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Abstract

Objectives. To study the structure and properties of solutions of thermoplastic poly(ether urethane)s
(PEUs) to inform their potential use in the production of fibrous-porous polymer composite
materials with a given structure and set of performance properties depending on the field of
practical application.

Methods. The composition of PEUs was studied by attenuated total reflection infrared (ATR-IR)
spectroscopy using a program for correcting the spectra on an IR Fourier spectrophotometer, as
well by differential scanning calorimetry (DSC) using a heat flow calorimeter. The viscosity of
PEU solutions was determined on a rotational viscometer.

Results. The chemical composition of PEUs and the nature of the formation of hydrogen bonds
were studied. An analysis of the spectra demonstrates the almost complete identity of the PEUs
synthesized from the same 4,4"-diphenylmethane diisocyanate. In the studied PEUs of the Vitur
and Desmopan® brands, as well as Sanpren, pronounced absorption bands characteristic of
urethane groups involved in the formation of hydrogen bonds are visible in the region from 1702
to 1730 cm™t. The temperature transitions and thermal stability of the investigated PEUs were
determined by DSC. The influence of the ratio of rigid and flexible blocks, as well as the nature
of hydrogen bonds on the melting temperatures of polymers, was shown. Analysis of the DSC
curves demonstrated all the studied PEUs to have high melting points ranging from 159 to 215°C.
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From the studied temperature dependences of the structural viscosity of thermoplastic PEUs
solutions, all solutions were established to have a minimum viscosity anomaly; the value of the
logarithm of viscosity depends on the chemical composition and structure of the initial PEUs. It is
shown that the viscosity anomaly of PEU solutions can be reduced with increasing temperature.
Conclusions. A comparison of the chemical composition, structure, thermal and rheological
characteristics of thermoplastic PEUs with PEU solutions widely used for the production of
fibrous-porous materials and coatings of Sanpren LQ-E-6 and Vitur R 0112 grades demonstrates
their practicability as production materials and coatings having a predetermined structure and
a set of properties depending on the requirements and operating conditions of finished products.
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AnHomauyus

Ienu. H3yuums cmpykmypy u ceolcmea pacmeopos mepMOnAacmuUHblX NOAUIPUD-
ypemaroeg (I12Y) ons npozHO3UpPOBAHUSL 803MOIKHOCMU UX NPUMEHEHUsl 8 npou3goocmee
BOJIOKHUCMO-NOPUCTMBLX NOJUMEPHBLX KOMNOSUUUOHHBIX MAMEPUAIOo8 U Nnokpulmuil ¢ 3a0aHHoU
cmpykmypoti. U KOMNIEKCOM ISKCNAYAMAYUOHHBLX C80licms, 3a8UCAUWUMU om obracmu
npaxmuuecKoz2o NpuMeHeHUsl.

Memoodust. Cocmasg I15Y usyuasu memoodom urgparxpacroil (MK) cnekmpockonuu ¢ npeobpasosamuem
Pypve 8 couemaruu ¢ MemoooM MHO20KPAMHO20 HAPYULEHHO20 NOJIHO20 8HYMPEHHE20 OMparkKeHust
u memooom OougpgepeHyuanvHo-ckarupyrowei wranopumempuu ([CK) c ucnonvzosarHuem
Kanopumempa mensiogozo nomorxa. Bsaskocms pacmeopos I1DY onpedensinu Ha pomayuuoHHOM
sucKosumempe.

Pesynemameut. Hsyuen xumuueckuii cocmas I19Y u xapaxmep obpa3osaHusi 8000pOOHbBLX
ceazell. AHanusz HK cnexkmpog OdemoHcmpupyem npaKkmuuecKu NOAHYIO UOeHmuuHOCMmb
I1BY, cuHmesupo8aHHbIX HA OCHOB8E 00H020 U Mmo20 e 4.4'-0ougeHunmemaHOUUIOUUAHA-
ma. B uccnedyemoix I123Y mapox Bumyp u Desmopan®, a makxe CaHnpeH, MOIKHO Y&U-
demb, umo 8 obnnacmu om 1702 0o 1730 cm™! npucymcemeyrom s18HO 8blparskeHHble NO0CHL
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no2ioweHusl, xapaKmepHsle O YpemaHo8blx 2pYnnuposor, 3adelicmeo8aHHbLX 8 06paso-
8aHUU 8000p0o0HbLX cesizeli. Memodom [ICK onpedeneHbl memnepamypHvle nepexoovbl U
mepmocmotikocms uccnedyemvix I13Y. IlokazaHo BAUSHUE COOMHOUWLeHUST JKeCmwKux u
2ubkux 6s0K08, a makyke xapaxKmep 8000POOHLLX c8s3ell Ha memnepamypvl NAABAEHUS
noaumepos. IIpu axnanusze kpuesblx CK, nokasaHo, umo ece uccnedyemvie I19Y obnadarom
8bLCOKUMU memnepamypami NAA8AeHUsl, Haxoosuwumucst 8 ouanasoHe om 159 do 215 °C.
Tarxrke uccnedo8aHbL memnepamypHbvle 308UCUMOCMU CMPYKMYPHOU 8s3KOCMU pacmeo-
pos mepmonanacmuuHslx [19Y. YcmaHoeneHo, umo ece pacmaeopsbl. umernm MUHUMATbHYO
GHOMONUIO 8513KOCMU, NPU IMOM BENUUUHA 102APUPMA 8513KOCMU 3A8UCUM OM XUMUUECKO20
cocmasa u cmpykmypusl ucxooHvlx I10Y. YemaroeneHo, umo aHOMANUS 8513KOCMU pACMEopo8s
IIBY moxkem 6bimb CHUIKEHA NpU NO8bLULEHUU memnepamypbl.

Bbreoost. HccnedogaHue XUMUUECK020 coOCmasa, CmpyKkmypbl, mepMudecKux U peooauue-
CKUX xapakmepucmuk mepmonaacmuuHslx [19Y ¢ nosuyuu ux cpasHeHusl U conocmasJe-
HUSL ¢ WUPOKO NPUMEHSeMbIMU ONsL NPOU3B00CMBA 80/0KHUCMO-NOPUCMbLX MAMepuUalos U
nokpeimuil pacmeopos I19Y mapox Cannper LQ-E-6 u Bumyp P 0112 no3gossiem npo2Ho3u-
posamb 803MOIKHOCMb UX UCNONBL308AHUSL O/l NPOU3BOOCMEA MAMEPUANLO8 U NOKPbLMUL ¢
3apaHee 3a00HHOT cmpyKkmypoll U KOMNIeKCoM ceolicme 8 3agucumocmu om mpebosaHuil u
yenosull sakcnayamayuu 20moesblx U30enul.

Knroueevle cnoea: mepmoniacmuuHble NOAUIPUPYPemaHsbl, pPaAcCmeopbl NOAUMEPOS,
noauMmepHbvle NIeHKU, peosioeuuecKue ceoticmeaa
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INTRODUCTION

According to classical concepts, poly(ether urethane)
(PEU) products, including flexible polymeric
materials and coatings based on them, can be obtained
from solutions either by fixing the shape by
removing the solvent during the drying process or
by phase separation in a non-solvent medium.
At the same time, the structure of the material and
its properties are largely determined by the chemical
composition of the initial PEUs, as well as the nature
of the structure formation of the solution, depending
on the type of solvent used, its thermodynamic

compatibility with the polymer, etc. This constitutes
the theoretical basis for obtaining fibrous-porous
polymer composite materials having a predictable
structure and a set of operational properties.
Approaches have been developed for the
targeted modification of PEU solutions in order to
create synthetic leather with improved performance
properties'> [1]. Results of a study into the
production of nanofibrous medical materials by
electrospinning from PEU solutions were presented
in [2, 3]. Fibrous-porous composites based on
polyurethanes have been obtained for the creation
of cell scaffold-type matrices [4]. The structure, as

! Bokova E.S. Physicochemical bases and technology of modification of polymer solutions in the production of fibrous-porous
materials. Dr. Sci. Thesis (Eng.). Moscow: MGUDT. 2007. 467 p. https://new-disser.ru/_avtoreferats/01003409553.pdf

2 Grondkovski M. Modifikatsiya poliuretanovykh sistem gidrolizatami kollagena dlya sozdaniya iskusstvennykh kozh s
uluchshennymi gigienicheskimi svoistvami (Modification of polyurethane systems with collagen hydrolysates to create artificial
leathers with improved hygienic properties). Cand. Sci. Thesis (Eng.). Moscow: MTILP; 1990. 244 p. (in Russ.).
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well as physicomechanical, optical and a number
of other indicators of the performance properties of
thermoplastic PEUs have been studied in order to
create innovative materials by extrusion and
3D printing [3, 5-7]. The creation of protective
coatings based on PEUs with a controlled hydrophilic-
hydrophobic balance is thesubject of research in [8—10].
In this research, known approaches to the processing
of PEU solutions and their directed modification
are used in relation to thermoplastic PEUs of Russian
and foreign production.

EXPERIMENTAL

The following PEU brands were used as objects of
study in the work:

— ViturTM-1413-85(NPF Vitur,Vladimir,Russia)—
product of the interaction of 4,4’-diphenylmethane
diisocyanate and polyethylene butylene glycol adipate at
a ratio of NCO:OH equal to 1:1 obtained by one-stage
synthesis; weight average molecular weight (WAMW)
is 40000;

— Vitur TM-0533-90 (NPF Vitur)—product of
the interaction of 4,4'-diphenylmethane diisocyanate
and polyoxytetramethylene glycol, at a ratio of
NCO:OH groups equal to 1:1, obtained by a one-stage
synthesis; WAMW is 40000;

— TPU-2 (NPF Vitur)—product obtained in a one-
stage method based on polyethylene glycol adipate,
diphenylmethane diisocyanate and 1,4-butanediol at
aratio of NCO:OH equal to 1:1; WAMW is 4800;

— Vitur TM-0333-95 (NPF Vitur)—product of
the interaction of 4,4'-diphenylmethane diisocyanate
and polyoxytetramethylene glycol, at a ratio of
NCO:OH groups equal to 1:1, obtained by a one-stage
synthesis; WAMW is 4400;

— Desmopan® 385 S (Covestro AG, Leverkusen,
Germany)—product of  the interaction of
4,4'-diphenylmethane diisocyanate and polyethylene
butylene glycol adipate, obtained by a one-stage
synthesis at a ratio of NCO:OH equal to 1:1; WAMW
is 5700;

— Desmopan® 9873 (Covestro AG, Leverkusen,
Germany)—product obtained by a one-stage synthesis
based on 4,4'-diphenylmethane diisocyanate and
polyoxytetramethylene glycol, at a ratio of NCO:OH
groups equal to 1:1; WAMW is 4500.

For the purposes of comparison, we used
Sanpren LQ-E-6 PEU (Sanyo Chemical, Japan),
synthesized in the form of a 30% solution in
dimethylformamide and traditionally used to obtain
highly porous materials and coatings. PEU was
obtained by a two-stage synthesis based on polyethylene
glycol adipate and diphenylmethane diisocyanate
at a ratio of NCO:OH equal to 4:1; WAMW is 25000.

Based on the recipe features of the synthesis
of polyurethanes, the composition and properties of
finished products primarily depend on the nature and
type of polyesters, diisocyanates and chain extenders
used. According to the data given in [11], in the synthesis
of polyurethanes, possible variations for obtaining
products with different ratios of flexible and rigid
blocks (index NCO/OH) include regulating the length
of the rigid segment, as well as changing the
flexibility of the linear part macromolecules through
the use of highly flexible polyethers or polyesters
with medium or low flexibility.

In the present work, the PEU composition
was studied using the Fourier-transform infrared
spectroscopy (FTIR) method in combination with
the multiple frustrated total internal reflection on an
IFS-113V  IR-Fourier spectrophotometer (Bruker,
Germany), as well as by differential scanning
calorimetry (DSC) using a TA 3000 heat flux
calorimeter (Metler, Switzerland). The viscosity of
PEU solutions was determined on a rotational
viscometer RN4.1 SE (Rheotest, Germany).

RESULTS AND DISCUSSION

The spectral analysis (Fig. 1), which demonstrates
the almost complete identity of the PEUs synthesized
from the same 4,4'-diphenylmethane diisocyanate,
can be wused to identify the main absorption
bands characteristic of the functional groups that
make up the PEUs. Thus, the interval 3328-3331 cm
corresponds to  stretching vibrations of NH
groups, while the absorption band in the range
1800-1728 cm™' is characteristic of stretching
vibrations of the C=0O group. The absorption
interval characteristic of the stretching vibrations
of the ether group lies in the range from 1300 to
1500 cm™. The presence of an absorption band
in the region of 2800-3200 cm™ is characteristic of
stretching vibrations of C-H bonds, while a narrow
absorption range of 1450-1460 cm™ is responsible
for the phenyl radical in 4,4'-diphenylmethane
diisocyanate.

According to [12], the absorption band in
the region of 1740 cm™ is characteristic of the
urethane group, which is free from the formation
of hydrogen bonds (both in the NH and CO groups),
while the absorption bands in the range from
1702 to 1730 cm™ correlate with the vibrations
of urethane groups included in hydrogen bonds
differing in energy. In the studied PEUs of the Vitur
and Desmopan® brands, as well as Sanpren, clearly
pronounced absorption bands characteristic of
urethane groups involved in the formation of
hydrogen bonds are clearly visible in the region
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Fig. 1. Infrared spectra of films based on solutions of polyesterurethane brands:
(1) Vitur TM-0333-95; (2) Vitur TM-1413-85; (3) Desmopan® 385 S; (4) Desmopan® 9873; (5) TPU-2;
(6) Vitur TM-0533-90; (7) Sanpren LQ-E-6.

from 1702 to 1730 cm™ as consistent with the data
of [11], in which the object of study was a PEU based
on 4,4'-diphenylmethane diisocyanate.

The presence of hydrogen bonds in PEUs
predetermines the energy density of cohesion, i.e.,
the strength of intermolecular interaction, which
in turn affects the melting point of PEUs. Thus, it
was demonstrated in [11] that the intramolecular
approach of the NH group, which is a proton
donor, and the CO group, which is an acceptor,
occurs more easily if the number of carbon atoms in
two neighboring diisocyanate residues is even. On
this basis, if n and m are odd, the convergence of
the NH and CO groups is insufficient, the PEU has
an irregular structure, the intermolecular interaction
will be weaker, and, consequently, the melting point
will be lower.

In the studied PEUSs, the diisocyanate has an even
number of carbon atoms, which creates more favorable
conditions for the formation of hydrogen bonds and
should lead to an increase in the melting point.

Figure 2 shows the temperature transitions of
the studied PEUs, determined by the DSC method.

From the analysis of DSC curves, all PEUs
under study can be seen to have high melting points
ranging from 159 to 215°C. At the same time, as

obtained on the basis of simple oligoesters, there is
a single endo peak characterizing the melting of
the crystalline part polymer on the thermograms of
PEU brands Desmopan® 9873, Vitur TM-0333-95,
Vitur TM-0533-90 (Fig. 3, curves 1, 4, 6).

In PEUs obtained on the basis of polyesters of
the Desmopan® 385 S, TPU-2, Vitur TM-1413-85,
and Sanpren LQ-E-6 brands, crystallization is
poorer due to the greater rigidity of macromolecules
and greater intermolecular interaction; here, since
crystallites with different degrees of defectiveness
are formed, whose melting occurs in a different
temperature range, two endo peaks are present
on the DSC curves melting (Fig. 2, curves 2, 3, 5, 7).

Such PEU behavior corresponds to the data [13],
where, by studying the temperature transitions in
PEUs of the Perlon U brand, the authors demonstrated
that less perfect (more defective) crystalline
formations melt at a lower temperature than less
defective ones. Additionally, the presence of two
melting ranges in PEUs based on polyesters can
be explained by more favorable conditions for the
formation of hydrogen bonds, which results in the
initial destruction of the associates stabilized by
H-bonds followed by the melting of the crystalline
part of the polymer.
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Fig. 2. Differential scanning calorimetry curves of films made of polyesterurethane: (1) Desmopan® 9873;
(2) Desmopan® 385 S; (3) TPU-2; (4) Vitur TM-0333-95; (5) Vitur TM-1413-85; (6) Vitur TM-0533-90; (7) Sanpren LQ-E-6.

Based on the classical concepts of the chemical
composition of PEUs, as well as numerous experimental
studies of the reactions occurring during its
synthesis®, linear and spatially cross-linked PEUs
include urethane, urea, ether, and ester groups
[11], which affect the processes of its processing
(dissolution, melting), as well as the structure of
the properties of finished products.

PEUs synthesized in the form of concentrated
polymer solutions in dimethylformamide (DMF)
are traditionally used for the production of fibrous-
porous polymer composite materials and coatings.
Thermoplastic PEUs used in the present work to
solve similar problems related to the possibility of
fiber and film formation were converted into a fluid
state by dissolving in DMF.

One of the indicators that depends on the
chemical composition of the polymer, characterizes
its  thermodynamic affinity for the solvent,

3 Grondkovski M. Modifikatsiya poliuretanovykh sistem
gidrolizatami kollagena dlya sozdaniya iskusstvennykh kozh
s uluchshennymi gigienicheskimi svoistvami (Modification
of polyurethane systems with collagen hydrolysates to create
artificial leathers with improved hygienic properties). Cand.
Sci. Thesis (Eng.). Moscow: MTILP; 1990. 244 p. (in Russ.).

predetermines the processes of structure formation
in solutions and the technological features of
their processing into finished products, is structural
viscosity.

In this work, the structural viscosity of PEU
solutions was determined on a rotational viscometer.
The concentration of the studied solutions (C, %)
was 15%; the temperatures (7, °C) of the experiment
were 20 £ 2°C and 50 £ 2°C (Figs. 3 and 4).

From the analysis of the viscosity curves in
the range of shear rates under study, most solutions
exhibit the behavior of Newtonian fluids without
the effect of the viscosity anomaly characteristic
of structured polymer systems. At the same time,
for PEU grades TPU-2 and Desmopan® 9873
(Fig. 3, curves 4, 5), more hydrogen bonds break at higher
shear in the shear rate range from 2 to 3 s

The viscosity values of PEU grades Vitur TM-0533-90,
TPU-2, and Sanpren LQ-E-6 (Fig. 3, curves 1, 3, 4) lie
in the region of higher values than those of other
grades of PEUs. According to the literature data [13],
the flexibility of the chain of PEU macromolecules is
determined by the properties of the oligoester block.
Based on the data on internal rotation in organic molecules
[13], it can be argued that internal rotation around
the C-O bond is facilitated compared to the C—C bond.
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Thus, it can be assumed that PEUs having heterobonds
in the form of an ether group in macromolecules will
have greater chain flexibility. Therefore, in PEU solutions
based on oligoesters (Desmopan® 9873, Vitur TM-0333-95,
Vitur TM-0533-90), the hydrodynamic radius of
macromolecular coils will be smaller, and, consequently,
the structural viscosity will be lower, as confirmed by
the data in Figs. 3 and 4.

However, PEU brand Vitur TM-0533-90, synthesized
on the basis of a simple oligoester, has viscosity values
almost an order of magnitude higher than those of other
brands of PEUs, which also contain blocks based on

lgn,Pa-s

polyethers  (Vitur TM-0333-95, Desmopan® 9873).
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Fig. 3. Viscosity of shear rate dependence
for polyesterurethane solutions of the brand:
(1) Vitur TM-0533-90; (2) Vitur TM-1413-85;
(3) Sanpren LQ-E-6; (4) TPU-2; (5) Desmopan® 9873;
(6) Desmopan® 385 S; (7) Vitur TM-0333-95.
C =15%; T'=20+2°C.

solution

0.5 1.0 1.5 2.0 2.5 3.0

gy, s

Fig. 4. Viscosity of shear rate dependence
for polyesterurethane solutions of the brand:
(1) Vitur TM-0533-90; (2) Vitur TM-1413-85;
(3) Sanpren LQ-E-6; (4) TPU-2; (5) Desmopan® 9873;
(6) Desmopan® 385 S; (7) Vitur TM-0333-95.
C =15%; T'=50+2°C.

solution

Apparently, this is due to the WAMW of Vitur TM-0533-90
(40000), while the WAMW of Vitur TM-0333-95
and Desmopan® 9873 is equal to 4400 and 4500,
respectively. Despite the fact that NCO/OH index is 1:1
for all studied grades of PEUs, the higher molecular
weight of Vitur TM-0333-90 leads to an increase in
viscosity due to the presence of closely spaced polar
groups in the polymer chain as compared to low
molecular weight grades of PEU Vitur TM-0333-95
and Desmopan® 9873.

Viscosity values for PEU grades Vitur TM-1413-85
and Desmopan® 385 S, synthesized on the basis of
oligoesters, are almost an order of magnitude lower than
those for PEU grades TPU-2 and Sanpren LQ-E-6, which
are also obtained on the basis of adipic acid polyesters.
According to [11], polyurethanes with more methyl groups
in the oligoester block comprise a more flexible chain,
since strongly interacting polar groups will be separated
by methyl units, whose rotation is not hindered. Therefore,
PEU grades Vitur TM-1413-85 and Desmopan® 385 S,
which are synthesized from polyethylene butylene
glycol adipate oligoester, have a greater chain flexibility
than PEU grades TPU-2 and Sanpren LQ-E-6, which
have a more rigid-chain polyethylene glycol adipate. As
a result, PEU solutions of the Vitur TM-1413-85 and
Desmopan® 385 S brands have a lower viscosity, even
though the molecular weight, for example, of TPU-2 PEU
is significantly lower than that of Vitur TM-1413-85.

The structural viscosity values can be expected to
be inversely related to the temperature of the PEU
solution: an increase in temperature leads to a twofold
decrease in viscosity, as well as eliminating the effect
of its anomaly.

CONCLUSIONS

In this research, Russian and foreign various
brands of thermoplastic PEUs in the form of solutions
in DMF are studied to investigate the possibility
of their use in the production of fibrous-porous
composite materials and coatings.

The chemical composition of PEUs and the nature
of the formation of hydrogen bonds were studied
using FTIR with multiple frustrated total internal
reflection. The temperature transitions and thermal
stability of the PEUs under study were determined by
DSC. The influence of the ratio of rigid and
flexible blocks on the melting temperatures of
polymers, as well that due to the nature of hydrogen
bonds, is demonstrated.

The rheological characteristics of thermoplastic
PEU solutions have been studied. It has been
established that all solutions have a minimum
anomaly in viscosity, while the value of the logarithm
of viscosity depends on the chemical composition
and structure of the initial PEUs.
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The possibility of using thermoplastic PEUs
in the production of materials and coatings with
a predetermined structure and a set of properties
depending on the requirements and operating
conditions of finished products has been confirmed
by comparing their chemical composition, structure,
thermal and rheological characteristics with PEU
solutions of Sanpren LQ-E-6 and Vitur R 0112 grades
widely used in the production of fibrous-porous
materials and coatings.
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