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Abstract: We present an in-depth analysis of Raman spectra of novel block copolymers of methyl
ethylene phosphate (MeOEP) with caprolactone (CL) and L-lactide (LA), recorded with the excitation
wavelengths of 532 and 785 nm. The experimental peak positions, relative intensities and profiles of
the poly(methyl ethylene phosphate) (PMeOEP), polycaprolactone (PCL) and poly(L-lactide) (PLA)
bands in the spectra of the copolymers and in the spectra of the PMeOEP, PCL and PLA homopolymers
turn out to be very similar. This clearly indicates the similarity between the conformational and phase
compositions of PMeOEP, PCL and PLA parts in molecules of the copolymers and in the PMeOEP,
PCL and PLA homopolymers. Experimental ratios of the peak intensities of PMeOEP bands at 737
and 2963 cm−1 and the PCL bands at 1109, 1724 and 2918 cm−1 can be used for the estimation of
the PCL—b—PMeOEP copolymers chemical composition. Even though only one sample of the
PMeOEP—b—PLA copolymers was experimentally studied in this work, we assume that the ratios
of the peak intensities of PLA bands at 402, 874 and 1768 cm−1 and the PMeOEP band at 737 cm−1

can be used to characterize the copolymer chemical composition.

Keywords: Raman spectroscopy; methyl ethylene phosphate; caprolactone; L-lactide; block copolymers

1. Introduction

Besides production of various ecologically friendly consumer goods, biodegradable
and biocompatible polymers have great potential in the state-of-the-art biomedical and
pharmaceutical applications, such as creating of the nanocarriers for targeted drug delivery
with controlled release of active substances, implants as well as functional coatings on
implants, scaffolds for tissue engineering, suture materials, etc. [1,2]. Such polymer items
as well as products of their degradation should be non-toxic, degrade in vivo in human
organism in particular time and with particular rate (with particular profile of degradation),
and the products of the degradation should be eliminated from the body without any
harmful impact for organism. Water-soluble synthetic biocompatible polymers have a great
significance in the described biomedical applications [3–6].

Polyethylene glycol (PEG)—the product of ethylene oxide polymerization—perhaps is
the most widely used hydrophilic polymer in biomedical field. PEGylation is the commonly
used method for reducing cell adhesion and stealth effect creation. PEGylation allows to
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increase the circulation time of nanoparticles in blood and so reduces the drug dose [7,8].
However, the non-biodegradability and immunogenicity of PEG have triggered a search
for alternatives [5,9].

Synthetic polyphosphoesters have been studied since the 1950s, but they have been
systematically investigated for biomedical application over the past 30 years. Polyethylene
phosphates such as PEG possess a stealth effect, but do not accumulate in the body due
to biodegradation. Thanks to controlled synthesis by ring-opening polymerization (ROP),
structural variability, biocompatibility and biodegradability, polyphosphates possess a wide
range of applications such as construction of medical items with adjusting biocompatibility,
hydrophobicity and biodegradation time [9–11].

Amphiphilic block copolymers of methyl ethylene phosphate (MeOEP) with capro-
lactone (CL) and L-lactide (LA) are very promising for biomedical applications due to the
possibility of varying their physical and chemical properties, including the degradation
profile, in wide range by alteration of the conditions of synthesis or post-treatment. The
presence of hydrophilic poly(methyl ethylene phosphate) (PMeOEP) and hydrophobic
polycaprolactone (PCL) or poly(L-lactide) (PLA) parts makes possible the self-organization
of the copolymer molecules in nanostructures of various architectures [1–3]. Since the
structure of a polymer material determines its properties, it is very important to have an
informative and fast method of evaluating the most important structural characteristics of
polymer items without any preparation of samples for analysis, because such preparation
can affect the sample structure.

Raman spectroscopy is a highly informative and non-destructive technique for ana-
lyzing all levels of polymer structure, including evaluation of the degree of crystallinity,
tacticity, conformational composition and molecular orientation. This method is very ef-
fective for description of both crystalline and non-crystalline regions of polymer material.
Raman spectroscopy can also provide in situ analysis of polymerization and degradation
processes and fast structural mapping of sample surface. This technique does not require
any sample preparation before the analysis.

Among the three polymers (PLA, PCL, and PMeOEP), PLA is the most studied by
Raman spectroscopy. It was shown that the Raman spectra of PLA depend on the degree of
crystallinity, tacticity and conformational composition of molecules [12–14], on molecular
weight [15,16], and on the orientational order of molecules [14,17,18].

There is a limited amount of research reporting Raman spectra of copolymers of LA. In
particular, Kister et al. published Raman spectra of poly(L-lactide-co-glycolide), poly(D,L-
lactide-co-glycolide) [19] and poly(ε-caprolactone-co-D,L-lactide) [20]. Several studies have
presented results of Raman spectroscopy applied for monitoring the degradation process
of PLA and PLA-based materials [20–22]. Quantum chemical calculations were applied
to study the structure and Raman spectra of PLA oligomers [16] and various crystalline
modifications of PLA [23].

Few papers on Raman studies of PCL are found in literature. In particular, Kotula
et al. [24] demonstrated the dependence of PCL Raman spectra on the degree of crystallinity
and conformational order. We could not find any other works on systematic studies of
PMeOEP Raman spectra.

Despite the many published papers on Raman studies of PLA, up to now there has
been no full assignment of Raman bands in the spectra of various modifications of PLA [25]
as well as Raman methods for quantitative PLA structure analysis and PLA-based materials.
As it was mentioned before, the Raman spectra of PCL and PMeOEP are poorly studied.
Moreover, Raman spectroscopy has still not been used in studying the block copolymers
of MeOEP with CL or LA. The aim of this work is to examine the possibilities of Raman
spectroscopy for quantitative description of the structure of these copolymers.
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2. Materials and Methods
2.1. General Experimental Remarks

Toluene, diethyl ether and tetrahydrofuran (THF) were refluxed with Na/benzophenone/
dibenzo-18-crown-6 and distilled prior to use. Dichloromethane was refluxed over CaH2
prior to use.

Acetic acid (Acros, ≥99.9%) was used as purchased. Poly(ethylene glycol) methyl
ether (average Mn 550 Da, Sigma-Aldrich, St. Louis, MO, USA, 97%) was dried over 4 Å
molecular sieves overnight prior to use. Poly(ethylene glycol) methyl ethers (average Mn
2000 Da, 5000 Da, Sigma-Aldrich, St. Louis, MO, USA, 97%) were used as purchased.
(S,S)-3,6-Dimethyl-1,4-dioxane-2,5-dione (L-LA) (Sigma-Aldrich, St. Louis, MO, USA, 99%)
was purified by recrystallization from dry toluene and subsequent sublimation and stored
over P2O5. Caprolactone (CL) (Sigma-Aldrich, St. Louis, MO, USA, 97%) was distilled over
CaH2 prior to use.

[(BHT)Mg(OBn)(THF)]2 (BHT = 2,6-di-tret-butyl-4-methylphenoxy, Bn = PhCH2—),
Mg1 [26], [(BHT)Mg(n-Bu)(THF)2], Mg2 [27], methyl ethylene phosphate (MeOEP) [28]
were prepared according to previously described methods.

CDCl3 (Cambridge Isotope Laboratories, Inc., Tewksbury, MA, USA, D 99.8%) was
used as purchased. The 1H NMR spectra were recorded on a Bruker AVANCE 400 spec-
trometer (400 MHz) at 20 ◦C.

2.2. Polymers Synthesis

Polymerization experiments were conducted under an argon atmosphere. Polyesters
were obtained by ring-opening polymerization of cyclic esters and cyclic phosphates
(Figure 1). ROP is a convenient method for the synthesis of polyesters, which allows to
control the molecular weight of polyesters, as well as to obtain the block copolymers by
sequentially adding comonomers [29–31]. A phenolate–alcohol–magnesium complex Mg1
was used as a catalyst for ROP (Figure 2a), which also acts as an initiator of ROP [32–38].
To synthesize methylated PEG (mPEG)-based polymers, a phenolate-mPEG-magnesium
complex was obtained in situ from monomethyl ether of polyethylene glycol mPEG-OH
and an organometallic phenolate–magnesium complex Mg2 (Figure 2b).
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Figure 2. CL polymerization catalyzed by phenolate–benzyloxy–magnesium complex (a). Synthesis
of mPEG-based block-copolymer catalyzed by phenolate-mPEG-magnesium made in situ (b).

Table 1 presents a chemical composition of all polymers under study, determined by
1H NMR spectroscopy. As for PCL—b—PMeOEP and PMeOEP—b—PLA copolymers, the
PMeOEP percent in the designation of each sample (the first column in Table 1) does not
include the contribution of mPEGs or BnOH.

Table 1. Chemical composition of the polymers under study, determined by 1H NMR spectroscopy.

Samples
Composition (NMR Spectroscopy Data, Relative Content of the Units)

mPEG550- mPEG2000- mPEG5000- BnO- CL MeOEP LA

PCL

PCL1 — — 1 — 60 — —

PCL2 — — — 1 117 — —

PCL3 — — — 1 120 — —

PCL4 — 1 — — 157 — —

PCL5 — 1 — — 354 — —

PCL6 — 1 — — 506 — —

PMeOEP

PMeOEP1 — — — 1 — 92 —

PMeOEP2 — — — 1 — 131 —

PCL—b—PMeOEP copolymers

5% PMeOEP — — — 1 264 14 —

6% PMeOEP — — — 1 295 19 —

15% PMeOEP — — — 1 327 56 —

16% PMeOEP — — — 1 342 63 —

23% PMeOEP 1 — — — 101 31 —

86% PMeOEP 1 — — — 5 30 —

PLA

PLA1 — — — 1 — — 64

PLA2 — — — 1 — — 118

PLA3 — — — 1 — — 121

PLA4 — — — 1 — — 500

PLA5 — — — 1 — — 622

PLA6 — — 1 — — — 427

PMeOEP—b—PLA copolymer

31% PMeOEP — — — 1 — 50 112

For more details on the synthesis of polymers under study, see Section S1. Synthesis
in the Supplementary Materials.

2.3. Raman Measurements

The Raman spectra were acquired at room temperature using a confocal Raman
microscope Senterra II (Bruker Optics, Billerica, MA, USA) with the excitation wavelengths
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of 532 and 785 nm. Spectra were recorded at 180◦-scattering with the spectral resolution of
4 cm−1. Laser power at sample surface was 25 mW for the excitation wavelength of 532 nm
and 100 mW—for 785 nm. For all the measurements, we used the 20× objective with NA =
0.4. The laser spot at the sample surface was about 10 µm for the excitation wavelength of
532 nm and about 12 µm for the excitation wavelength of 785 nm.

We measured Raman spectra at several points at the surface of each sample in order to
be sure that the structure of the samples is uniform over the sample surface. In addition,
we recorded Raman spectra of each sample several times to ensure that the structure of the
samples is not changing during the recording of Raman spectra due to heating.

For a number of samples, we registered a strong fluorescence background, which
mainly observed the excitation wavelength of 532 nm and rarely observed the excitation
wavelength of 785 nm. Probably, this background can be explained by presence of the
impurities, remaining after synthesis. In all the spectra with the strong fluorescence
background we also observed additional broad features—«ripples» [39]. The peak positions,
relative intensities and profiles of these «ripples» are repeated in all the spectra with a high
fluorescence background, while these additional features are unnoticeable in all the spectra
with a low fluorescence background. These «ripples» were explained by the presence of an
edge-filter in Raman setups [39], and there are no possibilities to avoid their appearance in
the spectra of highly fluorescing samples for the Raman setup used. These artifacts can
influence the analysis of weak Raman bands and, thus, careful examination of weak Raman
bands is required in the case of presence of strong fluorescence background, when the
«ripples» are clearly pronounced.

2.4. Quantum Chemical Calculations

To assign the Raman bands of PLA, PCL and PMeOEP, we performed the quantum
chemical calculations of the optimized geometries and Raman spectra of oligomers of these
polymers, using as the models oligomers consisting of from 4 to 9 monomeric units (for
details, see Figures S11–S13 and Tables S1–S3 in the Supplementary Materials).

For the calculations, we used the DFT method, the software package PRIRODA [40],
the harmonic oscillator approximation, the OLYP functional [41] and 4z contracted set
of Gaussian basis functions (for details, see Table S4 in the Supplementary Materials),
implemented in the PRIRODA program. In our previous work [42], this combination of
the functional and the basis set was found to provide good agreement of the results of
calculations with the experimental Raman frequencies and intensities.

Table 2 presents the assignment of the Raman bands of PLA, PCL and PMeOEP, ob-
tained from the results of the DFT analysis with the help of the Chemcraft Lite program [43].

Table 2. Assignment of the Raman bands of PLA, PCL and PMeOEP, obtained from the results of the
DFT analysis.

Wavenumber, cm−1 Assignment

PMeOEP

737 Symmetric stretching vibrations of PO4 groups

1459 Scissoring vibrations of CH2 and CH3 groups

2963 Symmetric stretching vibrations of CH2 and
CH3 groups

PCL

1109
Stretching vibrations of C-C bonds in the

backbone + asymmetric stretching vibrations of
C-O-C bonds in the backbone

1305 Twisting vibrations of CH2 groups
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Table 2. Cont.

Wavenumber, cm−1 Assignment

1441 Scissoring vibrations of CH2 groups

1724 Stretching vibrations of C=O bonds

2918 Symmetric stretching vibrations of CH2 groups

PLA

402 Wagging vibrations of C-O-C bonds in the
backbone + rocking vibrations of O-C=O bonds

874 Symmetric stretching vibrations of C-O-C
bonds in the backbone

1454 Scissoring vibrations of CH3 groups

1768 Stretching vibrations of C=O bonds

2948 Symmetric stretching vibrations of CH3 groups

3002 Asymmetric stretching vibrations of CH3
groups + stretching vibrations of C-H bonds

3. Results and Discussion
3.1. Raman Spectra of PCL Samples

Figures 3 and 4 demonstrate the Raman spectra of six PCL samples, recorded with the
excitation wavelengths of 532 nm (Figure 3) and 785 nm (Figure 4). Here and further, the
spectra are presented in two spectral regions: 200–1850 and 2600–3400 cm−1 after subtrac-
tion of the fluorescence background and normalization to the maximal intensity in each
shown spectral range. The additional spectral features—«ripples» (see Section 2.3. Raman
measurements) were not removed during processing of the spectra in order to exclude an
influence of the complex background subtraction on weak bands of the homopolymers
and copolymers. There are no noticeable Raman bands in the region 1850–2600 cm−1 of
the spectra of all the samples under study, thus, this spectral range is not considered in
this work.
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Figure 4. Raman spectra of six PCL samples (see Section 2.2. Polymers synthesis), recorded with the
excitation wavelength of 785 nm in the regions 200–1850 cm−1 (a) and 2600–3400 cm−1 (b).

The synthesis of the PCL samples differs in the type, the contents of catalyst and the
initiator (see Section 2.2. Polymers synthesis). It can be seen from Figures 3 and 4 that the
peak positions, relative intensities and profiles of all the PCL bands are the same in the
spectra of these six samples. This means that the conformational and phase compositions
of PCL molecules are very similar for all these PCL samples. However, the spectra of PCL1,
PCL2 and PCL3 contain evident additional bands, which have the same peak positions for
both excitation wavelengths. We assigned these additional bands to the Raman spectra
of the initiators: mPEG5000 in the case of PCL1 and BnOH in the case of PCL2 and PCL3.
These Raman bands of the initiators in the PCL spectra will be discussed in detail in
Section 3.4. Raman bands of the initiators in the spectra of PCL samples.

3.2. Raman Spectra of PMeOEP Samples

Figures 5 and 6 show Raman spectra of two PMeOEP samples, which contain different
amounts of BnOH (see Section 2.2. Polymers synthesis), for the two excitation wavelengths:
532 nm (Figure 5) and 785 nm (Figure 6). The spectra of these two samples are identical for
the excitation wavelength of 785 nm. However, for the excitation wavelength of 532 nm
the spectrum of PMeOEP2 contains evident additional bands, which were related to the
«ripples», caused by the high intensity of the fluorescence background and the presence
of an edge-filter in the Raman setup used [39]. These additional bands do not correspond
to the Raman spectrum of BnOH, which will be discussed in the next Section 3.3. Raman
spectra of neat initiators: mPEGs and BnOH. The Raman spectrum of PMeOEP1, recorded
with the excitation wavelength of 532 nm, also contains the «ripples», but their intensities
are much smaller than in the case of the spectrum of PMeOEP2.
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3.3. Raman Spectra of Neat Initiators: mPEGs and BnOH

Figures 7 and 8 demonstrate the Raman spectra of the initiators: BnOH and mPEGs,
which were used for the synthesis in this study. The spectra were recorded using two exci-
tation wavelengths: 532 nm (Figure 7) and 785 nm (Figure 8). It can be seen that the spectra
of two solid mPEGs (mPEG2000 and mPEG5000) are evidently different. Furthermore, the
spectra of the solid mPEGs differ noticeably from the spectrum of liquid mPEG (mPEG550),
but these differences are due to the different aggregate states rather than to the different
molecular weights or change in the conformational composition of molecules. In particular,
it was recently shown [44] that at room temperature, molecules of both liquid and solid
PEGs with various molecular weights adopt predominantly the conformation of helix 72.



Polymers 2022, 14, 5367 9 of 19

Polymers 2022, 14, x FOR PEER REVIEW  8  of  18 
 

 

   

(a)  (b) 

Figure 6. Raman spectra of two PMeOEP samples (see Section 2.2. Polymers synthesis), recorded 

with the excitation wavelength of 785 nm in the regions 200–1850 cm−1 (a) and 2600–3400 cm−1 (b). 

3.3. Raman Spectra of Neat Initiators: mPEGs and BnOH 

Figures 7 and 8 demonstrate the Raman spectra of the initiators: BnOH and mPEGs, 

which were used  for  the synthesis  in  this study. The spectra were recorded using  two 

excitation wavelengths: 532 nm (Figure 7) and 785 nm (Figure 8). It can be seen that the 

spectra of two solid mPEGs (mPEG2000 and mPEG5000) are evidently different. Further‐

more, the spectra of the solid mPEGs differ noticeably from the spectrum of liquid mPEG 

(mPEG550), but these differences are due to the different aggregate states rather than to 

the different molecular weights or change  in  the conformational composition of mole‐

cules. In particular, it was recently shown [44] that at room temperature, molecules of both 

liquid and solid PEGs with various molecular weights adopt predominantly the confor‐

mation of helix 72. 

   

(a)  (b) 

Figure 7. Raman spectra of BnOH and mPEGs with various molecular weights, recorded with the 

excitation wavelength of 532 nm in the regions 200–1850 cm−1 (a) and 2600–3400 cm−1 (b). 
Figure 7. Raman spectra of BnOH and mPEGs with various molecular weights, recorded with the
excitation wavelength of 532 nm in the regions 200–1850 cm−1 (a) and 2600–3400 cm−1 (b).

Polymers 2022, 14, x FOR PEER REVIEW  9  of  18 
 

 

   

(a)  (b) 

Figure 8. Raman spectra of BnOH and mPEGs with various molecular weights, recorded with the 

excitation wavelength of 785 nm in the regions 200–1850 cm−1 (a) and 2600–3400 cm−1 (b). 

It is worth mentioning that the Raman spectra of solid non‐methylated PEGs do not 

depend on the molecular weight [44,45]. Probably, differences in the Raman spectra of the 

solid methylated PEGs—mPEG2000 and mPEG5000—can be explained by change in the 

content of the CH3 groups relative to the PEG monomer unit content. 

3.4. Raman Bands of the Initiators in the Spectra of PCL Samples 

Figure 9 demonstrates the Raman spectra of PCL1, PCL6 and mPEG5000, recorded 

with the excitation wavelengths of 532 nm (a) and 785 nm (b) in the region 200–1850 cm−1. 

PCL1 contains the maximal amount of an initiator among all the PCL samples under the 

study: mPEG5000 with the mole content about 1.6%, while PCL6 contains the minimal 

amount of an initiator: mPEG2000 with the mole content about 0.2% (see Section 2.2. Pol‐

ymers synthesis). Despite the low content of mPEG5000 in PCL1, the mPEG5000 bands 

are clearly distinguishable in the PCL1 spectrum at both excitation wavelengths. The ar‐

rows in Figure 9 mark these bands. 

   
(a)  (b) 

Figure 9. Raman spectra of PCL1, PCL6 (see Section 2.2. Polymers synthesis) and mPEG5000, rec‐

orded with the excitation wavelengths of 532 nm (a) and 785 nm (b) in the region 200–1850 cm−1. 

The arrows show the mPEG5000 bands, observed in the PCL1 spectrum. 

Figure 8. Raman spectra of BnOH and mPEGs with various molecular weights, recorded with the
excitation wavelength of 785 nm in the regions 200–1850 cm−1 (a) and 2600–3400 cm−1 (b).

It is worth mentioning that the Raman spectra of solid non-methylated PEGs do not
depend on the molecular weight [44,45]. Probably, differences in the Raman spectra of the
solid methylated PEGs—mPEG2000 and mPEG5000—can be explained by change in the
content of the CH3 groups relative to the PEG monomer unit content.

3.4. Raman Bands of the Initiators in the Spectra of PCL Samples

Figure 9 demonstrates the Raman spectra of PCL1, PCL6 and mPEG5000, recorded
with the excitation wavelengths of 532 nm (a) and 785 nm (b) in the region 200–1850 cm−1.
PCL1 contains the maximal amount of an initiator among all the PCL samples under the
study: mPEG5000 with the mole content about 1.6%, while PCL6 contains the minimal
amount of an initiator: mPEG2000 with the mole content about 0.2% (see Section 2.2.
Polymers synthesis). Despite the low content of mPEG5000 in PCL1, the mPEG5000 bands
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are clearly distinguishable in the PCL1 spectrum at both excitation wavelengths. The
arrows in Figure 9 mark these bands.
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Figure 9. Raman spectra of PCL1, PCL6 (see Section 2.2. Polymers synthesis) and mPEG5000,
recorded with the excitation wavelengths of 532 nm (a) and 785 nm (b) in the region 200–1850 cm−1.
The arrows show the mPEG5000 bands, observed in the PCL1 spectrum.

Figure 10 presents the Raman spectra of PCL2, PCL3, PCL6 and BnOH, recorded with
the excitation wavelengths of 532 nm (a) and 785 nm (b) in the region 200–1850 cm−1. The
arrows show the BnOH band at 1005 cm−1 (Figures 7 and 8), which is observed in the
PCL2 and PCL3 spectra. The mole content of BnOH in PCL2 and PCL3 is less than 1%, but
the BnOH band at 1005 cm−1 is well resolved in the spectra of these PCL samples. This
observation can be explained by the very high intensity of the BnOH band at 1005 cm−1 in
the spectrum of neat BnOH (Figures 7 and 8).
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Thus, we observed Raman bands of the initiators (mPEGs and BnOH) in the Raman
spectra of the PCL samples even at the initiator mole contents, which are less than 2%. This
value is quite a good detection limit for the non-resonance Raman spectroscopy, applied in
this study.

3.5. Raman Spectra of the PCL—b—PMeOEP Copolymers

Figures 11 and 12 show the Raman spectra of the PCL—b—PMeOEP copolymers,
recorded with the excitation wavelengths of 532 nm (Figure 11) and 785 nm (Figure 12). For
comparison, we also present the Raman spectra of PMeOEP1 and PCL6. The PCL6 sample
was chosen as the reference sample, because, as it was mentioned above, it contains the
minimal amount of an initiator among all the PCL samples under the study. The content of
the initiator in PMeOEP1 is higher than in PMeOEP2, but intensities of the «ripples» in the
PMeOEP1 spectrum are much less compared to the PMeOEP2 spectrum (see the Section 3.2.
Raman spectra of PMeOEP samples). Thus, the PMeOEP1 spectrum was chosen as the
reference spectrum for all the copolymers of MeOEP studied in this work. The arrows in
Figures 11 and 12 show the PMeOEP bands, observed in the spectra of the copolymers.
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Polymers synthesis), recorded with the excitation wavelength of 532 nm in the regions 200–1850 cm−1

(a) and 2600–3400 cm−1 (b). The arrows show the PMeOEP bands, observed in the spectra of the
copolymers.

The peak positions, relative intensities and profiles of the PMeOEP and PCL bands are
nearly the same in the spectra of the copolymers (Figures 11 and 12) and in the spectra of
the PMeOEP and PCL samples (Figures 3–6). It means that the conformational and phase
compositions of the PMeOEP and PCL parts in the copolymer molecules do not differ
significantly from that of the PMeOEP and PCL samples.

It can be seen from Figures 11 and 12 that the intensities of the PMeOEP bands in
the spectra of the copolymers monotonically decrease with the decrease in the PMeOEP
content. Tables 3 and 4 summarize the ratios of the peak intensities of selected PMeOEP
and PCL bands in the spectra of the copolymers for the excitation wavelengths of 532 nm
(Table 3) and 785 nm (Table 4). For this analysis, we chose the following bands: the PMeOEP
bands at 737 and 2963 cm−1 and the PCL bands at 1109, 1724 and 2918 cm−1. Error of
measurement of the peak intensities ratios was estimated from 5 to 15% depending on
the intensities of the analyzed bands in the copolymer spectra and the intensity of the
fluorescence background.
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Table 3. Ratios of the peak intensities of PMeOEP bands (at 737 and 2963 cm−1) and PCL bands (at
1109, 1724 and 2918 cm−1) for the PCL—b—PMeOEP copolymers with various mole contents of
PMeOEP (χPMeOEP) and PCL (χPCL). Raman spectra of the samples were recorded with the excitation
wavelength of 532 nm.

χPMeOEP:
χPCL

I737/I1724 I737/I1109 I2963/I2918 I2963/I1724 I2963/I1109

0:1 ~0 ~0 — — —

0.05:0.95 0.07 0.05 0.26 1.8 1.4

0.06:0.94 0.05 0.04 0.24 1.8 1.3

0.15:0.85 0.21 0.17 0.30 2.2 1.8

0.16:0.84 0.28 0.21 0.32 2.5 1.9

0.23:0.77 0.32 0.25 0.35 2.7 2.1

0.86:0.14 7.2 2.6 1.7 26 9.3

1:0 — 5.4 7.6 — 16

It is important to note that for our analysis of the peak intensities ratios, we tried
to choose the strongest bands of each polymer, which do not overlap with the bands of
the second polymer. However, with the only exception of the PCL band at 1724 cm−1,
we observed non-zero Raman intensity in the PMeOEP spectrum at the wavenumbers of
all the intensive PCL bands, and vice versa. Thus, we selected the bands of each of the
two polymers in such a manner such that the intensities at the wavenumbers of these
selected bands in the spectrum of the second polymer would be minimal. This means that
for such bands, the intensity ratios differ from zero even in the case, when the content
of the monomer, corresponding to the numerator in the intensity ratio, is zero. Thus, for
precise determination of the dependences of the intensity ratios on the relative contents of
PMeOEP and PCL in the copolymers, it is necessary to also calculate the intensity ratios in
the spectra of each of these two polymers using the wavenumbers of the selected bands.
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Table 4. Ratios of the peak intensities of PMeOEP bands (at 737 and 2963 cm−1) and PCL bands (at
1109, 1724 and 2918 cm−1) for the PCL—b—PMeOEP copolymers with various mole contents of
PMeOEP (χPMeOEP) and PCL (χPCL). Raman spectra of the samples were recorded with the excitation
wavelength of 785 nm.

χPMeOEP: χPCL I737/I1724 I737/I1109 I2963/I2918 I2963/I1724 I2963/I1109

0:1 ~0 ~0 — — —

0.05:0.95 0.17 0.08 0.23 0.24 0.12

0.06:0.94 0.13 0.06 0.19 0.20 0.09

0.15:0.85 0.55 0.28 0.28 0.29 0.15

0.16:0.84 0.70 0.36 0.26 0.28 0.14

0.23:0.77 0.81 0.42 0.31 0.34 0.18

0.86:0.14 17 4.0 1.6 3.3 0.77

1:0 — 20 6.1 — 3.2

It is worth noting that we did not perform deconvolution analysis of the copolymers’
Raman spectra. Firstly, this procedure makes calculation of the intensity ratios much more
complicated. Secondly, in the spectral regions of the most intense bands of the copolymers,
we observed strong overlapping of numerous bands, and the deconvolution analysis was
not reliable.

It can be seen from Tables 3 and 4 that the peak intensities ratios of the PMeOEP and
PCL bands in the spectra of the copolymers depend strongly on the relative contents of
PMeOEP and PCL and, thus, can be used for estimation of the chemical composition of the
PCL—b—PMeOEP copolymers.

3.6. Raman Spectra of PLA Samples

Figures 13 and 14 show the Raman spectra of six PLA samples, recorded with the
excitation wavelengths of 532 nm (Figure 13) and 785 nm (Figure 14). The synthesis of
the PLA samples differs in the type and contents of catalyst and initiator (see Section 2.2.
Polymers synthesis). However, the Raman spectra of all the PLA samples turned out
to be very similar. This is evidence of the similarity in the phase and conformational
compositions of these samples. The only exception was the presence of additional weak
band at 1005 cm−1 in the PLA1, PLA2 and PLA3 spectra. We assigned this band to a very
strong band in the spectrum of neat BnOH (Figures 7 and 8). This band is discussed in
detail in the next section.
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Figure 13. Raman spectra of six PLA samples (see Section 2.2. Polymers synthesis), recorded with the
excitation wavelength of 532 nm in the regions 200–1850 cm−1 (a) and 2600–3400 cm−1 (b).
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Figure 14. Raman spectra of six PLA samples (see Section 2.2. Polymers synthesis), recorded with the
excitation wavelength of 785 nm in the regions 200–1850 cm−1 (a) and 2600–3400 cm−1 (b).

3.7. Raman Bands of the Initiator in the Spectra of PLA Samples

Figure 15 demonstrates Raman spectra of PLA1, PLA2, PLA3, PLA5 and BnOH,
recorded with the excitation wavelengths of 532 nm (a) and 785 nm (b) in the region
200–1850 cm−1. The arrows show the BnOH band at 1005 cm−1 (Figures 7 and 8), observed
in the PLA1, PLA2 and PLA3 spectra. The PLA5 spectrum was selected as the reference
spectrum because the PLA5 sample contains a minimal amount of the initiators among all
the PLA samples under study. The mole content of BnOH in PLA1, PLA2 and PLA3 is less
than 2%, but the BnOH band at 1005 cm−1 is well resolved in the spectra of these samples.
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Figure 15. Raman spectra of PLA1, PLA2, PLA3, PLA5 (see Section 2.2. Polymers synthesis)
and BnOH, recorded with the excitation wavelengths of 532 nm (a) and 785 nm (b) in the region
200–1850 cm−1. The arrows show the BnOH band, observed in the PLA1, PLA2 and PLA3 spectra.

Thus, as in the case of PCL (the Section 3.4. Raman bands of the initiators in the spectra
of PCL samples), we observed Raman bands of the initiator (BnOH) in the Raman spectra
of PLA samples even at the initiator mole contents, which are less than 2%.
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3.8. Raman Spectra of the PMeOEP—b—PLA Copolymer

Figures 16 and 17 show the Raman spectra of the PMeOEP—b—PLA copolymer as well
as the reference spectra of PMeOEP1 and PLA5, recorded with the excitation wavelength of
532 nm (Figure 16) and 785 nm (Figure 17). The arrows show the PMeOEP bands, observed
in the copolymer spectrum.
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(a) and 2600–3400 cm−1 (b). The arrows show the PMeOEP bands, observed in the copolymer
spectrum.
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Figure 17. Raman spectra of PMeOEP1, PLA5 and PMeOEP—b—PLA copolymer (see Section 2.2.
Polymers synthesis), recorded with the excitation wavelength of 785 nm in the regions 200–1850 cm−1

(a) and 2600–3400 cm−1 (b). The arrows show the PMeOEP bands, observed in the copolymer
spectrum.

The spectral characteristics (peak positions, relative intensities and profiles) of the
PMeOEP and PLA bands are nearly the same in the copolymer spectrum and in the spectra
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of the PMeOEP and PLA samples (Figures 5, 6, 13 and 14). It means that the conformational
and phase compositions of the PMeOEP and PLA molecules are close for the copolymer
and the PMeOEP and PLA samples.

Although only one sample of the PMeOEP—b—PLA copolymer is available for the
analysis in this work, we can propose the PMeOEP and PLA bands, which can be used to
estimate the relative contents of PMeOEP and PLA. The strongest bands of PLA, which
do not significantly overlap with the intensive PMeOEP bands, are observed at 402, 874
and 1768 cm−1. We have found only one strong PMeOEP band at 737 cm−1, which does
not overlap with the intensive PLA bands. Thus, in the case that the conformational and
phase compositions of copolymer molecules do not change noticeably with variation in
the relative contents of PMeOEP and PLA, these four bands can be used to estimate the
copolymer chemical composition.

4. Conclusions

In this work, we analyzed experimental Raman spectra of novel and practically impor-
tant materials: block copolymers of methyl ethylene phosphate (MeOEP) with caprolactone
(CL) and L-lactide (LA). Analysis of the peak positions, relative intensities and profiles
of the poly(methyl ethylene phosphate) (PMeOEP), polycaprolactone (PCL) and poly(L-
lactide) (PLA) bands showed that the conformational and phase compositions of PMeOEP,
PCL and PLA parts in the copolymers molecules do not differ significantly from those of
the PMeOEP, PCL and PLA homopolymers samples.

The ratios of intensities of the PMeOEP and PCL bands in the spectra of the PCL—
b—PMeOEP copolymers can be used for estimation of the chemical composition of the
copolymers. If the conformational and phase compositions of PMeOEP, PCL and PLA
parts of the copolymer molecules are close to those of the homopolymers, as in our case,
we suggest using the following bands — the PMeOEP bands at 737 and 2963 cm−1 and
the PCL bands at 1109, 1724 and 2918 cm−1. However, for more general consideration,
further studies should involve accounting for the influence of possible changes of the
conformational composition and the degree of crystallinity of the copolymers with the
change in the comonomer contents.

The PLA bands at 402, 874 and 1768 cm−1 and the PMeOEP band at 737 cm−1 seem to
be attractive for evaluation of chemical composition of the PMeOEP—b—PLA copolymers.

The research results can be used for fast and non-destructive estimation of the chemical
composition of the PCL—b—PMeOEP and PMeOEP—b—PLA copolymers. The developed
approach can be especially in demand during the online synthesis monitoring, or when the
fast surface mapping of a copolymer sample is required.

The data on the conformational and phase copolymer composition are useful for
prediction and explanation of their physical and chemical properties.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/polym14245367/s1, Figure S1: 1H NMR spectra of mPEG2000—
b—PCL copolymers PCL5 (a), PCL6 (b), PCL4 (c). The signals of the protons of copolymers fragments
are marked as letters; Figure S2: 1H NMR spectrum of mPEG5000—b—PCL copolymer (PCL1). The
signals of the protons of copolymer fragments are marked as letters; Figure S3: 1H, 31P NMR spectra
of mPEG5000—b—PCL—b—PMeOEP copolymers 23% PMeOEP (a), 86% PMeOEP (b). The signals
of the protons and phosphorus atoms of copolymers fragments are marked as letters; Figure S4: 1H
NMR spectrum of BnO—PCL polymer PCL3; Figure S5: 1H, 31P NMR spectra of BnO—PMeOEP
polymers PMeOEP2 (a), PMeOEP1 (b); Figure S6: 1H NMR spectra of BnO—PCL—b—PMeOEP
copolymers 5% PMeOEP (a), 15% PMeOEP (b), 16% PMeOEP (c), 6% PMeOEP (d); Figure S7: 31P
NMR spectra of BnO—PCL—b—PMeOEP copolymers 5% PMeOEP (a), 15% PMeOEP (b), 16%
PMeOEP (c), 6% PMeOEP (d), see reference on the Figure S6a; Figure S8: 1H NMR spectra of BnO—
PLA polymers PLA1 (a), PLA3 (b), PLA2 (c), PLA5 (d), PLA4 (e); Figure S9: 1H NMR spectrum of
mPEG5000—b—PLA copolymer PLA6; Figure S10: 1H NMR spectrum of copolymer 31% PMeOEP;
Figure S11: Calculated optimized structure of the MeOEP tetramer; Figure S12: Calculated optimized
structure of the CL octamer. Coloring of the atoms is the same as in Figure S11; Figure S13: Calculated
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optimized structure of the LA nonamer. Coloring of the atoms is the same as in Figure S11; Table S1:
Harmonic frequencies (cm−1) and Raman scattering activities (Å4/a.m.u.) for the MeOEP tetramer in
the region 100−3600 cm−1. The data are presented as calculated, that is, without rounding; Table
S2: Harmonic frequencies (cm−1) and Raman scattering activities (Å4/a.m.u.) for the CL octamer in
the region 100−3600 cm−1. The data are presented as calculated, that is, without rounding; Table S3:
Harmonic frequencies (cm−1) and Raman scattering activities (Å4/a.m.u.) for the LA nonamer in
the region 100−3600 cm−1. The data are presented as calculated, that is, without rounding; Table S4:
Four-exponential (4z) basis set contraction patterns.

Author Contributions: S.O.L.: Formal analysis; Investigation; V.S.N.: Investigation; Visualization;
A.V.S.: Conceptualization; Resources; V.V.K.: Formal analysis; Methodology; M.M.G.: Resources;
Software; S.V.G.: Funding acquisition; Supervision; E.A.S.: Resources; Writing—review and editing;
L.Y.U.: Funding acquisition; Validation; G.Y.N.: Project administration; Writing—original draft. All
authors have read and agreed to the published version of the manuscript.

Funding: This work was funded by a grant of the Ministry of Science and Higher Education of the
Russian Federation (075-15-2022-315) for the organization and development of a World-class research
center «Photonics».

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: We are grateful to the Joint Supercomputer Center of the RAS for the possibility
of using their computational resources for our calculations.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Gomzyak, V.I.; Sedush, N.G.; Puchkov, A.A.; Polyakov, D.K.; Chvalun, S.N. Linear and Branched Lactide Polymers for Targeted

Drug Delivery Systems. Polym. Sci. Ser. B 2021, 63, 257–271. [CrossRef]
2. Sedush, N.G.; Kadina, Y.A.; Razuvaeva, E.V.; Puchkov, A.A.; Shirokova, E.M.; Gomzyak, V.I.; Kalinin, K.T.; Kulebyakina, A.I.;

Chvalun, S.N. Nanoformulations of Drugs Based on Biodegradable Lactide Copolymers with Various Molecular Structures and
Architectures. Nanobiotechnol. Rep. 2021, 16, 421–438. [CrossRef]

3. Soleymani Abyaneh, H.; Vakili, M.R.; Shafaati, A.; Lavasanifar, A. Block Copolymer Stereoregularity and Its Impact on Polymeric
Micellar Nanodrug Delivery. Mol. Pharm. 2017, 14, 2487–2502. [CrossRef] [PubMed]

4. Chen, W.; Zhou, S.; Ge, L.; Wu, W.; Jiang, X. Translatable High Drug Loading Drug Delivery Systems Based on Biocompatible
Polymer Nanocarriers. Biomacromolecules 2018, 19, 1732–1745. [CrossRef]

5. Gulati, N.M.; Stewart, P.L.; Steinmetz, N.F. Bioinspired Shielding Strategies for Nanoparticle Drug Delivery Applications. Mol.
Pharm. 2018, 15, 2900–2909. [CrossRef]

6. Cabral, H.; Miyata, K.; Osada, K.; Kataoka, K. Block Copolymer Micelles in Nanomedicine Applications. Chem. Rev. 2018, 118,
6844–6892. [CrossRef]

7. Turecek, P.L.; Bossard, M.J.; Schoetens, F.; Ivens, I.A. PEGylation of Biopharmaceuticals: A Review of Chemistry and Nonclinical
Safety Information of Approved Drugs. J. Pharm. Sci. 2016, 105, 460–475. [CrossRef]

8. Kutikov, A.B.; Song, J. Biodegradable PEG-Based Amphiphilic Block Copolymers for Tissue Engineering Applications. ACS
Biomater. Sci. Eng. 2015, 1, 463–480. [CrossRef]

9. Schöttler, S.; Becker, G.; Winzen, S.; Steinbach, T.; Mohr, K.; Landfester, K.; Mailänder, V.; Wurm, F.R. Protein Adsorption Is
Required for Stealth Effect of Poly(Ethylene Glycol)- and Poly(Phosphoester)-Coated Nanocarriers. Nat. Nanotechnol. 2016, 11,
372–377. [CrossRef]

10. Pelosi, C.; Tinè, M.R.; Wurm, F.R. Main-Chain Water-Soluble Polyphosphoesters: Multi-Functional Polymers as Degradable
PEG-Alternatives for Biomedical Applications. Eur. Polym. J. 2020, 141, 110079. [CrossRef]

11. Bauer, K.N.; Tee, H.T.; Lieberwirth, I.; Wurm, F.R. In-Chain Poly(Phosphonate)s via Acyclic Diene Metathesis Polycondensation.
Macromolecules 2016, 49, 3761–3768. [CrossRef]

12. Qin, D.; Kean, R.T. Crystallinity Determination of Polylactide by FT-Raman Spectrometry. Appl. Spectrosc. 1998, 52, 488–495.
[CrossRef]

13. Kister, G.; Cassanas, G.; Vert, M. Effects of Morphology, Conformation and Configuration on the IR and Raman Spectra of Various
Poly(Lactic Acid)S. Polymer 1998, 39, 267–273. [CrossRef]

14. Park, M.S.; Wong, Y.S.; Park, J.O.; Venkatraman, S.S.; Srinivasarao, M. A Simple Method for Obtaining the Information of
Orientation Distribution Using Polarized Raman Spectroscopy: Orientation Study of Structural Units in Poly(Lactic Acid).
Macromolecules 2011, 44, 2120–2131. [CrossRef]

http://doi.org/10.1134/S1560090421030064
http://doi.org/10.1134/S2635167621040121
http://doi.org/10.1021/acs.molpharmaceut.6b01169
http://www.ncbi.nlm.nih.gov/pubmed/28271900
http://doi.org/10.1021/acs.biomac.8b00218
http://doi.org/10.1021/acs.molpharmaceut.8b00292
http://doi.org/10.1021/acs.chemrev.8b00199
http://doi.org/10.1016/j.xphs.2015.11.015
http://doi.org/10.1021/acsbiomaterials.5b00122
http://doi.org/10.1038/nnano.2015.330
http://doi.org/10.1016/j.eurpolymj.2020.110079
http://doi.org/10.1021/acs.macromol.6b00366
http://doi.org/10.1366/0003702981943950
http://doi.org/10.1016/S0032-3861(97)00229-2
http://doi.org/10.1021/ma101553v


Polymers 2022, 14, 5367 18 of 19

15. Cassanas, G.; Kister, G.; Fabrègue, E.; Morssli, M.; Bardet, L. Raman Spectra of Glycolic Acid, l-Lactic Acid and d,l-Lactic Acid
Oligomers. Spectrochim. Acta Part A Mol. Spectrosc. 1993, 49, 271–279. [CrossRef]

16. Jarmelo, S.; Marques, D.A.S.S.; Simões, P.N.; Carvalho, R.A.; Batista, C.M.S.G.S.G.; Araujo-Andrade, C.; Gil, M.H.; Fausto, R.
Experimental (IR/Raman and 1 H/ 13 C NMR) and Theoretical (DFT) Studies of the Preferential Conformations Adopted by l
-Lactic Acid Oligomers and Poly(l-Lactic Acid) Homopolymer. J. Phys. Chem. B 2012, 116, 9–21. [CrossRef]

17. Smith, P.B.; Leugers, A.; Kang, S.; Yang, X.; Ling Hsu, S.; Hsu, S.L. Raman Characterization of Orientation in Poly(Lactic Acid)
Films. Macromol. Symp. 2001, 175, 81–94. [CrossRef]

18. Tanaka, M.; Young, R.J. Molecular Orientation Distributions in Uniaxially Oriented Poly(l-Lactic Acid) Films Determined by
Polarized Raman Spectroscopy. Macromolecules 2006, 39, 3312–3321. [CrossRef]

19. Kister, G.; Cassanas, G.; Vert, M. Structure and Morphology of Solid Lactide-Glycolide Copolymers from 13C n.m.r., Infra-Red
and Raman Spectroscopy. Polymer 1998, 39, 3335–3340. [CrossRef]

20. Kister, G.; Cassanas, G.; Bergounhon, M.; Hoarau, D.; Vert, M. Structural Characterization and Hydrolytic Degradation of Solid
Copolymers of d,l-Lactide-Co-ε-Caprolactone by Raman Spectroscopy. Polymer 2000, 41, 925–932. [CrossRef]

21. Lin, Z.; Guo, X.; He, Z.; Liang, X.; Wang, M.; Jin, G. Thermal Degradation Kinetics Study of Molten Polylactide Based on Raman
Spectroscopy. Polym. Eng. Sci. 2021, 61, 201–210. [CrossRef]

22. Vano-Herrera, K.; Vogt, C. Degradation of Poly(L-Lactic Acid) Coating on Permanent Coronary Metal Stent Investigated Ex Vivo
by Micro Raman Spectroscopy. J. Raman Spectrosc. 2017, 48, 711–719. [CrossRef]

23. Lin, T.; Liu, X.-Y.Y.; He, C. Calculation of Infrared/Raman Spectra and Dielectric Properties of Various Crystalline Poly(Lactic
Acid)s by Density Functional Perturbation Theory (DFPT) Method. J. Phys. Chem. B 2012, 116, 1524–1535. [CrossRef] [PubMed]

24. Kotula, A.P.; Snyder, C.R.; Migler, K.B. Determining Conformational Order and Crystallinity in Polycaprolactone via Raman
Spectroscopy. Polymer 2017, 117, 1–10. [CrossRef] [PubMed]

25. Li, Z.; Tan, B.H.; Lin, T.; He, C. Recent Advances in Stereocomplexation of Enantiomeric PLA-Based Copolymers and Applications.
Prog. Polym. Sci. 2016, 62, 22–72. [CrossRef]

26. Nifant’ev, I.E.; Shlyakhtin, A.V.; Bagrov, V.V.; Minyaev, M.E.; Churakov, A.V.; Karchevsky, S.G.; Birin, K.P.; Ivchenko, P.V.
Mono-BHT Heteroleptic Magnesium Complexes: Synthesis, Molecular Structure and Catalytic Behavior in the Ring-Opening
Polymerization of Cyclic Esters. Dalt. Trans. 2017, 46, 12132–12146. [CrossRef]

27. Nifant’ev, I.E.; Shlyakhtin, A.V.; Tavtorkin, A.N.; Ivchenko, P.V.; Borisov, R.S.; Churakov, A.V. Monomeric and Dimeric Magnesium
Mono-BHT Complexes as Effective ROP Catalysts. Catal. Commun. 2016, 87, 106–111. [CrossRef]

28. Nifant’ev, I.E.; Shlyakhtin, A.V.; Bagrov, V.V.; Komarov, P.D.; Kosarev, M.A.; Tavtorkin, A.N.; Minyaev, M.E.; Roznyatovsky, V.A.;
Ivchenko, P.V. Controlled Ring-Opening Polymerisation of Cyclic Phosphates, Phosphonates and Phosphoramidates Catalysed
by Heteroleptic BHT-Alkoxy Magnesium Complexes. Polym. Chem. 2017, 8, 6806–6816. [CrossRef]

29. Albertsson, A.-C.; Varma, I.K. Recent Developments in Ring Opening Polymerization of Lactones for Biomedical Applications.
Biomacromolecules 2003, 4, 1466–1486. [CrossRef]

30. Jerome, C.; Lecomte, P. Recent Advances in the Synthesis of Aliphatic Polyesters by Ring-Opening Polymerization. Adv. Drug
Deliv. Rev. 2008, 60, 1056–1076. [CrossRef]

31. Lecomte, P.; Jérôme, C. Recent Developments in Ring-Opening Polymerization of Lactones. Adv. Polym. Sci. 2011, 245, 173–217.
[CrossRef]

32. Sarazin, Y.; Carpentier, J.-F. Discrete Cationic Complexes for Ring-Opening Polymerization Catalysis of Cyclic Esters and Epoxides.
Chem. Rev. 2015, 115, 3564–3614. [CrossRef] [PubMed]

33. Wheaton, C.A.; Hayes, P.G.; Ireland, B.J. Complexes of Mg, Ca and Zn as Homogeneous Catalysts for Lactide Polymerization.
Dalt. Trans. 2009, 25, 4832–4846. [CrossRef] [PubMed]

34. Wang, Y.; Zhao, W.; Liu, D.; Li, S.; Liu, X.; Cui, D.; Chen, X. Magnesium and Zinc Complexes Supported by N, O-Bidentate Pyridyl
Functionalized Alkoxy Ligands: Synthesis and Immortal ROP of ε-CL and l -LA. Organometallics 2012, 31, 4182–4190. [CrossRef]

35. Brignou, P.; Guillaume, S.M.; Roisnel, T.; Bourissou, D.; Carpentier, J.-F. Discrete Cationic Zinc and Magnesium Complexes for
Dual Organic/Organometallic-Catalyzed Ring-Opening Polymerization of Trimethylene Carbonate. Chem.—A Eur. J. 2012, 18,
9360–9370. [CrossRef]

36. Wu, J.-C.; Huang, B.-H.; Hsueh, M.-L.; Lai, S.-L.; Lin, C.-C. Ring-Opening Polymerization of Lactide Initiated by Magnesium and
Zinc Alkoxides. Polymer 2005, 46, 9784–9792. [CrossRef]

37. Breyfogle, L.E.; Williams, C.K.; Young, V.G., Jr.; Hillmyer, M.A.; Tolman, W.B. Comparison of Structurally Analogous Zn2, Co2,
and Mg2 Catalysts for the Polymerization of Cyclic Esters. Dalt. Trans. 2006, 7, 928–936. [CrossRef]

38. Wilson, J.A.; Hopkins, S.A.; Wright, P.M.; Dove, A.P. Synthesis ofω-Pentadecalactone Copolymers with Independently Tunable
Thermal and Degradation Behavior. Macromolecules 2015, 48, 950–958. [CrossRef]

39. Casadio, F.; Daher, C.; Bellot-Gurlet, L. Raman Spectroscopy of Cultural Heritage Materials: Overview of Applications and New
Frontiers in Instrumentation, Sampling Modalities, and Data Processing. Top. Curr. Chem. 2016, 374, 62. [CrossRef]

40. Laikov, D.N.; Ustynyuk, Y.A. PRIRODA-04: A Quantum-Chemical Program Suite. New Possibilities in the Study of Molecular
Systems with the Application of Parallel Computing. Russ. Chem. Bull. 2005, 54, 820–826. [CrossRef]

41. Baker, J.; Pulay, P. Assessment of the Handy–Cohen Optimized Exchange Density Functional for Organic Reactions. J. Chem. Phys.
2002, 117, 1441–1449. [CrossRef]

http://doi.org/10.1016/0584-8539(93)80181-9
http://doi.org/10.1021/jp205033c
http://doi.org/10.1002/1521-3900(200110)175:1&lt;81::AID-MASY81&gt;3.0.CO;2-1
http://doi.org/10.1021/ma0526286
http://doi.org/10.1016/S0032-3861(97)10057-X
http://doi.org/10.1016/S0032-3861(99)00223-2
http://doi.org/10.1002/pen.25568
http://doi.org/10.1002/jrs.5111
http://doi.org/10.1021/jp210123q
http://www.ncbi.nlm.nih.gov/pubmed/22229545
http://doi.org/10.1016/j.polymer.2017.04.006
http://www.ncbi.nlm.nih.gov/pubmed/28824207
http://doi.org/10.1016/j.progpolymsci.2016.05.003
http://doi.org/10.1039/C7DT02469J
http://doi.org/10.1016/j.catcom.2016.09.018
http://doi.org/10.1039/C7PY01472D
http://doi.org/10.1021/bm034247a
http://doi.org/10.1016/j.addr.2008.02.008
http://doi.org/10.1007/12_2011_144
http://doi.org/10.1021/acs.chemrev.5b00033
http://www.ncbi.nlm.nih.gov/pubmed/25897976
http://doi.org/10.1039/b819107g
http://www.ncbi.nlm.nih.gov/pubmed/19662272
http://doi.org/10.1021/om300113p
http://doi.org/10.1002/chem.201200336
http://doi.org/10.1016/j.polymer.2005.08.009
http://doi.org/10.1039/B507014G
http://doi.org/10.1021/ma5022049
http://doi.org/10.1007/s41061-016-0061-z
http://doi.org/10.1007/s11172-005-0329-x
http://doi.org/10.1063/1.1485723


Polymers 2022, 14, 5367 19 of 19

42. Kuzmin, V.V.; Novikov, V.S.; Sagitova, E.A.; Ustynyuk, L.Y.; Prokhorov, K.A.; Ivchenko, P.V.; Nikolaeva, G.Y. Correlations among
the Raman Spectra and the Conformational Compositions of Ethylene Glycol, 1,2- and 1,3-Propylene Glycols. J. Mol. Struct. 2021,
1243, 130847. [CrossRef]

43. Chemcraft—Freeware Lite Version. 2022. Available online: https://www.chemcraftprog.com/lite.html (accessed on 7 December
2022).

44. Kuzmin, V.V.; Novikov, V.S.; Ustynyuk, L.Y.; Prokhorov, K.A.; Sagitova, E.A.; Nikolaeva, G.Y. Raman Spectra of Polyethylene
Glycols: Comparative Experimental and DFT Study. J. Mol. Struct. 2020, 1217, 128331. [CrossRef]

45. Sagitova, E.A.; Prokhorov, K.A.; Nikolaeva, G.Y.; Baimova, A.V.; Pashinin, P.P.; Yarysheva, A.Y.; Mendeleev, D.I. Raman Analysis
of Polyethylene Glycols and Polyethylene Oxides. J. Phys. Conf. Ser. 2018, 999, 012002. [CrossRef]

http://doi.org/10.1016/j.molstruc.2021.130847
https://www.chemcraftprog.com/lite.html
http://doi.org/10.1016/j.molstruc.2020.128331
http://doi.org/10.1088/1742-6596/999/1/012002

	Introduction 
	Materials and Methods 
	General Experimental Remarks 
	Polymers Synthesis 
	Raman Measurements 
	Quantum Chemical Calculations 

	Results and Discussion 
	Raman Spectra of PCL Samples 
	Raman Spectra of PMeOEP Samples 
	Raman Spectra of Neat Initiators: mPEGs and BnOH 
	Raman Bands of the Initiators in the Spectra of PCL Samples 
	Raman Spectra of the PCL—b—PMeOEP Copolymers 
	Raman Spectra of PLA Samples 
	Raman Bands of the Initiator in the Spectra of PLA Samples 
	Raman Spectra of the PMeOEP—b—PLA Copolymer 

	Conclusions 
	References

