C-bonds and the symmetric stretching
vibrations of C—O—C-bonds.

Indeed [26,53], a broad band with a peak of 1045cm™!,
is observed in the experimental Raman spectra of liquid
PEG, and a rather narrow band with a peak of 1060 cm™!
is observed in the spectra of solid PEG, instead of a
band with a peak of 1045cm~!  This suggests that
the intensity of a band at 1040cm~! corresponding to
the asymmetric stretching vibrations of C—C—O-bonds at
the edges of the oligomer decreases with the increase in
the oligomer length, and only bands, which are related
to vibrations of the molecular backbone, remain in the
Raman spectrum of solid PEG. However, it is reported
in [18,19] that a band at 1045 cm~! appears in the
Raman spectrum of the melt and aqueous solution of solid
PEG6000. The authors suggested that this band relates to
disordered conformations of molecules. We believe that this
band may indeed correspond to vibrations of molecules in
conformations, which differ from the conformation of helix
7,. Nevertheless, in order to accurately assign bands in this
range, it is necessary to calculate the Raman spectra of EG
oligomers of different lengths and in different conformations.

The wavenumber and intensity of the band at 1125 cm™!
change significantly with the increase in the oligomer
length. The experimentally observed wavenumber shift
fully corresponds to the results of calculations of the
Raman spectra of EG oligomers in the conformation of
helix 7, [26]. Based on the results of our modeling,
the band at 1125cm~! was attributed to a superposition
of the asymmetric stretching of C—O—C- and scissoring
C—C—O-vibrations of the molecule in the conformation of
helix 7,. This conclusion coincides with the conclusions
of [30], in which, according to the results of a study of
the Raman spectrum of PEG1000 at heating, the band at
1125 cm™~! was also attributed to vibrations of molecules in
the conformation of helix 7,.

However, the Raman spectrum in this range has a
very complex structure. In accordance with the results
of our quantum chemical modeling, other 7 quite intense
bands are observed in the range from 1100 to 1140 cm™!,
which represent superpositions of the stretching vibrations
of C—O—C-bonds, stretching vibrations of C—C-bonds
and deformation vibrations of C—C—O-bonds in different
proportions. Additional calculations are required to assign
bands in this range more accurately.

Range 2500—4000cm—!

In the Raman spectra of EG oligomers recorded at a
wavelength of exciting radiation of 532 nm, there is a

noticeable band of stretching vibrations of OH bonds. The
intensity of this band decreases with an increase in MW
of the oligomer (Table 4). This result is explained by a
decrease in the number of OH terminal groups compared to
the number of the monomeric units in the oligomer as the
length of the oligomer increases. In addition, the intensity
of this band in the mPEG spectra is lower than in the PEG
spectra. Therefore, the intensity of the band of the stretching
vibrations of OH bonds can be used as an additional source
of information about the length of the molecule and the
structure of the terminal groups.

The spectral range from 2250 to 3100 cm~! (Fig. 5,a, b)
is less informative than the ,fingerprint“ region, because of
the strong overlapping of PEG Raman bands. In this range,
the bands of the symmetric (at 2880 cm~!) and asymmetric
(at 2900 cm™~!) stretching vibrations of groups CH,, as
well as overtones and combination tones of vibrations from
the ,fingerprint“ region are observed. With an increase in
the length of the oligomer, the intensity of the shoulder
at 2930 cm~! decreases monotonously.

However, the most interesting result is the presence of
a shoulder at about 2830 cm~! in the mPEG spectra
compared to the PEG spectra. This spectral feature is clearly
observed in the mPEG spectra recorded when the spectra
are excited by radiation with both a wavelength of 532 nm
and a wavelength of 785nm. It belongs to the vibrations
of the group O—CHj; [54]. Thus, an additional shoulder at
2830 cm~! can be used for identification of PEG and mPEG
by Raman spectroscopy.

Conclusions

The best approximation of the DFT was determined
in the theoretical part of this study for calculating the
structures and Raman spectra of PEG. For this purpose,
combinations of generalized gradient (OLYP, PBE) and
hybrid (B3LYP, PBEO) electron density functionals with
basis sets of Gaussian type functions (3z,4z) and correlation
consistent basis sets (cc-pVTZ, cc-pVQZ) were analyzed.

It has been found that both the Raman spectra and the
geometric parameters of PEG molecules are worst described
by the hybrid functionals B3LYP and PBEO, and best
described by the generalized gradient functional OLYP. The
influence of the choice of the basis set on the calculation
results turned out to be significantly less than the influence
of the choice of the functional. The OLYP/4z and OLYP/cc-
pVQZ approximations provide the structure and Raman
spectra of PEG closest to the experimental ones. Earlier,
we obtained good results for one of these approximations
(OLYP/4z) and longer PEG chains in [26]. This allows
hoping for the successful use of this approximation for both
solid and liquid PEG, as well as for PEG copolymers with
other polymers, in particular biodegradable ones.

The Raman spectra of liquid commercial samples
EG, TriEG, TetraEG, PEG400, mPEGS550, PEG600 and
mPEG750 were studied in the experimental part of this
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paper. It is shown that the Raman spectra of EG oligomers
change monotonously with increasing molecular length,
regardless of the wavelength of the exciting radiation. The
strongest changes with an increase in the number of PEG
monomeric units are observed for the wavenumbers of the
bands at 321, 832, and 1125cm~!, as well as for the
intensities of the bands at 885, 1043, and 1125 cm—!. These
dependencies can be used to estimate the length of the PEG
molecules and their conformational composition.

It was found that there is a shoulder near 2830 cm™
in the Raman spectra of mPEG, compared with the PEG
spectra.  This band belongs to the vibrations of the
group O—CHj3 and can be used to identify short PEG and
mPEG by Raman spectroscopy.

A number of bands, which also depend on MW of EG
oligomers, were not analyzed, since their analysis requires
deconvolution of the spectra on individual components.
Such an analysis should be carried out on the basis of
quantum chemical calculations of the Raman spectra of
EG oligomers, which will allow determining the number
of lines in a certain spectral range, their relative intensities
and depolarization ratios.

The study of a larger set of samples of methylated PEG,
primarily short oligomers, is required to establish the exact
dependence of the Raman spectra on the type of end groups
(group OH or the group O—CH3). This will confirm the
differences in the intensities of a number of PEG and mPEG
bands in the ,fingerprint“ region and the appearance of an
additional band near 2830 cm™!.

Thus, the study shows that Raman spectroscopy in com-
bination with quantum chemical calculations is a promising
method for analyzing the structure and conformational
composition of PEG molecules. In order to further develop
Raman spectroscopy methods, it is necessary to calculate
the Raman spectra of EG oligomers of various lengths
and in various conformations. This will make it possible
to separate the contributions to changes of the Raman
spectra from changes in the length of the molecule and from
changes in the conformational composition of the molecules
and reliably interpret the Raman spectra of PEG, in which
there is a strong overlapping of a large number of bands.
However, based on the data already available, it can be
concluded that the analysis of the PEG Raman spectra
makes it possible to estimate the MW and conformational
composition of liquid PEG, as well as to distinguish between
PEG and mPEG.
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