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BBEJAEHHUE

INTRODUCTION

B mnHacrosimee Bpemsi pa3paboTaHO MHOTO BHAOB
MOJIUMEPOB PA3INYHON XUMHUYECKOHN CTPYKTYPHI, Ha UX
OCHOBE TIOJTy4al0T OTPOMHBIA aCCOPTUMEHT HOJINMEp-
HBIX MAaTEepPHAJIOB, YJIOBJICTBOPSIOIINX TOTPEOHOCTH
pasiauuHbBIX obOjacteld mpoMbIIDIeHHOCTH. OIHAKO
Cpenr HUX HEOOXOIMMO BBIIEIUTH MOJIMypPETaH, KOTO-
pBIii o0ecredrBaeT MOITYYeHHE TEXHWYECKH BAXKHBIX
BUJIOB MOJIMMEPHBIX MaTepuaioB [1]. OObeMbI Tpous3-
BOJICTBA IIOJIMYPETAaHOB COCTaBWIN 24,7 MIIH TOHH B
2021 romy [2]. 3a mocnenHue HECKOIBKO JIECATHICTHI
MOJIMYpETaH COBEPIICHHO 3aXBaTWJ HHAYCTPHIO TO-
KPBITUH, KIICEB, TEPMETUKOB U 3JIACTOMEPOB. DTO CBS-
3aHO C TeM, YTO MOJUYPETaH SBISIETCS €IUHCTBECHHBIM
MaTepuanaoM, KOTOPBIH 00ecrednBaeT MPEBOCXOIHOE
pa3HooOpazue (PU3MUECKUX U XMMHYECKUX CBOWCTB,
KOTOpBIE MOKHO BapbUPOBATh U aJalTHPOBAThH B COOT-
BETCTBUH C MOTPEOHOCTSAMH KOHEYHOTO MPUMEHEHHUS.
[MonuypeTan XxapakTepu3yeTcs BBICOKHMH (HU3HKO-
MEXaHUYCCKUMH M 3JICKTPOU3OJIALIMOHHBIMU CBOWCT-
BaMH, H3HOCOCTOMKOCTBIO, aAre3ue K pa3InyHbIM
MOBEPXHOCTSIM, aTMOC(epo- ¥  BOJOCTOHKOCTHIO,
YIOBJICTBOPHUTEIBHON YCTOWYMBOCTHIO B CIAOBIX KH-
CJIOoTax, ImenoyJax, pacteoputensix [3]. bmaromaps cBo-
UM XapaKTepUCTHKaM IIOUypeTaH mepepadaThIBaroT
BCEMH TEXHOJIOTHYECKUMH CII0cO0aMH: TPECCOBAHHU-
eM, IKCTpy3uel, muTheM, 3anuBkoi [4—6]. Ha ero oc-
HOBE TIOJIYYalOT pa3lIUYHbIe THITHI MAaTEPHAIIOB U H3[le-
JIMiA: HAIOJIHEHHBIE, apMUPOBaHHbIE, BCIICHEHHBIE, JIa-
MUHUPOBaHHbBIC, B BUJE JUCTOB, IUIUT, OJOKOB, IpO-
Gwuseii, BOJOKOH, IJIEHOK, MOKPBITHHA, aare3uBos [7-9].

[MonmypeTaHbl peACTaBISIOT co0OW BBICOKOMOJIE-
KYJISIpHBIC ~ COCIMHEHUS C YPETAHOBBIMH I'PYIIIAMH
—NHC(O)O— B ocHoBHO# uenu. B maxpomoiexynax
TaKkK€ MOTYT TPHUCYTCTBOBaTh IIPOCThIE 3(HPHBIE,
CII0XKHO3(UPHBIC, KapOaMUIHbIE U ApPyrue (yHKIIHO-
HaJBbHBIE TPYIIIIHL.

TpaauIOHHBIA METO]] TIOTYYCHHUS TTOTNYPETAHOB —
peaxius MOJUIPUCOCTUHCHUS MEKIY aTu(PaTHIeCKUM
WIM apOMaTHYeCKHUM H30IMaHATOM, COJEpKallluM He
MeHee JBYX PEaKIMOHHOCIIOCOOHBIX TPYIII, W OJUTO-
MEPHBIM IIOJIMOJIOM, UMEIOIIUM J[Ba U OoJiee peakiu-
OHHOCITOCOOHBIX aToMa Bojoponaa. Metoxa pa3pabotaH
Otro batiepom B 1950-x rogax u BCKOpe HCIOJB30Ba-
HUE TOJIMypeTaHa OXBATHJIO BCE OCHOBHBIE OTPACIH
MIPOMBIIIEHHOCTA U XUMHUYECKNE KOMIIAaHUHU-TUTaHTBHI,
takue kak BASF, DuPont, Dow Chemicals, Hauaau
MaccoBO€ NMPOU3BOJCTBO MPOAYKIIMU Ha OCHOBE IOJIU-
yperana [10, 11]. JlaaHbIi monuMep A0 CUX TOp IIHU-
POKO UCIIOJIB3yeTCs B TpoMBITIuIeHHOCTH [11]. OmxHako
OCHOBHOW MpOO0IeMOlN NOMYYSHHS TOJHYPETAHOB SB-
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At present, many types of polymers of var-
ious chemical structures have been developed;
on their basis, a huge range of polymeric mate-
rials is obtained that meet the needs of various
industries. However, among them it is neces-
sary to single out polyurethane, which pro-
vides the production of technically important
types of polymeric materials [1]. Polyurethane
production volumes amounted to 24.7 million
tons in 2021 [2]. Over the past few decades,
polyurethane has completely taken over the
industry of coatings, adhesives, sealants and
elastomers. This is because polyurethane is the
only material that provides an excellent variety
of physical and chemical properties that can be
varied and adapted to suit the needs of the end
application. Polyurethane is characterized by
high physical, mechanical and electrical insu-
lating properties, wear resistance, adhesion to
various surfaces, weather and water resistance,
satisfactory stability in weak acids, alkalis,
solvents [3]. Due to its characteristics, polyu-
rethane is processed by all technological
methods: pressing, extrusion, casting, pouring
[4-6]. On its basis, various types of materials
and products are obtained: filled, reinforced,
foamed, laminated, in the form of sheets,
plates, blocks, profiles, fibers, films, coatings,
adhesives [7-9].

Polyurethanes are high molecular weight
compounds with urethane groups -NHC(O)O-
in the main chain. The macromolecules may
also contain ether, ester, urea and other func-
tional groups.

The traditional method for producing poly-
urethanes is a polyaddition reaction between
an aliphatic or aromatic isocyanate containing
at least two reactive groups and an oligomeric
polyol containing two or more reactive hydro-
gen atoms. The method was developed by Otto
Bayer in the 1950s and soon the use of polyu-
rethane covered all major industries and chem-
ical giants such as BASF, DuPont, Dow
Chemicals began mass production of products
based on polyurethane [10, 11]. This polymer
is still widely used in industry [11]. However,
the main problem in the production of polyure-
thanes is the environmental aspect, since pol-
ymer precursors, isocyanates, are dangerous
for the environment and humans, and their



JISIeTCSl 9KOJIOTMYECKasi CTOPOHA, IMMOCKOJIBKY TIpeie-
CTBEHHHKH TIOJMMEpa — M30LHMAHATHl OMACHBI JJISl OK-
pyXXaromeil cpeapl M 4eJIOBeKa, a MX MPOU3BOJICTBO
OCHOBAHO Ha WCIIOJIb30BaHUU BBICOKOTOKCHYHOTO ra3a
docren [12—15]. docreH, B CBOIO odepeab, IPOU3BO-
JUTCSI C UCTIOJb30BaHUEM TOKCHYHBIX Ta30B: XJOpa H
MOHOOKcHAa yriepona. K Tomy ke BBIIENSIOMINACS
XJIOPOBOJIOPOJ TpeOyeT MPUMEHEHHS JOPOTOCTOSIIETO
CJIOXHOTO 00OPY/TOBaHMSL.

ITo >TO# MpUYKHE BO3HHUKIIA HEOOXOJMMOCTh MOUC-
Ka aJbTePHATUBHBIX IKOJOTMYECKH OE30TaCHBIX Map-
IIPYTOB TPOMBINIJICHHOTO CHHTE3a HEM30IIMaHATHBIX
nonuypetanoB. [lomyuenne skomoruueckd Oeszomac-
HBIX 0E3M30I[MaHaTHBIX KOMIOHEHTOB B JOCTaTOYHOM
Mepe ONHCaHO B HAYYHOU JIUTEpAType, MPUCYTCTBYIOT
OpWTHHAJBHBIE HCCIIEOBATEIbCKHUE DPAOOTHI M TO-
poOHbIe 0030psI 0 cuHTe3e HUITY, uccnenoBanuu ux
CBOICTB, M3Y4Y€Hbl KWHETHKA, KaTalu3 M MEXaHU3MBI
peaxIuii MpPoIEeCCOB XUMHUH «3EIIEHBIX)» MOJINYPETaHOB
[16, 17].

Cpenu OmMCaHHBIX B JIMTEpaType CIocoOOB MOMy-
YeHHs] HEW3OIMAHATHBIX TOJMYPETAaHOB HAUOOBIIYIO
MONYJISIPHOCTD IOJYYUJI CUHTE3, OCHOBAHHBIA Ha pe-
aKIIUM MOHO-, M- WIU TMOJIMIUKIOKapOOHATOB C aJlu-
¢daTngeckuMn amMuHamMH. HewsolmaHaTHEIN TONHype-
tan (HUI1Y) u3Becten 6onee 50 ner. [lepBbie maTeHTHI
Oobun monydensl B 1950-x romax. 3a mepuox 2017—
2022 rr. B JaHHOM HampaBJICHUH OBLUIN MOJTYYCHHI Ta-
TeHTHI B KonmuuecTBe Oonee 90 Thicsy. OCHOBHBIE TIa-
tenTooOnanatenu: Covestro Deutschland AG, Dow
Global Technologies Llc, Sika Technology Ag, 3M
Innovative Properties Company, Basf Se, Henkel Ag &
Co. Kgaa (cm. Tabmamiry).

production is based on the use of highly toxic
phosgene gas [12-15]. Phosgene, in turn, is
produced using toxic gases: chlorine and car-
bon monoxide. In addition, the released hy-
drogen chloride requires the use of expensive
complex equipment.

For this reason, it became necessary to
search for alternative environmentally friendly
routes for the industrial synthesis of
nonisocyanate polyurethanes. The production
of environmentally friendly isocyanate-free
components is sufficiently described in the
scientific literature, there are original research
papers and detailed reviews on the synthesis of
NIPU, the study of their properties, the kinet-
ics, catalysis and reaction mechanisms of the
processes of the chemistry of "green" polyure-
thanes have been studied [16, 17].

Among the methods described in the litera-
ture for the production of non-isocyanate pol-
yurethanes, the most popular synthesis is
based on the reaction of mono-, di-, or
polycyclocarbonates with aliphatic amines.
Non-isocyanate polyurethane (NIPU) has been
known for over 50 years. The first patents
were obtained in the 1950s. For the period
2017-2022 more than 90,000 patents have
been obtained in this direction. Major Patent
Holders: Covestro Deutschland AG, Dow
Global Technologies Llc, Sika Technology
Ag, 3M Innovative Properties Company, Basf
Se, Henkel Ag & Co. Kgaa (see the table).

Tabmuna / Table

Crucok marenToB / List of patents

Sieges dAutomobile SA
Faurecia Interieur
Industrie SAS

IMaTent Ne /
[Mpuopwuret (rosm) Sansurens(k1)/ Haszanue

Ne P N3o6peraTesb(bl)

Patent No. / Applicant(s)/Inventor(s) Name

Priority (year) PP
1 2 3 4
1 | EP3199569B1/ M. Lauth, R. Miilhaupt, Hewu3solranatHbie IEHOMIOINYPETAHBI
2016 H. Blattmann / Faurecia

Non isocyanate polyurethane foams

2 | US20170081274A1
/2017

P. Kudryavtsev,

O. Figovsky / Lifschitz
Yakov Mark Nanotech
Industries Inc

Crioco0 nosydeHus pacTBOPUMBIX CHIIHKA-
TOB C OpPraHMYECKUMHU KaTHOHAMH

Method of producing soluble silicates with
organic cations




IIponomkenne TaOIHIIBI
Table (continued)

1 2 3 4
3| CA2767784C/ Birukov O. Etal. / Hybrid | Cmoco6 mosmydeHust THOPHIHOM TONTUTH -
2018 coatings Canada Inc POKCHUYPETaHOBOM CETKU Ha OCHOBE Kap0o-
Polymate Ltd Nanotech HU3UPOBAHHO-3TIOKCUINPOBAHHBIX TPHUIJIU-
Industries Inc [EPUIOB HEHACHIIIEHHBIX )KUPHBIX KHUCIOT
Method of producing hybrid
polyhydroxyurethane network on a base of
carbonated-epoxidized unsaturated fatty ac-
id triglycerides
4 | US20200231454A1 | Jan-Erik Otterstedt / MertannoconepKaiiie CoCTaBbl
/2018 Prebona AB Metal containing formulations
S | EP3755740A1/ Drew V. Speer, Yue Sun/ | Cmoco0 u penientypa meHsl, He CofeprKa-
2018 Cryovac LLC IeH U301IUaHATOB, C UCTIOJIH30BAHUEM XH-
MUH TIOJIHYpETaHa, He COAEPIKAIIETO H30-
[[MaHATOB
Method and formulation for an isocyanate-
free foam using isocyanate-free polyure-
thane chemistry
6 | PL230456B1/ Marcin Wioch, Janusz Crioco0 nosyueHust HeM30I[HaHATHBIX T10-
2018 Datta JUTUAPOKCHYPETAHOB U HEM30LMAHATHBIX
MOJIUTHAPOKCUYPETAHTOKCH/IOB
Method for obtaining non-isocyanate
polyhydroxyurethanes and non-isocyanate
polyhydroxyurethane-epoxides
7 | EP3320014A1/ F. Fleischhaker et al. / OtBepxIaeMbie KOMITO3HITHH
2018 BASF SE
Curable compositions
8 | RU2683320C1/ V.B. Obukhova, G.N. JIBOMHOM MONKCUIAKAT IIEJTOYHOrO METAJI-
2018 Pesternikov / JIa ¥ OPraHMYeCKOro OCHOBAHHSI
Khimunivers LLC
Double polycylacate of alkali metal and or-
ganic base
9 | JP6453888B2/ Institut Polytechnique de 5-ujIeHHBIN [TUKI0ONKAPOOHAT C AMUIHBIMH
2019 Bordeaux CBSI3YIOIUMH TPYIIIAMU, HX MOJTyYCHUE U
MNPUMCHCHUE 1JId MOJYUYCHHS TOJIMMEPOB
5-membered ring biscarbonates with amide
linking groups, their preparation and their
use for the preparation of polymers
10| US20220195117A1 | C.D. Jean-Michel etal./ | CamoBocmiaMeHstommecs
/2019 Universite de Liege MICHOTIOJIMYPETaHbl €3 U30IHAaHATOB
(ULG) Self-blowing isocyanate-free polyurethane
foams
11| CA3119870A1/ X. Wang et al. / Wanhua VoHHBIH BOAHBIA STIOKCUIHBINA OTBEPAM-
2019 Chemical Group Co Ltd TeJlb, CII0CO0 ero MPUrOTOBIEHUS U €ro

Wanhua Chemical Ning-
bo Co Ltd

[IpUMEHEHNE

lonic aqueous epoxy curing agent, prepara-
tion method therefor and use thereof



https://patents.google.com/patent/EP3320014A1/en?q=Method+of+producing+hybrid+polyhydroxyurethane+network+base+of+carbonated-epoxidized+unsaturated+fatty+acid+triglycerides&assignee=Polymate%2c+Ltd.&sort=new&dups=language&clustered=true
https://patents.google.com/?inventor=Friederike+Fleischhaker&sort=new&dups=language&clustered=true

IIponomkenne TaOIHIIBI
Table (continued)

1 2 3 4
12| AU2016272843B2 | Cytec Engineered Materi- | KoMIo3uIuu 13 SIIOKCHAHBIX CMOJI OBICT-
/2019 als Ltd pOro OTBEPXKICHUS
Fast cure epoxy resin compositions
13| JP2019525975A / J— oI etal W OHHBIH KUK OTBEPIUTEND IS OTBEP-
2019 /Eevonik Operations JKIICHUS] TP KOMHATHON TeMIIepaType
GMBH
Room temperature ionic liquid curing agent
14| EP3680270A1/ G.A. Vedage et al. / MoHOaTKHINPOBaHHBIC JUAMHUHBI TS
2020 Evonik Operations SIOKCHIHBIX COCTaBOB: HOBEIE OTBEPIUTE-
GMBH JIN TS DTIOKCHUIHBIX CUCTEM
Mono-alkylated diamines for epoxy formu-
lations: novel curing agents for epoxy sys-
tems
15| EP2433985B1/ I. S. Corley et al. / Hexion | VcosepieHcTBOBaHHEIE SIIOKCUIHBIE CHC-
2020 Research Belgium SA TEMBI JIJIsI KOMIIO3UTOB
Improved epoxy systems for composites
16| CN106164125B/ C-5/R¥n-#bk8) /Sika | AMuUHBI Ha OCHOBE (pypaHa B KAYECTBE OT-
2020 Technology AG BEPAUTENCH JJI STTOKCUIHBIX CMOJI C HU3-
KHUM COACPIKAHUEM JICTYUHUX OPIraHNnYCCKHUX
COETMHEHUI
Furan-based amines as curing agents for
epoxy resins in low voc applications
17| EP3755740A1/ Drew V. Speer, Yue Sun/ | Cmocob u penientypa ImeHsl, He CozeprKa-
2020 Cryovac LLC III€H U301[MAaHATOB, C HCII0JIb30BAHUEM XHU-
MUH MTOJINypETaHa, He COJePIKaIero u30-
[IHAHATOB
Method and formulation for an isocyanate-
free foam using isocyanate-free polyure-
thane chemistry
18| EP3532526B1/ L. Gehringer et al. / KoMmo3umus u3 3I0KCHUIHON CMOJIBI OBICT-
2020 Reichhold As POTO OTBEPXKICHHUS JJIsl BOJIOKHUCTO-
MaTpUYHBIX MOTYy(HabpUKaTOB
Rapid curing epoxy-resin composition for
fiber-matrix semifinished products
19| KR102205915B1/ =3 0|0}l etc Komro3uiusg u3 310KCUAHON CMOJIBI IS
2021 BOJIOKHHUCTO-MaTPUYHBIX MOTyPadpruKaToB
Epoxide resin composition for fiber-matrix
semifinished products
20| CN113698578A/ HERKiE Croco6 NpUroTOBJIECHUS U HAHECEHUS]
2021 SMOKCHUTHOTO OTBEPAUTEIS U3 KapaHoJa

Ha BOJHOU OCHOBE

Preparation method and application of wa-
ter-based cardanol epoxy curing agent
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https://patents.google.com/patent/JP2019525975A/en?q=Method+of+producing+hybrid+polyhydroxyurethane+network+base+of+carbonated-epoxidized+unsaturated+fatty+acid+triglycerides&assignee=Polymate%2c+Ltd.&sort=new&dups=language&clustered=true
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https://patents.google.com/?inventor=Gamini+Ananda+Vedage&sort=new&dups=language&clustered=true
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HI/IKHOaJ'II/I(I)aTI/I‘ICCKI/IC aMHUHBI JJIA 3IIOK-
CHJIHBIX KOMITIO3UIIMI: HOBBIN OTBCPAUTECIIb
JJIs1 SITIOKCUJIHBIX CHCTEM

Cycloaliphatic amines for epoxy formula-
tions: a novel curing agent for epoxy sys-
tems

22| AU2017349047B2
/2022

L. Gehringeretal. /
Reichhold As

Komnoszunus u3 31oKcuIHON CMOJIBI OBICT-
POTo OTBEPXKJICHHUS VISl BOJIOKHUCTO-
MaTPUYHBIX 110Ny (HaOpUKaTOB

Rapid curing epoxy-resin composition for
fiber-matrix semifinished products

23| EP4089134A1/
2021

L. Bouteiller, L. Luiz, S.
Pensec / Centre national
de la recherche
scientifigue CNRS Sor-
bonne Universite

MonubuiupoBaHHbIE TUIABICHHEM TEPMO-
IJIACTUYHBIE TIONUYPETaHbl U coAepKalas
HUX KOMIIO3ULUS

Thermoplastic polyurethanes modified by
melting and composition containing them

24| CN114605627A /1

Fin, 211, REF,
2022

X7 1 Dalian university
of technology

BuyTpunienodeuHsiii MOIUTHAPOKCH-
amudarrdeckuii morukapOoOHAT U CII0CO0
€ro MOIy4YCHUS

In-chain polyhydroxy aliphatic polycar-
bonate and preparation method thereof

25| WO02022238341A1
/2022

L. Bouteiller, L. Luiz, S.
Pensec

MonuduiupoBaHHbIE PaCIIABOM TEPMO-
IJTACTUYHBIC TTONYPETaHbl U KOMITO3HIIHS
C UX COJepKaHHEM

Melt-modified thermoplastic polyurethanes
and composition comprising the same

IIpaktnueckoe npumenenue HUIIY Ha ocHoBe
SMOKCUIHO-AMUHHBIX KOMIIO3UIIUN U TSATUWICHHBIX
mukiokapoonaros (1K) (1,3,3-n1uokcosan-2-oHOB) B
MOKPBITHSIX, TEPMETHKAX, KJIeSX U T. JI. ObLJIO B 3HAYH-
TensHOM crenienn pazpabotano emé B CCCP O. Ou-
rosckuM, B. MuxeesbiM, B. CrporaHoBelM Hu 1p. B
1970-1990-x
rojax.

[IpobGiemoii Takke ocraercst pa3paboTka TepMope-
aKTUBHBIX MarepuanoB Ha ocHoBe HUIIY, mopnexa-
IIMX JaJbHEHIIen nepepaboTKe, MOCKOJIbKY Momepey-
HBIE CBSI3M OCIIOXHSIOT WX IepepaboTKy B pacIuiaBe.
N3roToBnenrne NOIUMEPHBIX HAHOKOMIIO3UTOB SIBJISI-
€TCs PacHpOCTPAHEHHOW CTpaTeTHEed  yIIydlIECHHs
CBOICTB MOJIUMEPHBIX MaTepuaioB. B cBs3u ¢ 3TuUM
OBLTM HMCIOJIB30BAHBI TIOMU3PUUYECKUE OIUTOMEPHEIC
cwiceckBrokcanbl (POSS) ¢ mukmmueckumu kap6o-
HAaTHBIMH KOHIIEBEIMH TPYyNIIaMH B KadeCcTBE KOBa-
JICHTHOCBSI3aHHBIX HAHOHAIIOJHUTENEH I pa3padoT-
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The practical application of NIPU based on
epoxy-amine compositions and five-membered
cyclocarbonates (CCs) (1,3,3-dioxolan-2-ones)
in coatings, sealants, adhesives, etc. was large-
ly developed back in the USSR by O.
Figovsky, V. Mikheev, V. Stroganov and oth-
ers in the 1970s-1990s.

The development of thermosetting materi-
als based on NIPU, subject to further pro-
cessing, also remains a problem, since cross-
links complicate their processing in the melt.
The fabrication of polymer nanocomposites is
a common strategy for improving the proper-
ties of polymeric materials. In this regard, pol-
yhedral oligomeric silsesquioxanes (POSS)
with cyclic carbonate end groups were used as
covalently bound nanofillers to develop PHU-
based (polyhydroxyurethanes) composites
suitable for processing [18]. The inclusion of


https://patents.google.com/patent/EP3762443A1/en?q=Method+of+producing+hybrid+polyhydroxyurethane+network+base+of+carbonated-epoxidized+unsaturated+fatty+acid+triglycerides&assignee=Polymate%2c+Ltd.&sort=new&dups=language&clustered=true
https://patents.google.com/?inventor=Pritesh+G.+PATEL&sort=new&dups=language&clustered=true
https://patents.google.com/patent/AU2017349047B2/en?q=Method+of+producing+hybrid+polyhydroxyurethane+network+base+of+carbonated-epoxidized+unsaturated+fatty+acid+triglycerides&assignee=Polymate%2c+Ltd.&sort=new&dups=language&clustered=true
https://patents.google.com/?inventor=Lionel+Gehringer&sort=new&dups=language&clustered=true

KH TPUTOJHBIX JUIS TIepepaboTKH KOMITO3HTOB Ha OC-
HoBe mojmruapokcuyperanos (III'Y) [18]. Bkiroue-
Hue POSS mpuBOAMT K MOBBILIEHHOH TEPMHYECKOH
CTa0MJIBHOCTH U 3HAYUTEILHOMY YBEIMYCHHIO MOJYIIS
Kay4JyKOMOJOOHOTO IUIATO CETOK I10 CPaBHEHHIO C
III'Y 6e3 nanmomauTens. Takre KOMIO3UTHI 3arpy3KOi
POSS 1o 10 macc. % MoxHO mepepabaTbBaTh B pac-
TUIaBe TMPH TOBBIMICHHBIX TEMIIEpaTypax HECKOJbKO
IUKIIOB 00paboTkw. [1oTHOE BOCCTAHOBICHUE CBOMCTB
JIOCTUTHYTO UCTIOJb30BaHreM HaHo4acTuil POSS.

POSS results in increased thermal stability and
a significant increase in the modulus of the
rubbery mesh plateau compared to unfilled
PHU. Such composites loading POSS up to 10
wt. % can be processed in the melt at elevated
temperatures for several processing cycles.
Full recovery of properties achieved using
POSS nanoparticles.



I'nmasa 1. 3EJIEHBIE ITPEKYPCOPbBI HUITY

Chapter 1. GREEN PRECURSORS OF NIPU

OcozHanre He0OXOANMOCTH 3aIIUTHl OKpPY KaromIeh
Cpelbl M CIPOC Ha SKOJOTMYECKH YHCTBIE MPOIYKTHI
CIOCOOCTBOBAIM PA3BUTUIO ANBTEPHATHBHBIX HEW30-
UaHATHBIX MyTeH MoiydeHus nmonumyperaHoB. Hanbo-
Jiee pacnpoCTpaHEHHbIE IMYTH TMONyYCHHs HEH30IHa-
HAaTHOrO TOJIMypeTaHa: KapOOHATHBIA IyTb, aMHUH B
KapOamaT, peakIuu KapOaMaToB, peaKIINH MOYCBHUHBI.

B HayuHoi#l nuTeparype ocoboe BHHMaHHE HcCCIe-
JoBaTeNiell M y4YEHbIX yIeNnseTcsl 3aMeHe He(TSIHbBIX
pecypcoB B KauecTBE HEBO30OHOBIAEMBIX HCTOUYHUKOB
YCTOMYMBBIM ajbTePHATUBAM. TaKod MyTb pa3BUTHUS
TUIACTMACCOBOM MPOMBIIIEHHOCTH SIBJISIETCS] Hanbouee
NEPCHEKTUBHBIM C 3KOJIOTHYECKOW TOYKH 3PEHHS.
Haunbonee u3BeCTHBIMH KOMIIAHUSMH, HMPOU3BOASIIN-
MU OHOCBIpbE JAJISl CHHTE3a MOJIMYPETaHOB, SIBISIOTCS
BASF, DuPont, Allessa, Myriant, General Mills Co.,
Covestro, Henkel Corporation and BioAmber [19].

B nacrosimee Bpems mojapisitoniee OONBIINHCTBO
MOJIMMEPOB TMOJYYal0T HA OCHOBE HE(PTEXUMHUYECKOTO
ceipbst. Okono 6% MHPOBOH romoBOM HOOBIYM HEDTH
UCIOJB3yeTcd U1 Mpou3BojAcTBa mojumepoB [20].
Bo3o0HOBIsIEMBbIE  pecypchl CIyXaT IMepPCIeKTUBHOM
3aMEHOH TpaIuLMOHHOMY HE(TSHOMY CBIPBIO B IPO-
W3BOJICTBE IOJMMEPOB U KOMIIO3UTOB, BKIOYAs 3Jia-
CTOMEpBI, TUIACTMACCHI, & TAKXKE THUAPOTEIH, THOKYIO
3NIEKTPOHUKY, cMOJbl. OHAKO KOMMEpUYECKOe MpHMe-
HEHHE OMOMOJIMMEPOB B MUPE COCTABISET TOJIBKO 1%
u3 6onee, uem 300 MiTH TOHH mosmMepoB [21, 22]. Ke-
CTKHE TPeOOBaHUS K TOJyYaeMbIM TOJIUMEPHBIM Ma-
TepruasaM OOBSICHAIOT, MOYEeMy Majlo KOMMEpPYECKU
YCHELIHBIX OHOMOIUMEPOB B HacTosiee Bpems. Jlu-
JUPYIOIIHE MO3UIMK N0 00bEeMYy MPOWU3BOJICTBA TMPH-
HajjexkaT TpeM OCHOBHBIM Omononumepam (%): PLA
—13.9, PBAT - 13.4, PE-11.8.

B ocHOBHOM MpojoIDKaroIecs UCCIeIOBaHUs CO-
CPEIOTOYEHBl Ha 3aMEHY HCKOIaeMOI'0 ChIphsi BO300-
HOBJISIEMbIMH aJIbTEPHATUBAMU Ha OCHOBE OMOMAcChl
pactenuii. B yacTHOCTH, MOHOMEpBI, TAKHE KaK JUOK-
CHJI YTJepoJia, pacTUTeNbHbIE Macia U YTrIeBObI, Tep-
NICHBI, MTOKa3aJIM OTJIUYHBIE XapaKTEPUCTHKH IJISl IIPO-
M3BOJICTBA PAa3JIMYHBIX YCTOHUYUBBIX MaTepHalOB U
MpOAYKTOB. TakuMm 00pa3oM, CYIIECTBYET IMOTpeO-
HOCTh B TIPOM3BOJICTBE BBICOKOKAUECTBEHHBIX IIOJIH-
MEpPOB M3 BO30OHOBIISIEMBIX PECYpCOB, M30eras NpH
STOM HMCTOIIEHHS 3a1acoB HEPTH U MPOOIEM C YTHIHU-
3anmeit [23, 24].
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Awareness of the need to protect the envi-
ronment and the demand for environmentally
friendly products have contributed to the de-
velopment of alternative non-isocyanate routes
to the production of polyurethanes. The most
common ways to obtain non-isocyanate polyu-
rethane: Carbonate route, amine to carbamate,
reactions of carbamates, reactions of urea.

In the scientific literature, special attention
of researchers and scientists is paid to the re-
placement of oil resources as non-renewable
sources with sustainable alternatives. This way
of development of the plastic industry is the
most promising from an environmental point
of view. The best known companies producing
biofeedstock for the synthesis of polyurethanes
are BASF, DuPont, Allessa, Myriant, General
Mills Co., Covestro, Henkel Corporation and
BioAmber [19].

Currently, the vast majority of polymers
are obtained on the basis of petrochemical raw
materials. About 6% of the world's annual oil
production is used for the production of poly-
mers [20]. Renewable resources serve as a
promising replacement for traditional petrole-
um feedstock in the production of polymers
and composites, including elastomers, plastics,
as well as hydrogels, flexible electronics, and
resins. However, the commercial use of bi-
opolymers in the world is only 1% of more
than 300 million tons of polymers [21, 22].
Strict requirements for the obtained polymeric
materials explain why there are few commer-
cially successful biopolymers at present. The
leading positions in terms of production be-
long to the three main biopolymers (%): PLA
—13.9, PBAT - 134, PE-11.8.

Much of the ongoing research is focused on
replacing fossil fuels with renewable alternatives
based on plant biomass. In particular, monomers
such as carbon dioxide, vegetable oils and car-
bohydrates, and terpenes have shown excellent
performance in the production of various sus-
tainable materials and products. Thus, there is a
need to produce high quality polymers from re-
newable resources while avoiding oil depletion
and disposal issues [23, 24].



1.1. Venexucnviii 2az

Hcnonp3oBaHue 0TpabOTaHHBIX TAPHUKOBBIX Ia30B,
BKJIIOYasl JBYOKHUCH YIJiepoja, JUIA MONyYeHHUs MOJie3-
HBIX U IIEHHBIX TOJIMMEPOB JTaBHO MPEICTABISACT HHTE-
pec s ucclieoBaTeNiel, U 3TOT XMMUYECKUH ITpoIiecc
ceifuac HaxXOOUTCA Ha MOPOre KOMMEpLHUaIu3aluu.
[Ipouecc nmo3Bomnser monyuars 30-50 % maccel moiu-
Mepa U3 YIJIEKHCIIOro rasa, a OcTalbHas 4acTh MOJIYy-
YyeHa U3 He(TH, YTO OINpenessieT SKOHOMHYECKHE U
9KOJIOTUYECKHE TpenmyInecTsa [25-27].

[Mnonepckumu paboTaMu B 3TOH 00NACTH MOXKHO
Ha3BaTh M300pereHms akagemuka O.JI. OUTOBCKOTO B
CCCP: SU 707258 Al Cnocob6 monydeHHs 3MOKCH-
nukinokapoonatueix cmon; SU 671318 Al Cooco6
HOJIYYEHUS SMOKCUIHBIX CMOJL

VYraekucislid Ta3 pacnpocTpaHeH, HETOKCHUYEH, Jie-
IIeB M YyHUBEpcalleH. SIBIAACH MapHUKOBBIM Ta30M,
YIJIEKHUCIBIN ra3 crocoOCTBYeT M3MEHEHHUIO KIIMMATa,
YTO NMPHUBOAMT K MOBBIIICHUIO YPOBHA MODS U 3KCTpe-
MaJIbHBIM TIOTOJIHBIM ycJIoBUsAM. KoHIleHTpanus yrie-
KHCJIOTO Ta3a B aTMocdepe U3-3a aHTPONOTEeHHBIX BBI-
OpocoB exeroqHo yBenuunBaercs Ha 3,9 % [28].

[TepcneKTHBHOCTh MPUMEHEHUS YTJIEKUCIIOTO ra3a
JUI TIONMMEPH3alliid B TPOMBIIUICHHBIX MaciiTabax
OYEBHIHA: TMOTEHIMAJIbHAS BO3MOXXHOCTh CHIKECHUS
KOJIMYECTBA YTIIEKHUCIIOTO ra3a B atMocdepe crocobet-
ByeT 9KOHOMHKE 3aMKHYTOT0 nukia [27, 28].

D¢ dhexTuBHOCT Mporecca CBSI3bIBAHUS YTIEKHCIIO-
ro rasa CWJIbHO 3aBHUCHUT OT IIPUMEHIEMOr0 KaTajiu3a-
Topa. B OCHOBHOM, TOMOTEHHBIH KaTanu3 o0ecreunBa-
eT ropaszzno 0osee MPOJYKTUBHOE BKIIOYCHUE TUOKCHU-
Ja yriepozna B INOJMMEPHYIO Lelb, YTO HPUBOIUT K
cOaJaHCUPOBAHHOMY COOTHOLICHHUIO SIOKCHAA U JH-
OKCHJIa Yriepojia ¥ JaerT anudaTHuecKre MmoIuKapoo-
HaTbl. HanmpoTuB, rereporeHHslil karanus tpedyer 6o-
Jiee JKeCTKUX YCJIOBHH CHHTE3a M oOecreyuBaeT HU3-
KUl ypOBEeHb MOMIIOLICHUsI yriekucoro rasa [29, 30].
OnHako B HacTofllee BpeMs METOABl HAaXOJATCS Ha
paHHell craaum paspabotku. Kommeprmanuszanus
npoliecca cBs3aHa ¢ MEePCIeKTUBHOCTHIO TPUMEHEHHUSI.
HuszkomounekynsipHbie TONMMKapOOHATHI ¢ KOHIIEBBIMU
THUIPOKCHIIBHBIMHU TPYNIAaMU WM mosnd(upkapOoHa-
Thl NPUMEHSIOTCA B KauecTBE MOJIHMOJIOB NPH NPOU3-
BojicTBe monuypeTanoB [31-33]. BricokoMonexysp-
HBbIE TIONHMKapOOHATHI YK€ HCIIOJIB3YIOTCS B KaueCTBE
CBSI3YIOLMX U PACXOAYyEMBIX MaT€pPUAJIOB. YIIydIlIeHHE
UX CBOWCTB OyJieT CIOCOOCTBOBATH PACHIMPEHHUIO WX
NPUWIOKEHUS, BKIIOYAIOIIee >KECTKHE IUIaCTMACCHI.
BaxxHoe mpenmyIiecTBO BTOPUYHOTO HCIIOJIB30BAHUS
VIJIEKHUCIIOTO Ta3a — HCIOJIb30BaHUE CYIIECTBYIONICH
UHPPACTPYKTYPHI JIs1 HEPTESXUMHIECKOTO TPOU3BO/I-
CTBO moyiuMepoB. Hampumep, mommMepu3aLuio BO3-
MOYKHO TPOBOJIUTH C HCIOJB30BAHHEM CYILECTBYIO-
HIMX PEaKTOPOB U METOJIOB 00Pa0OTKU M OYMCTKH.
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1.1. Carbon dioxide

The use of waste greenhouse gases, includ-
ing carbon dioxide, to produce useful and val-
uable polymers has long been of interest to
researchers, and this chemical process is now
on the cusp of commercialization. The process
makes it possible to obtain 30-50% of the
mass of the polymer from carbon dioxide, and
the rest is obtained from oil, which determines
economic and environmental benefits [25-27].

The inventions of Academician O.L.
Figovsky in the USSR: SU 707258 Al Method
for producing epoxycyclocarbonate resins; SU
671318 Al Method for producing epoxy res-
ins.

Carbon dioxide is common, non-toxic,
cheap and versatile. As a greenhouse gas, car-
bon dioxide contributes to climate change,
leading to sea level rise and extreme weather.
The concentration of carbon dioxide in the
atmosphere due to anthropogenic emissions
increases annually by 3.9% [28].

The prospect of using carbon dioxide for
polymerization on an industrial scale is obvi-
ous: the potential possibility of reducing the
amount of carbon dioxide in the atmosphere
contributes to the circular economy [27, 28].

The efficiency of the carbon dioxide se-
questration process is highly dependent on the
catalyst used. In general, homogeneous cataly-
sis provides a much more productive incorpo-
ration of carbon dioxide into the polymer
chain, resulting in a balanced ratio of epoxide
and carbon dioxide and yielding aliphatic pol-
ycarbonates. On the contrary, heterogeneous
catalysis requires more stringent synthesis
conditions and provides a low level of carbon
dioxide uptake [29, 30]. However, the methods
are currently at an early stage of development.
The commercialization of the process is asso-
ciated with the prospects of application. Low
molecular weight polycarbonates with terminal
hydroxyl groups or polyester carbonates are
used as polyols in the production of polyure-
thanes [31-33]. High molecular weight poly-
carbonates are already being used as binders
and consumables. Improving their properties
will expand their applications to include rigid
plastics. An important advantage of carbon
dioxide recycling is the use of existing infra-
structure for the petrochemical production of
polymers. For example, the polymerization
may be carried out using existing reactors and
processing and purification methods.



[lepBble MPOMBINIJICHHBIC HCIBITAHKS IO BKITIOYC-
HUIO B TIOJIMMEPHU3AIMIO YTIIECKUCIOTO Ta3a U3 BBIOPO-
COB Ha YTroOJBHOW 3eKTpocTaHIuUd B COCAMHEHHOM
KoponeBcTBe MO3BONSIIOT J1aBaTh ONTHMHUCTUYHEIC
mporHo3bl [34]. Db deKTHBHOCTh KaTaan3a peakind H
Ka4eCTBO MPOJYKTa OBUTH CPaBHUMBI C UCIIOJIL30BAHH-
€M CBEpXUYHCTOro JUOoKcuaa yriepoaa. OQHUM U3 CHO-
cO0OB HCIIOJNE30BaHMS YTIIEKUCIOTO Ta3a sBISIETCS
MOJy4YeHUE TUMETHI THIAHTOUHA, UCTIONB3YeMOTO JIJIs
CHHTE3a BOJOPACTBOPHUMBIX SMOKCHIHBIX OJMTOMEPOB
U jajiee IUKJIOKapOOHATHIX OJIMTOMEPOB, BOJIOCTOMKHX
MOCJIe OTBEPIKIACHHUSL.

1.2. Pacmumenvhule macna

OauH U3 BO3MOXKHBIX 3€JIEHBIX IyTEHl CHHTE3a He-
W30LMAHATHBIX IOJMYPETaHOB —  HCIIOJIb30BAHUE
(GYHKIMOHAIN3UPOBAHHOT'O PAaCTUTEIHHOTO MACa, YTO
MIPUBEJIO K MOSIBICHUIO HOBOTO psiia OMOpa3iaracMsix,
BO300HOBIISIEMBIX M YCTOHYMBBIX McTOYHMKOB HUITY
[35].

PacturenbHble Macia — 3KOJOTMUYECKH YHCTBIE H
€XKEeroJIH0 BO30OHOBIISIEeMbIE PECYpChl B KaueCTBE ChI-
pBst s monuMepoB [36, 37]. Kaxknoe mMacimo comepxut
pa3nuuHble KOMOMHAIIMM M KOJUYECTBA JKUPHBIX KH-
CJIOT B TPUTJMIEPHIAX, YTO MO3BOJISIET HCIIOIB30BaTh
pasIMuHOe CHIpbE ISl paziuyHbIX Leneil. HekoTopsie
pacTUTENbHBIE Macja MOTYT HEMOCPEICTBEHHO CIIH-
BaThCs B mojuMepbl [38]. OOBIYHO TOTMMEpH3AIIUS
pacTUTENBHBIX Macell TpeOyeT MX MPEeBpAIlCHUsI B pe-
AKIIMOHHOCTIOCOOHBIE MOHOMEpHI, B OCHOBHOM BBEZE-
HUEM HOBBIX TPYII B IENH 3a cYeT (PYHKIHMOHAIH3a-
LMY IBOMHBIX cBsized. Hanpumep, sNokcuaupoBaHue U
PacKphITHE LKA 3MOKCUANPOBAHHBIX Macesl, THIApO-
(dbopMuIIpOBaHUE, 030HOJIU3, PEAKIUS C MaJCMHOBBIM
aHTUJIPHIIOM, aMUIMPOBAaHHUE, MepedTepuuKanms mo-
JIMOJIAMHM, THOJ-€HOBOE coueTanue [39-49] (cxema 1).

ONOKCUIMPOBAaHUE PACTUTENBHBIX Macell — THUIHY-
Has Tporueaypa ux (QYyHKIMOHAIM3AIUH ¥ HEKOTOPHIC
SMOKCHIMPOBAHHBIE PACTUTENbHbBIE Macia (Harpumep,
COEBOE, JILHSIHOE) JOCTYIHBI Ha PbIHKE, YTO JeNaeT UX
WCIIOJIb30BaHNE B KAadyeCTBE CHIPhS MJIS TOJIMMEPOB
MIPUBJIEKATENBHBIM MapIIPYTOM.

Tax, B padote [50] a3peKTHBHO OCYIIIECTBIIEH CHH-
T€3 IIMPOKOrO CIEKTpa LUKINYECKUX KapOOHATOB U3
3MOKCHUIOB Ha OCHOBE HEHACHIMIEHHLIX KHCJIOT 1 CO, ¢
WCIIOJIb30BaHUEM JIAHTAHOBOTO KaTaju3aTropa. YHH-
BEPCAIBHOCTh 3TOT0 KaTaJu3aTopa HOATBEP)KACHA
CHHTE30M OJWHHAAINATA MOHO3aMEIICHHBIX UKINYe-
CKUX KapOOHATOB M OUCIMKIMYECKOTO KapOoHaTa, To-
JYYEHHBIX W3 OTXOJOB JMOKCHIMUPOBAHHON >KHUPHOM
KHCJIOTBI. 3aTeM HEKOTOpble M3 CHHTE3MPOBAHHBIX
KapOOHATOB HCIIONIB30BAIMCH JJISl MOMyYeHHUs] TOJH-
THIIPOKCUYpPETaHOB peakueil ¢ 1,4-nnamMmuHOOyTaHOM
(cxema 2).
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The first commercial trials to incorporate
carbon dioxide from emissions from a coal-
fired power plant in the United Kingdom into
polymerization lead to optimistic predictions
[34]. The reaction catalysis efficiency and
product quality were comparable with ul-
trapure carbon dioxide. One of the ways to use
carbon dioxide is to obtain dimethyl
hydantoin, which is used for the synthesis of
water-soluble epoxy oligomers and further
cyclocarbonate oligomers that are water-
resistant after curing.

1.2. Vegetable oils

One possible green route for the synthesis
of non-isocyanate polyurethanes is the use of
functionalized vegetable oil, which has led to a
new range of biodegradable, renewable and
sustainable sources of NIPU [35].

Vegetable oils are environmentally friendly
and annually renewable resources as a raw
material for polymers [36, 37]. Each oil con-
tains different combinations and amounts of
fatty acids in triglycerides, allowing different
raw materials to be used for different purposes.
Some vegetable oils can directly crosslink into
polymers [38]. Typically, the polymerization
of vegetable oils requires their conversion into
reactive monomers, mainly by introducing
new groups into the chains through the func-
tionalization of double bonds. For example,
epoxidation and ring opening of epoxidized
oils, hydroformylation, ozonolysis, reaction
with maleic anhydride, amidation,
transesterification with polyols, thiol-ene cou-
pling [39-49] (Scheme 1).

Epoxidation of vegetable oils is a typical
functionalization  procedure and  some
epoxidized vegetable oils (e.g. soybean, lin-
seed) are available on the market, making their
use as polymer feedstock an attractive route.

Thus, in [50], the synthesis of a wide range
of cyclic carbonates from epoxides based on
unsaturated acids and CO, was efficiently car-
ried out using a lanthanum catalyst. The versa-
tility of this catalyst was confirmed by the syn-
thesis of eleven monosubstituted cyclic car-
bonates and a biscyclic carbonate obtained
from epoxidized fatty acid waste products.
Then some of the synthesized carbonates were
used to obtain polyhydroxyurethanes by reac-
tion with 1,4-diaminobutane (Scheme 2).
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Scheme 1. Functionalization of double bonds of triglycerides of vegetable oils

o
|
o)
. Pt
Ry \ 7% R
: Rs K R
1 2 o
La— 0—_,:?"
I o)
cO, — 0 HN—C D) —NH;
/.7\‘_0
o

o on M )
J)Lo/\/KDJ\OJ\ N A~ X 1,
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Scheme 2. Synthesis of polyhydroxyurethanes

pyrue ucciiejoBaTen B KaueCTBE KaTaJIM3aTOPOB
JUISE XUMUYECKOH (UKCAlMM JUOKCUAA YIIepojaa B
UKITNYECKre KapOOHAThI pa3paboTain psia HEIOPOTHX
1 YCTOMYHUBBIX aMHIMHATHBIX KOMIUIEKCOB aJTFOMUHHS
[51]. Peakmuum ¢ UCHOJB30BAHHEM TEPMHUHAIBHBIX
SMOKCHJIOB B KauyeCTBE CYOCTPATOB TMPOBOJWIHA TPH
KOMHATHOH TeMIlepaType M [aBJICHUH YIJIIEKHUCIIOTO
raza 1 Gap B MPUCYTCTBMM HOJHIa TETPaOyTHIAMMO-
HUS B KQYE€CTBE COKATAIM3aTOpa B OTCYTCTBUE PACTBO-
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Other researchers have developed a number
of inexpensive and stable aluminum amidate
complexes as catalysts for the chemical fixa-
tion of carbon dioxide into cyclic carbonates
[51]. Reactions using terminal epoxides as
substrates were carried out at room tempera-
ture and 1 bar carbon dioxide pressure in the
presence of tetrabutylammonium iodide as
cocatalyst in the absence of solvent. Under



putens. B 3TUX yCIOBHSAX ObLIM JOCTHTHYTHI MPEBOC-
XOJTHbIE TPEBPAIICHHS U CEIICKTUBHOCTD JUTS [IIUPOKO-
ro jJMamna3oHa TePMHUHAJIBHBIX SMOKCHIOB. Karanmsa-
TOP TaK)Ke MCIOIb30BAIM /ISl CHHTE3a TU3aMEIICHHBIX
[UKJIHYECKAX KapOOHATOB W3 BHYTPEHHHX SMOKCHIOB
U THOKCHIa yrieposa (cxema 3).

these conditions, excellent conversions and
selectivity were achieved for a wide range of
terminal epoxides. The catalyst has also been
used to synthesize disubstituted cyclic car-
bonates from internal epoxides and carbon di-
oxide (Scheme 3).
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Cxema 3. CuHTE3 MU3aMENIeHHBIX [IUKINIECKNX KapOOHATOB

Scheme 3. Synthesis of disubstituted cyclic carbonates

Jumetamyeckue KOMIUICKCH aTiOMUHUS (CalieH)
NPOSBIIAIOT HCKIIOYUTENIFHO BBICOKYIO KaTalIUTHYe-
CKYI0 aKTUBHOCTh B CHHTE3€¢ HUKIMYECKHX KapOOHATOB
W3 KOHIIEBBIX MOKCHJIOB M YIJIEKHUCIIOTO Ta3a MpU TeEM-
neparype U AaBJIeHHH OKpYysKaroreit cpemapt [52-54].

KapboHusnpoBaHHBIE pacTUTENBHBIE Macia WC-
MOJIE30BAIMCH [T TIONYyYeHHUS HEW3OIMAaHATHBIX II0-
JMYpPETaHOB: SIOKCHIHAS TPYINa pearupyer ¢ TUOK-
CHJIOM yTJiepojia ¢ 00pa30BaHHEM NHKIMYECKHX Kap-
OoHaToB 0e3 MOOOYHBIX MPOAYKTOB [55, 56]. Peakmus
MPOTEKAET B MPHUCYTCTBHM KaTallM3aTopa, MPHU BHICO-
KOM JIaBJICHWU W MIPU YMEPEHHBIX TeMIeparypax. 3a-
TeM KapOOHHM3MPOBAHHBIE Macja B3aUMOJEHCTBYIOT C
MO yHKITMOHATBHEIMA AMHUHOBBEIMH COEINHEHHSIMH
JUISL CHHTE3a MOJIUTHAPOKCHypeTanoB [55]. Mcmomns3o-
BaHHE KapOOHHM3MPOBAHHBIX MOHOMEPOB JJIsI TPOU3-
BOJICTBA IEHHBIX TPOIYKTOB SIBIISIETCS OJHUM W3 JIOC-
TYIHBIX PEUICHUH JJIsi CHIKEHHsI KOJTMYECTBa PUCYT-
cteyomero B armochepe CO,. Yriekucislii ra3 pac-
CMaTpHUBAETCs KaK pecypc, a He OTXO0s! [57].

[TokazaHo, 4TO peakius CUIMBaHHS YaCTHYHO Kap-
OOHM3MPOBAHHBIX SMOKCHIMPOBAHHBIX COEBBIX Macel
pa3IMYHBIMUA TUAMHUHAMH IIPOXOIUT Yepe3 IBa PEKH-
Ma [58]: (i) ma T < 100 °C pexum III'Y, Bo Bpems
KOTOPOTO Bce KapOOHATHbIE ()YHKIIMOHAIBHBIE TPYTIITBI
OCM c¢ ko3 dunuenTom kapdbonusaiuu ot 45% pea-
THPYIOT ¢ OOpa30BaHHWEM HECIIMTOro (opronumepa
MI'Y (Bs3kas xxuakocts), (il) mis T > 100 °C rubpua-
HBIH PEXUM, BO BpEMsi KOTOPOTO SIOKCHIHBIE (QYHK-
OUOHAJIBHBIE TPYIIBI PEArupyloT ¢ 00pa30BaHUEM
rUOPUIHOTO TEPMOPEAKTUBHOTO MOJIHMEpa (3IacTud-
HOT'O TBEpAOro). DTOT (aKT yKaszblBaeT Ha 3aJICPIKKY
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Aluminum dimetallic complexes (salens)
exhibit exceptionally high catalytic activity in
the synthesis of cyclic carbonates from termi-
nal epoxides and carbon dioxide at ambient
temperature and pressure [52-54].

Carbonized vegetable oils have been used to
produce non-isocyanate polyurethanes: the
epoxy group reacts with carbon dioxide to
form cyclic carbonates without by-products
[55, 56]. The reaction proceeds in the presence
of a catalyst, at high pressure and at moderate
temperatures. Then carbonized oils interact
with polyfunctional amine compounds for the
synthesis of polyhydroxyurethanes [55]. The
use of carbonized monomers to produce valu-
able products is one of the available solutions
to reduce the amount of CO, present in the
atmosphere. Carbon dioxide is seen as a re-
source, not a waste [57].

It has been shown that the crosslinking reac-
tion of partially carbonized epoxidized soy-
bean oils with various diamines proceeds
through two modes [58]: (i) for T < 100 °C
PHU mode, during which all ESBO carbonate
functional groups with a carbonization factor
of 45% or more react to form a non-
crosslinked PHU prepolymer (viscous liquid),
(i1) for T > 100 °C hybrid mode, during which
the epoxy functional groups react to form a
hybrid thermoset polymer (flexible solid). This
fact indicates a delay in the onset of the reac-
tion compared to the aminolysis of the corre-



Havaja pPeakiHuy 10 CPaBHEHUIO C aMHHOJIHM30M COOT-
BeTCTBYIOIUX KapOoHaToB. COrNacHO pe3yibTaTam
MOJKHO TIPEJIIOJIOKUTh, YTO PEAKIUs PEaKIMOHHOCIIO-
COOHBIX KapOOHATOB C MEJICHHBIMU STIOKCHIAMU TIPH-
BOJIUT K YMEHBIIIEHUIO MMOOOYHBIX peakInii, TAKUX KakK
aMUHOJIN3 CIIOKHOTO 3(HUpa M BHYTPUMOJEKYISpPHAS
UKITU3AIHSL.

Cpent BO3MOXHBIX MapHIpyTOB (YHKIIMOHAIH3A-
U PACTUTEIHHBIX Macel MOXXHO BBIJEIUTh MeTare-
3uc. Merare3nuc NpeCTaBiIseT OOMEH aIKWIHJICHOBHI-
MU TPYIIaMU MEXIy pearcHTaMu B MPUCYTCTBHH Ka-
Tanu3aTopoB pyTeHHsa. (CaMOMeTaTe3uc NPUBOIUT K
MOJTyYEHHUIO CJIOXKHOW CMECH JIMHEHHBIX OJMIOMEpOB
MaKpOIUKINYECKOH CTPYKTYPBI, CIIUTHIX MOJUMEPOB,
a TaKKe TpaHC-/IMC-U30MEPOB, IMOBBIIIAIOIINX PeakK-
IIMOHHYIO CITOCOOHOCTH pacTHTENbHOTO Macia. Kpocc-
METaTe3UC C ATHICHOM JIaeT TPUTIIMICPUIIBI C KOHIIC-
BBIMU JIBOMHBIMH CBsi3sMU. [locnegnuil Mapupyt
obecrevynBaeT MPEeNMYIIECTBa: MEHBIIINE CTEPUIECKIE
MPEMSTCTBUS, OTCYTCTBHE OOOpBaHHBIX Liemei (cxe-

ma 4) [59-62].
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sponding carbonates. The results suggest that
the reaction of reactive carbonates with slow
epoxides leads to a reduction in side reactions
such as ester aminolysis and intramolecular
cyclization.

Metathesis can be singled out among the
possible routes for the functionalization of
vegetable oils. Metathesis is the exchange of
alkylidene groups between reactants in the
presence of ruthenium catalysts. Self-
metathesis results in a complex mixture of lin-
ear macrocyclic oligomers, cross-linked poly-
mers, and trans/cis isomers that increase the
reactivity of the vegetable oil. Cross metathe-
sis with ethylene gives triglycerides with ter-
minal double bonds. The latter route provides
advantages: less steric hindrance, no dangling
chains (Scheme 4) [59-62].
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Cxema 4. Kpocc-MeTaTe3uc TpUriIHLEepHI0B paCTUTEIbHBIX Mace

Scheme 4. Cross-metathesis of vegetable oil triglycerides

Mapmpyr nomyuenns HUITY depes nuximdeckne
kapOoOHaThl Haumbojiee mepcnekTuBeH. llukmnueckue
KapOOHAThl TPUBIEKAIOT BHHUMAaHWE HCCIe0BaTEICH
KakK pacTBoputenu [61], anexkTponutsl [62], Tak U B Ka-
YeCTBE UCXOHBIX COSAMHEHMI Il CHHTE3a TIONIMMEPOB
[63-65]. B cBsi3u ¢ 3THM BeIyTCs aKTUBHBIE HCCIIEIO-
BaHUs peakiun MOKcH0B U CO, IS OTy4IeHUs K-
JMYECKUX KapOOHATOB C MPUBJICYCHHUEM Pa3ITUIHBIX
KaTaJJUTHYECKUX CHCTEM Ha OCHOBE MOHHBIX KHIKOCTEH
[66, 67], Merammooprannyeckux kapkacos [68], opra-
HOKAaTaIM3aTOpoB [69] U TOMOTEHHBIX KaTaau3aTOPOB
[70-72]. TlpumeyaTenbHO, YTO HCIOJIb30BAHHE META-
JMMYECKUX KaTaln3aTopoB HE OYEHb MPUBIIEKACT HCCIIe-
nmoBateneil. HeoOXoquMo OTMETUTHh Takke OCHOBHYIO
TEHJISHIIHIO: TTpeoOpa3oBaHre MOHO(]YHKIIMOHAIHHOTO
TEpMHHAJIA SMOKCHJIOB B COOTBETCTBYIOIIHME IHKIHYC-
ckue kapoOoHartsl [69, 70, 73, 74]. HampoTus, B npyrux
WCCJIEZIOBAaHUAX JUIA CHHTE3a MOJU(YHKIMOHAIBHBIX
KapOOHATOB MPUMEHSUIM TOJBKO OTPAaHWYEHHOE YHCIIO
KaTaIuTHIecKux cucteMm [75-79]. OmHako cuHTE3 IIO0-
JOOHBIX KapOOHATOB IPEACTAaBISIET OCOOBI MHTEpec,
TaK KaK OHH SBISFOTCS MOHOMEpaMH JUIsi CUHTE3a He-
U30IMAHATHBIX MOJHypeTaHoB [80-84].
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The route for obtaining NIPU through cy-
clic carbonates is the most promising. Cyclic
carbonates attract the attention of researchers as
solvents [61], electrolytes [62], and as starting
compounds for the synthesis of polymers [63—
65]. In this regard, active studies are underway
on the reaction of epoxides and CO, for the
preparation of cyclic carbonates using various
catalytic systems based on ionic liquids [66,
67], organometallic ~ frameworks  [68],
organocatalysts [69], and homogeneous cata-
lysts [70-72]. It is noteworthy that the use of
metal catalysts is not very attractive to re-
searchers. It is also necessary to note the main
trend: the transformation of the monofunctional
terminal of epoxides into the corresponding
cyclic carbonates [69, 70, 73, 74]. On the con-
trary, in other studies, only a limited number of
catalytic systems were used for the synthesis of
polyfunctional carbonates [75-79]. However,
the synthesis of such carbonates is of particular
interest, since they are monomers for the syn-
thesis of nonisocyanate polyurethanes [80-84].



bucBac m nap. mokazanm, yTo azumHas (QYHKIHO-
HAJILHOCTh MOXKET OBITh BBEZICHA B ICTh KHUPHBIX KH-
CJIOT DJMOKCHUIUPOBAHHOTO COEBOTO Macjia HYKJIEO-
(UITBHBIM MTPUCOCAMHEHUEM a3HJ1a HATPHS K ATOKCH]I-
Hoil rpynme [85]. IlogoOHbIN moaXoa Takxke yao0HO
WCIIOJIb30BaTh JJIsl BBEJICHUSI TEPMUHAIBLHBIX TPOWHBIX
CBsI3€H B IIEMM JKUPHBIX KHUCIOT COEBOTo Mmacia [86].
Takue a3uaupOBaHHBIC W ATKWHHUPOBAHHBIE COCBBIC
Macia MOTyT ObITh () (EeKTHBHO HCIOIH30BAHEI B YC-
JIOBHSIX OTCYTCTBHS KaTajlu3aTopa M PacTBOPHUTEIIS.
[Ipouecc oOpa3oBaHusl OHOMOIMMEPOB MPOBOASAT IPH
temmneparype mo 100 °C. Tepmuueckuii MeTon maer
Oosee yucThie ¥ 0OJIee TOMOTCHHO CINUTHIC OMOTOH-
MEpbI, YeM MpoIeaypa ¢ Karaau3aTopoM. Takum Me-
TOJIOM OBIJIM MCIBITAHBI HECKOJIBKO PACTUTENBHBIX Ma-
cen (KacTopoBoe, parcoBoe, KyKypy3HOE, COEBOE U
npHsHOE). Bce Macnma mokaszanu  MepCrleKTHBHOCTD
MPUMEHEHUSI.

1.3. Apyeue 3enenvie npekypcopol

HarypanbHble pacTHTenpHBIE Macia JJIOKa3ail
CBOIO A(PEKTUBHOCTh W OOEMIAl0T MEPCIIEKTUBHOE
HCIIOJIb30BAaHUE B KAYECTBE 3€JICHBIX MPEIIICCTBCHHH-
koB a1 cunre3a HUITY. TeM He MeHee B TeueHue Mo-
CIIETHUX JIET C IENbI0 PACIIUPEHUS UCXOAHOTO CHIPHS
it cuareza HUITY Berpewarorcst paboThI, WCHONB-
3YIOIIUE IPYyTHe BO3OOHOBIISIEMbBIE PECYPCHI, TAKHE KaK
teprensl [87], uzocopoun [88], mpou3BOmHBIE TaHWHA
u nuranHa [89, 90], BarwnwmH [91] u rmunepuH [92].

TeprieHsl 1 TEPIICHOU Bl XAPAKTEPUYIOTCS U30IIPE-
HOBBIMH envHUIIaMu. Hanbornee n3BECTHBIM PUMEPOM
TIOJIUTEPIIEHA SBIISIETCS HATypalbHas pe3uHa. TepreHbt
SIBJISIFOTCS. KOMITOHEHTaMH J3(QUPHBIX Maces, Mojydae-
MBIX M3 XBOHWHOW CMOJIbI B BUJE NUHEHA, B Kaue€CTBE
MOOOYHBIX MPOAYKTOB MPOHU3BOCTBA ITUTPYCOBBIX, Ta-
KHX Kak JUMOHEH. TeprieHbl JaBHO HMCIONB3YIOTCS B
nap(OMEpPHOH TMPOMBIIUICHHOCTH W  OPraHUYEeCKOM
cunrese. ['ooBoil 00beM mpomsBozcTBa Mx Oonee 10
MJIH TOHH [93]. Dmnokcuabl Ha OCHOBE TEPIEHOB CUU-
TAIOTCsI MEPCIIEKTUBHBIMK CYOCTpaTaMu ISl OJIYYCHUS
MUKIAYECKUX KapOOHATOB Ha OWOJIOTMYECKON OCHOBE
[94-97]. pyrue TeprieHbl HCCIACAYIOTCS B KadecTBE
MOHOMEPOB JII MPOM3BOJICTBA TOJIMMEPOB: CKHUIIHIAP
U3 COCHBI JIepeBbEB Pinus spp. cOCTOMT B OCHOBHOM M3
a-nuHeHa (45-97%) u B-nunena (0,5-28%), u mumo-
HEH, KOTOPBINA U3BJIEKAIOT U3 KOXKYPHI IIUTPYCOBBIX [98].
MpupoBoe NPOU3BOJCTBO 3THX MOHOMEPOB CKPOMHO.
HenocraTtkom TepneHOB SBISETCS MX HU3KAs MOJIEKY-
JsipHas Macca MOJMMepa, YTO OTPaHUYMBAECT UX MeXa-
HUYECKHE XapaKTePUCTHUKH. JIpyruM orpaHIIHBAIOIIIM
(haKTOpOM KOMMEpPIHAIN3AIHA TEPIICHOB SBIISETCS OT-
HOCHTEJIBHO BBICOKAsi CTOUMOCTb.

R-(+)-nmuMoHeH npeicTaBisieT co00i KOMMEpUEeCKn
JIOCTYITHBIN BO30OOHOBIISIEMBIH pecypc, MOTyYaeMbIid U3
KOXYpBl IUTPYCOBBIX. B padore [99] npemioxunm
nyth cuHre3a HUITY u3 R-(+)-mumonena B 3 moce-

18

Biswas et al. showed that azide functionali-
ty can be introduced into the fatty acid chain
of epoxidized soybean oil by nucleophilic ad-
dition of sodium azide to the epoxy group
[85]. A similar approach can also be conven-
iently used to introduce terminal triple bonds
into soybean oil fatty acid chains [86]. Such
azidated and alkylated soybean oils can be
used effectively in the absence of a catalyst
and solvent. The process of formation of bi-
opolymers is carried out at temperatures up to
100 °C. The thermal method produces cleaner
and more homogeneously cross-linked biopol-
ymers than the catalyzed procedure. Several
vegetable oils (castor, rapeseed, corn, soybean
and linseed) have been tested in this way. All
oils have shown promising applications.

1.3. Other green precursors

Natural vegetable oils have proven to be
effective and show promise as green precur-
sors for NIPU synthesis. Nevertheless, in re-
cent years, in order to expand the initial raw
material for the synthesis of NIPU, there are
works using other renewable resources, such
as terpenes [87], isosorbide [88], tannin and
lignin derivatives [89, 90], vanillin [91], and
glycerol [92].

Terpenes and terpenoids are characterized
by isoprene units. The best-known example of
a polyterpene is natural rubber. Terpenes are
components of essential oils obtained from
pine resin in the form of pinene, as by-
products of the production of citrus fruits such
as limonene. Terpenes have long been used in
the perfume industry and organic synthesis.
Their annual production is over 10 Mte [93].
Epoxides based on terpenes are considered
promising substrates for the production of bio-
logically based cyclic carbonates [94-97].
Other terpenes are being explored as mono-
mers for polymer production: Turpentine from
pine trees Pinus spp. consists mainly of a-
pinene (45-97%) and B-pinene (0.5-28%), and
limonene, which is extracted from citrus peels
[98]. World production of these monomers is
modest. The disadvantage of terpenes is their
low polymer molecular weight, which limits
their mechanical performance. Another limit-
ing factor in the commercialization of terpenes
is the relatively high cost.

R-(+)-limonene is a commercially availa-
ble renewable resource derived from citrus
peels. The paper [99] proposed a route for the
synthesis of NIPU from R-(+)-limonene in 3



JoBaTenbHbIE cTanuu. [lepBoHaYabHO ITyTeM CTepeo-
CEIIeKTHBHOM muOpoMruaparanui R-(+)-1MMoHeHa ¢
ucnons3zoBanrem N-OpomcykruanMuia (NBS) nposo-
JIIT CHUHTE3 TPaHC-TMMOHCH-OMC-3MOKCcHIa (TpaHC-
LBE). ITpu 60 °C Beixon tpanc-LBE cocrasisier 97%.
Hanee mpoBommnmu 1ukiIonpucoenuaeane CO, mpu
TOMOTEHHOM KaTajJH3e¢ KOMMEPYECKH JOCTYITHBIM XJIO-
punom terpadyrmwiammonusi (TBAC). Konsepcus
tparc-LBE 98% Obuta nocturayrta npu 120 °C, 40 6ap
gyepe3 48 yacoB. 3aKIIOUMTENbHAs COMOIMMEPH3ALMs
LBC u ankunanaMuHOB no3Bonuia noayuuts HUITY
C TIEPCIEKTUBHBIMHU XapaKTepPUCTUKaMH. TpaHcH3oMep
LBC pmaet nmonmmepsl ¢ OoJiee BEICOKOW MOJIEKYIAPHOIH
Maccolt u npounocTsio. Cootnomenne LBC x nuamu-
Hy 1:1 maeT momumeps! ¢ OOJBIIEH IMHOHN e , B TO
BpeMsi Kak cooTHomeHue 1:0,5 yBemmumBaeT Tepmo-
crabunbHOCTh ¥ xkectkocTh HUITY. Mopudukarms
CHHTE3UPYEMOT0 MOJIMMepa BO3MOXHA Oyaromapsi Ha-
JUYUI0 THAPOKCHIIBHBIX OOKOBBIX IIETIEH, UTO SBISETCS
LEHHBIM JJIsi IPUMEHEHUH B KaueCTBE MOKPBITUA U
TepPMETHKOB.

Bricokne crepudeckne 3aTpyQHEHUS BHYTPEHHHX
SMOKCHUJIOB NPUBOJAT K MEHbBIIEH PEAKIMOHHOM CHOo-
COOHOCTH, YeM Y TepMHHAIIBHBIX STIOKCHOB HA HEQTs-
Hoi ocHoBe [100, 101]. Hu3kas akTHBHOCTH O3HAYACT,
YTO HEOOXOIUM TIIOWCK TOAXOMSINX KaTalu3aToOpOB
mporecca BOBICUSHUs yriiekucioro rasa [102, 103].

Bonee pannsisi pabora Schimpf et al. [104] coo6-
maetT o 0e3pacTBOPHON KapOOHHM3AIMH KOMMEPYECKO-
ro LBE ¢ nomomsto yraekucnoro raza mnpu 135 °C u
30 Gap B mpucytcTBuu 2 Mace. % karanuzaropa TBAB
B TeueHue 4 nuei. Ilocne ounctkun LBC kpucrannuza-
uell U3 dTUiIaneTara U TPUITWIAMHHA 3HAYUTEIHHO
YBEIMYWIIACH TEMIIEPATypa CTEKJIOBAHHUS IOJTYYEHHOTO
MOJIUMEpPA, MPOYHOCTh U XKeCTKOCTh. bep u mp. [105]
npoBenu Oonee ObICTpYIo KapOoHu3aruto npu 30 6ap u
140 °C B teuenue 45 yacoB. Pe3ympraT mokasam oT-
CyTCTBHE IIPUMECEH.

[lomyuennsie B pe3yibTaTe COMOIMMEPHU3AIUU
LBC ¢ nuamunamu HUITY npexpcraBisior coboit MHO-
roo0eniamIny 3aMeHy oObuHbIM [1Y Ha HedTsHOIM
ocHOBe. OIHAKO JIOCTHTaeMbIE TEPMOCTOHKOCTh, MO-
JEKyIspHas Macca U HaJlM4ue MpHUMeceil MpensTCTBY-
IOT KX KOMMEPYECKOH KH3HECTIOCOOHOCTH.

CnenytrommM pecypcoM st nomydenus HUITY
MOXXHO CUHTaTh HEMHUIIEBYIO JUTHOIEIUTIOIO3HYIO
Oromaccy, KoTopasi JIOCTyITHa BO BCEM MHpE, BO300-
HOBIsieMa M ycroiWuymBa. OCHOBHBIM KOMITOHEHTOM
JIMTHOLEIUTIONIO3HOM OMoMacchl SBISIETCS LEIUTI0II03a.
W3ocopOun siBIsieTcs OHAM W3 MPOU3BOJIHBIX EIJUTIO-
no3bl. briaronapst cBoell yHUBEPCATLHOCTH W IHPOKUAM
BO3MOXKHOCTSIM NPUMEHEHHsSI HM30COPOMA — IepcIieK-
TUBHBIN CTPOUTENBHBIA OJIOK AJIST MPOU3BOJCTBA TOH-
KUX XUMHUKATOB U OMopasziaraeMeix moiaumepos [106].

N3ocopbun — muon ¢ AByMsi KOHACHCHPOBAHHBIMU
(bypaHOBBIMH KOJIbIIaMH (cXeMma 5).
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successive steps. Initially, trans-limonene-bis-
epoxide (trans-LBE) was synthesized by
stereoselective dibromohydration of R-(+)-
limonene using N-bromosuccinimide (NBS).
At 60°C, the yield of trans-LBE is 97%. Next,
CO, cycloaddition was carried out under ho-
mogeneous catalysis with commercially avail-
able tetrabutylammonium chloride (TBAC). A
trans-LBE conversion of 98% was achieved at
120°C, 40 bar after 48 hours. The final copol-
ymerization of LBC and alkyl diamines result-
ed in NIPU with promising characteristics.
The trans isomer of LBC produces polymers
with higher molecular weight and strength. A
1:1 ratio of LBC to diamine results in longer
chain length polymers, while a 1:0.5 ratio in-
creases the thermal stability and stiffness of
NIPU. Modification of the synthesized poly-
mer is possible due to the presence of hydroxyl
side chains, which is valuable for applications
as coatings and sealants.

The high steric hindrance of internal epox-
ides results in less reactivity than petroleum
based terminal epoxides [100, 101]. The low
activity means that it is necessary to search for
suitable catalysts for the process of carbon di-
oxide entrainment [102, 103].

Earlier work by Schimpf et al. [104] re-
ported the solutionless carbonization of com-
mercial LBE with carbon dioxide at 135°C and
30 bar in the presence of 2 wt. % TBAB cata-
lyst for 4 days. After purification of LBC by
crystallization from ethyl acetate and triethyl-
amine, the resulting polymer's glass transition
temperature, strength and stiffness increased
significantly. Behr et al. [105] performed a
faster carbonization at 30 bar and 140°C for 45
hours. The result showed no impurities.

The resulting copolymerization of LBCs
with diamines, NIPUs represent a promising
replacement for conventional petroleum-based
PUs. However, the thermal stability, molecular
weight, and presence of impurities that are
achieved hinder their commercial viability.

The next resource for obtaining NIPU is
non-food lignocellulosic biomass, which is
available worldwide, renewable and sustaina-
ble. The main component of lignocellulosic
biomass is cellulose. Isosorbide is one of the
derivatives of cellulose. Due to its versatility
and wide range of applications, isosorbide is a
promising building block for the production of
fine chemicals and biodegradable polymers
[106].

Isosorbide is a diol with two fused furan
rings (Scheme 5).
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Cxema 5. M3ocopbun

Scheme 5. Isosorbide

[IBe BTOpHYHBIE THIPOKCHIBHBIC TPYIIBI HUMEIOT
pasHyl0 OPHEHTAIMIO, YTO MPHUBOAUT K Pa3HON XUMH-
YeCKOil aKTUBHOCTH M MO3BOJIAET NMPOBOIUTH CeEleK-
TUBHBIC TIpeBpalleHus u3zocopbuna. I'mapoxcunbHas
rpymnia B MOJOXEHUH 5 OpUEHTHPOBaHA 3HI0 U 00pa-
3yeT BOJOPOIHYIO CBSI3b C aTOMOM KHCJIOpOJa COCell-
Hero (pypaHOBOTO KOJIbIA, YTO JIENaeT ee Oolee HYyK-
neounpHON U OoJlee peaKIIMOHHOCTIOCOOHOM.

MupoBoii peiHOK H30copOHIa oneHuBajcs B 413.4
MJIH Joii1apoB Ha 2020 rox ¥ mo mporHo3aM BBIPACTET
mo 703,1 mure mommapos k 2027 roxy [107]. Heckombko
MOJIMMEPOB Ha OCHOBE M30COPOHIOB YK€ KOMMEpIIHa-
JIN3UPOBAHBI. [MonukapOoHaTsl POLYSORSB,
DURABIO [108] u PLANEXT [109] o6nanatoT KoH-
KYPEHTHBIMU XapaKTEPUCTUKAMH C TPaAULHUOHHBIMH
nonumepamu. Cononuddupsl u3ocopbuma ¢ Tepedra-
JIEBOW KHCJIOTOW SIBISAIOTCS OoJiee SKOJIOTHYHOU W
OmopaszmaraeMoil albTEPHATUBOW IMOJNMATHIIEHTEpED-
tanary [110]. [TokazaHo, 4To OMOCOBMECTUMBIE U OHO-
pasyiaraemble M30COPOHUIHBIC MOTUYPETaHBI MOIXOASAT
Uil OMOMEIMIIMHCKUX, KOCMETHYECKUX U TEKCTHUIIb-
HbIX TpuMeHenwii [111-113].

dyHKIMOHANM3AMA H30copOuaa B Ouc(MeTHII-
kap6onar)uzocopoua (IBMC) obGecnieurnBaer momos-
HUTEJIbHbIE BO3MOXKHOCTH Ul PEAKLUUH MOJMMEpH3a-
Uy ¢ auosiaMu wim nuamuHamu [111]. UzocopOun-
onc(MeTnKapOOHAT) MO3BONIAET M30€XKaTh HCIOIB30-
BaHMsI TOKCHYHBIX BELIECTB, TAKUX KakK (ocreH, Auc-
¢ocren. IBMC nonyuatoT B pe3ylbTare peakiud Me-
TOKCUKapOOHWIMPOBAHUS MEXy U30COPOUIOM U JH-
metuikapoorarom (DMC) (cxema 6). B kauectse mo-
0OYHOro MpPOIYKTa OOpa3zyercss METaHoJ, KOTOPBIH
JIETKO MCTIAPSETCs U3 PEAKIIMOHHOM Cpe/ibl ¥ PEUPKY-
JUPYETCst IS APYTHX XUMUYECKHX ITPOLIECCOB.

JumernnkapOoHaT sIBISICTCS HETOKCHYHBIM U OHO-
pasyiaraeMbIM, MOJYYEHHBIM C MOMOIIBIO IKOJIOTHYE-
CKM YHCTOTO TIpollecca, He o0pa3ylollero Hexena-
TEJbHBIX MOOOYHBIX NPOAYKTOB. JumernnkapOoHat
MOYKHO CUHTATh YHUBEPCAILHBIM PEAKTHBOM B peak-
USIX KapOOHMIMPOBAHUS M METWIIMPOBAHHS ¢ 00pa3o-
BaHHEM JUMeTHIn30copOouaa. Breidop Mapmpyra 3aBu-
CHUT OT OCHOBHOCTH KaTaJlu3aTopa, XapakTepa HyKJIeo-
¢una, oT yciaoBuil peakiyu (BpeMs U TeMIIeparypa)
[114].
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The two secondary hydroxyl groups have
different orientations, which leads to different
chemical activity and allows selective trans-
formations of isosorbide. The hydroxyl group
at position 5 is endo-oriented and forms a hy-
drogen bond with the oxygen atom of the adja-
cent furan ring, making it more nucleophilic
and more reactive.

The global market for isosorbide was esti-
mated at $413.4 million in 2020 and is pro-
jected to grow to $703.1 million by 2027
[107]. Several polymers based on isosorbides
have already been commercialized.
POLYSORB, DURABIO [108] and PLA-
NEXT [109] polycarbonates have competitive
performance with conventional polymers.
Copolyesters of isosorbide with terephthalic
acid are a more environmentally friendly and
biodegradable alternative to polyethylene ter-
ephthalate [110]. Biocompatible and biode-
gradable isosorbide polyurethanes have been
shown to be suitable for biomedical, cosmetic,
and textile applications [111-113].

The functionalization of isosorbide to
isosorbide bis(methyl carbonate) (IBMC) pro-
vides additional opportunities for polymeriza-
tion reactions with diols or diamines [111].
Isosorbide-bis(methyl carbonate) avoids the use
of toxic substances such as phosgene,
disphosgene. IBMC is produced by a methoxy-
carbonylation reaction between isosorbide and
dimethyl carbonate (DMC) (Scheme 3). Metha-
nol is formed as a by-product, which easily
evaporates from the reaction medium and is
recycled for other chemical processes.

DMC is non-toxic and biodegradable, ob-
tained through an environmentally friendly pro-
cess that does not form unwanted by-products.
DMC can be considered a universal reagent in
carbonylation and methylation reactions with the
formation of dimethyl isosorbide. The choice of
route depends on the basicity of the catalyst, the
nature of the nucleophile, and the reaction condi-
tions (time and temperature) [114].
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Scheme 6. Synthesis of isosorbide bis(methyl carbonate)

Breibop karanmszaropa oOmpenenseT HampaBlieHHE
peaknum obpazoBanus IBMC. B 3aBucuMocT ot pas-
Mepa HCIOIb3yeMOro KaTHOHA METajljla aKTUBUPYETCsI
9H10- 100 3K30-OH-rpynma B Monekyse u3ocopOuaa.
Metann ¢ 6onbmmM noHHbM paguycom (K mmm Cs')
B KaTaJIM3aTope CIIOCOOCTBYeT arake 3k30-OH Ha kap-
OOHMJIBHBIC TPYIIIBI qUMeTHIKapOoHara [115].

Uartu u np. [116] mokazanu, 4TO HU3KOHYKJICO-
¢buIpHBIE KaTanu3aTopbl, HAIPUMEpP, AUOKTAHOAT OJIO-
Ba WIN TeTpabyTOKCH] THTaHA, CIIOCOOCTBYIOT METH-
JMPOBAaHUIO BMECTO KapOOKCHIUPOBAaHUS H30cOpOMaa
¢ noMompbto DMC u npuBOAST K CMECH QJIKHIOBBIX
3pupoB.

B kadyecTBe MOHOMEpa sl CHHTE3a MOJINYPETaHOB
Y SMOKCHIHBIX CMOJI TPEICTABISET OOJBIION HHTEpEC
JTUTTUIIAIOBEIA 3¢up n3ocopbuma. Ero MoxxHO cuu-
TaTh OWO-AILTEPHATUBOW TUTIHLIUAHIOBOMY 3(upy
oucthenona-A (DGEBA), naubonee pacmpocTpaHeH-
HOMY HCXOJHOMY MOHOMEPY B SIOKCHIHBIX COCTaBax
[117]. AnmudaTtrueckue THaMUHBI B KA9€CTBE OTBEPIH-
Tene 3(p(PEKTUBHO OTBEPKMAIOT IUTIIUIUIUIOBBIMN
a¢up u3ocopbuga ¢ oOpazoBaHHEM IOJIUYPETAHOB,
MOJIE3HBIX AJIs MOKPBITUM, KJI€EB U KOMIIO3UTOB [118].

Hns 3amenst DGEBA B smokcuanaeix cmonax [lap-
pomMaH u coagT. [119] paspaboTanu cMecu nzocopouaa
U KapaaHoiya. CMeIaHHbIe CMOJIBI OTBEP)KAAINCH PH
KOMHATHOH TemIieparype. XapakTepHUCTUKH IOTyJeH-
HBIX TOJMMEPOB CPaBHUMBI C KOMMEPUYECKHMH IPO-
OyKTaMHi He(TSHOTO HMPOMCXOXKICHUS NPU HaHECEHUU
MTOKPBITHH.

[Mony4eH u uM3ydeH psJ PETHOM30MEPHBIX H30COP-
OHMTHBIX MOHOTJHMIMMIOBEIX S(HUPOB, a TaKKe aHa-
CTEPEOMEPHO YHCTHIX MOHOSMOKCHUIHBIX IPOU3BOAHBIX
[120]. B pe3ynbpTaTe aHMOHHOM TTOJIMMEPU3AIINU C Pac-
KPBITHEM KOJIbIIAa MOHOMEPOB C METOKCH3aMKOM TOJY-
YeHbl JIMHEHHbIE MPOCTble MNOIMI(UPHI, CBSI3aHHBIC
N30COpOUIHBIMU 3BEeHBSIMH. llomyueHHbBIE MOJMMEpEHI
XapaKTepU3yloTCsl BBICOKOM MOJEKYJSPHONH Maccoi,
TeMneparypoi creknoBanus okoso 10-15 °C u tep-
MHuecKoil crabuipHocThIO 10 300 °C.

CuHTe3 HeM30IMaHATHBIX MMOJIMYPETaHOB HA OCHOBE
W30COPOUITHBIX ~ MOHOMEPOB C  KapOOKCHIIbHBIMHU
(YHKUMOHAIBHBIMU TPYIIIAMU BBI3bIBAET 3HAYUTEIIb-
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The choice of catalyst determines the di-
rection of the IBMC formation reaction. De-
pending on the size of the metal cation used,
the endo- or exo-OH group in the isosorbide
molecule is activated. A metal with a large
ionic radius (K" or Cs") in the catalyst facili-
tates the attack of exo-OH on the carbonyl
groups of DMC [115].

Chatti et al. [116] showed that low
nucleophilic catalysts, such as stannous
dioctanoate or titanium tetrabutoxide, promote
methylation instead of isosorbide carboxyla-
tion with DMC, and lead to a mixture of alkyl
esters.

Diglycidyl ether of isosorbide is of great
interest as a monomer for the synthesis of pol-
yurethanes and epoxy resins. It can be consid-
ered a bio-alternative to bisphenol-A
diglycidyl ether (DGEBA), the most common
starting monomer in epoxy formulations [117].
Aliphatic diamines as curing agents effectively
cure isosorbide diglycidyl ether to form polyu-
rethanes useful for coatings, adhesives, and
composites [118].

To replace DGEBA in epoxy resins,
Darroman et al. [119] developed mixtures of
isosorbide and cardanol. The mixed resins
were cured at room temperature. The charac-
teristics of the resulting polymers are compa-
rable to commercial petroleum products in
coating applications.

A number of regioisomeric isosorbide
monoglycidyl ethers, as well as diastereome-
rically pure monoepoxide derivatives, have
been obtained and studied [120]. As a result of
anionic ring-opening polymerization of mon-
omers with a methoxy lock, linear polyethers
bound by isosorbide units were obtained. The
resulting polymers are characterized by high
molecular weight, a glass transition tempera-
ture of about 10-15 °C, and thermal stability
up to 300 °C.

The synthesis of nonisocyanate polyure-



HBII uHTepec. ONHAKO B JIMTEpaType BCTpEdaeTcs: Ma-
710 paboT MOT00HOM HAIIPaBICHHOCTH.

Pa3paboTka mojamypeTaHoB ¢ BBICOKOH MOJIEKYJISIP-
HOW Maccoil Ha OCHOBE H30copOHIa TMO-TIPSKHEMY
MIpEJICTaBIsIET co00i cephe3Hyto mpobiemy. Pemraro-
1Iee 3HaYeHHE MMEEeT pa3pabOTKa HOBBIX KaTaJlnu3aTo-
POB, KOTOpBIE yBEIHYaT PEaKUHOHHYIO CIIOCOOHOCTH
HM30COPOUIOB.

be3nzonuaHaTHBI MONMYpPETAHOBBIA K€U s
JpEBECHHbI OBUT MONYYEH W3 OPraHOCOJIBBEHTHOTO
JUTHUHA, KOTOPBIM MpeAcTaBisieT co0OH OHOCHIpbE,
JOCTYITHOE B OOJBIIMX KOJMYECTBAX U MPOU3BOIUMOE
KaK MOOOYHBIN NPOAYKT OYMa)KHOM MPOMBIIIJICHHOCTH
[121]. Ob6pa3oBagBimecs OITUrOMEpPhI B PE3yIbTaTe CO-
BMECTHOM pPEaKLUU TPEX MCIIOIb3yEMBIX PEarcHTOB
(urHuHa, TMMETUIKapOOHATa U FeKCaMEeTHIICH INaMHU-
Ha) ObUIM JTMHEWHOW WM Pa3BETBICHHOW CTPYKTYPBHI.
Kieli moxazan yIoBIETBOPUTEIBHBIE MEXAHHYECKHUE
CBONCTBa mocie ropsuero npeccopanus npu 230 °C.
Tem He MeHee peaknroHHAas criocobHocTh Kites HUITY
ObUTa YCTEUIHO IMOBBIIIEHA 3a cYeT J00aBJICHUS He-
00JIBILIOr0 MPOLIEHTa CHIAHOBOI'O CBSI3YIOLIETO arcHTa.
C nobaBneHueM cwiiaHa mpeayaraemeiii kieii HUITY
TaK)ke€ MOXKHO MCIIONIb30BaTh MPH TeMIepaType rops-
yero npeccoanus Hke 200°C.

bucdenonsl Ha OCHOBE JIMTHUHA — 3KOJIOTHYECKU
YHUCTble aNbTEPHATUBBI [UI1 CHHTE3a IUKIMYECKUX
kapOOHAaTOB. ApoMaTuueckas CTPYKTypa H THAPO-
KCUJIbHAS (PYHKIMOHAJIBHOCTH IO3BOJIIOT HCIOJB30-
BaTb MX B KauecTBe NpekypcopoB B cuHrese HUITY
[122]. Hampumep, Yen u coast. [123] npoBenu peak-
U0 TIUIUAWIAPOBAHNS BO30OHOBISIEMOT0 OUC(eHO-
Jla Ha OCHOBE KPeo30ja C MUXJIOPTUAPHUHOM B IIPH-
cyrctBur NaOH u mocnenyroriee 1MUKIOTPUCOEIINHE-
Hue CO, B npucyrcteue TbAD u xnopuna OeH3untpu-
strnmammonns (BnEtzNCI). Tlony4yenssrii Oucuukiu-
yecKHi KapOOHAT WCHBITAIH B PEaKIUK TOJIHUITPUCOL-
JUHEHUS C Pa3INYHBIMU TUAMUHAMU.

H3yyeHo BIMSHHE CTPYKTYPHBIX OCOOCHHOCTEH
MUKJINYECKAX KapOOHATOB Ha OCHOBE JHTHHHA (CO-
Jiep>KaHNe METOKCUTPYII U 3aMEeCTHTEIel MOCTHKOBO-
ro yriepojaa) Ha TEpMOMEXaHHYECKHE CBOWMCTBA TEp-
MopeaktuBHeix HUITY [124]. Hannune meTokcHrpynmn
MIPUBEJIO K MPOAYKTaM ¢ 0oJiee BHICOKOW YAapHO BsI3-
KocThio, ueM y BPA/BPF-ananoros, 6e3 kakoro-m6o
3aMeTHOro cHwxkeHus: npouHoctu. HUITY mo coeit
TIPUPOJIE COAEPKUT BOAOPOIHBIE CBSA3U MEX]Y ypeTa-
HOBBIMH W THUAPOKCHIIBHBIMH TPYIIIIaMH, a IOJyYeH-
HBbIE W3 JIMTHUHA NPOAYKTHl 00ECIe4rBaIOT AONOIHHU-
TEJbHBIE MEX- M BHYTPHUMOIIEKYISIPHBIE BOJOPOIHEIE
CBSA3M Yepe3 METOKCHU3aMECTHTENH, YTO IPUBOAMT K
MOBBIIIEHHIO TPOYHOCTH MOJIMMEPA HA PACTSHKEHUE.

Takum 00pa3oM, KOMOMHUPOBAaHHBIN 3P QeKT yma-
KOBKM IIell€ll M YBEJIMYEHUS BOJOPOAHBIX CBs3el
ofecreuns JIydIIie MPOYHOCTHBIE XapaKTEPUCTHKH
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thanes based on isosorbide monomers with
carboxyl functional groups is of considerable
interest. However, there are few works of this
kind in the literature.

The development of high molecular weight
polyurethanes based on isosorbide is still a
major challenge. Of decisive importance is the
development of new catalysts that will in-
crease the reactivity of isosorbides.

An isocyanate-free polyurethane wood ad-
hesive was obtained from organo-solvent lig-
nin, which is a bio-raw material available in
large quantities and produced as a by-product
of the paper industry [121]. The resulting oli-
gomers as a result of the joint reaction of the
three reagents used (lignin, dimethyl car-
bonate, and hexamethylenediamine) had a lin-
ear and branched structure. The adhesive
showed satisfactory mechanical properties af-
ter hot pressing at 230 °C. However, the reac-
tivity of the NIPU adhesive has been success-
fully increased by adding a small percentage
of a silane coupling agent. With the addition of
silane, the proposed NIPU adhesive can also
be used at hot pressing temperatures below
200 °C.

Lignin-based bisphenols are environmen-
tally friendly alternatives for the synthesis of
cyclic carbonates. The aromatic structure and
hydroxyl functionality allows them to be used
as precursors in the synthesis of NIPU [122].
For example, Chen et al. [123] carried out the
glycidylation of a renewable creosol-based
bisphenol with epichlorohydrin in the presence
of NaOH and subsequent CO, cycloaddition in
the presence of TBAB and benzyltriethylam-
monium chloride (BnEt;NCI). The resulting
biscyclic carbonate was tested in a
polyaddition reaction with various diamines.

The effect of the structural features of lig-
nin-based cyclic carbonates (the content of
methoxy groups and bridging carbon substitu-
ents) on the thermomechanical properties of
thermosetting NIPUs was studied [124]. The
presence of methoxy groups resulted in prod-
ucts with higher toughness than BPA/BPF
counterparts without any noticeable reduction
in strength. NIPU inherently contains hydro-
gen bonds between urethane and hydroxyl
groups, and lignin-derived products provide
additional inter- and intramolecular hydrogen
bonds through methoxy substituents, resulting
in increased tensile strength of the polymer.

Thus, the combined effect of chain packing
and increased hydrogen bonding resulted in



HUIIY u3 nurHuHa, 4eM y aHAJIOTHYHBIX TPaJUIIMOH-
HBIX TIOJIIYPETAHOB.

BanwnmH TOXE MOXXHO Ha3BaTh NEPCIEKTUBHON
OMOMOJIEKYJIOH-TIPEKYPCOPOM JIJIsl IPOU3BOJICTBA LIUK-
audeckux kapoOonatoB. Fash u ap. [125] momyuwnu
OM(pyHKIIMOHAPHBIE TUKIMYECKHEe KapOOHATHI U3 Ba-
HUIMHA TyTeM BKiIroueHuss CO, B 3MOKCHIMPOBAaHHBIE
COEIMHEHW B IPUCYTCTBUM Katanm3aTopa LiBr.

JyOuibHYyI0 KHCIOTY B Ka4eCTBE BO30OHOBIISIEMOTO
coipbst i cuaTe3a HUITY wucmons3oBamn Esmaili u
np. [126]. Tlony4eHHbIi U3 TyOUITBHON KUCIOTHI ITUK-
JTUYecKuid KapOOHAT CMENIMBAIN C Pa3IMYHBIMU alld-
¢daTuyeckUMU M apoMaTHYECKMMU aMHHaMH JJIsl T10-
Jy4eHHUsI CeTel MoINypeTaHoB.

Menard ¢ coaBropamu [127] ucmonb3oBamd it
CHHTE3a IMOJNYPETaHOB (hepyIOBYIO KHUCIOTY W3 JIWT-
HOLIGJUTIONIO3HON Oromaccel uepe3 OMCIHUKINYEcKue
KapOOHaTHBIE IPpeKypcopbl. Zhang ¢ coaBTopamu [128]
COOOIIMIM O CHWHTE3€ IMKIMYECKOro KapOoHaTa W3
2,5-pypanaukapoonosoii kucnotsl (FDCA), nony4en-
HOW W3 LEJUIIONIO3HOM OHOoMacchl, MyTeM BHEIPEHUs
CO; B murmunmamnoBsiid 3¢up FDCA B mpucyTcTBHH
OpoMuaa TETPadTUIAMMOHUS B KayecTBE KaTan3aTo-
pa.

Kpaxman sBisieTcss MEepCHEKTHBHBIM CHIPBEM IS
pa3paboTki OnopasnaraeMbIxX IUTACTUKOB. TeM He Me-
Hee MPOMBIIUIEHHOE NMPUMEHEHHE MaTepHuajoB Ha Oc-
HOBE Kpaxmajla B 3HAUMTENbHON CTEIIEHU OrPaHUYEHO
M3-32 BBICOKOH XPYIKOCTH, HHU3KHX MEXaHHYECKUX
XapaKTEePUCTHUK, BEICOKOM BOCIIPUUMYNBOCTH K BIIAre U
€ro HECOBMECTUMOCTH C HEKOTOPBIMH THAPOHOOHBIMU
MOJIUMEPaMHU.

Hanwune THAPOKCHIBHBIX TPYII B MOJEKYJE
Kpaxmaja OOecCHeuyMBaeT BO3MOXHOCTH JIS pa3iiny-
HBIX THUIOB (DM3MYECKUX M XUMHYECKHX MOJIU(UKa-
LU,

[MpuBuBka k monmyperanam (I1Y) — Haubonee vac-
TO HCIOJIB3YEMbIH METOJ] XUMHUSCKON MOIUBUKAIIUU
Kpaxmaja, Tpd KOTOPOM o0OpasyeTcss KOBaJIEHTHas
CBA3b MEXIY KpaxXMalbHBIM CyOCTpPaTOM U PeaKIHOoH-
HOCMOCOOHBIMHM KOHIICBBIMH TPYIIIAMUA H30LIMaHATOB
[129]. Peaknus mexnay kpaxmanom u I1Y nns npous-
BOJICTBa KPaXMaJIbHO-TIOJINYPETAHOBBIX THUOPUAOB H
KOMITIO3UTOB BO3MOXKHA TPEMsI METOAaMM: XUMHUYeCKas
npuBuBKa kpaxmana ¢ rpymnmnod NCO doprnonumepa
I1Y; Momudukanus xKpaxmaia MOINypETaHOBEIM (op-
nosiumepom; mogudukaius [1Y crpykrypel. Hanbonee
YacTO MOAM(HKAIMIO MPOBOAAT MOCPEICTBOM THIPO-
KCHIIBHBIX Tpymn Kpaxmana: peakuuedn ux ¢ NCO-
rpyMIaMy U30IIHAHATOB ¢ 00pa30BaHNEM KOBAJICHTHOU
CBS3H. Y HUBEPCAIHHOCTH MOJ00HOTO METo/1a oberda-
€T MOTEHIMaJIbHOE NPOMBIIUIEHHOE IPUMEHEHHUE
Kpaxmaja B KOMIIO3MLHUSAX C MoJuyperanamu. Ho
TJIABHBIMU HEJIOCTaTKAMH METOJla MOXKHO CUUTaTh
MHOTOCTaJMIHOCTh MPOIecCa W MCIOJIB30BaHUE Opra-
HUYECKUX PACTBOPUTEINEH.
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better strength characteristics for lignin NIPU
than comparable traditional polyurethanes.

Vanillin can also be called a promising
precursor biomolecule for the production of
cyclic carbonates. Fash et al. [125] obtained
bifunctional cyclic carbonates from vanillin by
incorporating CO, into epoxidized compounds
in the presence of a LiBr catalyst.

Tannic acid was used as a renewable raw
material for the synthesis of NIPU by Esmaili
et al. [126]. The cyclic carbonate derived from
tannic acid was mixed with various aliphatic
and aromatic amines to form polyurethane
networks.

Menard et al. [127] used ferulic acid from
lignocellulosic biomass via bicyclic carbonate
precursors to synthesize polyurethanes. Zhang
et al. [128] reported the synthesis of a cyclic
carbonate from 2,5-furandicarboxylic acid
(FDCA) derived from cellulosic biomass by
incorporating CO, into FDCA diglycidyl ether
in the presence of tetraethylammonium bro-
mide as a catalyst.

Starch is a promising raw material for the
development of biodegradable plastics. How-
ever, the industrial use of starch-based materi-
als is largely limited due to its high brittleness,
poor mechanical performance, high moisture
susceptibility, and its incompatibility with
some hydrophobic polymers.

The presence of hydroxyl groups in the
starch molecule provides opportunities for var-
ious types of physical and chemical modifica-
tions.

Grafting to polyurethane (PU) is the most
commonly used method of chemical modifica-
tion of starch, in which a covalent bond is
formed between the starch substrate and the
reactive terminal groups of isocyanates [129].
The reaction between starch and PU for the
production of starch-polyurethane hybrids and
composites is possible by three methods:
chemical grafting of starch with the NCO
group of the PU prepolymer; modification of
starch with a polyurethane prepolymer; modi-
fication of PU structure. Most often, the modi-
fication is carried out through the hydroxyl
groups of starch: by reacting them with the
NCO groups of isocyanates to form a covalent
bond. The versatility of this method facilitates
the potential industrial application of starch in
compositions with polyurethanes. But the main
disadvantages of the method can be considered
a multi-stage process and the use of organic
solvents.



OpaHako TrHOPHUIBI/KOMIO3UTHEI Kpaxmaia ¢ HUITY
Ha CETOMHSAIIHUMN MeHb Mayio u3ydeHbl. Nyok Ling Tai
U JIp. HCCIENOBAIM COBMECTHMOCTh Kpaxmaia H
HUITY [130]. Kpuctamnmuzyemsie HUITY Obiu cunTe-
3UpOBaHbl 0€3 KaTaJu3aTOPOB CTYIEHYATOH IOJUME-
puzanmei STuiIeHKapboHaTta W Tpex muamuHOB (1,2-
staHauamMuH, 1,4-OytannuamuH u 1,6-TeKCaHIuaMUH).
3arem moHoMepsl HUITY o0benuHsm ¢ MOAH(UITH-
POBaHHBIM KpaxMaJjloM JUIsl CHHTe3a TMOpUIHBIX MaTe-
puanos kpaxman-HHUIIY. beuto nokasaHo, 4To rugpo-
KCWIbHbIE Tpynnsl kpaxmana u HUITY urparor Bax-
HYI0 POJb B OOpa30BaHUM MEXMOJIEKYJSIPHBIX BOZO-
POJIHBIX CBsI3el Ha rpaHHILE pa3aena (cxema 7).
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However, hybrids/composites of starch
with NIPU have been little studied to date.
Nyok Ling Tai et al. investigated the compati-
bility of starch and NIPU [130]. Crystallizable
NIPUs were synthesized without catalysts by
stepwise polymerization of ethylene carbonate
and three diamines (1,2-ethanediamine, 1,4-
butanediamine, and 1,6-hexanediamine). The
NIPU monomers were then combined with
modified starch to synthesize starch-NIPU hy-
brid materials. The hydroxyl groups of starch
and NIPU have been shown to play an im-
portant role in the formation of intermolecular
hydrogen bonds at the interface (Scheme 7).

QOH
A
]
0,.0
iy
R=
o
0, &
."'!::I

| _ OH
HO-  HO

H

OH
e

HO g-—wﬁm\_?DH}

0=

OH D/t?i :
! HD" K

OH e

OH

|
H,CHC —CH,

f
n #]

Cxema 7. CTpykTypa ruOpugHoro Matepuaia kpaxman-HUITY

Scheme 7. Structure of the starch-NIPU hybrid material

I'mapokcunbHBIE TPYMITBI HEW3O0LWAHATHBIX ITOJHU-
ypeTaHoB 3(pQEeKTUBHO B3aMMOJICHCTBYIOT C MOJIEKY-
JaMH Kpaxmaia B MexdazHoH 001acTH, JeMOHCTPH-
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The hydroxyl groups of NIPU effectively
interact with starch molecules in the interfacial
region, demonstrating a significant improve-



pys  3HAaUUTEIBHOE  YIYYIIEHHE  MEXaHUYECKUX
CBOMCTB IMOJIydaeMbIX IUIEHOK. Taxke ObLIO OOHAapy-
’)KEHO, YTO KOMIIOHEHT HEM3OLMAHATHBIX MOJUypeTa-
HOB YBEJTHMYMBACT KECTKOCTh KOMIIO3UTOB U CIIOCOOCT-
BYET TMOBBIIICHUI KPUCTAUIMYHOCTH KOMIIO3UTOB
[131-133]. Ormenka Mex(a3HOTO B3aMMOAEHCTBUSA
MEXIY KpaxMajJoM U HEU3OI[MaHATHBIMHU MOJUYypeTa-
HaMU ToKazaja, 9ro OH-rpynmsl KpaxMaabHOTO OCTO-
Ba UMEIOT xoporiee cpoactBo k HUITY 3a cuet obpa-
30BaHMsI HEKOBAJICHTHBIX BOJOPOJHBIX CBsizeil. OHa-
KO TNpH BKIOYeHHH Oosbiunx koiuuects HUITY B
KpaxMaJbHYI0 MAaTpHIy B3aHMOJCHUCTBHE MEXIy (a-
3aMH yXyIIIaeTcs.

ment in the mechanical properties of the re-
sulting films. It was also found that the NIPU
component increases the rigidity of the com-
posites and promotes an increase in the
crystallinity of the composites [131-133]. An
assessment of the interfacial interaction be-
tween starch and NIPU showed that the OH
groups of the starch backbone have a good
affinity for NIPU due to the formation of non-
covalent hydrogen bonds. However, when
large amounts of NIPU are included in the
starch matrix, the interaction between the
phases deteriorates.



I'mapa 2. OIIBIT IOJIYYEHUA BCIIEHEHHBIX
HEN30LUAHATHBIX IIOJINYPETAHOB

Chapter 2. EXPERIENCE IN OBTAINING FOAMED
NON-ISOCYANATE POLYURETHANES

B Hacrosimee BpeMsi HA MUPOBOM PBIHKE NEHOMa-
TEpUAJIOB JOMUHHUPYIOT MNoJauypeTaHbl. (OCHOBHBIM
HEJOCTATKOM 3TUX MEH OCTAETCS HCIOIb30BAHUE TOK-
CHUYHBIX U30L[UaHATHBIX PEarc€HTOB.

Benyrcst akTHBHBIE HCCIIEOBaHMS MO pa3pabOTKe
BCIICHEHHBIX IIEHONONUYPEeTaHOB Ha ocHose HUIIY.
OpnHako B JIUTEpaType BCTPEUAIOTCS JIUIIb OT/EIbHbIE
pemenusi. Crnabasi mpopabOTaHHOCTH BOIIpoca 00Y-
CIIOBJIEHA cieaylomumMu (aktopamu. Bo-mepBoix, He-
BO3MOYKHOCTBIO BBIICIICHUSI BCIICHUBAIOUIETO arcHTa B
peaxiuu ¢popmupoBanus HUITY, B ormuue ot kiac-
CHYECKON peaklHu TOJIY4YeHHsS MOJUYpPETaHOB, TIe
Boiieniedre CO,, GOpMUPYIOMIETO TEeHYy HIET Hero-
CPEIICTBEHHO BO BpeMs (popMHUpOBaHHWS MOIMMEpa 3a
CYET TMAPOJIM3a U30LMAHATHOW Tpynmsl. Bo-BTOpBIX,
JIUILIb HEJTABHO HAMETUJICS TPEH]] Ha TOCYIapCTBEHHOE
perynupoBaHue B cdepe MONHypeTaHOB C LEIbI0 3a-
MeleHns HeOe30MmacHbIX U30LUAHATOB.

[TepBoe ymomuHaHWE O BO3MOXKHOCTH (hOpPMHPOBa-
Hus neHbl Ha ocHoBe HUIIY oTHOCUTCS K HATEHTy
2014/0191156A1 USA [134]. B maTeHTe OMMCHIBaCTCS
CO3J1aHKE HOBOTO IMKIUYECKOT0 KapOOHATHOI'O MOHO-
Mepa, KOTOPBI MOXET OBITh UCTIOIh30BaH B KAUECTBE
PEaKIMOHHOCTIOCOOHOTO TPOMEXKYTOYHOTO TPOIYKTa
JUISL TIOTYYEHUST Pa3IMYHBIX MOauMepoB. OCHOBOM IS
MUKJIAYECKAX KapOOHATOB B HM300pPETEHUM SIBIISETCS
JTMBUHUIIAPEHOKCUIBI, KOTOPBIE MPEIaracTcsl nepeBo-
JTIUTh B COOTBETCTBYIOIINE KapOOHATHI IPU TEMIIEPaTy-
pe okono 100 °C mox maBienuem CO; okoio 5 aTMm,
ucnonb3yst TBADB kak karanuzarop.

Henocpencreenno Bcnenennsii HUITY npennara-
ercsi (OpMUPOBATH pPeakiiuell KapOOHATOB C OTBEP/IH-
tenem TETA, ucnonp3ys HMKIOT€KCaH B KadecTBe
BcrieHuBatens, a [IAB B kadecTBe cTabunmsaropa re-
Hbl. BMecTe ¢ TeM, HU OJJHO M3 CBOWCTB IMOJy4aeMOU
TIEHBI B TATEHTE HE PaCKPHIBACTCH.

Crioco6 ¢dopMupoBaHUS HEU30IMAHATHON KOMITO-
3ULUU JJI PAcHbUICHUs, a TaKXe YCTPOMCTBO it
OCYILIECTBIICHUSI TIpollecca M PelenTyphl st GOopMH-
pOBaHUSl HEU3OLIMAHATHOMN TEHBI MPEACTABICHBI B Ma-
tente CIIA 2015/0024138A1 [135]. Hambusemas
CMECh COCTOWT U3 JABYX KOMIIOHEHTOB, MIOJJaBAEMbIX B
HarpeBaeMblil CMECUTENb. XUMUYECKU JTaHHBIN MMaTeHT
OCHOBBIBA€TCA Ha PEAKIMU JUAHOBBIX 3MOKCUIOB C
BBICOKMM 3TOKCHAHBIM YHCIOM M THIPOKCHYpETaHO-
BOTO MOTYIPOAYKTA, COTTIACHO CXEMBI:
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Polyurethanes currently dominate the glob-
al foam market. The main disadvantage of the-
se foams is the use of toxic isocyanate rea-
gents.

Active research is underway to develop
foamed polyurethane foams based on NIPU.
However, only isolated solutions are found in
the literature. Weak elaboration of the issue is
due to the following factors. Firstly, the im-
possibility of isolating the blowing agent in the
reaction of forming NIPU, in contrast to the
classical reaction of obtaining polyurethanes,
where the release of CO,, which forms the
foam, occurs directly during the formation of
the polymer due to the hydrolysis of the
isocyanate group. Secondly, only recently
there has been a trend towards state regulation
in the field of polyurethanes in order to replace
unsafe isocyanates.

The first mention of the possibility of
forming foam based on NIPU refers to the US
patent 2014/0191156A1 [134]. The patent de-
scribes the creation of a new cyclic carbonate
monomer that can be used as a reactive inter-
mediate for the production of various poly-
mers. The basis for cyclic carbonates in the
invention is divinyl arene oxides, which are
proposed to be converted into the correspond-
ing carbonates at a temperature of about
100 °C under a CO, pressure of about 5 atm,
using TBAB as a catalyst.

Directly foamed NIPU is proposed to be
formed by the reaction of carbonates with the
TETA hardener, using cyclohexane as a foam-
ing agent, and surfactant as a foam stabilizer.
However, none of the properties of the result-
ing foam in the patent is not disclosed.

A method for forming a non-isocyanate
composition for spraying, as well as a device
for implementing the process and formulations
for forming a non-isocyanate foam are pre-
sented in US patent 2015/0024138A1 [135].
The spray mixture consists of two components
fed into a heated mixer. Chemically, this pa-
tent is based on the reaction of high epoxy
number dianic epoxides and a hydroxyure-
thane intermediate, according to the scheme:
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Cxewma 8. [Tonyuenne HUITY peaxiyed JuaHOBBIX 3MTOKCUAOB C THAPOKCUYpPETaHAMU

Scheme 8. Obtaining NIPU by the reaction of diane epoxides with hydroxyurethanes

Ilo cyTtH, 3TO peakuust Mexay SMOKCUAOM U ype-
TAHCOAEP’KAIUM OTBEPAUTEIEM aMUHHOIO THHa. JTo,
pasymeercs, POTHBOPEUUT OOLICH YCTaHOBKE Ha pe-
aKIUIO LUKIOKapOOHaTa M aMHuHa, HO YYWUTHIBAs, 4TO
SMOKCHU/IBI PEarupyroT ¢ aMHHaMH, Jy4ile, 4eM KapOo-
HaThI, TaKoO# nmoaxon onpasaaH. [lateHT noagpasymena-
eT mpuMeHeHne GTopconepxaiero GpeoHa B Kayect-
Be BcreHuBatens. llomydaemasi coriacHo u300pere-
HHUIO IIeHa HE YCTYIAeT MO IUIOTHOCTHBIM XapaKTepH-
crukam (25-40 xr/m°) u xectkoctu (0,2-0,4 MITa).
OpnHako TEIIONPOBOASAIINE CBOMCTBA OCTaIOTCA JO-
BOJbHO Hu3KkuMH: 0,4—0,7 BT/(M%K).

B Hayunpix myOnmkamusax BcneHennole HUITY
BIIEpBbIE TIONyYeHbl H3 KapOoHaTa, T.e. TIO-
TU(TIPOTIMIICHOKCHAA )OrCc-KapOoHaTa M TPUMETHIION-
nmponaHTpukapboHara u aByx amuHOB [135]. [ns
BCIIEHUBAHUs HCIIOIb30BAIN IKBHUBAJICHTHBIE KOIHYeE-
cTBa BcrneHuBawomero areara MH 15. Peakuus raso-
BBIJICJICHUS] TIPOTEKAJIa MEXIY aMUHHBIMH TPYIIIaMHU
orBepauTens U SiH-rpynmamMu BCIIEHHBAIOMIETO areH-
ta MH15 nyreM BBICBOOOXKIEHUSI MOJICKYJISIPHOTO BO-
nopoaa. CHHTE3UpOBAaHHBIE MEHBI MPEACTABISIOT CO-
00l >1acTUYHBIE MEHBI C BBICOKOM IUIOTHOCTBIO, a MX
CTPYKTypa U TEpMHYECKHE CBOMCTBA 3aBUCAT OT CTe-
MeHN CIIMBaHMA, oOOecleynBaeMOl pasinyueM B
(YHKUMOHAIBHOCTH — IMKJIMYECKOro KapOOHaTa H
cTpykType amuHa (Cxema 9) [136].

C nenpio nonydeHus Bcrenennoro HUITY Takke
Obula TpPUMEHEHa TEXHOJOIHs C HCIOJIb30BaHUEM
cBepxkputrueckoro CO,. C 370l 1enbio HUKI0KapOo-
HaTHl Ha OCHOBE AMTIIMIHIMIOBOTO 3(Hpa MOIUITU-
JICHTJIMKONSA M 3MOKCUAVPOBAHHOTO COEBOIO Macia
MoJTydeHsl myTeM Lukionpucoeaunenus CO, ¢ uc-
MOJIb30BaHUEM JBYXKOMIIOHEHTHOTO OpraHOKaTajn3a-
TOpa, COCTOAIIETO U3 COJH U (PTOPUPOBAHHOTO CITUPTA.
HUIIY nony4anu myTem cCTyneH4YaToOM MNOIMMEpHU3a-
[[UH B paciijiaBe ¢ OMOJIOTUYECKH TIOTyUYEeHHBIM aMUHO-
akTUBHBEIM onuroamupoMm. Haxoner, meast HUITY c
Menkumu mopamu (1-20 MKM), HU3KOW IUIOTHOCTBIO
(d = 110 xr/m®) 1 JOBONBHO HU3KOIl TEILIONPOBOIHO-
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It is essentially a reaction between an
epoxy and an amine-type urethane hardener.
This, of course, contradicts the general ap-
proach to the reaction of cyclocarbonate and
amine, but given that epoxides react with
amines better than carbonates, this approach is
justified. The patent implies the use of fluo-
rine-containing freon as a blowing agent. The
foam obtained according to the invention is
not inferior in density characteristics (2540
kg/m® and rigidity (0.2-0.4 MPa). However,
the heat-conducting properties remain rather
low: 0.4-0.7 W/(m%K).

For the first time in scientific publications,
foamed NIPU was obtained from carbonate,
i.e. poly (propylene oxide) bis-carbonate and
trimethylolpropane tricarbonate and two
amines [135]. Equivalent amounts of blowing
agent MH 15 were used for foaming. An out-
gassing reaction proceeded between the amine
groups of the hardener and the SiH groups of
MH15 by releasing molecular hydrogen. The
synthesized foams are high density elastic
foams and their structure and thermal proper-
ties depend on the degree of crosslinking pro-
vided by the difference in cyclic carbonate
functionality and amine structure (Scheme 9)
[136].

Supercritical CO, technology has also been
applied to produce foamed NIPU. To this end,
cyclocarbonates based on polyethylene glycol
diglycidyl ester and epoxidized soybean oil
were obtained by CO, cycloaddition using a
two-component organocatalyst consisting of
salt and fluorinated alcohol. NIPU was ob-
tained by stepwise melt polymerization with a
biologically derived amine-active oligoamide.
Finally, NIPU foams with fine pores (1-20
um), low density (d ~ 110 kg/m®), and rather
low thermal conductivity (A = 50 MW/(m-K)



cteio (A = 50 MBT1/(M-K) ObLIH mMONydeHBI IBYXCTa-
JUAHBIM ~ METOZIOM TIEPHOJHYECKOTO BCIICHUBAHUSL.
Crioco6 cocrout u3 nponuTku oopasuos HUITY yrie-
KHUCJIBIM T'a30M B CBEPXKPHTHYCCKHX YCIOBHSX IMEpe.
ux pacimpenuem npu temmeparype 80 °C (cxema 10)
[137].
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were obtained by a two-stage periodic foaming
method. The method consists of impregnation
of NIPU samples with carbon dioxide under
supercritical conditions before their expansion
at a temperature of 80 °C (Scheme 10) [137].
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Cxema 9. O6mras cxema oopasoBanus neast HUITY

Scheme 9. General scheme for the formation of NIPU foam
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Cxema 10. MukpoanemenTaslie nenst NIPU

Scheme 10. NIPU microelement foams

B ToM ke romy ObUT MpeicTaBieH YHHUBEPCAIbHBIH
croco0 MoNTydeHUs] THOKMX TICHOIUIACTOB Ha OCHOBE
HUIIY, nomy4eHHOTro MOJIHOCTBIO W3 PACTUTEIBLHOTO
CBIPbSl TIYTEM OTBEPXKIACHUS CMECEH IMKIMYECKUX
kKapOoHaToB Ha ocHOBe TpuMeTmnonnponana (TMPGC
/[EO-TMPGC) ¢ rekcameTHIeHIHAMUHOM. B KkauecTBe
9KOJIOTUYECKH 0€30MacHOT0 BCIICHUBAIOIIECTO arcHTa
0bL1 ucnonb3oBan ppeon (Conkan 365/227). Cmemnu-
Banue ruokoro EO-TMPGC ¢ xectkum TMPGC cy-
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In the same year, a versatile process was
introduced to produce 100% plant-based NIPU
flexible foams obtained by curing mixtures of
trimethylolpropane-based cyclic carbonates
(TMPGC/EO-TMPGC) with hexamethylene-
diamine. Freon (Solkan 365/227) was used as
an environmentally friendly blowing agent.
Blending the flexible EO-TMPGC with the
rigid TMPGC significantly improved the han-



IIECTBEHHO YJIydIinio oopadotky nmeust HUITY u na-
JI0O BO3MOYKHOCTbH IIOJIHOCTHEO KOHTPOJIUPOBATh CBOIi-
ctBa niensl HUITY. C yBenuuenunem coaepxxanus EO-
TMPGC Bs3kOCTh KapOOHATHOW CMECH CHUKANach,
YTO CONPOBOXKAAIOCH CHIDKEHHEM TEMIIEPaTyphl CTEK-
noBaausg HUITY. Takum obOpa3om, moiydatb ruOKue
neusl HUITY Ha OHOJIOTMYECKONM OCHOBE JUISI aBTOMO-
OMIIBHBIX CHICHHWHA BO3MOXKHO, HCIIONB3Ys KapOOoHaTt-
Hble cMecu coctasa 60 macc. % TMPGC u 40 macc. %
EO-TMPGC. IlpencraBnennas ruOkas nena HUITY
ToKa3aja HU3KYIO IIoTHOCTh 83 kr/m® [138].
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dling of the NIPU foam and allowed full con-
trol over the properties of the NIPU foam.
With an increase in the content of EO-
TMPGC, the viscosity of the carbonate mix-
ture decreased, which was accompanied by a
decrease in the glass transition temperature of
NIPU. Thus, it is possible to obtain flexible
bio-based NIPU foams for car seats using car-
bonate mixtures with a composition of 60 wt.
% TMPGC and 40 wt. % EO-TMPGC. Pre-
sented NIPU flexible foam showed a low den-
sity of 83 kg/m? [138].
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Cxema 11. [Nomyuenue rudkux nenoriactos HUITY

Scheme 11. Preparation of flexible NIPU foams

I'mbkue nenomnactelt HUITY uMe0T o4eHb XOpO-
miee 3HaueHue ructepesuca (13,3%) B coueraHuu c
tBepaocthio 3,0 klla. B ornuume OT COBpEMEHHBIX
BcreHuBaromux areuros HUITY u xumMudeckux Bciie-
HUBAIOIIMX areHTOB Ha OCHOBE CHJIMKOHA, (TOpyTJie-
pOABl HE BCTPAMBAIOTCS B CTPYKTYpy IOJMMeEpa, HE
TpeOYIOT BHICOKOTO JaBIIEHUS W HE BBLAEISIOT JIETKO-
BOCIUIaMEHSIoLErocs Boaopoaa. ITockonbky cBolcTBa
HUIIY onpenenstorcsi HCKIIOUUTEIBHO COCTABOM
cMecH KapOOHATOB, CMEIIMBaHWE PAa3INYHBIX KapOo-
HATOB YCTPaHSET HEOOXOJUMOCTh BKIIFOUEHUS MEHEEe
PEaKIIMOHHOCTIOCOOHBIX JIMHHOIETIOUEYHBIX JTHAMU-
HOB, TakuX Kak [Ipmamun 1047 wm Jxedpdamun, Ko-
TOpBbIE MOTYT BEI3BIBATh MOOOYHBIE PEAKIMH M3-3a 00-
Jiee JTUTETHFHOTO BPEMEHH PEaKIIUu.

YacTU4HO CaMOHAIYBAIOUIMIICS U CaMOTBEPJCIO-
WA TIEHOTIOIMYPeTaH Ha OMOJIOTHMYECKON OCHOBE U3
HEW30IIMAaHATHBIX MCXOJHBIX Ha OCHOBE TIFOKO3BI (g-
HUILY) 6511 noaydeH peakuueil TIIOKO3bI ¢ TUMETHII-
KapOOHATOM M TeKcameTwieHuaMuHoM [139]. B aroii
paboTe caMOHaIyBaloOIIyIOCAd IICHY Ha OCHOBE g-
HUIIY roroBunu npu KOMHAaTHOW TeMIlepaType C UcC-
MOJIb30BAHUEM MAJIEMHOBOM KHCIOTHI B KAU€CTBE MHU-
MaTopa U TIIyTapoOBOIrO ajbAeryja B KauecTBE CLIU-
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Flexible NIPU foams have a very good
hysteresis value of 13.3% combined with a
hardness of 3.0 kPa. Unlike modern NIPU
blowing agents and silicon-based chemical
blowing agents, fluorocarbons are not incorpo-
rated into the polymer structure, do not require
high pressure, and do not release flammable
hydrogen. Since the properties of NIPU are
determined solely by the composition of the
mixture of carbonates, mixing different car-
bonates eliminates the need to include less re-
active long chain diamines such as Priamine
1047 or Jeffamine, which can cause side reac-
tions due to longer reaction times.

Partially self-inflating and self-curing
biobased polyurethane foam from glucose-
based non-isocyanate precursors (g-NIPU) was
prepared by the reaction of glucose with dime-
thyl carbonate and hexamethylenediamine
[139]. In this work, g-NIPU-based self-
inflating foam was prepared at room tempera-
ture using maleic acid as an initiator and
glutaraldehyde as a cross-linking agent. The
resulting self-inflating rigid foams have good



Baromiero areHta. [lonmydeHHbIE caMOHaIyBaroLIKECS
KECTKHE TEeHOIUIaCThl 00JalaloT XOpoIled ympyro-
CTBIO, KOTOpas OpsMO MPOMNOPLUOHAIBHO IJIOTHOCTH
MEHbl. YBEJIMYECHHUE KOJIMYECTBA TIIyTAPOBOI'O albie-
rujia Wi YMEHBLICHUE KOJIMYECTBA MAJICMHOBOU KU-
CJOTBI YTOJIIAET CTCHKU KJIETOK M YBEJIMYUBAET ILIOT-
HOCTb IIE€HBI.

Eme oauH mpumep SKOJOTMYHOrO pPEUICHUs, IpH-
BOJSIIETO K MaTrepuaiaM IMOJHOCTBIO U3 MPUPOIHOTO
chbIpbst, — nosryuenre HUIIY u3 nuraunHa ¢ ucnomns3o-
BaHHWEM OMOMACCHI, Kak MpeKypcopa i IUKIoKapOo-
HATOB W JJIsl OTBepAMTENs. BriepBpie ObuTa MCIONB30-
BaHA YHHKAJIbHAs HETOKCUYHAS CXeMa IUKIOKapOOHU-
3anuu. [lonyyensr HALLY co cBoiicTBamMu, CpaBHUMBI-
MH CO CBOMCTBaMH KJIACCUYECKOTO LIUAHATHOTO MOJIH-
yperana. [Ipoctora m 6€30MacHOCTH MPEACTABICHHOMN
METOJMKH OTKPBIBAIOT BO3MOYKHOCTh IIMPOKOTO MpPH-
MeHeHns xumun JmmrauHa [140]. K Hemocrtatkam Me-
TO/Ia MOYKHO OTHECTH HEOOXOIAMMOCTH HCITONE30BaHUS
THJIPOCUJIAHOB ISl BCIICHUBAHUS U OOIIYIO BBICOKYIO
IJIOTHOCTH TofTydaeMoit nieHsl [ 140].

resilience, which is directly proportional to the
density of the foam. Increasing the amount of
glutaraldehyde or decreasing the amount of
maleic acid thickens the cell walls and increas-
es the density of the foam.

Another example of an environmentally
friendly solution leading to materials entirely
from natural raw materials is the production of
NIPU from lignin using biomass as a precursor
for cyclocarbonates and for hardener. For the
first time, a unique non-toxic cyclocarbonation
scheme was used. NIPU have been obtained
with properties comparable to those of classi-
cal cyanate polyurethane. The simplicity and
safety of the presented technique open up the
possibility of wide application of lignin chem-
istry [140]. The disadvantages of the method
include the need to use hydrosilanes for foam-
ing and the overall high density of the result-
ing foam [140].
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Scheme 12. Reaction scheme for functionalization of kraft lignin

B napyro#i paborte s moydeHHWs CaMOBCIICHU-
BAIOIIMXCS HEW3OLMAHATHBIX  IOJMTHOYPETAHOBBIX
neH Obla MpoBejieHa KackamHas peakius [141]. Pac-
KpBITHE KOJIbIA JTUTHOKApOOHATA MPUBOAUT K 00pa3o-
BaHUIO IN SitU THONA, CIOCOOHOrO pearupoBaTh C
OOBIYHBIM IMKIMYECKUM KapOOHATOM C BBIICIICHHEM
CO,, uro mpeiCTaBiIsIeT WHTEPECHYIO allbTEPHATHUBY
KOMMEPUYECKUM TIEHOMOoJINypeTanaM. MeTop 3aneiict-
ByeT Npelplaylne HapaboTku peakimu Ilupcona, HO
0e3 IMpsAMOTro HCIOIB30BaHMs THOJOB. Vcrons30BaHme
TUTHOKapOoHaTa ¢ 6ojiee BHICOKOM PEaKIMOHHOW CIO-
COOHOCTBIO, YeM LHMKIMYECKHH KapOOHAT, MO3BOJIMIIO
MOJYYUTh MOPUCTBIH Marepuan Npu YMEPEHHOH TeM-
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In another work, a cascade reaction was
carried out to obtain self-foaming non-
isocyanate polythiourethane foams [141].
Dithiocarbonate ring opening results in in situ
formation of a thiol capable of reacting with
conventional cyclic carbonate to release CO,,
which is an interesting alternative to commer-
cial polyurethane foams. The method uses
previous developments of the Pearson reac-
tion, but without the direct use of thiols. The
use of a dithiocarbonate with a higher reactivi-
ty than the cyclic carbonate made it possible to
obtain a porous material at a moderate temper-



neparype (50 °C). Beuin onpeneiicHbl HEOOXOAMMBIC
mapaMeTpsl Ui TOJMyYeHHs NIeHOIUTacTa ¢ ONTHMAalb-
HBIMH XapaKTepucTHKaMu: kKatanuzatop, 90 °C u co-
OTHOIIICHNE JUTHOKapOOHaTa UMEIOT pellaromiee 3Ha-
YeHue Js NojydeHus xopowo BcrneHenHoro HUITY.
CBoiicTBa TMEHBI MOXHO PEryJHpOBAaTh C MOMOIIBIO
pasnuuHbIx 100aBoK. Mcmonb3oBanue [IAB npuBomut
K TIOJTYYCHHIO MHKPOMOPHCTOTO MaTepuana C Ipe-
MMYIIECTBEHHO 3aKPBITON SYEUCTON CTPyKTypoil. O6-
pasoBaHue TEHbI ¢ OONBIIMMHU sSUelHKaMu oOecrieunBa-
eTcs J00aBKaMM, HCIONB3YIOIUMH CTaOWIN3AIHIO
IIukepunara. TepMoCTaOMILHOCTH MaTepuajga ITOBHI-
1M C MOMOIIBIO OTHE3AIUTHBIX N00aBoK. [lepcmexk-
TUBHOCTh METO/Ia 3aKJII0YaeTCsl B IPUMEHEHUU CMECH
JIBYOKHCH YTJIEpOJia M CEepoyTriepona I MOTyUeHHS
IIUKJIOKapOOHAaTa W THOITUKIIOKapOOHAaTa, YTO ITO3BOJIS-
eT n30eKaTh CTaIuN UX CMEILCHHS.

ature (50 °C). The necessary parameters were
determined to obtain foam with optimal per-
formance: Catalyst, 90 °C and dithiocarbonate
ratio are critical to obtain a well-foamed
NIPU. Foam properties can be adjusted with
various additives. The use of surfactants re-
sults in a microporous material with a predom-
inantly closed cell structure. Large cell foam
formation is provided by additives using Pick-
ering stabilization. The thermal stability of the
material was improved with the help of flame
retardant additives. The prospect of the meth-
od lies in the use of a mixture of carbon diox-
ide and carbon disulfide to obtain
cyclocarbonate and thiocyclocarbonate, which
avoids the stage of their mixing.

One pot synthesis
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Scheme 13. General scheme for the synthesis of PHTU foam

Jlyst IpUrOTOBJICHHUST CaMOBBIYBAa€MbIX HEH30IIHa-
HATHBIX TIEHOIOJIMYPETAHOB HCIIOJIb3YEeTCs MeHO00pa-
3oBarenb (CO;) 1 BoJla Ha MecTe BO BpeMs (hOpMHUPO-
BaHUS MOJMMEPHOW CETKU. B pe3ynbTaTe 4acTUUHOIO
TUAPOIU3a OJHOTO W3 COMOHOMEPOB, IUKIHYECKOTO
KapOoHaTa, 00pa3yeTcsi BCIeHWBArOIMii areHT. lIpo-
1ece IMpocT, YHUBEPCAIeH, MaclITadupyeM, UCIONb3Y-
€T HEIOpOrue JIErKOJOCTYIHbIE pEeareHThl, MOXKET
OBITH 3aBepieH 3a 30 MHHYT U COBMECTUM C CYIIECT-
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For the preparation of self-blown non-
isocyanate polyurethane foams, a blowing
agent (CO,) and water are used on site during
the formation of the polymer network. As a
result of partial hydrolysis of one of the
comonomers, a cyclic carbonate, a foaming
agent is formed. The process is simple, versa-
tile, scalable, uses inexpensive, readily availa-
ble reagents, can be completed in 30 minutes,



ByIOIIeH WHQPPACTPYKTYpPOH ISl BCTICHUBAHHUS TIOJH-
MEpOB.

[Ipoctoii yHHBepcalbHBI MaclITaOUPYEMBIH MpO-
[eCC C WCIOJb30BaHMEM JOCTYMHBIX PEareHToB, CO-
BMECTHUMBIN C CYIECTBYIOIIEH HHPPACTPYKTYpPOH I
BCIICHUBAHUS TIOJTUMEPOB, OBLT pa3paboTad sl OBICT-
POr0O MPUTOTOBIICHHUS HEM30LMAHATHBIX TIEHOMOINYpE-
TaHOB, MHAYIIPOBAHHEIX Bomoi [142]. [lokazaHo, 9To
KOMITO3ULIMY U3 HOJIULIUKINYECKUX KapOOHATOB U IO-
JIMAMHUHOB JIAIOT *XeCcTkue wiu rudkue nensr HUITY
MyTeM YaCTHYHOTO THIPOJIM3a LHUKIMYECKHX KapOoHa-
TOB B IIPUCYTCTBUH KaTaau3aropa.

HecmoTps Ha omyOnruKkoBaHHBIE MHOTOOOCIIAIOIINE
pe3ynbTaThl Mo nonydyenuto neHoractoB HUITY, pas-
paboTKa 3K30TEPMUYECKUX 3HIOTCHHBIX MOIXOIOB C
CaMOIPOJlyBaHUEM, CIIOCOOHBIX KOHKYPHUPOBAaTh C
YHHUBEPCAITBHOCTHIO U MPOCTOTON COCTAaBOB HA OCHOBE
M30LMaHaTa, MMeEET peulamplee 3HaueHue. YToObl
CTUMYJHpOBaTh neHooOpazoBanue rmeH HUITY, HeoO-
XOAUMBI BBICOKHC TEMIICPATYPhI WA BHEIIHUM BCIIe-
HUBAIOILIUM areHr.

IIpodeccopom 'otnmud E.M. u coaBTOpamm ycta-
HOBJICHO, YTO HCIIOJIb30BaHUE TTOJIMAMHHOAIKUI(EHO-
JIOB TMO3BOJISIET MOJYYaTh BCIICHEHHBIE HEU3OIMaHAT-
HBIE MaTepuaibl 0e3 TPaTUuIOHHBIX TIEHO00pa3oBaTe-
neit [143]. BanmonelcTBIE AMOKCHIHBIX OJTUTOMEPOB
C aMHHAMH SIBIISIETCS AK30TepMudeckuM. IloaToMy npu
OKBUMOJICKYJIAPHOM COOTHOLICHUH ®YHKHHOHMLHLIX
rpynn amMuHO(GEHOIBHBIA OTBEPIUTENs CIOCOOEH K
MMOJIMMECPU3aAlIMN «Ha MCECTC» C BBIACICHUEM JICTYUUX
MPOAYKTOB, BClieHWBalommx monumep. CoBMecTHOe
UCIIOJIb30BaHUE SMOKCHUAHBIX OJMTOMEPOB M LHUKJIIO-
KapOOHATOB NPHUBOAWT K Oojiee paBHOMEPHOMY pac-
NpEJICTICHNI0 TIOp BCIICHEHHOTO IOJIMMEpPa U YMEHb-
HIEHUIO uX pa3Mepa. CHWKEHHE KOJIMYECTBa IOJIHAl-
KWJIaMUHO(QEHOIa 10 OTHOLICHHIO K CTEXHOMETpUYe-
ckomy Ha 30% 1o Macce He oOecrieyrBaeT BCIICHUBA-
HHUE cocTaBa. JTO CBS3aHO C TEM, YTO 3K30TEpMHUYE-
ckuil 3pQeKT HepoCTaTOUYEH ISl BBIIEICHUS JIETYIHX
BEIIECTB.

[MTo-BuuMOMY, BBICOKAsE CKOPOCTh PEAKIIUU HE TIO-
3BOJIIET JOPMHUPOBATh PABHOMEPHBIE HOPHI. Y CTaHOB-
JIEHO, YTO MCIOJb30BaHUE IMKIOKapOOHATOB, 00Ja-
JaroIIux MEHBIIEH aKTUBHOCTBHIO B peakouiax € aMu-
HaMH, TNPUBOJAUT K CHIKEHUIO CKOPOCTH OTBEpXKAE-
Hus. Takum 06pa3oM, BO3MOXKHO MOJYYHTH BCIICHEH-
HBIE TIOJIMMEPHI ¢ O0JIee PaBHOMEPHBIM pacIpeieTeHH-
eM TI0p.

Hcnonp3oBaHue MEHONOINYPETAHOB 3KOIOTUYECKU
000CHOBAaHHO, OJIHAKO, HECMOTpPSI Ha IPEBOCXOJHbBIE
TCIIONU30JIAINOHHBIC CBOfICTBa, IIOBBINICHHAS II0XKa-
POOIACHOCTh BCIIEHEHHBIX MOJMMEPOB CACP)KUBACT MX
[IMPOKOE TMPHMEHEHHE B TPAKIAHCKOM W MPOMBIII-
JICHHOM CTpPOUTENbCTBE. [IJisi pelieHns 3a1aun CHIKe-
HUSI BOCIUIAMEHSIEMOCTH, TOPIOYECTH, JBIMOOOpa3yro-
el crocoOHOCTH JKECTKHX IEHONOJIMYpPETaHOB Be-
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and is compatible with existing polymer foam-
ing infrastructure.

A simple, versatile, scalable process using
available reagents, compatible with existing
polymer foaming infrastructure, has been de-
veloped for the rapid preparation of water-
induced non-isocyanate polyurethane foams
[142]. Compositions of polycyclic carbonates
and polyamines have been shown to produce
rigid or flexible NIPU foams by partial hy-
drolysis of cyclic carbonates in the presence of
a catalyst.

Despite the published promising results on
NIPU foams, the development of exothermic
endogenous self-purging approaches that can
compete with the versatility and simplicity of
isocyanate-based formulations is critical. High
temperatures or an external blowing agent are
required to stimulate foaming of NIPU foams.

Professor Gotlib E.M. and co-authors
found that the use of polyaminoalkylphenols
makes it possible to obtain foamed non-
isocyanate materials without traditional foam-
ing agents [143]. The interaction of epoxy oli-
gomers with amines is exothermic. Therefore,
with an equimolecular ratio of functional
groups, the aminophenol hardener is capable
of polymerization "in situ" with the release of
volatile products that foam the polymer. The
combined use of epoxy oligomers and
cyclocarbonates leads to a more uniform dis-
tribution of the foamed polymer pores and a
decrease in their size. The decrease in the
amount of polyalkylaminophenol in relation to
the stoichiometric by 30% by weight does not
provide foaming of the composition. This is
due to the fact that the exothermic effect is not
sufficient to release volatile substances.

Apparently, the high reaction rate does not
allow the formation of uniform pores. It has
been  established that the use of
cyclocarbonates, which have a lower activity
in reactions with amines, leads to a decrease in
the curing rate. Thus, it is possible to obtain
foamed polymers with a more uniform pore
distribution.

The use of polyurethane foams is environ-
mentally sound, however, despite the excellent
thermal insulation properties, the increased fire
hazard of foamed polymers hinders their wide-
spread use in civil and industrial construction.
To solve the problem of reducing the flamma-
bility, combustibility, and smoke-generating
ability of rigid polyurethane foams, studies are
underway on the use of various
organophosphorus compounds in compositions



JIYTCsl MCCIIEOBAaHUs 110 MCIOJIb30BAHUIO Pa3IMYHBIX
bochopopraHudeckux COCAMHEHUH B COCTaBE KOMIIO-
3ULMH 1 BIMSHUM UX Ha 00pa3oBaHUE MPOLYKTOB ITH-
poJU3a pa3IuYHbIX THUIOB NEHOIIacToB [144].

[IpuMeHeHne MEHOMOINYPETaHOB B KauecTBE COp-
OeHTa, 00JaJafOMIEro aHTUKAHIAUIAO3HBIM JEHCTBUEM,
ucneiTaHo B pabote [145]. [leHonmonuypeTan H30THY-
POHUS OB CUHTE3UPOBAH U3 KOMMEPYECKOTO MEHOIIO0-
nuypertana. B xauectBe MoandukaTopa A ycuIeHUs
AHTUMHUKPOOHOW aKTHBHOCTH MPUMEHSIIN KPHCTAILIBI
conu Cu (II), koTopbie ObIIM BKpaIjIeHbl HAa TIOPUCTOM
MoBepXHOCTH. TecT Ha muddy3uro B JIyHKH arapa Io-
Ka3zaJ 3HauYMTEIbHOE OMOLMAHOE ACHCTBHE MOTYy4eH-
HOT'O TIEHOMOJNypeTana. AHTUKaHAWIO03HOE JIeHCTBHE
3aBUCEI0 OT €ro M03bl. MHUKPOOHOE WHTHOHWPOBAHHE
YBEJIMYUBAJIOCH C YBEIMYEHHUEM J03bl, POCT MUKPOOOB
npekpamaincs npu 26 Mkr/mia. Mukpodortorpadhuu C
UCIIOJIb30BaHUEM IIPOCBEUMBAIOILEIO 3JIEKTPOHHOTO
mukpockomna (TEM) mokazamu cepbe3nbie Mopdoiro-
TMYECKHE M3MEHEHHUsl B KIETKaX APO}OKEH, BKIIOYAs
HapylleHWe CTPYKTYPBI KIETOUYHOW MeMOpaHBI U TO-
SBJICHWE KPYIHBIX BaKyoJel, a Takke pasJesicHue
KJIETOUYHBIX MEeMOpaH M KJIETOYHBIX CTEHOK. Pe3yibra-
THI TOKA3aJId MHOTOOOCIAIOMINN NOTEHIUAN TTEHOIIO-
JIMypeTaHa W30THYPOHHUsSI B IPOTHUBOIPUOKOBOI Tepa-
MU B KadecTBe 3PPEeKTUBHOTO OHoMaTepraia.

and their effect on the formation of pyrolysis
products of various types of foam plastics
[144].

The use of polyurethane foams as a sorbent
with an anti-candidiasis effect was tested in
work [145]. Isothiuronium polyurethane foam
has been synthesized from commercial polyu-
rethane foam. Cu (1) salt crystals, which were
interspersed on a porous surface, were used as
a modifier to enhance antimicrobial activity.
The agar well diffusion test showed a signifi-
cant biocidal effect of the resulting polyure-
thane foam. The anti-candidiasis effect was
dose-dependent of it, microbial inhibition in-
creased with increasing dose of it, and micro-
bial growth stopped at 26 pg/ml. Micrographs
by transmission electron microscope (TEM)
showed serious morphological changes in
yeast cells, including disruption of the cell
membrane structure and the appearance of
large vacuoles, as well as separation of cell
membranes and cell walls. The results show
the promising potential of isothiuronium poly-
urethane in antifungal therapy as an effective
biomaterial.



I'maga 3. IOKPBITHUSA HA OCHOBE HUITY

Chapter 3. COATINGS BASED ON NIPU

[lonuypeTaHoBblE TOKPBHITHS MOTYYUIH LIMPOKOE
pacrpoCTpaHEHUE B PA3JIMUHBIX 00JACTAX MPHUMEHE-
HUs OJarojgaps 3aMedaTeIbHBIM CBOMCTBaM, B 0COOCH-
HOCTH, THIPONIUTHYECKAst CTAOUIBHOCTh, BBICOKAS dJia-
CTUYHOCTh M XOpOUIas XUMHUYECKasi CTOUKOocTh. OqHa-
KO HCIOJIb30BaHHE TOKCHYHBIX KOMIIOHEHTOB IIpel-
CTaBIISIET CEPHE3HYIO0 OMACHOCTH JUISl 3A0POBbS U OK-
pyKaroliei cpelbl Kak B MPOU3BOJACTBE, TaK U B MpPHU-
MEHEHuH. B nomonHeHune Kk 3KonormueckuMm mpooiie-
MaM, HECOBEPIIEHHAs TEXHOJIOTUS MOIYYEHHS MOKPHI-
TUH CBs3aHA C HAHECEHHEM U BPEMEHEM OTBEPKICHUS,
MIOCKOJIBKY UISl YOBJIETBOPEHHS BBICOKHMX JKCILTyaTa-
IMOHHBIX TPEeOOBaHWI W JOCTW)KCHHS IKEIaeMOM
OKOHYATEJILHOW TONIIMHEI MJICHKH TpeOyeTcs HaHece-
HUE HECKOJIbKHX clioeB. KpoMe TOro, MCmosib30BaHUE
pacTBOPUTENS MPEATNONAracT MPOJOJDKUTEILHOE Bpe-
MS 1715 TIOJTHOT'O OTBepxaAcHMs 10 12 wacoB nis. B He-
UJEaNbHBIX YCJIOBHUAX CPOKH OTBEPXKACHUS 3HA4Yu-
TEJIBHO YBEJIUUMUBAIOTCA 10 5—7 AHEM.

TexHonoryss paznalMOHHOTO OTBEPXKAEHHUsS OblIa
UCIIONIb30BaHa Uit OBICTPOTrO0 (OPMHUPOBAHHS TIOJIH-
MepHbIX cereit Ha ocHOBe HUIIY [146]. Ilocnemnue
MHHOBalMM B 00opynoBaHuu i Y D-0TBep:KACHUS
OTKPBIBAIOT BO3MOKHOCTH JJISl HCTIOJIB30BaHHSA 110100~
HBIX CHCTEM Ha MECTE, YTO CYIIECTBEHHO COKpallaeT
BpEeMsl OTBEPKACHUS HE3aBUCHMO OT TEMIIEpPaTyphl U
BJIQKHOCTH.

YpeTaHOBBIE aKpHIIATHI O0ECIEYMBAIOT HCKITIOYH-
TEJIbHBIA 0ajaHC MEXaHMYECKMX U XHMHYECKHX
CBOWCTB IOKPBITUH U CHHTE3UPYIOTCS Oe3U30LMaHaT-
HbIMH TyTsiMu. Hampumep, ®urosckuii ¢ cotp. [147]
WCIIOJIB30BAJIM KOMITO3HLIMIO, COJEPXKAILIyl0 peaKlu-
OHHBIEC OJINTOMEPHI HA OCHOBE aKpuiia, KoTopasl Oblia
BCIIEHEHa, a 3aTeM MOJUMEpPU3NPOBaHA NPH MOIyd4e-
HUU TIEHBI CO CTPYKTYPOMH, MOAXOMSAIIEHN JUUIsl T€PMETH-
3aLuH.

B uccrnenoBanuu [146] ommcaH CHHTE3 CEepHH ycC-
TOWYHMBBIX Y D-0TBEpKIAEMBIX OJHTOMEPOB OE3U30-
nuaHatHoro yperaHa akpwiata (HUITY-AK) c pas-
JMYHON CTPYKTYPOH M 3KBUBAJCHTHBIMH aKpPHJIATHBI-
MU MaccaMH, KOTOpbI€ HCIIOJIb30BAJINCh B KayeCTBE
OCHOBHOTO CTPOHUTEIBHOro Oyioka Y D-0TBepiKIaeMbIX
MOKPBITUM A7 a9pOKOCMHUYECKHUX IpHUMeHeHuil. Pe-
3yJIbTaThl OKA3aJIM, YTO MO0 KPUTUIECKH BaXKHBIM DKC-
TUTyaTallMOHHBIM CBOMCTBAaM, TaKHM KaK HH3KOTEMIIe-
parypHasi THOKOCTh M yCTOWYHMBOCTH K KOHKPETHBIM
XUMHAYECKUM BEILECTBaM, OBbLJI JTOCTUTHYT HEOOXOIH-
MBI ypOBEHBb Onarojapsi BEIOOPY COOTBETCTBYIOIIHX
PEaKIMOHHOCIIOCOOHBIX paz0aBUTENeld M  YCIOBHAM
Y®-otBepxKACHUS.
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Polyurethane coatings are widely used in
various applications due to their excellent
properties, especially hydrolytic stability, high
elasticity and good chemical resistance. How-
ever, the use of toxic components poses a seri-
ous health and environmental hazard in both
production and use. In addition to environmen-
tal concerns, imperfect coating technology is
associated with application and curing times,
as multiple coats are required to meet high per-
formance requirements and achieve the desired
final film thickness. In addition, the use of a
solvent suggests a long time for complete cur-
ing up to 12 hours for. In non-ideal conditions,
the curing time is significantly increased to 5—
7 days.

Radiation curing technology has been used
to rapidly form polymer networks based on
NIPU [146]. Recent innovations in UV curing
equipment open up the possibility of using
such systems on site, which significantly re-
duces curing time regardless of temperature
and humidity.

Urethane acrylates provide an exceptional
balance of mechanical and chemical properties
of coatings and are synthesized by isocyanate-
free routes. For example, Figovsky et al. [147]
used a composition containing acrylic-based
reactive oligomers that was foamed and then
polymerized to form a foam with a structure
suitable for sealing.

The study [146] describes the synthesis of
a series of stable UV-curable non-isocyanate
acrylate urethane oligomers (NIPU-AC) with
various structures and equivalent acrylate
masses, which were used as the main building
block of UV-curable coatings for aerospace
applications. The results showed that critical
performance properties, such as low tempera-
ture flexibility and resistance to specific chem-
icals, were achieved through the selection of
appropriate reactive thinners and UV curing
conditions.

The potential of using environmentally
friendly CO,-based PUs to modify asphalt and
improve compatibility between PU and asphalt
has been explored [148]. Modified asphalt was
obtained by melting, studied by infrared spec-
troscopy and fluorescence microscopy, and the
mechanism of building a cross-linked network



W3yueH moTeHIMaN UCIOJIb30BaHUS 3KOJIOTUYECKU
yucthiX I1Y Ha ocHoBe CO, mis mMomupuKaludyd ac-
¢danpTa ¥ yny4imeHHs coBMeCTUMOCTH Mexnay [1Y u
acdanbsToM [148]. MoaudunupoBaHHbiil achanbT ObLT
MOJY4YE€H METOAOM IUIaBJICHHS, N3yYeH METOJaMH WH-
(bpakpacHO CIIEKTPOCKOIUH U (PITyopeclieHTHONH MHK-
POCKOIINY, UCCIIEOBAaH MEXaHU3M IOCTPOECHHS CIIU-
TOH CeTH B acdanbTe B mporecce oTBepkacHus. [Ipu-
BEICHHBIE B pab0OTe JaHHBIE AOKA3bIBAIOT, YTO IKOJIO-
rudeckn oreepxkpaemelii HUITY Moxer ymydimurs
xXapakTepucTuku acganbra. TemmepaTypa TepMude-
CKOTO Ppa3IOKEHUS MOIU(PHUITMPOBAHHOTO acdayibTa
Boiie 200 °C, 49TO COOTBETCTBYET TEMIIEPATYpPHBIM
TpeOoBaHUsM acdanbTa MpU UCMONb30BaHuU. [locTh-
JKEHHE HEOOXOAMMOW CTENECHHM OTBEPXKACHUS IIPOHC-
XOJIUT Ha BO3AYyXE B €CTECTBEHHOW cpene, ¢ OBICTPOi
CKOpPOCTBIO OTBEPXKACHUS Ha paHHEH cTaguu U ¢ o0pa-
30BaHHEM 00JIee CTaOMIIFHOW XUMHYECKOH CTPYKTYPHI,
YTO NPUBOJUT K JydlIeH cTaOMIBHOCTH XpaHEHHs U
MOBBIIEHHON BSI3KOCTH. 110 Mepe yBennmueHus Bpeme-
HU OTBEp)KICHHS TBEPIbIA CETMEHT MOAH(DUIIMPOBAH-
HOro acdainbTa MOCTEIICHHO yBEJIMYUBACTCS, & HU3KO-
TEeMIIepaTypHblE XapaKTEPUCTUKU MOIUPHUINPOBAH-
HBIX ac(abTOB HECKOJILKO CHIDKAIOTCHL.

Pa3paboTka MOKPHITHII C HMCIOIH30BAHUEM IIOJIH-
YPETAaHOBBIX AUCHEPCHIA HAa BOJHOM OCHOBE, KOTOPHIE
MOKHO OTBEP/IaTh B YCIOBHUSIX OKpY>KaroIlel cpepl,
MpUBJIEKaeT BHUMAaHHUE YYEHBIX. ABTOpaMH IPOBEICH
CHHTE3 HMOAO0OHBIX CAMOOKHCIISFOIIUXCS ITOJINYPETAHO-
BBIX JHCHepcuil Ha ocHOBe kapaanona [149]. IIpome-
JKyTOYHbIE W KOHEUHBbIE MPOAYKTHl H3Y4€HBI C MOMO-
npto FTIR-cexkTpockonuu Ajii ONpEAENiCHUs KOH-
dopmaLuu peakuy CHHTE3a U MX CTPYKTYpHl. Brico-
XIIWE TUICHKU TOKPBITHI C MCIIOJNB30BAaHUEM MOIXO-
JSIILIEro KaTaln3aTopa-OCyIIUTENs MOKa3alHu YITydlle-
HHE MEXaHWYECKHMX CBOMCTB M YCTOHYMBOCTH K pac-
TBOpUTENSIM. CBONCTBA KOPPO3MOHHOM CTOMKOCTH TO-
KPBITUI HA CTaJbHOM IIOJJIOKKE TaKXKe I10KA3aIH
yIIy4IIEHHE XapaKTEPUCTHUK ISl CIIUTHIX [UICHOK.

HccnenoBanus Ay MpOU3BOACTBA KECTKOM TOIH-
YpeTaHOBOHM TEIJIOU30JSIIMOHHON TEHBI, 3aIUTHOTO
MOKPBITHS ¥ 3aTMBOYHOM cucTeMbl Ha ocHoBe HUITY
MOKa3ajl0 MPUIOAHOCTH Pa3padOTaHHBIX MaTepUaloB
JUIsL ucrosib3oBaHusl B kocmoce [150]. Cuntes HUITY
NPOBOJMIIM PEaKnuedl LUKIOKapOOHATOB C aMHUHAMHU
0e3 MCIOJIb30BaHMSl OPraHMYECKUX PACTBOPUTENCH U
9KOJIOTMYECKH OMACHBIX IEHOOOpa3oBaTenel, paspy-
marorux 030HO0BEIH cioi (CFC). Hamrydamue pesynb-
TaThl OBUIM MOJIYYEHBI B CIIy4ae KOH(POPMHOTO MOKPHI-
tust THUITY u 3anuBounoi cucremsl HUITY, obecrie-
YUBAIONIMX II0Ka3aTeIH, CPAaBHUMBIE C STAJOHHBIMHU
KoMMepueckuMu nosnnyperanamu. Ilema 'HUITY ne
COOTBETCTBOBAJIa OCHOBHBIM TEXHHYECKHM TpeOoBa-
HUSM U1 TIPUMEHEHWSI B KadecTBE BHEIIHEH TeIuIo-
W30JISIMN OAKOB JKUJIKOTO TOTUTUBA ITYCKOBBIX YCTaHO-
BOK. O/IHaKo, Ka4eCTBO MOIYYEHHOH MEHBI MO3BOJISIET
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in asphalt during curing was studied. The data
presented in the paper proves that environmen-
tally curable non-isocyanate polyurethane can
improve the performance of asphalt. The
thermal decomposition temperature of the
modified asphalt is above 200 °C, which meets
the temperature requirements of the asphalt in
use. Achieving the required degree of curing
occurs in air in a natural environment, with a
fast curing rate at an early stage and with the
formation of a more stable chemical structure,
which leads to better storage stability and in-
creased viscosity. As the curing time increases,
the hard segment of the modified asphalt grad-
ually increases, and the low temperature per-
formance of the modified asphalts decreases
slightly.

The development of coatings using water-
based polyurethane dispersions that can be
cured under ambient conditions has attracted
the attention of scientists. The authors have
synthesized similar self-oxidizing polyure-
thane dispersions based on cardanol [149].
Intermediate and final products were studied
using FTIR spectroscopy to determine the con-
formation of the synthesis reaction and their
structure. Dried coating films using a suitable
desiccant catalyst showed improved mechani-
cal properties and solvent resistance. The cor-
rosion resistance properties of coatings on
steel substrates have also shown improved per-
formance for crosslinked films.

A screening study for the production of a
rigid polyurethane thermal insulation foam, a
protective coating and a casting system based
on non-isocyanate polyurethane showed the
suitability of the developed materials for use in
space [150]. Synthesis of non-isocyanate poly-
urethanes was carried out by the reaction of
cyclocarbonates with amines without the use
of organic solvents and environmentally haz-
ardous foaming agents that deplete the ozone
layer (CFC). The best results were obtained
with the HNIPU conformal coating and non-
isocyanate polyurethane potting system, which
provided performance comparable to reference
commercial polyurethanes. The HNIPU foam
did not meet the basic technical requirements
for use as external thermal insulation for liquid
fuel tanks of launchers. However, the quality
of the resulting foam allows it to be used on an
industrial scale.

Functional coatings with ceramic hardness
and polymer flexibility and adhesion are high-
ly relevant for various applications. Efficient
material reaction on sol-gel chemistry to create



WCIIONIB30BaTh €€ B TIPOMBIIIICHHBIX MacIITadax.

DyHKIIMOHAIBHBIE TIOKPBITUS C KepaMHYEeCKOH
TBEPAOCTHIO U TOJMMEPHOW THOKOCTBIO U C CHIIBHOM
ajre3uell BeChMa aKTyallbHBI JJIs Pa3JIMYHBIX HpUMe-
HeHU. DQQexTuBHas cTpaTerus MONXydeHus: Mo00-
HBIX MaTE€pPHaJIOB OCHOBAaHAa HAa XMMHHU 30Jb-TEJS I
W3TOTOBJICHUS THUOPUIHBIX OPraHO-HEOPraHHUUYECKUX
MTOKPBITHA. ABTOpPBI COOOIIAIOT O HEHU3OIIHAHATHOM
MOJIMYPETAHOBOM TOKPBITHH, MOIyYeHHOM B Pe3yib-
TaTe PEaKIUU OTBEPXKICHUS SIOKCHIHO-OJIUTOCHU-
JIOKCAaHOBOTO HAHOKJIACTEpa-aMHHA W IUKJIHYECKOTO
KapOOHATHO-aMUHHOTO Tonumpucoeauaeans [151].
DIOKCUAHO-0JIMTOCUIIOKCAHOBBIM HAHOKJIACTEP CHHTE-
3UPYIOT PEaKIMil THUAPOJIN3a M KOHJCHCAIUU TeTpa-
STWIOPTOCHUIINKATA, (peHmITpuITOKCHCcIIana u  (3-
TJTALNWIAITOKCUTIPOTIFIT ) TPUITOKCUCHIIAHA.

[lomyuyeHHOE TMOKPBITUE ACMOHCTPUPYET MPEBOC-
XOJTHYI0O THOKOCTh W BBICOKYIO TBEPAOCTh Ojaromaps
COUETAHHIO AIOKCHIHO-OJUTOCHIIOKCAHOBBIX HAHOK-
JIACTEPHBIX W TOJUMEpHBIX ceTeil. OHO oOiamaeT
CUJIBHOW aJre3ueil K pa3iu4HbIM MOJJI0KKaM, BKIIIO-
yasi aFOMAHUEBBIA CIUIaB, THTaH, CTajb, CTEKJO, Ke-
paMHKy, SMOKCHIHYIO CMOJY M TOJHITHWICHTepedTa-
JIaT, 3a CYET BBICOKOW IUIOTHOCTH IMOJIAPHBIX TPYIII B
MOydeHHOM Tonuypetrane. Kpome Toro, mokpeiTHE
obnamaer aHTHOOIENEHNUTENFHBIMH, CAMOOYHIIAFOIIN-
MHUCS XapaKTePUCTUKAMH.

B wnenoM, pa3sBUTHIO TEXHOJIOTMH MOKPBITUM CIIO-
COOCTBYIOT TOCTOSIHHAsI MOTPeOHOCTh B Oolilee BHICO-
KHX XapaKTePUCTHUKAX JJIS MPOJUICHUS CPOKa CIYXkOBI,
COKpAIIICHUH 3aTpaT Ha TEXHUYECKOE OOCIyKHBaHUE,
TOBBIIIICHUN I(PQPEKTUBHOCTH IO 3KOHOMHYECKUM H
HKOJIOTHYECKIM TPUYMHAM, OTPAaHWUYEHUS B OTHOIIE-
HUU 3JI0POBBS M OKpYKaromiei cpeasl. OaHO U3 Hau-
OoJee TIEpCIEKTUBHBIX HAIPaBIEHUH B JaHHOW oOiac-
TH — UHTEJUICKTyallbHbIe TIOKphITHA. Ha ceromHsmrHmii
JICHb OHU HAllUIM MPUMEHEHHUE B aBTOMOOMIIECTpOe-
HUH, CTPOUTEIILCTBE, OBITOBOM 3JICKTPOHUKE U APYTUX
obnactsx [152]. Ilo omenkam Grandview Research,
MHPOBOM  PBIHOK  HMHTEIUIEKTYQJIBHBIX  IIOKPBITUH,
BKJIFOYAsl caMOBOCCTaHaBimBaromuecs, B 2015 romy
onenuBaics B 885,5 mun nomiapos. K 2024 rony pel-
HOK TIIOKPBITHH JOCTUTHET IMpUMepHO | Mumapaa
JIOJLITapOB.

36

hybrid organo-inorganic coatings. The authors
report a non-isocyanate polyurethane coating
obtained as a result of the curing reaction of an
epoxy-oligosiloxane amine nanocluster and a
cyclic carbonate-amine polyaddition [151].
The epoxy-oligosiloxane nanocluster synthe-
sizes reactions of hydrolysis and condensation
of  tetraethylorthosilicate,  phenyltrietho-
xysilane, and (3-glycidyloxypropyl) trietho-
xysilane.

Obtaining a coating with excellent flexibil-
ity and high hardness due to the combination
of epoxy-oligosiloxane nanocluster and poly-
mer networks. It adheres to the body of sub-
strates including aluminum alloy, titanium,
steel, glass, ceramic, epoxy and polyethylene
terephthalate due to the large number of polar
groups in the resulting polyurethane. Besides
the fact that they have anti-icing, self-cleaning
skills.

In general, the development of coating
technologies is driven by the constant need for
higher performance to extend service life, re-
duce maintenance costs, increase efficiency for
economic and environmental reasons, health
and environmental constraints. One of the
most promising areas in this area is smart coat-
ings. To date, they have found application in
the automotive industry, construction, con-
sumer electronics, and other areas [152].
Grandview Research estimates that the global
market for smart coatings, including self-
healing ones, was valued at $885.5 million in
2015. By 2024, the coatings market will reach
approximately $1 billion.



I'nmasa 4. IPOMBIIIIVIEHHBIE PASPABOTKH
INOJYYEHUA HUITY

Chapter 4. INDUSTRIAL DEVELOPMENTS
OF NIPU PRODUCTION

IlepBoe mnpomeinieHHoe npousBoacTBo HUITY
osut0 ocHOBaHO (upmoii "Nanotech Industries, Inc."
(CIOA, Kamudopuus) [153, 154]. 3a pa3paboTky u
OCBOEHHE NPOMBIIIJIEHHOTO MPOU3BOJCTBA HEU30LIMA-
HATHBIX TMOJNYPETAHOB M THOPHUIHBIX MaTepraioB Ha
X ocHoBe kommanus B 2015 romy morydnia MpeMuro
Presidential Green Chemistry Challenge Award. Or-
MEYeHHasl Harpajoi padora Oblya BHITIOIHEHA MO PY-
KOBOJICTBOM aBTOpPa KHHTH, B TO BPeMs TUPEKTOpa IO
Hayke W pa3BuUTHIO KommnaHuu Polymate Ltd, mpodec-
copa Onera ®@urosckoro. Tam e OblIa BIIEPBHIE CO3-
JlaHa TPOMBIIIJICHHAS TEXHOIJIOTHS TONYyUYESHUsI TTOKPHI-
TUH, MOHOJIUTHBIX IIOJIOB M BCIICHCHHBIX MOJHYpETa-
HOB, HE COJEp)KAIlUX TOKCUYHBIX M KaHIIEPOTCHHBIX
M30I[MAaHATOB HAa BCEX CTAAMSIX TEXHOJOTHYECKOTO
mporiecca.

B mporecce pa3paboTku <«3ENEHON TEXHOJOTHUY
kommanus Polymate Ltd. pa3zpaborana HECKOIBKO HO-
BEHIINX TEXHOJIOTMH, 3alMINEHHBIX Oosiee 10 maTeH-
tamu CIIA, EBponer u Kananel. Heusonmanatheie
MOJIMYPETAHbl TOIYYalOT MO PEaKIUU OJUTOMEPHBIX
IIUKIIOKApOOHATOB, B TOM YHCJIE HA OCHOBE PACTHUTEIh-
HBIX MaceJl, ¥ OJINTOMEPHBIX MEPBUYHBIX aMUHOB. Ta-
KHE TIOJIMypeTaHbl 00JaJaroT BBICOKOH MPOYHOCTHIO,
yIapo- U U3HOCOCTOHKOCTBIO, & TaK)Ke THUAPOIUTHYIC-
CKOH cTabuibHOCTBHIO. TemaTrka 3Kojorudecku 6e3o-
MACHBIX TPOMBIIUICHHBIX HAHOTEXHOJIOTUH SBJISCTCS
OCHOBHOM TEMAaTHUKOMN UccienoBaHuil MexayHapoHo-
0 HAaHOTEXHOJOTMYECKOTO HCCIIE0BATEILCKOTO IICH-
Tpa «Polymate» (M3pauip), co3nasiiero 0omee IecsaTu
TaKWUX TEXHOJIOTUH, 3aUIIEHHBIX TaTeHTamMu CILIA.

CeromHst BemyTCsl NIMPOKWE WCIBITAHUAS W Pa3pa-
6otk HUITY B CILA no 3aka3y MunucrepcrBa 000-
porsl CIIA [155]. Lenpio 3TOro mpoeKkTa SBISETCA
pa3paboTka W OIIEHKa WHHOBAIIMOHHBIX CHCTEM IIO-
KPBITUH HAa OCHOBE HEH3OI[MAHATHOTO IOJIMypeTaHa
JUISL DKOJIOTUYECKH YCTOMYUBBIX IMOKPBITUH € 3aIUTON
OT JOKJIEBOM 3PO3UH, KOTOpPbIE COOTBETCTBYIOT HIIU
MPEBOCXO/AT JKCIUTyaTallMOHHBIE TpeOOBaHUS, YKa-
3anHbie B SAE AMS-C83231A, a Takke HEKOTOPHIE
HEOOXOJMUMBIE IKCITyaTallMOHHBIE CBOWCTBA B COOT-
BercTBuu ¢ MIL-PRF-32239. B pamkax npoekra Tax-
e Oyer pa3paboTaH CTpaTernvecKuil IIaH mepexonaa
K BHEIAPEHUIO 3TOM HOBOM TEXHOJOTHMU B MOJIEBBIX
YCIIOBUSX TIyTEM COBMECTHOW pa3pabOTKU C IMPOMBIIII-
JICHHBIMU TIAPTHEPAMHM M KOHEYHBIMHU MOJIb30BATEIs-
MU 00bekTOB Mununcrtepcra 00oponsr CIIIA.
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The first industrial production of NIPU
was founded by "Nanotech Industries, Inc."
(USA, California) [153, 154]. For the devel-
opment and development of industrial produc-
tion of non-isocyanate polyurethanes and hy-
brid materials based on them, the company
received the Presidential Green Chemistry
Challenge Award in 2015. The award-winning
work was carried out under the guidance of the
author of the book, at that time director of sci-
ence and development at Polymate Ltd, Pro-
fessor Oleg Figovsky. The industrial technolo-
gy for producing coatings, monolithic floors
and foamed polyurethanes that do not contain
toxic and carcinogenic isocyanates at all stages
of the technological process was also created
there for the first time.

In the process of developing "green tech-
nology", Polymate Ltd. has developed several
cutting-edge technologies protected by more
than 10 US, European and Canadian patents.
Non-isocyanate polyurethanes are obtained by
the reaction of oligomeric cyclocarbonates,
including those based on vegetable oils, and
oligomeric primary amines. Such polyure-
thanes have high strength, impact and wear
resistance, as well as hydrolytic stability. The
topic of environmentally friendly industrial
nanotechnologies is the main research topic of
the Polymate International Nanotechnology
Research Center (lIsrael), which has created
more than ten such technologies protected by
US patents.

Today, NIPU is being extensively tested
and developed in the United States by order of
the Department of Defense USA [155]. The
objective of this project is to develop and
evaluate innovative non-isocyanate polyure-
thane coating systems for environmentally sus-
tainable rain erosion resistant coatings that
meet or exceed the performance requirements
specified in SAE AMS-C83231A, as well as
some required performance properties in ac-
cordance with MIL-PRF-32239. The project
will also develop a strategic transition plan for
deploying this new technology in the field
through joint development with industry part-



HoBriit Y®-otBepkaaeMblii cOCTaB MpeACTaBIICH
aMEpUKaHCKUM pa3pabOTYUKOM HPOMBIIUIEHHBIX IIO-
KPBITHIA, KOTOpBIM siBisieTcs komnanust Hybrid Coating
Technologies [156]. DTo mepBast KoMMepUyecKas KOM-
NaHWS, KOTOpas 3aHUMAETCs] MPOU3BOACTBOM IIOJIH-
YPETaHOBBIX MOKPBHITUI U JaKOKPACOUHON HPOLYKLIHHU
13 BO300HOBJISIEMBIX UCTOYHHKOB IOJI TOPTOBOH Map-
koit Green Polyurethane™. Paszpaborkm mo moimyde-
HHUIO IIE€HBI, HE COJEpXKalled H30LMaHATOB, BCE CIIe
HaxoJAiTCd B CTaJWM HUCCIEAOBaHUIl, B TO BpeMs Kak
rUOpHUIHbIE TOKPBITHS W aKpUJIOBBIE MOJIMMEpPHI, MO-
mudumpoBansie HUITY, nMmeror xommepuecknil yc-
nex.

Kak yTtBepknaroT crnenpanuctsl komnanuu Hybrid
Coating Technologies, Y®-otBepskaenue nonnypera-
HOBBIX HAIOJIBHBIX TMOKPBITUH MPOMCXOAUT Ha HPOTS-
JKEHUM OJHOIO yaca, a HE CeMb CTaHJapTHBIX JHEM.
brmaromapst manHOM pa3paboTKe TEXHOJIOTHS KOMITAHHUH
OblTa ymoMmsiHyTa ATEHTCTBOM IO OXPaHE OKpYXkKaro-
]_[ICI‘/'I Cp€abl KaK aJIbTCPpHATHBA TOKCHYHBIM IIOJINYPC-
TaHaM. B miaHel AreHTCTBa BXOIUT B ObKaiiliee
BpEMs BBECTH 3alpeT HA HCIIOJIb30BaHUE U301IMaHATOB,
KOTOpBIE UMEIOT OTPHUIIATEIbHOE BIMSIHHUE Ha 3/I0POBBE
JIIOJIEH.

HecmoTpss Ha CcXOACTBO XMMHYECKOW CTPYKTYpHI
HUILY ¢ oObIYHBIMEU MTOTUYpPETaHAMH, 3aMEHA UX OKa-
3aiach OoJee cloXKHOH 3agaueir. HecMoTps Ha orpom-
HOE KOJMYECTBO AaKaJeMUYECKUX HCCIEAOBaHUN B
JAaHHOM HaIpaBJICHUH, OOBEMbI PHIHKA AlbTE€PHATHUB-
Hbix HUITY ocraroTcs He3HAYUTEIbHBIMHU.

ners and end users of US Department of De-
fense facilities.

A new UV-curable composition is present-
ed by an American developer of industrial
coatings, which is the company Hybrid Coat-
ing Technologies [156]. It is the first commer-
cial company to produce polyurethane coat-
ings and paint products from renewable
sources under the brand name Green Polyure-
thane™. Isocyanate-free foam development is
still under research, while NIPU-modified hy-
brid coatings and acrylic polymers are com-
mercially successful.

According to Hybrid Coating Technolo-
gies, polyurethane flooring is UV cured in one
hour rather than the standard seven days.
Thanks to this development, the company's
technology was mentioned by the Environ-
mental Protection Agency as an alternative to
toxic polyurethanes. The plans of the Agency
include in the near future to introduce a ban on
the use of isocyanates, which have a negative
impact on human health.

Despite the similarity of NIPU's chemical
structure to conventional polyurethanes, re-
placing them has proven to be more of a chal-
lenge. Despite a huge amount of academic re-
search in this area, the market for alternative
NIPUs remains insignificant.



3AK/IIOYEHUE

CONCLUSION

[MonuypeTanbl codeTaroT B cede TBEPAOCTh U KECT-
KOCTh METAJUIOB W IIACTMACC C THOKOCTHIO PE3HHBI.
DTo caenano MOJMypeTaH MPenrOYTUTeNFHBIM MaTe-
pHaJIoM AJI1 MHOTUX IPUMEHEHHUH OT BBICOKOIIPOU3BO-
JMUTENbHBIX CIIOPTHBHBIX aBTOMOOWIIEH O MPEIMETOB
nmomamrHero obmxomna. llommyperan Ttaxke octaercs
OCHOBHBIM MaTepHajoM Ui MOKPBITHH, FepMETHKOB,
KJIEEB, 3J1aCTOMEPOB, NIEHOMATEPUANOB, TEKCTUIS, aB-
ToMOOMIIEH, MOpPCKOW IPOMBIIIUICHHOCTH W JaXe B
onomMeaumuHCKON cdepe. HM3rororieHue OOJIBIIOTO
KOJIMYECTBa NPOAYKTOB Ha OCHOBE IOJMypEeTaHa C
pa3IMYHBIMA CBOWCTBAMH CBS3aHO C IIUPOKHM CIEK-
TPOM MCXOJHBIX KOMIIOHEHTOB.

[Tonyuenne HUIIY B3aumoneiicTBUEM aMHHOB C
IUKJIAYeCKUMH KapOoHaTaMu ¢ 00pa3oBaHHEM ypeTa-
HOBOW TPYIBI TOKA OCTAETCS MPEATIOYTHTEIEHBIM
croco0oM u3rotoBieHus. OAHAKO YCIEXH B CHHTE3E
IUKJIAYECKUX KapOOHATOB MyTeM XHUMHYECKOTO BHeE-
npeanss CO, B SMOKCHAHBIE CMOJBI CIIOCOOCTBOBAJIH
HOBOMY BHTKY Da3BUTHS HCCIEIOBaHHA B 00IacTH
3aMEHbl TPAJUIMOHHBIX IOJUYPETaHOB HETOKCUYHBI-
MU anbTepHaTHBaMu. TeHIEHIINN HCIIONB30BaHUS pac-
TUTENBHBIX MPEKYyPCOPOB IS TMONYYCHHUS TOIHypeTa-
HOB TO3BOJISIIOT NMPOU3BOJIUTH «3€JIEHBIE» MPOAYKTHI.
Pazpaborka HUITY Ha BogHOI OCHOBE JUIS Pa3IMYHBIX
MIPUMEHEHUI TOXKE BBI3BIBACT BCE OOIBIIHIA WHTEPEC,
MIOCKOJIBKY METOJl 0OecleurBacT MpoBeACHUE Oolee
9KOJIOTHYECKH OE30TMaCHBIX TPOIECCOB M IMO3BOJISET
pacuputh cdepy npumenHenuss HUILY. Hapsny c
STHM PacTeT PHIHOYHBIN CITPOC Ha MPOU3BOACTBO ILIa-
CTMacc, OCHOBAaHHBII Ha YCTOMYMBOM PA3BUTHUU.

[lupokoe pacmpocTpaHeHHE KOMMEPUYECKUX TMpO-
JIYKTOB Ha OCHOBE TPAJAHMIMOHHBIX TOJIHYPETAHOB C
pa3IYHBIMUA CBOMCTBAMM B 3aBUCHMOCTH OT COCTaBa,
a Takxe 66% TpPOM3BOACTBA MOJWypETaHa B BUJE IIe-
HOILJIACTOB Ha CETOAHSIIHUN IeHb HE MOXKET 3aMEHUTh
HU OJIMH KOMMEpYECKUil MpoaykT Ha ocHoBe HUIIY.
HecmoTtpst Ha MHorouuciieHnsle jnoctouHctsa HUITY
U TIPOBEJICHHBIE OOUTMPHBIE aKaJeMUYeCKHe UCCIIEN0-
BaHus, ucnonb3zoBanue HUIIY B mpOMBIIUIEHHBIX
NPUIOKEHUSIX 10 CPABHEHHIO C OOBIYHBIMHU IMOJHYpe-
TaHaMH OCTAaeTCs BEChMa HE3HAYUTEIbHBIM.
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Polyurethanes combine the hardness and
rigidity of metals and plastics with the flexibil-
ity of rubber. This has made polyurethane the
material of choice for many applications from
high performance sports cars to household
items. Polyurethane also remains a staple in
coatings, sealants, adhesives, elastomers,
foams, textiles, automotive, the marine indus-
try and even the biomedical industry. The pro-
duction of a large number of products based on
polyurethane with different properties is asso-
ciated with a wide range of starting compo-
nents.

Obtaining NIPU by the interaction of
amines with cyclic carbonates with the for-
mation of a urethane group remains the pre-
ferred method of manufacture. However, ad-
vances in the synthesis of cyclic carbonates by
chemically incorporating CO, into epoxy res-
ins have led to a new round of research in re-
placing traditional polyurethanes with non-
toxic alternatives. Trends in the use of plant
precursors for the production of polyurethanes
allow the production of "green” products. The
development of water-based NIPUs for vari-
ous applications is also of increasing interest,
as the method allows for more environmental-
ly friendly processes and expands the scope of
NIPUs. At the same time, the market demand
for sustainable plastics production is growing.

The wide distribution of commercial prod-
ucts based on traditional polyurethanes with
different properties depending on the composi-
tion, as well as 66% of the production of poly-
urethane in the form of foams, today cannot be
replaced by any commercial product based on
NIPU. Despite the many benefits of NIPU and
extensive academic research, the use of NIPU
in industrial applications remains relatively
low compared to conventional polyurethanes.
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