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Abstract. Polyurethane-polypropylene  oxide block  copolymers
containing fragments of an adduct capable of self-healing by the Diels-
Alder reaction mechanism have been synthesized and studied for the first
time. All obtained polyurethane copolymers were characterized by IR
spectroscopy. The temperature transitions and thermal stability of
copolymer melts were determined by using the methods of differential
scanning calorimetry and thermogravimetric analysis. The self-healing
effect was confirmed using a thermal cycling procedure on pre-damaged
samples of modified polyurethanes and surface morphology studies. The
perspective of the work begun on the creation of self-healing protective
polyurethane coatings are shown.

1 Introduction

Polymer composite materials have found wide application in various fields due to their
outstanding performance properties, a well-developed theory of interaction between fiber
and matrix, and the ability to adjust properties to various requirements, such as ensuring the
minimum mass of structures, maximum strength and rigidity, reliability and durability [1-
3]. The active introduction of carbon composites and glass composites into modern
production of science-intensive products requires the development of protective coatings
that prolong the service life of products based on them [4-8]. However, in order to protect
carbon-reinforced and glass-reinforced composite products and structures, it is necessary to
create specialized polyurethanes that would have high mechanical properties, barrier
properties to water vapor and aggressive aqueous solutions, and would also have the ability
to self-repair defects that occur during their operation [9-11]. Polyurethane coatings are one
of the leaders in the market of protective coatings; they are widely used in the automotive
and aviation industries, to protect pipes of gas and oil pipelines, as protective and chemical-
resistant paints and varnishes [12-14]. The choice of these types of materials is related to
their barrier and adhesive properties, which makes it possible to use polyurethanes as
protective coatings for many materials [15, 16]. Polyurethanes based on polyethers,
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aromatic diisocyanates, and diols modified by the Diels-Alder reaction are characterized by
a unique combination of high strength and hardness with elasticity, the ability to self-heal
cracks, wear resistance, and other useful characteristics [17] This specificity of
polyurethanes is due to their multiblock structure, the presence of reversible covalent
interactions, as well as a high concentration of urethane and other polar groups that form
strong bonds of chemical and physical nature in the system [18].

In this work, new self-healing polyurethane (PU) block copolymers with a block ratio of
60:40 and 50:50 wt. % based on domestically produced polyether Polypropylene oxide
2000 (PPO-2000) and an adduct containing dynamic covalent bonds were obtained for
further use as protective coatings for carbon and glass fiber-reinforced composites.

2 Experimental

2.1 Reagents and methods

Furfuryl alcohol (99.5%) ("Acros") and 1,4-BDO ("Component-reaktiv") were purchased
and purified by vacuum distillation. Toluene diisocyanate (TDI) (toluene-2,4-diisocyanate,
80%, "Aldrich") and adduct of diphenylmethane-bismaleimide with furfuryl alcohol
(BMFA) (1,10-(methylenedioxy 1,4-phenylene)bismaleimide, 95%, "Aldrich") [19] were
used as received. Polypropylene oxide (PPO) ("Laprol 2000", "Macromer") was purchased
and dried under vacuum at 110 °C prior to use. Dimethylformamide (DMF) (N,N-
dimethylformamide, "Acros") was distilled before use.

ATI-FTIR was performed on Nicolet iS10 spectrometer in the range of 4000 to 650 cm™!
on germanium crystal. The thermal behavior was examined by DSC, with a NETZH DSC
204 F1 Phoenix within a temperature range of -80 to 160 °C at heating/cooling rates of 10
K min'! in argon atmosphere. A sample weight of about 10-16 mg was used for the
measurements. Thermogravimetric analysis (TGA) was performed on NETZH TG 209 F1
Libra within a temperature range of 30 to 550 °C at heating/cooling rate of 10 K min™' in
argon atmosphere. The dynamics of the polymer film healing process was monitored using
a Phenom Pro X scanning electron microscope (SEM) (accelerating voltage, 15 kV) before
and after the healing process.

2.2 Synthesis and characterization

2.2.1 Synthesis of PU-PPO2000-AD (60:40 wt.%) (PU-1)

1,4-BDO (1.364 g, 15.16 mmol), Polypropylene oxide 2000 (3.680 g, 1.84 mmol) and
DABCO catalyst (0.060 g, 0.54 mmol) was added to a two-necked flask under argon flow,
then DMF (10 ml) was added, and the solution was stirred for 30 minutes for complete
homogenization. Then, an excess of the TDI (3.434 g, 19.74 mmol) was added to the flask
in a counterflow of argon, and the solution was stirred at room temperature for 2 hours. At
the second stage, the solution of the BMFA adduct (1.522 g, 2.74 mmol) in DMF (5 ml)
was added to the reaction mixture and stirred at 25°C for 3 hours. The progress of the
reaction was monitored by IR spectroscopy (disappearance of the N=C=0O band at 2277 cm"
. The polymer solution was poured into a Petri dish preliminarily coated with an
antiadhesive layer and dried at 70°C for 72 hours.
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2.2.2 Synthesis of PU-PPO2000-AD (50:50 wt.%) (PU-2)

1,4-BDO (1.023 g, 11.35 mmol), Polypropylene oxide 2000 (4.599 g, 2.29 mmol) and
DABCO catalyst (0.060 g, 0.54 mmol.) were added to a two-necked flask under argon flow,
then DMF (10 ml) was added and stirred solution for 30 minutes for complete
homogenization. Then, an excess of the TDI (2.856 g, 16.39 mmol) was added to the flask
in a counterflow of argon, and the solution was stirred at room temperature for 2 hours. At
the second stage, the solution of the BMFA adduct (1.522 g, 2.74 mmol) in DMF (5 ml)
was added to the reaction mixture and stirred at 25°C for 3 hours. The progress of the
reaction was monitored by IR spectroscopy (disappearance of the N=C=0O band at 2277
cm-1). The polymer solution was poured into a Petri dish preliminarily coated with an
antiadhesive layer and dried at 70°C for 72 hours.

Synthetic approach of the self-healing polyurethane PU-PPO2000-AD showed in Figure
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Fig. 1. Synthetic process of polyurethane copolymers PU-PPO2000-AD.

3 Results and discussion

3.1 Characterization of PU-DA

Structure of the obtained polyurethane was characterized by FTIR spectroscopy.
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Fig. 2. IR-spectra of PU-1 (solid line) and PU-2 (dashed line).

The FTIR spectra of the PU-PPO2000-AD samples are shown in Figure 2. The
appearance of the weak band at 1776 cm™' in the polymer spectrum confirms the formation
of a DA adduct [20, 21]. The C-O band was observed in the range of 1000-1100 cm™' in
the spectra of both samples which refers to the polyether component of the obtained
polymer. The presence of the band at 1706 cm™' corresponds to vibrations of the C=0
group of the urethane bond [22].

The thermal stability of PU-PPO2000-AD was studied by the TGA (Figure 3): all
polyurethanes synthesized in this work have typical two-stage degradation. The first stage
of decomposition refers to the hard segments of PU: the reverse Diels—Alder reaction
proceeds with the formation of furanurethane and bismaleimide, followed by further
decomposition of the hard phase [23, 24]. Samples PU-1 and PU-2 showed approximately
the same mass loss by 40% and 35% in the range of 260-360°C at the first stage of
decomposition. Next, the second degradation step, caused by the soft segments, in the range
of 370-450°C with a weight loss of 40% (PU-1) and 50% (PU-2) [23, 24].

Thermal properties and reversibility of DA bonds were studied by DSC (Figure 4). The
first heating curve (solid line) of the polymers demonstrated two endothermic peaks: at 100
and 132°C for samples PU-1 and PU-2 which can be attributed to rDA cleavage of endo-
and exo-isomers, respectively [25]. However, the second heating curve (dashed line)
showed two effects characteristic of endo- and exo-isomers, which indicated that the rDA
reaction did not proceed completely: the DA reaction did not occur on the cooling curves.
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Fig. 3. TGA curve of PU-1 and PU-2
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Fig. 4. DSC curves of PU-1 and PU-2.

3.2 Self-healing efficiency

To study the self-healing ability the samples were damaged in the middle with a blade.
Damaged samples were subjected to thermal treatment: 1 h at 100 °C and 48 h at 60 °C.
SEM-images were obtained before and after the healing process (Figure 5). It is obvious,
that partial healing of defects is observed in the case of samples PU-1 and PU-2.
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Fig. 5. SEM-images of PU-1 and PU-2

4 Conclusion

Polyurethane-polypropylene oxide block copolymers containing fragments of an adduct
capable of self-healing by the Diels-Alder reaction mechanism have been synthesized and
studied for the first time. It was found that they have the effect of self-healing of defects
when film samples are heated according to the regime of 1 hour at 100°C and 48 hours at
60°C. The perspective of the work begun on the creation of self-healing protective
polyurethane coatings are shown.

5 Acknowledgements

This work was supported by the NTI Center "Digital Materials Science: New Materials and
Substances" MSTU. N.E. Bauman.

References

1. T.-D. Ngo, Introduction to Composite Materials (2020) 10.5772/intechopen.91285.

2. V. A. Nelyub, Method for Assessing the Chemical Reaction Between Carbon Fibre and
Epoxide Binder. Fibre Chem, 47, 40-42 (2015) https://doi.org/10.1007/s10692-015-
9635-8

3. V. A. Nelyub, Technologies of production of components of electric transmission line
supports from epoxy binders by the winding method. Polym. Sci. Ser. D, 6, 44-47
(2013)

4. V. Levin, Y. Petronyuk, I. Artyukov, 1. Bukreeva, A. Malykhin, E. Longo, L.
D’Amico, K. Giannoukos, G. Tromba, Three-Dimensional Study of Polymer
Composite Destruction in the Early Stages Polymers, 15(2), 276 (2023)

5. I P. Storoshuk, N. G. Pavlukovich, A. S. Borodulin, A. N. Kalinnikov, V. M.
Alekseev, Thermoplastic Polyetherimides and Copolyimides for Heat-Resistant
Composite Materials, AIP Conference Proceedings, 2503, 060011 (2022)

6. N. L. Sidnyaev, Dynamics of Changes in the Rate and Mechanism of Destruction of a

Composite Material Based on Carbon and Ceramics. Theoretical and Mathematical
Physics, 213, 1789-1808 (2022)



E3S Web of Conferences 413, 02036 (2023) https://doi.org/10.1051/e3sconf/202341302036
INTERAGROMASH 2023

7. V. Ivanov, Application of repair composites as wear-resistant coatings, E3S Web of
Conferences, 376, 01027 (2023)

8. N. Terekhova, A. Kumashkova, M. Dyukov, Ergodesign and composite materials, E3S
Web of Conferences, 376, 01007 (2023)

9. Y. Liu, J. He, R. Yang, The preparation and properties of flame-retardant
polyisocyanurate—polyurethane foams based on two DOPO derivatives. Journal of Fire
Sciences, 34(5), 431-444 (2016)

10. D. K. Chattopadhyay, D. C. Webster, Thermal stability and flame retardancy of
polyurethanes. Prog. Polym. Sci., 34, 1068-1133 (2009)

11. T. A. Chen, R. T. Wojcik, Polyurethane Coatings for Metal and Plastic Substrates.
Metal Finishing, 98. 1010-1016 (2000)

12. J. O. Akindoyo, M. D. H. Beg, S. Ghazali, M. R. Islam, N. Jeyaratnamand, A. R.
Yuvaraj, Polyurethane types, synthesis and applications — a review. RSC Advances, 6,
114453-82 (2016)

13. M. Connolly, J. King, T. Shidaker. Pultruding Polyurethane Composite Profiles:
Practical Guidelines for Injection Box Design, Component Metering Equipment, and
Processing Composites, 15, 1101-1012 (2005)

14. E. O. Platonova, E. Vlasov, A. A. Pavlov, A. Kireynov, V. A. Nelyub, A. V.
Polezhaev, Self-healing polyurethane based on a difuranic monomer from
biorenewable source . J. Appl. Polym. Sci., 136, 47869 (2019)

15. G. Bierwagen, Next generation of aircraft coatings systems, Journal of Coatings
Technology, 73, 45-52 (2001)

16. S. H. Shoaker, Two-Component Osopolyester Urethane Coatings for Plastics. J. Coat.
Technol, 62(782), 49-55 (1990)

17. P. Krol, Synthesis Methods, Chemical Structures and Phase Structures of Linear
Polyurethanes. Properties and Applications of Linear Polyurethanes in Polyurethane
Elastomers, Copolymers and lonomers. Prog. Mater. Sci., 52(6), 915— 1015 (2007)

18. A. Kemona, M. Piotrowska, Polyurethane Recycling and Disposal: Methods and
Prospects, Polymers, 12, 10047-10067 (2020)

19. D. V. Zakharova, Z. A. Lok’yaeva, A. A. Pavlov, A. V. Polezhaev, New Chain
Extenders for Self-Healing Polymers. Key Engineering Materials, 899, 628-637 (2021)

20. C. Goussé, A. Gandini, P. Hodge, Application of the Diels—Alder Reaction to
Polymers Bearing Furan Moieties, Diels—Alder and Retro-Diels—Alder Reactions
Involving Furan Rings in Some Styrene Copolymers Macromolecules, 31, 314-21
(1998)

21. T. V. Petrova, V. L. Solodilov, V. E. Kabantseva, N. V. Karelina, A. V. Polezhaev,
Furfurylglycidyl ether: a new effective active diluent for epoxy resins from bio-
renewable raw materials IOP Conference Series: Materials Science and Engineering,
683, 012070 (2019)

22. T.Khanlari, Y. Bayat, M. Bayat, Synthesis, thermal stability and kinetic
decomposition of triblock copolymer polypropylene glycol—poly glycidyl nitrate—
polypropylene glycol (PPG-PGN-PPG) Polym. Bull., 77, 5859-5878 (2020)

23. P. Du, X. Liu, Z. Zheng, X. Wang, T. Joncheray, Y. Zhang, Synthesis and
characterization of linear self-healing polyurethane based on thermally reversible
Diels—Alder reaction. RSC Advances, 3(10) (2013)



E3S Web of Conferences 413, 02036 (2023) https://doi.org/10.1051/e3sconf/202341302036
INTERAGROMASH 2023

24. M. Séenz, J. Laza, J. Garcia-Barrasa, J. Vilas, L. Ledn, Influence of the soft segment
nature on the thermomechanical behavior of shape memory polyurethanes. Polymer
Engineering & Science, 58 (2017)

25. V. Froidevaux, M. Borne, E. Laborbe, R. Auvergne, A. Gandini, B. Boutevin, Study of
the Diels—Alder and retro-Diels—Alder reaction between furan derivatives and
maleimide for the creation of new materials RSC Advances, 5, 37742-54 (2015)



	1 Introduction
	2 Experimental
	2.1 Reagents and methods
	2.2 Synthesis and characterization
	2.2.1 Synthesis of PU-PPO2000-AD (60:40 wt.%) (PU-1)
	2.2.2 Synthesis of PU-PPO2000-AD (50:50 wt.%) (PU-2)


	3 Results and discussion
	3.1 Characterization of PU-DA
	3.2 Self-healing efficiency

	4 Conclusion
	5 Acknowledgements
	References

