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PROMOCIJAS DARBA VISPAREJS RAKSTUROJUMS

levads

Pedgjos gados arvien lielaka zinatniska interese tiek izradita par inovativu putu
polimérmaterialu izstradi. So pieaugoso interesi veicina putu materialu plasais lietojums
daudzas nozar€s. Miusdienas §ie materiali ir kluvusi neaizstajami tadas nozares ka blivnieciba
(nodrosina izolaciju) [1], iepakojuma razo$ana (piedavajot vieglus aizsargmaterialus) [2],
autobiivé (samazinot masu un paaugstinot drosibu) [3-5], un, Tpasi Sobrid, aktualiz§jas putu
polimérmaterialu izmantoSanas iesp&as militaraja aizsardzibas nozar€ [6]. PlaSo putu
polim@rmaterialu lietojumu nodro$ina to unikalas ipasibas, kas ietver zemu blivumu, labu
stipribas un masas attiecibu, ka arT izcilu siltumizolaciju [7—10]. Tomér pasreiz&jie globalie
izaicinajumi, kas galvenokart saistiti ar fosilo resursu izsikSanu, vides piesarnojumu un klimata
parmainam, rada nepiecieSamibu steidzigi rast ilgtsp&jigus no atjaunojamiem resursiem iegiitus
alternativus materialus [11-17].

Tradicionalie putu polimérmateriali, tostarp visplasak lietotie poliuretana materiali, sen ir
kluvusi par neaizstajamu materialu daudzas nozarés [5, 18]. Tomér $o tradicionalo poliuretana
materialu plasa izmantoSana ir viens no iepriek§ mingto globalo problému izraisitajiem un
neatbilst miisdienu ilgtsp&jibas prasibam [19-23]. Poliuretana putu polimérmaterialu razoSanai
izmanto toksiskos izocianatus, ko galvenokart iegiist no fosilajiem resursiem [24, 25], un
patlaban nav ekonomiski pamatotu no atjaunojamiem resursiem iegiistamu alternativu [26].
Maikla reakcijas izmanto$ana putu polim&rmaterialu ieguvei varétu biit inovativs risinajums
problémam, kas saistitas ar tradicionalo putu polim&rmaterialu izmantoSanu, jo paver iespgju
polimérmaterialu ieguvei no bioresursiem [27].

Maikla reakcija ir zinama kimiska reakcija, ko plasi izmanto dazadas kimijas nozar€s. Tacu
poliméru kimija ta ir jauna pieeja materialu sintézei [27—30]. Viens no pazistamakajiem Maikla
reakciju veidiem ietver reakciju starp acetoacetatu ka Maikla donoru un akrilatu ka Maikla
akceptoru [31-34]. Acetoacetatam ir aktiva metiléngrupa, kas kalpo ka nukleofilais centrs un
katalizatora klatbutné viegli reag€ ar elektroniem “nabadzigo” akrilata grupu dubultsaiti,
veidojot oglekla-oglekla (C-C) saiti [31, 35]. Maikla reakcija sniedz iesp&u sintezét
polim&rmaterialus ar pielagotam TpaSibam, kas to padara par perspektivu pieeju inovattvu putu
polimérmaterialu izveidg.

Talellas izmantoSana ir daudzsoloss cel$ poliméru kimijas nozares attistiba. Ta ir vértiga
otras paaudzes izejviela, ko iegtst ka blakusproduktu koksnes parstrades, celulozes raZo$anas
procesa [36, 37]. Destiléta talella galvenokart sastav no oleinskabes un linolskabes ar nelielu
daudzumu citu taukskabju, svekskabju un sterolu piemaistijumu. Epoksidétas talellas taukskabju
polioli ir veiksmigi izmantoti poliuretanu materialu ieguve dal€ji no atjaunojamajiem resursiem
[38]. No epoksidgtas talellas iegatos poliolus var izmantot ka prekursorus tadu komponentu
sintézei, kas piem&roti polimérmaterialu ieguve, izmantojot Maikla reakciju (1. att.).
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1. att. Piedavatais dizains polim&rmaterialu ieguvei no talellas taukskabém, izmantojot Maikla

reakciju.

Pétijuma merkis un uzdevumi

Promocijas darba mérkis bija izstradat jaunu konceptu Maikla komponentu (acetoacetatu

un akrilatu) sint€zei no atjaunojamajiem resursiem, ka ari iegiit polim&rmaterialus (t. sk. putu

polimérmaterialus), izmantojot Maikla reakciju. Galvenais uzdevums bija izstradat musdienu

ilgtsp&jibas kriterijiem atbilstoSus putu polimérmaterialus, ka izejvielu izmantojot otras
paaudzes izejvielu — talellu, kas ir celulozes razo$anas blakusprodukts. P&tijums ietvéra talellas

acetoacetatu (Maikla donora) un at8kirigas izcelsmes akrilatu (Maikla akceptoru) izmantoSanu

gan elastigu, gan cietu putu polimérmaterialu ieguvei ar plaSu lietojumu, jo Tpasi

siltumizolacijai.

Darba mérka Tstenosanai definéti vairaki uzdevumi.

1.

Sintezet Maikla komponentus (Maikla donoru un Maikla akceptoru) no talellas,
vispirms iegtstot prekursorus (poliolus), veicot talellas taukskabju dubultsai$u
epoksidésanu un sekojosu oksirana gredzenu skelSanu un karboksilgrupu esterificésanu
ar spirtu. P& tam no poliola ieglit Maikla donoru, veicot paresterificésanu ar
terc-butilacetoacetatu, un Maikla akceptoru, akrilgjot ar akriloilhloridu.

Iegiit polimérmaterialus, izmantojot sintez&tos talellas Maikla donorus un komerciali
pieejamos Maikla akceptorus, lai parbauditu sintezéta donora piemérotibu
polimerizacijas reakcijai un izp€titu ieglito polim€rmaterialu termiskas un mehaniskas
pasibas.

Ieglit polime&rmaterialus, izmantojot sintez€tos talellas Maikla donorus un tale]las
Maikla akceptorus, un izpetit ieglito polimérmaterialu termiskas un mehaniskas
Tpasibas.

Iegiit putu polimérmaterialus, izmantojot sintez&tos talellas Maikla donorus un talellas
Maikla akceptorus, un izpétit iegiito putu polim&rmaterialu mehaniskas un termiskas
pasibas.

Aizstavamas tézes

Maikla donorus un Maikla akceptorus var sintezet no talellas, veicot talellas taukskabju
epoksidéSanu, pec tam — oksirana gredzenu SkelSanu un karboksilgrupu esterificéSanu
ar spirtiem, kam seko acetoacetiléSana, lai iegiitu Maikla donorus (acetoacetatus), vai
akrilésana, lai ieglitu Maikla akceptorus (akrilatus).



2. Talellas Maikla donori ir pieméroti polimeru iegliSanai reakcija ar dazadiem komerciali
pieejamiem akrilatiem, turklat termiskas un mehaniskas ipasibas var pielagot, mainot
izmantoto komponentu funkcionalitati, tadgjadi iegiistot tadus polim&rus, kas spgj
konkurét ar patlaban plasi lietotiem polim&riem.

3. Polim@rus var iegiit no talellas acetoacetatiem un akrilatiem, turklat termiskas un
mehaniskas ipasibas var pielagot, mainot izmantoto komponentu funkcionalitati,
tadgjadi ieglistot tadus polimérus, kas sp& konkurét ar patlaban plasi lietotiem
polim@riem.

4. Putu polim&rmaterialus var iegiit, izmantojot talellas acetoacetatu un dazadas izcelsmes
akrilatus, turklat termiskas un mehaniskas 1pasibas var pielagot, mainot izmantoto
komponentu funkcionalitati, tadgjadi iegiistot putu polimérmaterialu dazadiem
lietojumiem, Tpasi — ka siltumizolacijas materialiem.

Zinatniska novitate

Veikto pétijumu rezultata izstradata jauna strat€gija veértigu kimisku vielu un inovativu
polim@rmaterialu ieguvei no talellas, sniedzot nozimigu pienesumu meZsaimnieciba balstitas
ekonomikas attistiba un zinasanas musdienu ilgtsp&jibas prasibam atbilsto$u polim&rmaterialu,
t. sk. putu polimérmaterialu, izstrade.

P&tfjums ir viens no pirmajiem nozar€, kura iegiiti Maikla komponenti no talellas brivajam
taukskabém, tadgjadi dazadojot Maikla komponentu iegiSanas iespgjas lidztekus tradicionali
izmantotajiem trigliceridiem. Pirmo reizi Maikla komponenti sintez&ti no talellas polioliem ar
atSkirigu funkcionalo grupu skaitu. Maikla donori (acetoacetati) tika sintezeti, poliolos esosas
hidroksilgrupas parvérSot acetoacetata esteros. Polioli sintez&ti no talellas, epoksidgjot
dubultsaites, ka katalizatoru izmantojot jonapmainas svekus, péc tam $kelot oksirana gredzenu
un esterificgjot skabes grupas ar daudzfunkcionaliem spirtiem. Sintez&to talellas poliolu
prieksrociba ir to plasas funkcionalizéSanas iespgjas, tai skaita tie pasi polioli var kalpot ari ka
prekursori daudzfunkcionalu akrilatu sintezé$anai. Veiksmigi tika iegati arT Maikla akceptori
(akrilati) no talellas taukskabem. ST pétijuma novitate bija abu Maikla komponentu (Maikla
donora un Maikla akceptora) sintéze no vienas un tas paSas atjaunojamas izejvielas — talellas
taukskab&m. Sintez&tie Maikla komponenti veiksmigi izmantoti polimé&ru ieguvei, izmantojot
Maikla reakciju. Turklat no talellas taukskabém sintez€tie akrilati vartu biit potenciali
izmantojami citu veidu poliméru razo$ana, pieméram, UV ierosinataja brivo radikalu
polimerizacija parklajumu raZzoSana.

Darba izpétits sintezeto talellas acetoacetatu potencials putu polim@rmaterialu izstrade
reakcija ar talellas akrilatu. Putu polim&rmaterialu ieguve tika izmantoti ari tadi komerciali
pieejami  akrilati ka bisfenola A  etoksilatdiakrilats, trimetilolpropantriakrilats,
pentaeritritoltetraakrilats un epoksidétas sojas ellas akrilats. Tika salidzinatas $o inovativo
materialu mehaniskas, termomehaniskas un termiskas ipasibas.

Promocijas darbs sniedz pirmas nozimigas atzinas par poliméru sveku formulaciju izstradi
un putu polimérmaterialu ieguvi, izmantojot Maikla reakciju, no komponentiem, kas sintez&ti
no talellas taukskab&m. Putu polim&rmateriali, kas iegiiti no talel]las acetoacetata un talellas
akrilata, vartu biit daudzsolosa alternativa pasreiz plaSi lietotiem poliuretana putu
polim&rmaterialiem, ieZimgjot istenojamu celu, lai samazinatu atkaribu no fosilajiem resursiem
un poliméru razo$anas industrijas ietekmi uz vidi.
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PROMOCIJAS DARBA GALVENIE REZULTATI

Promocijas darba galvenie rezultati apkopoti Cetras dalas.

e Darba pirmaja dala galvena uzmaniba pieversta Maikla komponentu sint€zei no
talellas taukskabém, aprakstot sintézes procesus, raksturojot iegiitos produktus un
uzsverot atjaunojamo resursu izmanto$anas nozimibu poliméru kimija.

o Darba otraja dala aprakstita polim&rmaterialu ieguve no tale]las Maikla donora un
komerciali pieejamajiem Maikla akceptoriem. Raksturoti iegiitie polim&rmateriali,
uzsverot polimerizacija izmantoto komponentu dazadas funkcionalitates ietekmi uz
materiala Tpasibam.

e Darba treSaja dala pétiti polim@rmateriali ar dazadu SkerssaistiSanas blivumu, kas
sintez&ti no tale]las Maikla donora un akceptora, izcelot to augsto termisko stabilitati
un mehaniskas Tpasibas, poziciongjot tos ka potencialu alternativu plasi lietotajiem
termoreaktivajiem svekiem.

e Darba p&dgja dala izzinata putu polimérmaterialu izstrade no Maikla donoriem un
akceptoriem, kas iegiliti no atjaunojamajam izejvielam, analiz€jot So materialu
daudzpusibu un piemérotibu dazadiem lietojumiem, Tpasi — siltumizolacija.

Promocijas darba izstradato metozu mérkis bija izstradat jaunu pieeju Maikla komponentu
(acetoacetatu un akrilatu) sintez€Sanai no talellas brivajam taukskab&m un izveidot polimeru
matricu, kas piemérota dazadu materialu ieguvei, Ipasi uzsverot to potencialas izmantoSanas
iespgjas siltumizolgjosa putu polimérmaterialu razosana.

1. Maikla komponentu sintéze no talellas taukskabém

Galvena Maikla reakcijas izmantoSanas priekSrociba poliméru kimija ir iesp&ja izmantot
Maikla donoru un Maikla akceptoru, kas sintezéti no tadiem atjaunojamiem resursiem ka
taukskabém, pieméram, talellas taukskabém. Talellas taukskabju izmantoS$anai ir vairaki
pozitivi vert&jami ieguvumi, piemeram, atkaribas samazinasana no fosilajiem resursiem, turklat
talellas ieguve nekonkuré ar partikas un dzivnieku baribas razosanu [37].

Talella sastav no nepiesatinatajam taukskabém, kas satur dubultsaites, kas dod iesp&ju
kimisko modifikaciju cela iegiit acetoacetatus. Process ir vairakpakapju sintéze, kas ietver
dubultsaites epoksidéSanu un p&cak oksirana gredzenu atverSanu ar daudzfunkcionalu
spirtu [39]. P&c tam hidroksilgrupu acetoacetilé$anu isteno, veicot transesterifikacijas ar tadiem
savienojumiem ka terc-butilacetoacetats un etilacetoacetats [40-42]. IzvEloties atbilstoSu
spirtu, daudzpusiga pieeja nodro$ina iesp€ju iegiit vielas ar tadam pielagotam ipaSibam ka
funkcionalitate, molekulmasa, molekulas sazarotibas pakape un kimiskais sastavs. Sie
pielagojamie parametri sniedz iesp&ju raZot polim&rmaterialus ar atSkirigam 1pasibam, padarot
tos piemérotus daudziem dazadiem lietojumiem.

Talellas polioli var biit ari prekursori daudzfunkcionalu akrilatu sintézei. Saja procesa
poliola hidroksilgrupas var akrilét ar akriloilhloridu [43-45]. Iegutos daudzfunkcionalos
akrilatu talak var izmantot ka Maikla akceptorus. Nemot véra iepriek§ minéto, abu Maikla
komponentu sintézei ir iesp&jams izmantot vienu un to paSu otrds paaudzes atjaunojamo
izejvielu.
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1.1. Maikla donoru sintéze no tale]las taukskabem

Taukskabju un to poliolu acetoacetilé$ana vél nav plasi pétita. Ir publicéti tikai daZi p&tijumi
par biologiskas izcelsmes poliolu acetoacetilésanu. Zinatniskaja literatiira atrodama informacija
par veiksmigu sojas pupinu ellas poliolu [46], ricinellas un ricinellas poliolu [41, 47-51]
acetoacetiléSanu. Taukskabju poliolu hidroksilgrupas ir salidzinosi viegli acetoacetilgjamas
transesterifikacijas reakcija ar terc-butilacetoacetatu, iegiistot f-ketoesterus. Reakcija
galvenokart tiek istenota 110-130 °C temperatiira [46-49, 52, 53].

Patlaban tiek uzskatits, ka terc-butilacetoacetats ir vispiem&rotakais reagents
acetoacetiléSanas reakcijai, jo tas ir efektivs salidzinoSi maigos apstaklos, salidzinot ar citiem
analogiem, piem&ram, metilacetoacetatu, etilacetoacetatu vai izopropilacetoacetatu. Turklat
terc-butilacetoacetata izmantoSanai ir vairakas priekSrocibas, pieméram, stabilitate
uzglabasana, salidzino$i zemas izmaksas un plasa komerciala picejamiba, kas padara to par
pievilcigu izejvielu riipnieciskaja razoSana [53].

Pirmo reizi no talellas taukskabe&m iegiitie polioli izmantoti, lai sintez&tu Maikla donorus,
parveérSot poliolos eso$as hidroksilgrupas acetoacetata esteros. Idealiz€ta sint€zes shéma
redzama 1.1. att€la. Polioli sintez&ti no talellas taukskab&ém, izmantojot jonapmainas sveku
katalizétu epoksidésanu un p&c tam sekojoS$u oksirana gredzenu $kel$anu un skabes grupu
esterificgSanu ar daudzfunkcionalu spirtu. Saja darba acetoacetati tika sintezéti no diviem
talellas polioliem un diviem komerciali pieejamiem polioliem — Lupranol 3300 (L3300), kas ir
oksipropiléts glicerins, un Neopolyol 380 (NEO380), kas ieguts no rapnieciskiem PET

atkritumiem.
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1.1. att. Idealiz&ta Maikla donora sintézes shéma no talellas taukskabém (oleinskabes).
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Sintezetie acetoacetati, ka arT visi iegiitie starpprodukti raksturoti, izmantojot dazadas
titrimetrijas metodes, lai noteiktu skabes, hidroksilgrupu, epoksida un joda vértibas. Kimiska
struktiira tika analizgta, izmantojot GPC hromatogrammas, FTIR, KMR un MALDI-TOF MS
spektrus. leglitajam vielam noteikta arT viskozitate un tas atkariba no lietotas bides atruma.
1.1. tabula apkopots parskats par raksturlielumiem, kas noteikti ar titrimetriskajam metodém.

1.1. tabula

Sintez&to un komerciali pieejamo poliolu un atbilstosa acetoacetata raksturojums

Viela skzmg,e rsng H;S;ﬁlﬁzll sk;?t(ljii, [s} Mitrums,  AA grupas, Hll(jgs\ljzlrlgi;:,pu
KOH/g ~ MgKOH/g 14100 g % mol/100 g mol9%
‘2 TOFA 195 - 157 0,50 - -
Z  ERTOFA 159 - 52,4 0,32 -
& E"TOFA BD 58 258 - 0,20 -
S ERTOFA_BD_AA <5 36,2 - 0,025 0,3307 80,5
=  ERTOFA TMP 6.9 415 - 0,049 -
£  ERTOFA_TMP_AA <5 41,6 - 0,037 0,4562 83,7
- NEO380 <5 371 - 0,068 -
S £ 2 NEO380_AA <5 40,7 - 0,048 0,4242 829
§ :g_é L3300 <5 400 - 0,060 -
~ L3300_AA <5 26,2 - 0,021 0,4456 89,5

Oksirana gredzenu $kel$anai izmantoto dazado spirtu dgl, iegiito E'RTOFA poliolu
hidroksilgrupu daudzums at$kiras gandriz divas reizes. Augstakais hidroksilgrupu saturs bija
poliolam, kas iegits, oksirana gredzenus $kelot un karboksilgrupas esterificgjot ar TMP (f = 3).
Oksirana gredzenu $kel$anai un karboksilgrupu esterific€Sanai izmanotjot BD (f =2), tika
iegiits poliols ar mazaku hidroksilgrupu saturu.

Lai iegttu poliolu ar ve&l augstdku hidroksilgrupu saturu, talellas taukskabes pirms
epoksidésanas var metilét. Epoksidgjot talellas taukskabju metilesterus, var novérst nevélamas
blakusreakcijas (oksirana gredzenu SkelSanos ar taukskabju karboksilgrupam), un tas lauj iegtit
produktu ar augstaku epoksida vertibu. V&l viena parbaudita metode, lai iegtitu poliolu ar
lielaku hidroksilgrupu saturu, ir epoksidéSanai ka katalizatorus izmantot enzimus. Arl tas
ieveérojami palielina oksirana iznakumu. Abam metodém ir savi trikumi — metilesteru
izmantoSana epoksidéSanai prasa papildu sint€zes posmu, savukart enzimi ir dargi un butiski
palielina produkta pasizmaksu.

P&c acetoacetiléianas hidroksilgrupu saturs ievérojami samazinajas, jo E'R"TOFA poliolu
hidroksilgrupas tika aizstatas ar acetoacetata grupam. Tada pati sakariba tika noverota arl
komercialo poliolu acetoacetilésanas procesa. Komercialie polioli izvEl&ti, lai varétu salidzinat
sintézes procesu norisi, produktu ipasibas un piemérotibu polim&rmaterialu ieguvé ar
sintez&tajiem talellas polioliem. Acetoacetata grupu saturs tika aprekinats, nemot vera
izmantoto acetoacetata daudzumu un iegtita produkta iznakumu.

Noteikts, ka komponentu viskozitate nebija atkariga no lictota bides atruma, kas liecina, ka
iegttas vielas bija Nutona skidrumi (1.2. att.). Sintez€tajiem Maikla donoriem piemitosas
Nitona skidruma 1pasibas ievérojami atvieglo So acetoacetatu izmantoSanu ripnieciba, jo nav
janem véra lietotas bides atruma ietekme uz vielu viskozitati.

Polioliem, kas sintez&ti no atjaunojamajam izejvielam, ir salidzinosi augsta viskozitate [54].
Vislielaka viskozitate bija E'RTOFA_TMP poliolam, kas sintezéts, atverot oksirana gredzenus
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un esterificgjot ar TMP. E'RTOFA_TMP viskozitate bija liclaka par 118 000 mPa-s, kas ir
salidzino§i augsta viskozitate un var apgriitinat produkta izmantoSanu riipnieciba.
E'RTOFA_TMP poliola augsta viskozitate galvenokart skaidrojama ar lielo starpmolekularo
idenraza saisu daudzumu. Tomér péc E'RTOFA_TMP poliola acetoacetilésanas viskozitate
biitiski samazinajas, un E'WTOFA_TMP_AA viskozitite bija 5500 mPa-s. Lidz ar to
E'RTOFA_TMP_AA lietoana riipnieciba varétu biit vienkarsaka.

a) b) c)
6
108+ o Tala 10 10°; o NEO380
E'RTOFA NEO380_AA
1057 105, ® 00000 000000000 105 e 13300
l L3300_AA
210%4 710% 7104
niz 1 é 1........;......‘3; ® ® 0 0 00 00 0 00 0 0 00
£103 Eq0%] E103]
Xm 2 210}-..--...000000'*
= 5 g \
=002 R102] S102]
g0 210 o efrora P 10
) ee®e 0 eceecsoesoee Z ERTOFA_TMP_AA i
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ERTOFA_BD_AA
0 0 0
10 T T v 10 y T y 10 T T y
1 10 100 1000 1 10 100 1000 1 10 100 1000
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1.2. att. Reologiskie mérijumi (konusa-platne sistéma, attalums 48 um, 25 °C): a) talella un
E'RTOFA; b) E'R'TOFA polioli un to acetoacetati; c) komercialie polioli un to acetoacetati.

Kopuma acetoactetatiem, salidzinot ar komercialajiem un talellas polioliem, bija ievérojami
mazaka viskozitate. Viskozitates pazeminaSanos pec acetoacetiléSanas vartu skaidrot ar
hidroksilgrupu daudzuma samazinasanos un Iidz ar to starpmolekularo fdenraza saiSu
izzuSanu [46, 47, 51, 55, 56]. Tas ievérojami uzlabo no atjaunojamiem resursiem iegutu
acetoacetatu potencialo izmantoSanu ripnieciba. Zemaka viskozitate lauj vieglak pielagot jau
eso$as iekartas un stiknu jaudas. Acetoacetatus vartu transport€t pa caurulvadiem, patergjot
mazak energijas transportéSanai neka polioliem, kam ir sliktaka plastamiba.

Sintézes gaita un ar molekulu funkciondlajam grupam saistitas izmainas noteiktas,
izmantojot FTIR spektroskopiju (1.3. att.). P&c talellas taukskabju epoksidé$anas FTIR spektra
paradijas jauns absorbcijas joslas maksimums pie 831 cm™!, kas raksturigs oksirana gredzenu
absorbcijas joslai (1.3. a att.). Tas noradija, ka epoksidésana, izmantojot jonapmainas sveku
Amberlite IR-120 H ka katalizatoru, bija veiksmiga. Par dubultsai$u izzu$anu noradija izmainas
spektra pie ~ 1654 cm™ un ~ 3009 cm™, kas atbilst attiecigi C=C valentajam svarstibam un
=CH valentajam svarstibam. So absorbcijas joslu intensitate E'R'TOFA spektra bija ievérojami
mazaka. E'RTOFA spektra jauna, salidzinosi vaja, bet pamanama absorbcijas josla tika novérota
intervala no 3600 cm ™ Iidz 3150 cm™2, kas parasti raksturo hidroksilgrupu svarstibas.

Sis novérojums liecinaja, ka epoksidésanas laika notikusas nevélamas blakusreakcijas, kas
galvenokart saistitas ar oksirana gredzenu SkelSanos. Ka redzams spektra, karboksilgrupu
absorbcijas joslas intensitate pie ~ 1705 cm™ samazinajas galvenokart esteru veidosanas dél,
kas apliecina nevélamu blakusreakciju norisi. Hidroksilgrupas un esteri veidojas oksirana
gredzenu skelSanas reakcija ar talellas taukskabju vai etikskabes karboksilgrupam.

Hidroksilgrupu absorbcijas joslas intensitate ievérojami palielindjas sintez&tajiem
polioliem. Turklat 31 josla bija intensivaka poliolam, kas iegiits E'RTOFA reakcija ar TMP
spirtu, jo TMP satur vairak hidroksilgrupu (f = 3) neka BD (f = 2). Poliola spektros netika
novérotas oksirana gredzeniem raksturigas absorbcijas joslas pie 831 cm™'. Sajos spektros
mazaka intensitate novérota karboksilgrupam raksturigajai absorbcijas joslai, bet lielaka
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intensitate konstatéta esteru saitém raksturigajam absorbcijas joslam pie ~ 1738 cm™!, kas
noradija, ka talellas taukskabju skabes grupas esterifikacijas reakcija veiksmigi realizgjusies.

a) o Talella b)
u ERTOFA
o
E=Cc—H ’\ , \‘ ?C% %
J “L | /\
= 7—/5 9 J \‘/\\’\iEkiOFA BD
s r i, TR, *5533%
5 ! .
2 A s J\r\
S R—— NL O N el e
N —— ERTOFA_TMP 8 —— NEO380
u EFTOFA_TMP_AA § L Y )%* NEO380_AA
%OH - _2 r §~OH Aromatiskas
) L
WMV
T~ /\AL J‘L = L
3500 3000 1500 1000 500 3500 3000 1500 1000 500
Vilna garums (cm') Vilpa garums (cm™)

1.3. att. FTIR spektri (ATR rezims, 32 skengjumi, iz8kirtspgja 4 cm™): a) talellai, E'RTOFA,
sintez&tajiem polioliem un attiecigajiem acetoacetatiem; b) komercialajiem polioliem un
attiecigajiem acetoacetatiem.

FTIR spektros hidroksilgrupu valentajam svarstibam raksturigajai absorbcijas joslai
intensitate bija ievérojami mazaka acetoacetilétiem polioliem. Joslas intensitate bija gandriz
nenosakama. Sis novérojums ir viens no galvenajiem veiksmigas acetoacetilé$nas reakcijas
raditajiem. Acetoacetiletu poliolu FTIR spektros noverota vel lielaka esteru grupam raksturigas
absorbcijas joslas intesnitate pie ~ 1738 cm™ un ketona grupam raksturigas absorbcijas joslas
intensitate pie ~ 1715 cm™. Tika novérota salidzino§i spécigas, jaunas absorbcijas joslas
paradisanas spektrd intervala no 1670cm™ lidz 1580 cm™. Acetoacetitiem raksturiga
keto-enola tautomérija, kas rada karbonilgrupam raksturigas absorbcijas joslas paradisanos
zemaka frekvence iekSmolekularas Gidenraza saites enola forma del. Tadas paSas izmainas FTIR
spektros tika noverotas arT acetoacetilétajiem komercialajiem polioliem (1.3. b att.).

IH KMR spektri skaidri paradija (1.4.att.) oksirana gredzenu veidoSanos (signali pie
2,8-3,2 ppm), ka arT atklaja, ka dala oksirana gredzenu saskélas sint€zes procesa (signali pie
3,4-4,1 ppm). Sis novérojums ir saskana ar ieprieks apskatitajiem rezultatiem (1.3. att.), kuros
ar tika nov@rota nevélama oksirana SkelSanas un esterifikacijas reakciju norise. KMR spektri
pieradija poliolu veiksmigu sintézi oksirana gredzenu Skel$anas un karboksilgrupu
esterifikacijas reakcija ar BD un TMP, par ko liecinaja oksirana grupam raksturigo signalu
izzuSana (3,14-2,84 ppm). Jauni signali KMR spektra konstatéti pie 4,0—4,5ppm, kas
raksturigi -O-CH;- grupam. Esteru saisu veidosanos ar BD un TMP apstiprinaja arT *3C spektri;
karbonilgrupu signals nobidijas no 180 ppm (karbonskabei) uz 174 ppm, kas raksturigs esterim.

Acetoacetileta E'RTOFA_TMP poliola spektra mazos daudzumos novérots ari aizvietots
TMP. Par to liecinaja vairaki signali, piem&ram, signals pie 65,5-63,5 ppm, kas raksturigs TMP
molekulas -CHa- grupam, ka arT signals pie 43—42 ppm, kas raksturigs ceturtgjam ogleklim
TMP molekula. Vairakas izmainas 3 C KMR spektros apstiprinaja ari talellas poliolu un
komercialo poliolu NEO380 un L3300 veiksmigu acetoacetiléSanu. Acetoacetilgrupu CH:
grupam raksturigais signals noverots pie 3,4 ppm.
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1.4. att. Talellas un E'RTOFA *H-NMR spektri (500 MHz, CDCls).
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1.5. att. *H-NMR spektri (500 MHz, CDCl3): a) E'RTOFA_BD un ERTOFA_BD_AA;
b) ERTOFA_TMP un ERTOFA_TMP_AA.

Saskana ar GPC rezultatiem (1.6. att.), talellas taukskabju epoksidé$anas procesa, ka
katalizatoru izmantojot joapmainas svekus, veidojas loti liels daudzums dazadu nevélamu
blakusproduktu. Hromatogramma redzamas joslas, kas var€tu atbilst dimériem, trim&riem un
citiem oligomériem, kas veidojusies ka oksirana gredzenu $kelSanas produkti. Abolins ar
lidzautoriem ar1 identificgja Iidzigu blakusproduktu veidoSanos talellas taukskabju
epoksidacija [38]. Oksirana gredzenu $kelsanas produktu ar mazmolekularam vielam aiztures
laiks bija ~ 23,5 min., savukart diméri un trim&ri tika identificéti ar aiztures laiku ~ 22,6 min.
un ~ 22,0 min. Poliolu hromatogramma paradija, ka joslu aiztures laiks samazinajas, salidzinot
ar ETOFA. Tas liecinaja par molekulmasas palielinasanos.

E'RTOFA _BD poliola spektra novérojama jauna josla ar aiztures laiku ~ 25,4 min., kas
liecinaja par neizreaggjusu BD. E'RTOFA_TMP poliola gadfjuma neizreaggjusa TMP joslas
maksimums bija pie aiztures laika ~ 23 min. P&c acetoacetiléSanas molekulmasa palielinajas,
tadgjadi samazinot molekulu aiztures laiku. Tas bija arT skaidri redzams GPC hromatogramma
un apstiprindja veiksmigu acetoacetilésanas norisi.

Komerciali pieejamais poliols NEO380 ir vairaku komponentu maisijums. P&c
acetoacetiléSanas visas NEO380 joslas GPC hromatogramma nobidijas uz mazaku aiztures
laiku (1.6.batt.), kas liecindja, ka lielaka dala savienojumu $aja maisijuma péc
acetoacetiléSanas saturéja acetoacetata grupas. L3300 poliola spektra ir tikai viena josla ar
izteiktu maksimumu (1.6. b att.). Tapat ka visos ieprick$&jos gadijumos, arT acetoacetiléta
L3300 GPC hromatogramma josla paradijas pic mazaka aiztures laika, kas liecinaja par
molekulmasas palielinaSanos un veiksmigu acetoacetiléSanu.
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1.6. att. Sintez&to vielu GPC hromatogrammas (tris PLgel kolonnas, dalinu izmérs 10 pum,
poru izméri 104 A, 103 A un 50 A, 300 mm x 7,5 mm, THF, 25 °C): a) no talellas; b) no
komerciali pieejamajiem polioliem.
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1.7. att. MALDI-TOF MS spektri (2000 Hz, 355 nm, joniz&josais agents: CF3COONa):
a) E'RTOFA_BD un ERTOFA_BD_AA; b) E'RTOFA_TMP un E'RTOFA_TMP_AA; ¢) L3300
un L3300_AA.

Spektri paradija, ka epoksidésanas procesa, poliolu sintéz€ un to acetoacetilésana veidojas
dazadu savienojumu maisTjums (1.7. att.). Spektrs tika uznemts arf E'RTOFA, tadu to bija griiti
interpretét, jo epoksidétas oleinskabes un linolskabes joniem atbilstosas joslas parklajas ar
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matricas joslam. Spektros joslas visbiezak bija pa pariem ar starpibu 2 u. Tas atbilst oleinskabes
un linolskabes molekulmasas atskiribai. MALDI-TOF MS spektros skaidri redzamas
domingjoso sintez€to poliolu monom&ru un to acetoacetatu jonu atbilsto$as joslas.
E'"TOFA_BD MALDI-TOF MS spektra identificétas joslas, kas atbilst poliolu diméru, ka ari
tiem atbilstoSo acetoacetatu jona molekulmasam.

MALDI-TOF MS spektri noradija art uz poliolu veiksmigu acetoacetilé$anas norisi. P&c
acetoacetiléSanas visintensivakas joslas nobidijas par tik m/z vienibam, kas atbilst masas
pieaugumam, ja visas molekula esos$as hidroksilgrupas aizstatu ar acetoacetata grupu.
Pieméram, epoksidétas oleinskabes TMP poliolam raksturiga jona atbilstosas joslas
maksimums bija pie 571 m/z [C3oHesoOs+Na]*. P&c acetoacetilesanas $1 poliola acetoacetatam
atbilstosa jona joslas maksimums bija pie 991 m/z. Atskiriba bija 420 m/z, kas precizi atbilst
piecu acetoacetata grupu masai un pilniba atbilst attieciga sintez&ta poliola hidroksilgrupu
skaitam (funkcionalitatei). Tas nozime, ka §is savienojums satur piecas funkcionalas grupas
(ERTOFA_TMP_AA f =~ 5). Pilniba acetoacetiléti savienojumi, kas satur tris funkcionalas
grupas, tika atrasti ari acetoacetilétas epoksidétas oleinskabes BD poliola spektros
(E'RTOFA_BD_AAf=~3)

P&c acetoacetiléSanas ari diméru trim&ru un citu blakusproduktu jonu atbilsto$o joslu
paradisanas pie lielakam vertibam noradija, ka acetoacetiléSanas process noritgjis veiksmigi un
molekulas satur acetoacetata grupas. No ta var secinat, ka Sie blakusprodukti ar pilniba
pieméroti polim&rmaterialu ieguvei, izmantojot Maikla reakciju. Bitiski, ka $os diméru, triméru
un citu blakusproduktu lielas un sazarotas struktiiras del var tikt paaugstinata acetoacetata
viskozitate, kas var apgritinat ta izmantosSanas iespgjas.

Maz joslas novérotas L3300 poliola un ta acetoacetata MALDI-TOF MS spektra, salidzinot
ar talellas acetoacetatu spektriem. L3300 ir trifunkcionals poligtera poliols, kura pamata ir
glicerins. Rupnieciski tas iegits, glicerina molekulai pievienojot 2-hidroksipropoksigrupas
oksipropilésanas reakcija. L3300 ir salidzino$i tira viela, kas atvieglo spektra interpretaciju.
Intervals starp intensivako joslu maksimumiem bija 58 m/z, kas athilst
2-hidroksipropoksigrupas masai. L3300 poliola spektrs atspoguloja, cik vienmérigi ir notikusi
oksipropilesana. P&c acetoacetileSanas visi atbilstoSo joslu maksimumi nobidijas precizi par
252 mlz, kas atbilst tris acetoacetata grupu molmasai un liecinaja par gandriz pilnigu L3300
hidroksilgrupu aizvietoSanu.

1.2. Maikla akceptora sintéze no talellas taukskabem

Salidzinosi plasi izmantoti ir tikai dazi sint€zes celi, lai ieglitu akrilatus no atjaunojamajam
izejvielam. Viens no visvairak pétitiem un izmantotajiem sintézes celiem ir dubultsaiSu
epoksidésana un sekojosa oksirana gredzenu $kel$ana ar akrilskabi [57-62]. V&l viena iespgja
iegit akrilatu ir vienas stadijas reakcija starp ellu, kas satur dubultsaites, un akrilskabi bora
trifluorida dietileterata $kiduma klatbutng [63-65]. Ja ellas molekula dabiski jau satur
hidroksilgrupas (pieméram, ricinella), ir iesp&jama hidroksilgrupu akriléSana ar
akriloilhloridu [44, 62, 66].

Sis metodes ir piemérotas izejvielam, kas satur vismaz divas dubultsaites katra molekula,
jo veiksmigai polimerizacijas reakcijai ir nepiecie$ams, lai katra molekula saturétu vismaz
divas funkcionalas grupas. Digliceridi un trigliceridi satur vairakas dubultsaites, kas padara $is
vielas pieme@rotas poliméru izejvielu sintézei. Publicetie p&tijumi liecina, ka trigliceridus
saturoSas ellas ir visplasak izmantotas ellas akrilatu sintézei.
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Dazas brivas taukskabes, piem&ram, linolskabe, satur divas dubultsaites, bet pec
epoksidésanas katra molekula parasti satur tikai vienu oksirana grupu blakusreakciju ar
etikskabi vai nepilnigas epoksidacijas d&l. Tapéc epoksidésana un oksirana gredzenu atvér§ana
ar akrilskabi vai tieSa dubultsaites akriléSana ir neefektiva brivas taukskabes saturosam ellam,
pieméram, talellai. Ellam, kas satur brivas taukskabes, ir jaizmanto cita pieeja.

Saja darba izstradata daudzsolosa metode akrilatu sintézei no talellas, izmantojot
dubultaistes epoksidésanu, kam seko oksirana gredzenu atvér$ana ar daudzfunkcionalu spirtu

un p&c tam hidroksilgrupu akriléSana ar akriloilhloridu (1.8. att.).
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1.8. att. Idealiz&ta Maikla akceptora sint€zes sheéma no talellas taukskabeém (oletnskabes).

P&c poliola akrilésanas novéroja butisku hidroksilgrupu vértibas samazinasanos, kas bija
pirmais raditajs, ka akrilata sintéze bijusi veiksmiga (1.2. tabula). Lai gan titrimetrijas dati
uzradija nelielu hidroksilgrupu klatbiitni, akrilatos hidroksilgrupu saturs bija tik mazs,
salidzinot ar poliolu, ka tas butiski neietekméja turpmako polim&rmaterialu iegiiSanu.

1.2. tabula
Sintezgto talellas akrilatu raksturojums
PR - Skabes skaitlis, Hidroksilskaitlis, . o Akrilgrupu
Sintezétais akrilats mg KOH/g mg KOH/g Mitrums, % saturs,* mmol/g
E'RTOFA_BD_Acryl <5 28,8 0,022 3,9
E'RTOFA_TMP_Acryl <5 46,2 0,027 3,5

*kvantitativais KMR (500 MHz, CDCls) izmantojot 1,2,3-trimetoksibenzolu ka iek$€jo standartu.

Reologiskie mérijumi (1.9. att.) uzradija ievérojami mazaku viskozitati akrilatiem neka
polioliem, no kuriem §ie akrilati sintezéti. Péc E''TOFA_TMP poliola akrilésanas viskozitate
samazinajas vairak neka 25 reizes lidz 4560 mPa's. Tada pati tendence bija novérojama
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E'RTOFA _BD akrilesanas gadfjuma. E'WTOFA BD_Acryl viskozitaite bija 315 mPa-s.
Viskozitates samazinasanas galvenokart saistita ar tidenraza saiSu izzusanu starp molekulam
hidroksilgrupu esterificésanas d&l. Viskozitate nebija atkariga no lietota bides atruma, tapéc
sintez&tas vielas vargja klasificet ka Nutona skidrumus.

a) b)
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1.9. att. Reologiskie m&rijumi (konusa-platne sistéma, attalums 48 um, 25 °C):
a) ERTOFA_BD un E'RTOFA_BD_Acryl; b) ERTOFA_TMP un E'RTOFA_TMP_Acryl.

Salidzinot poliola E'RTOFA_BD FTIR spektru ar akrilata E'RTOFA_BD_Acryl spektru,
skaidri redzama joslas pie 3600—3150 cm™, kas atbilst hidroksilgrupam raksturigajam
deformacijas svarstibam, izzu$ana (1.10.att.). Savukart jaunas joslas novérotas pie
1640-1620 cm™, 1407 cm™ un 810 cm™, kas atbilst attiecigi akrilgrupam raksturigajam
deformacijas svarstibam un liecinaja par veiksmigu akriléSanas norisi. Tadu paSu tendenci
vargja novérot, salidzinot poliola E'RTOFA_TMP un akrilata E'RTOFA_TMP_Acryl spektrus.

a) b)
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1.10. att. FTIR spektri (ATR rezims, 32 sken&jumi, iz8kirtspgja 4 cm™2): a) E'RTOFA_BD un
E'"TOFA_BD_Acryl; b) ERTOFA_TMP un E'RTOFA_TMP_Acryl.

FTIR spektrus, kas apstiprinaja kimiskas struktliras mainu sintézes procesa, pilniba
apstiprindja un papildinaja KMR spektri (1.11. att.). Akriléta talellas poliola *H KMR spektros
bija redzami vinilgrupam tipiski signali (6,4 ppm, 6,1 ppm un 5,8 ppm). Esteru veidosanas tika
pieradita ar signaliem pie 4,22—4,13 ppm, kas raksturoja—CH>OCOR dalu (kur R ir vinilgrupa).
Savukart signala, kas raksturiga HOCH>— grupam pie 3,7—3,6 ppm, intensitate bija butiski
mazaka, tadgjadi liecinot par brivo hidroksilgrupu esterificéSanu. Turklat jauni signali, kas
raksturigi akrilata karbonilgrupam pie 166 ppm *C KMR spektra, pieradija veiksmigu akrilatu
veidoSanos.
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1.11. att. *H KMR spektri (500 MHz, CDCls) a) E'RTOFA_BD un E'RTOFA_BD_Acryl;
b) E'RTOFA_TMP un E'RTOFA_TMP_Acryl.

GPC rezultati (1.12. att.) apstipringja, ka talellas taukskabju polioli sastav no monomeru,
dim@ru, triméru un oligoméru maisfjuma [38]. Salidzinot akril&tu talellas poliolu un talellas
poliolu GPC hromatogrammas, joslu maksimumi bija pie nedaudz isaka aiztures laika, kas
liecinaja par molekulmasas palielinasanos. Molekulmasas palielinaSanas saistita ar
hidroksilgrupu aizstaSanu ar akrilgrupam, kas liecindja par veiksmigu akrilésanas reakcijas
norisl.
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1.12. att. Sintez&to vielu GPC hromatogrammas (divas PLgel Mixed-E kolonnas, dalinu
izmérs 3 pm, 300 mm x 7,5 mm, THF, 35 °C): a) E'RTOFA_BD and E'"TOFA_BD_Acryl;
b) ERTOFA_TMP and E'RTOFA_TMP_Acryl.

Lidztekus GPC analizei izmainas vielu kimiskaja struktira noteiktas art ar MALDI-TOF MS
spektrometrijas palidzibu (1.13.un 1.14. att.). MALDI-TOF MS dati apstiprindgja GPC
noveroto, ka talellas polioli sastav no sareZgita maisijuma, kas spektra redzams ka liels
daudzums zemas intensitates joslas.

Galvenais izaicinajums MALDI-TOF MS spektru analiz€ bija noteikt akrilétu talellas
taukskabju poliolu joniem atbilsto$as joslas. MALDI-TOF MS spektros visintensivakas joslas
akrilatiem novérotas pie lielakam m/z vertibam neka to attiecigajiem polioliem. Salidzinot
poliola un atbilstosa akrilata MALDI-TOF MS spektrus, tika identificétas vairakas joslas ar
starpibu, kas dalas ar 54. Sis vienibu skaits (54 m/z) atspogulo masas pieaugumu par vienu
akrilgrupu. Lielaka dala joslu p&c akrilésanas spektra nobidijas par 108 m/z, 162 m/z, 216 m/z,
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270 m/z un 324 m/z vienibam, Kkas liecinaja, ka katra molekula satur attiecigi vismaz divas, tiTs,
Cetras un piecas akrilgrupas. Spektra tika identificétas joslas, kas atbilst pilniba akrilétu
E'RTOFA_BD un E'RTOFA_TMP poliolu jonu masam.

Pilniba akriléts E'RTOFA_BD poliols satur trTs akrilgrupas katra molekula. Spektra vargja
novérot relativi intensivus atbilstosas joslas maksimumus pie 643,4 m/z un 645,4 m/z, kas
atbilst pilniba akrilétam E'R"TOFA_BD, kas satur trs akrilgrupas (E'"TOFA_BD_Acryl f = ~ 3).
E'RTOFA_BD_Acryl gadijuma diméru akrilé3anas rezultata izveidojas savienojumi ar ar
Cetram akrilgrupam molekuld, par ko liecindja atbilstosas jona joslas pie 1009,7 m/z un
1011,7 m/z. So joslu intensitate gan bija salidzinosi neliela. Turklat no iegiitajiem spektriem
tika secinats, ka maistjums satur arT dal&ji akrilétus savienojumus.
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1.13. att. MALDI-TOF MS spektri (2000 Hz, 355 nm, joniz&josais agents: CF3COONa):
a) E'RTOFA_BD; b) E'RTOFA_BD_Acryl.

E'RTOFA_TMP_Acryl akrilata spektra intensivas joslas bija pie 839,5 m/z un 841,5 m/z,
kas atbilst savienojumiem, kas satur piecas akrilgrupas viena molekula (E'R"TOFA_TMP_Acryl
f=~5) (1.14. att.). Tapat ka E'RTOFA_BD_Acryl gadijuma, dalgji akrilétie savienojumi tika
novéroti ari E'RTOFA_TMP_Acryl spektra. Joslu intensitate palielinajas lidz ar akrilgrupu
skaita pieaugumu molekula, un visintensivakas joslas atbilda pilniba akriletam poliolam.
Pateicoties augstajai funkcionalitatei, sintez&tos talellas Maikla donorus var izmantot, lai iegiitu
loti Skerssaistitu polimeru matricu, kas var palielinat polim@ra matricas mehaniskas Tpasibas.
Sintez&tie akrilati no talellas taukskabju polioliem satur vairakas akrilgrupas molekula, kas ir
galvenais priek$noteikums, lai tos izmantotu polimerizacijas reakcija.

Nemot véra reologijas mérjjumus, FTIR, KMR, GPC un MALDI-TOF MS datus, iegitie
talellas poliola akrilati ir pieméroti poliméru sintézei ar Maikla reakciju. Turklat sintez&tie
talellas poliola akrilati varétu bt potenciali pieméroti citu poliméru razo$ana, pieméram, UV
ierosinataja brivo radikalu polimerizacija parklajumu razoSana.
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1.14. att. MALDI-TOF MS spektri (2000 Hz, 355 nm, jonizgjosais agents: CF3COONa):
a) E'RTOFA_TMP; b) ERTOFA_TMP_Acryl.

2. Poliméru sveki no talellas Maikla donoriem un petrokimiskiem
Maikla akceptoriem

Maikla reakcijas mehanisms ir daudz pétits un zinams. Vispirms bazisks katalizators
deprotoné acetoacetatu, ka rezultata veidojas enolata anjons. P&c tam enolata anjons reagg ar
akrilatu 1,4-pievienoSanas reakcija. Pirmas Maikla reakcijas produkts satur vél vienu aktivo
protonu acetoacetata metiléngrupa, ko var pievienot citam akrilatam [23, 31], kas nozimg, ka
Maikla donors divreiz reagé ar diviem Maikla akceptoriem [67], protams, ja reagentu molara
attieciba to atlauj. Polimérs var veidoties tikai tad, ja Maikla akceptora katra molekula satur
vismaz divas funkcionalas grupas.

Reakcija starp akrilatiem un aktivo acetoacetatu metiléngrupu ir atra, un sist€ma pec
samaisiSanas ar Katalizatoru sacieté istabas temperatira. ST reakcija ir bazes katalizéta
pievienosSanas [31, 35, 68]. Maikla reakcijai vispiemérotakie ir aminu, amidina un guanidina
bazes katalizatori [31, 35, 46, 49, 68-72].

Iepriek$ sintezétie divi talellas un divi komercialo poliolu acetoacetati tika izmantoti, lai
iegtitu polimérus Maikla reakcija (2.1. tab.), izmantojot 1,1,3,3-tetrametilguanidinu (TMG) ka
katalizatoru. lIepriek$ sintez&tajiem acetoacetatiem bija atSkiriga kimiska struktlira un
funkcionalitate, kas polimerizacijas reakcijas dazadiem akrilatiem lava izstradat polimérus ar
atSkirigu SkerssaistiSanas blivumu. Tika izmantoti tris komerciali pieejami akrilati ar dazadu
akrilgrupu skaitu molekula jeb funkcionalitati — BPAEDA (f=2), TMPTA (f=3) un
PETA (f = 4).
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legiitajiem polimériem tika veikta TGA (2.1. att.). No talellas poliolu acetoacetatiem
ieglitajiem polimériem biitisks masas zudums netika novérots lidz pat 300 °C temperatiirai; tie
bija termiski stabili. Ta ir prieksrociba, jo, piem&ram, plasi lietotie poliuretana materiali bez
pievienotiem termostabilizatoriem sadalas temperatiiras diapazona no 200 °C Iidz 300 °C
[73, 74]. Turklat arT organiska stikla polimetilmetakrilata sadaliSanas sakas temperatiira zem
300 °C [75, 76].

Salidzinot Maikla donora ietekmi, polim&riem, kas iegtiti no TMP polioliem, bija augstaka
termiska stabilitate. Savukart, salidzinot Maikla akceptoru ietekmi, termiski stabilakie polimeri
tika iegiti no bisfenola A atvasinajuma BPAEDA akrilata. To var izskaidrot ar bisfenola A
aromatisko struktiiru. Polimériem, kas iegiti, ka akrilatu izmantojot BPAEDA, tika novéroti
divi masas zuduma atruma maksimumi. Pargjiem polim&riem atvasinajuma liknu profilu lidzibu
noteica izmantotais poliols un mazak — akrilats.

Polim@riem no komerciali pieejamo poliolu acetoacetatiem bija lidzigi TGA masas zuduma
liknu un to atvasinajumu Iiknu profili. Polime&riem, kas iegiiti no talellas poliolu acetoacetatiem
ar BPAEDA akrilatu, bija augstaka termiska stabilitate (salidzinot temperatiiru, kur masas
zudums sasniedza 5 %) neka polimériem no komerciali pieejamo poliolu acetoacetatiem ar tadu
pasu akrilatu. 5 % masas zuduma temperattiru liela méra noteica izmantotais akrilats, tacu $§1
ietekme mazak izteikta bija augstaka temperatiira.

24



a) ——E"TOFA_BD_AA_BPAEDA b) —— ERTOFA_TMP_AA_BPAEDA
—— ERTOFA_BD_AA_TMPTA ERTOFA_TMP_AA_TMPTA

100+ ERTOFA_BD_AA_PETA -14 1007 — E"TOFA TMP AA PETA 114
” — L L2 . T—T,=427°C {-12
1 — T=431°C B
T=391°C 10 G T, =395°C 1-10 &
_ < T=418°C <
& 809 r=3790c — 08 E60 \ 1-08 &
< g g T=411°C \ g
g g ]
S 40 08 & 2 40 \ 06 &
04 loa 2
204 204
-0,2 1-0,2
0 S———00 ‘ : S— 00
200 500 600 200 300 400 500 600
) Temperdtum °C) d) Temperatiira (°C)
C ———13300_AA_BPAEDA
——— NEO380_AA_BPAEDA AL
1001 —— NEO380_AA_TMPTA -14 100 — tggggf:i{"é':;’* 214
NEO380_AA_PETA -
1-1,2 -1,2
80 | T, = 431°C 80| T =407 °C
-392°c - laos 110 &
s -9
—~ s = = 365° - T, =419° S
g 604 T=389°c |08 & FO0yTL=I5C —= T TAC s &
g 3 g / \ 8
3 T=403° los & &, |Ti=361%C 7 06 &
= 404 ' = = 404 7 T, =416 °C ! =
1-04 < 1-04 <
20+ 204
_gyz 1-0,2
0 0+ — . ————00
200 300 400 500 600 200 300 400 500 600
Temperatiira (°C) Temperatiira (°C)

2.1. att. TGA (10 °C-min!) masas zuduma liknes un TGA Iiknu atvasindjums polimériem no
sintezétiem acetoacetatiem un BPAEDA, TMPTA, PETA akrilatiem: a) E'RTOFA_BD_AA
poliméri; b) E'RTOFA_TMP_AA poliméri; ¢) NEO380_AA poliméri; d) L3300_AA poliméri.

a) b)
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2.2. att. DSC (10 °C-min™?) liknes polimériem no sintez&tiem acetoacetatiem un BPAEDA,
TMPTA, PETA akrilatiem: a) E'RTOFA_BD_AA poliméri; b) E'RTOFA_TMP_AA poliméri;
c) NEO380_AA poliméri; d) L3300_AA poliméri.

Iegiitajiem polimériem tika veikta DSC analize, lai noteiktu stiklo§anas temperatiiru (Tg)
(2.2. att.). Tgosc) tika noteikta ka viduspunkts starp stikloSanas procesa sakuma temperatiiru un
stikloSanas procesa beigu temperatiiru.
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Polimériem, kas iegliti no komerciali pieejamo poliolu acetoacetatiem (L3300_AA un
NEO380_AA), Typsc) galvenokart ietekmé&ja izmantotais akrilats. Salidzinot no tiem paSiem
akrilatiem iegtitos polimérus, Typsc) at8kiras par mazak neka 2 °C (2.1. c, d att.). Izmantotie
komerciali pieejamie poliolu acetoacetati biitiski neietekmé&ja poliméra Tgpsc). Atkariba no
izmantota akrilata Tgpsc) palielinajas §ada seciba: BPAEDA < TMPTA < PETA. Secinats, ka
izmantota akrilata funkcionalitate ietekm&ja Tqpsc). Jo lielaka funkcionalitate izmantotajam
akrilatam, jo augstaka bija poliméra Typsc). Tas skaidrojams ar lielaku $k&rssaistiSanas
blivumu [77]. Tada pati tendence tika noverota ar polimériem, kas iegliti no sintezgtajiem
talellas poliolu acetoacetatiem (2.1. a, b att.), bet Siem polim&riem redzama arT bitiska talellas
poliola acetoacetata ietekme uz poliméra Tgy(psc).
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2.3. att. DMA (3 °C-min%, 1 Hz, 5 N) tand liknes polimériem no sintezétiem acetoacetatiem
un BPAEDA, TMPTA, PETA akrilatiem: a) E'RTOFA_BD_AA poliméri;
b) E'RTOFA_TMP_AA poliméri; ¢) NEO380_AA_TMPTA poliméri; d) L3300_AA poliméri.

Lai noteiktu polim@ru dinamiski mehaniskas Ipasibas, tika veikta DMA. Visu iegiito
poliméru tand (2.3. att.) 1ikn€s bija noverojams tikai viens skaidri izteikts maksimums, turklat
simetriskais liknu profils (joslas profils) attieciba pret to maksimumu liecinaja par poliméru
viendabigo struktiiru. ST sakariba starp joslas platumu, simetriju un poliméra struktiiru
viendabigumu ir aprakstita arT vairakos citos public&tajos p&tijumos [68, 78-80].

Lai gan attiecigajiem polimeériem Tgpma) atSkiras no Tg(psc), tendences tika noverotas tadas
pasas. Tgpma) bija augstaka par Tgpsc). Tas skaidrojams ar to, ka DMA gadijuma tiek lietots
speks un mérita parauga pretoSanas sp&ja pieméerotajam speékam, savukart DSC metode
pamatojas uz siltumietilpibas izmainam parauga [81, 82]. DMA metode ir daudz piemérotaka
Ty noteikSanai polimériem ar griiti nosakamu Ty un loti Sk&rssaistitiem polimériem [83].
Polimériem ar lielaku $kérssaistiS$anas blivumu bija augstaka stikloSanas temperatiira (2.2. tab.).
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Par $o sakaribu starp lielaku $kérssaistiSanas blivumu un augstaku poliméra Tqpsc) ir zinojusi
arT Vanga zinatniska grupa (Wang et al.) [51].

2.2. tabula

No talellas poliolu vai komerciali pieejamo poliolu acetoacetatiem un BPAEDA, TMPTA,
PETA akrilatiem iegiito polim&ru raksturojums

E(uzkrijnma)

Paraugs ';gz); Tooma), °C  (Tgoma) +50), mole"sejcm’3 p,g'em®  Mc g-mol™
MPa

E'RTOFA_BD_AA_BPAEDA 1,21 21,0 51 0,59-103 1,167 1695
2 £ E'RTOFA_BD_AA_TMPTA 0,73 34,6 17,7 1,98-10°% 1,211 505
f; % E'RTOFA_BD_AA_PETA 0,45 40,4 24,2 2,67-103 1,219 375
° § ERTOFA_TMP_AA_BPAEDA 1,07 40,5 17,1 1,89:-10°% 1,116 529
= § E'RTOFA_TMP_AA_TMPTA 0,70 53,0 19,1 2,04-10°3 1,177 490

E'RTOFA_TMP_AA_PETA 0,27 63,4 30,6 3,17:10°3 1,235 315
g g NEO380_AA_BPAEDA 1,30 28,5 82 0,93-103 1,257 1075
'%‘ é NEO380_AA_TMPTA 0,81 38,7 18,4 2,04-10°8 1,328 490
g_ g NEO380_AA_PETA 0,72 453 23,4 2,55:103 1,330 392
g § L3300_AA_BPAEDA 1,18 24,5 9,8 1,13-10°° 1,171 885
éé L3300_AA_TMPTA 0,80 39,7 19,9 220-10° 1,202 455
2 2 L3300_AA_PETA 0,44 46,6 24,9 2,70-103 1,247 369

No DMA datiem tika noteikta Tgpma) un uzkrajuma modulis elastigaja diapazona (E(uzkrzjuma)
temperatlira Tgowma)+ 50). Sie dati izmantoti, lai aprékinatu Skérssaistianas blivumu un
molekulmasu starp $kérssaitem (2.2. tab.). Aprékinatie rezultati liecingja, ka $k&ssaisu blivums
un molekulmasa starp Skerssait®m bija loti atkariga no izmantota akrilata un acetoacetata
funkcionalitates. Izmantojot komponentus ar lielaku funkcionalitati, tika iegtiti polimeri ar
lielaku $k&ssaistisanas blivumu, ka arT ar mazaku molekulmasu starp $k&ssaitem, kas butiski
ietekm& poliméra mehaniskas ipasibas. Tas atbilst Raula (Rahul) un Kitija (Kitey) zinatniskas
grupas noverojumiem, ka poliméra $kérssaistisanas blivums ietekmé Tgoma) [84]. ArT stiepes
testi apstiprinaja mehanisko Ipasibu atkaribu no SkerssaistiSanas blivuma.

Lielakais $kérssaistisanas blivums (3,17-107 mol-cm™) un mazaka molekulmasa starp
$kerssaitem (315 g-mol™") bija poliméram, kas iegits no E'"TOFA_TMP_AA un PETA. Tas
skaidrojams ar abu — Maikla donora un Maikla akceptora — lielako funkcionalitati. Vismazakais
SkerssaistiSanas blivums un lielaka molekulmasa starp sk&rssaitém bija polimeériem, kas iegiiti
no mazakas funkcionalitates acetoacetata un difunkcionala akrilata — BPAEDA.

Poliméru paraugi, kas iegtti no poliolu acetoacetatiem un PETA (f=4), uzradija
visaugstakas stiepes modula un Stiepes stipribas vértibas (2.4. att.). To var izskaidrot ar
izmantota akrilata lielo funkcionalitati, ka rezultata tiek iegiits polimérs ar lielaku
SkerssaistiSanas blivumu (2.2. tab.), ka arT $iem polimériem bija visaugstaka stiepes modula
vertiba. Tika noverota sakariba starp izmantota akrilata funkcionalitati un iegiistama poliméra
stiepes modula vertibam — izmantojot lielakas funkcionalitates komponentus, vargja iegit
polimérus ar lielakam stiepes modula un stiepes stipribas vertibam.
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2.4. att. Estiepe) un omax (2 mm-min~t, 22 °C) polim&riem no talellas poliolu vai komercialo
poliolu acetoacetatiem un BPAEDA, TMPTA vai PETA akrilatiem.

NEO380_AA_PETA poliméra stiepes stipriba bija 51 MPa, stiepes modula vértiba sasniedza
2710 MPa, kas bija vislielaka starp visiem paraugiem. Salidzino$i augstas modula un stiepes
stipribas  vértibas  bija  ari  talellas  polimériem  ERTOFA_TMP_AA TMPTA
(Estiepe) = 2250 MPa, omax = 40 MPa) un E'RTOFA_TMP_AA PETA (E(stiepe) = 2370 MPa,
omax = 44 MPa). Tegiito polim&rmaterialu mehaniskas ipasibas var tikt salidzinatas ar citiem
inovativiem materialiem, pieméram, FleiSera zinatniskas grupas (Fleischer et al.)
izstradatajiem bezizocianata poliuretana materialiem (NIPU) no heksametiléndiamina,
glicerina cikliskajiem karbonatiem un TMP. So NIPU stiepes stipriba bija 68 MPa, un stiepes
modula vértiba sasniedza 2100 MPa [85]. Iegiito poliméru mehaniskas ipasibas bija lidzigas
poliuretanu materialu [86, 87] un polimetilmetakrilata materialu ipasibam. Siem materialiem
stiepes stipriba ir aptuveni 55 MPa, stiepes modula vértiba — aptuveni 2700 MPa [88, 89]. Tas
apliecina, ka poliméri, kas iegtiti Maikla reakcija, izmatojot no tale]las iegiitus komponentus,
var biit daudzsolosa un konkurétspgjiga alternativa jau zinamajiem polimérmaterialiem.

Stiepes testos tika noteikta arT poliméru paraugu pagarinajums lidz parplisanai, un secinats,
ka tas korelé ar konkréto paraugu stiepes modula un stiepes stipribas vértibam Jo augstakas
modula un stiepes izturibas vertibas, jo mazaks bija pagarinajums. Vismazakie pagarinajumi
novérti E'"TOFA_TMP_AA PETA (¢=19%), NEO380_AA PETA (£=27%) un
L3300_AA_PETA (e =2,9 %) polimériem, savukart vislielakas pagarindgjuma vértibas bija
E'RTOFA BD_AA BPAEDA  (¢=55%), NEO380 AA BPAEDA (¢=53%) un
L3300_AA_BPAEDA (g = 47 %) polim&riem.

Tika noverota ta pati sakariba starp mehaniskajam 1pasibam un molekulmasu starp
Skerssaistém un $kessaistiSanas blivumu. Jo lielaks ir $kérssaistiSanas blivums (2.2. tab.), jo
attiecigi lielaks stiepes modulis un stiepes stipriba.
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Rezultati apliecinaja, ka, izmantojot akrilatus ar atSkirigam funkcionalitate€m, ir iesp&ams
ieght loti dazadus polimérus. Izmantojot zemakas funkcionalitates komponentus, vargja iegiit
polimérus, kas p&c 1pasibam bija lidzigi gumijam. Bija iesp&jams iegiit arT tadus polimerus, kas
péc ipaSibam lidzigi organiskajam stiklam [88-90]. Apkopojot literatiiru par lidzigiem
materialiem un to Tpasibam, var apgalvot, ka $aja pétijuma iegiitie poliméri ir konkurgtsp&jigi
ar vairakiem citiem alternativiem materialiem. Poliméru razo$ana no brivajam taukskabém,
izmantojot Maikla reakciju, bija vienkar$a un tika veikta daudz maigakos apstaklos, salidzinot
ar citam inovativu poliméru iegfiSanas metodém, piemeram, NIPU sint&zi.

Maikla 1,4-pievienoSanas polimerizaciju var Tstenot 1sa laika perioda istabas temperatiira
un atmosféras spiediena. Izejvielas, ko izmanto poliméru sintez&$anai, izmantojot Maikla
reakciju, ir mazak toksiskas neka izocianati, kas ir viena no galvenajam izejvielam poliuretana
razoSana. Maikla reakcija sintez&to polimeéru mehaniskas un termiskas 1pasibas bija lidzvertigas
vai pat labakas, salidzinot ar citiem literatiira aprakstitiem inovativiem materialiem. Turklat
poliméru 1pasibas var pielagot, mainot polimerizacijai izmantotos komponentus.

3. Polimeéru sveki no talellas Maikla donora un Maikla akceptora

Literatira ir atrodamas tikai dazas publikacijas, kuras pétita acetoacetatu sint€ze no
atjaunojamajam izejvielam un to izmanto$ana dazadu polimérmaterialu ieguvei. Sjuja
zinatniska grupa (Xu et al.) izstraddja parklajuma pléves no acetoacetilétas ricinellas un
aldehidgrupu un akrilgrupu saturo$am vielam polimerizacija péc Maikla reakcijas
mehanisma [49]. Vana zinatniska grupa (Wang et al.) izveidoja saciet&joSus parklajumus no
acetoacetilétas ricinellas un daudzfunkcionaliem akrilatiem (heksametilendiakrilats, TMPTA,
PETA), izmantojot Maikla rekciju [51]. Noordovera zinatniska grupa (Noordover et al.)
izstradaja malonata grupas saturoSus poliestera parklajumus no atjaunojamajiem resursiem,
iegutiem Maikla donoriem reakcija ar ditrimetilolpropantetraakrilatu [91]. Nagas zinatniska
grupa (Naga et al) pétija reakciju starp daudzfunkcionaliem acetoacetatiem
(mezo-eritritoltetraacetoacetata, trimetilolpropantriacetoacetata) un diakrilatiem
(1,4-butandioldiakrilatu, 1,6-heksandioldiakrilatu, 1,9-nonandioldiakrilatu), ieglistot
gelus [92]. Nedaudz vélak Nagas zinatniska grupa izstradaja porainus polimérmaterialus no
mezo-eritritoltetraacetoacetata vai D-sorbitheksaacetoacetata reakcija ar
polietilénglikoldiakrilatu $kidinataju vide [93]. Visos S$ajos pétjjumos ir izmantots no
atjaunojamajiem resursiem iegiits Maikla donors un petrokimisks Maikla akceptors.

Saja darba ieprieks sintezétie talellas akrilati un acetoacetati tika izmantoti, lai iegitu
Skerssaistitu poliméru (3.1. att.). Ieglitajiem polim&riem bija augsta termiska stabilitate un labas
mehaniskas Tpasibas, lai tos varétu izmantot ka alternativu plasi lietotajiem termoreaktivajiem
svekiem, piem&ram, epoksida, poliesteru vai vinilesteru svekiem.
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3.1. att. Konceptuala shéma polim&ru ieguvei no talellas taukskabju Maikla donora un Maikla
akceptora.

No E'RTOFA_BD_Acryl iegiitie poliméri bija elastigi, I1dzigi gumijai. Poliméri, kas iegiiti
no E'RTOFA_TMP_Acryl, bija cieti, lidzigi organiskajam stiklam. Visi sintezétie poliméri bija
caurspidigi un dzidri ar bringanigu vai dzeltenigu nokrasu.

Izstradato poliméru kimiska struktfira tika analizSta, izmantojot FTIR spektroskopiju
(3.2. aatt.). Akrilatam raksturigas absorbcijas joslas pie 1640-1620 cm™ un 1407 cm™
nevargja izmantot interpretacijai, jo tas parklajas ar donora funkcionalajam grupam
raksturigajam absorbcijas joslam. Akrilgrupam =CH> raksturiga vél viena absorbcijas josla
FTIR spektra pie 810 cm™,

Polimériem, kas iegiiti no E'RTOFA_BD_Acryl akrilata, FTIR spektra absorbcijas joslas pie
810 cm™* netika novérotas. Tas liecindja par augstu konversijas pakapi un pilnigu reakcijas
norisi. Bet §1 absorbcijas josla bija novérojamas abiem polimériem, kas iegiti no
E'RTOFA_TMP_Acryl akrilata. Salidzinot E'RTOFA_BD_AA TMP_Acryl un
E'RTOFA_TMP_AA_TMP_Acryl poliméru FTIR spektrus, akrilgrupu absorbcijas josla pie
810cm™ bija intensivaka E'RTOFA_TMP_AA TMP_Acryl poliméra spektra. Tas varétu
nozimé&t nepilnigu konversiju augstas viskozitates, augstas funkcionalitates un molekulas
sazarotibas, ka arT sterisku efektu del.

Poliméru paraugu kimiska struktiira tika analiz8ta, izmantojot arfi cVKMR 3C
spektroskopiju (3.2. b att.). Spektros bija redzams gaiditas *C kimiskas nobides. Visiem
iegttajiem polimé&riem bija redzamas >CH-O- grupam raksturigi signali diapazona no 63,0 ppm
lidz 83,5 ppm. >CH-O- grupas radas, oksirana gredzeniem skeloties ar spirtiem. Ari *3C spektra
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atbilstoSo ceturt€jo ogleklu raksturigais signals bija taja pasa diapazona no 63,0 ppm lidz
83,5 ppm, kas apliecinaja, ka ir notikusi divu akrilgrupu reakcija ar acetoacetata metiléngrupu
p&c Maikla reakcijas mehanisma.

Var novérot ari vairaku signalu parklasanos 26,5-42,9 ppm diapazona. Saja diapazona
spektra vargja identificét °C signalu, kas raksturigs tresgjiem oglekliem. Ari tres&jo ogleklu
esamiba bija butisks raditajs polimerizacijas konstat€Sanai, jo tas paradija to, ka viena
acetoacetata grupa ir reaggjusi tikai ar vienu akrilgrupu. Maikla donora acetoacetata dalas —
C(=0)-CHs grupam raksturigais 3C signals bija taja pasa diapazona no 24,0 ppm lidz
24,4 ppm.

Akrilgrupam raksturigo signalu esamiba dazu paraugu CcVKMR spektros pie
130,2-131,2 ppm noradija uz nepilnigu reakcijas norisi. L1dzigi ka FTIR spektros, ari cvKMR
spektros akrilgrupu signala intensitate poliméros, kas iegiiti no E'RTOFA_BD_Acryl, bija zema.
Toties ta bija salidzinosi intensiva poliméru spektros, kas iegiiti no E'RTOFA_TMP_Acryl.
Daudz sazarotaka struktira un lielaks akrilgrupu skaits molekula samazinaja
E'RTOFA_TMP_Acryl un E'RTOFA_TMP_AA reagétsp&ju sterisko efektu d&]. Poliméru sintézé
izmantotais akceptors un donors ir iegiti no taukskabém, tapec tie saturja dubultsaites
nepilnigas epoksidacijas reakcijas del. Divkarsas saites signals parklajas ar signalu, kas
raksturigs akrilata grupam. Tas janem vera, interpretgjot iegtitos spektrus. cvKMR un FTIR
spektri apstiprindja, ka poliméri no talellas donoriem un akceptoriem ir iegiiti Maikla reakcija.

a) q E'"TOFA_TMP_AA_TMP_Acryl E'RTOFA_TMP_AA_TMP_Acryl |
] E'"TOFA_BD_AA_TMP_Acryl ERTOFA_BD_AA_TMP_Acryl PN
—— ERTOFA_TMP_AA_BD_Acryl ? —— ERTOFA_TMP_AA_BD_Acryl CHy
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3.2. att. Struktiiras analize polim&riem no talellas Maikla donora un akceptora: a) FTIR
spektri; b) cvkKMR 3C spekri.

Iegiito poliméru termiska stabilitate analizéta ar TGA (3.3. att.). Sakotngjais nelielais masas
zudums temperatiira 11dz 300 °C saistits ar katalizatora un citu iespgjamu mazmolekularu vielu
izdaliSanos. Temperatiira virs 300 °C iegiitajiem polimériem sadaliSanas gaita norit&ja atskirigi,
ko labi var&ja novérot masas zuduma atvasindjumu Iiknés. E'RTOFA_BD_AA BD_Acryl
poliméram TGA masas zuduma atvasinajuma likne bija simetriska ar tikai vienu skaidru
maksimumu pie 389,3 °C.

E'RTOFA_TMP_AA BD_Acryl masas zuduma atvasinajuma likne nebija simetriska,
maksimumam bija “plecs” pie aptuveni 450 °C. Otrais sadali$anas maksimums kluva izteiktaks,
ja polimérs saturgja vairak TMP saturodus komponentus. E'RTOFA_TMP_AA TMP_Acryl
poliméram masas zuduma atvasinajuma likne bija divi izteikti maksimumi (400 °C un 445 °C
temperatlira) ar gandriz vienadu svara zuduma atrumu. Pirmo atvasinajuma ltknes maksimumu
vargja saistit ar esterU un &teru saiSu $kelSanos, veidojoties CO2 un citiem zemas molekulmasas
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savienojumiem [47, 51]. Otro atvasindjuma maksimumu vargja attiecinat uz poliméra kimiskas
struktiras TMP dalas sadali$anos [94].

Rezultati apliecinaja, ka izstradatie termoreaktivie poliméri no talellas bija termiski stabili.
Visiem paraugiem bija loti lidzigas svara zuduma liknes sakuma temperattira lidz 300 °C.
Paraugi uzradija svara zudumu mazak neka 10 % Iidz 300 °C. Visstraujaka polim&ru termiska
sadaliSsanas noritgja temperatiiras intervala no 300 °C Iidz 475 °C. Poliméra paraugs
E'RTOFA_TMP_AA_TMP_Acryl uzradija nedaudz labaku termisko stabilitati neka citi paraugi.

a) ——ERTOFA_BD_AA_BD_Acryl b) ——E'RTOFA_BD_AA_BD_Acryl
100 4 —— E'RTOFA_TMP_AA_BD_Acryl 1,6+ ——E'RTOFA_TMP_AA_BD_Acryl
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3.3. att. TGA (10 °C-min1) polimériem no talellas Maikla donora un akceptora: a) TGA
liknes; b) TGA atvasinajuma liknes.

Lielaks $SkérssaistiSsands blivums veicinaja karbonizaciju, ka rezultata radas lielaks cieto
atlikumu daudzums [63,95]. No visiem iegitajiem termoreaktivo polim&ru paraugiem
vislielakais cieta atlikuma iznakums bija E'RTOFA_TMP_AA_TMP_Acryl poliméram — 5,10 %
675 °C temperatira.

Iegiito polim@ru termiskas Tpasibas tika pétitas ari, izmantojot DSC (3.4. a att.). Typsc) tika
noteikta visiem polimériem. Novérots, ka Tgpsc) palielindjas, palielinoties TMP saturo$u

komponentu saturam poliméra sastava. Tas, visticamak, bija saistits ar §o poliméru lielaku
Skerssaistisanas blivumu.

a) 9 ——E'RTOFA_BD_AA_BD_Acryl b) _12.1°C « ERTOFA_BD_AA_BD_Acryl
—— E'RTOFA_TMP_AA_BD_Acryl 1,44 2 * ERTOFA_TMP_AA_BD_Acryl
E'"TOFA_BD_AA_TMP_Acryl .. E'RTOFA_BD_AA_TMP_Acryl
j ——— ETOFA_TMP_AA_TMP_Acryl 1,24 .. * EFTOFA_TMP_AA_TMP_Acryl
z
g
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3.4. att. DSC un DMA liknes iegtitajiem polimériem no talellas Maikla donora un akceptora:
a) DSC lIiknes; b) DMA tand liknes.
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3.1. tabula

DSC un DMA rezultati polim&riem no talellas Maikla komponentiem

Tg, °C E (uzkrajuma) v
Sample p, grem™ (Tgoma) + 50), © . M g'mol™
Ty(psc) TyomA) MPa mol-cm™
ERTOFA_BD_AA_BD_Acryl -30,9 -12,1 1,071 53 0,69-103 1562
ERTOFA_TMP_AA_BD_Acryl 21,8 16 1,085 58 0,71:10° 1518
ERTOFA_BD_AA_TMP_Acryl 49 19,0 1,104 11,4 1,33-10°3 829
E'RTOFA_TMP_AA_TMP_Acryl 19,2 29,6 1,125 13,7 1,55-1073 724

Iegiito poliméru tand liknes redzamas 3.4. b attéla, nozimigakie dati apkopoti 3.1. tabula.
3.4. b attela redzams, ka BD_Acryl saturoSu poliméru tand joslas bija Saurakas un tand vertibas
bija lielakas neka TMP_Acryl saturo$iem polimériem. Sakariba starp Tgpma) UN Tgosc)
saglabajas tada pati ka polimériem no petrokimiskiem komerciali pieejamajiem akrilatiem
(3.1.tab.). Zemaka stiklosanas temperatiira tika noteikta E'RTOFA_BD_AA BD_Acryl
poliméram, kas bija —12,1 °C. Savukart augstaka stikloSanas temperatira — 29,6 °C — tika
noteikta E'RTOFA_TMP_AA_TMP_Acryl paraugam.

Sprieguma-deformacijas liknes un pagarinajums lidz parravumam (3.5. att.) raksturo iegtito
poliméru stiepes moduli un stiepes stipribu. Polimériem, kas iegiiti no E'RTOFA_BD_Acryl,
liknes bija lidzigas viskoelastigu materialu raksturigam Itkném. Savukart poliméra
E'RTOFA_TMP_AA_TMP_Acryl sprieguma-deformacijas likne 1idz aptuveni 5 % deformacijai
lidzinajas likném, kas raksturigas cietai, stiklveidam polimérmaterialam.

a) 184 ——ERTOFA_BD_AA_BD_Acryl b) 1800
161 —— ERTOFA_TMP_AA_BD_Acryl
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3.5. att. Stiepes testi (2 mm-min?, 18 °C) iegiitajiem polimériem no talellas Maikla donora un
akceptora: a) sprieguma-deformacijas liknes; b) Estiepe) and omax.

No iegutajiem datiem (3.1.tab. un 3.5.aatt.) var€a secinat, ka polimériem no
E'RTOFA_TMP_Acryl bija lielaks stiepes modulis, kas skaidrojams ar lielaku $kérssaistisanas
blivumu. E'R"TOFA_TMP_AA_TMP_Acryl poliméram bija visaugstaka stiepes modula vértiba
(1760 MPa) un stiepes stipriba (16,1 MPa), ka arT mazakais pagarindjums lidz parravumam
(17 %). E'RTOFA_TMP_AA_TMP_Acryl polimérs bija loti lidzigas poliméram, kas iegiits no
L3300_AA un PETA (Estiepe) = 1822 MPa; omax = 30 MPa). Mehaniskie testi apstiprinaja, ka
izstradatie polim@ri bija konkur@tspgjigi ar polimériem, kas iegiiti no petrokimiskiem
komerciali pieejamajiem akrilatiem. Starp poliméru paraugiem E''TOFA_BD_AA BD_Acryl
bija viszemakas stiepes modula (15 MPa) un stiepes stipribas (0,9 MPa) vértibas, ka arT
vislielakais stiepes pagarinajmus (27 %); polim@ram bija gumijai I1dzigas Tpasibas.
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4. Putu polimérmateriali no talellas Maikla donora un Maikla
akceptora

Ir publicéti vairaki petfjumi, kuros izmantoti dazadi Maikla reakcijas veidi putu
polim@rmaterialu izstradei. Kostes zinatniska grupa (Koste et al.) ieguva mikstas putas
aza-Maikla reakcija no akrilétas sojas pupinu ellas un no atjaunojamam izejvielam sintezetiem
aminiem [27]. Savukart LT zinatniska grupa (Li et al.) p&tija viena sola tiolina “klik§ka” kimiju
(anglu val. — click chemistry) un Maikla reakciju, lai izveidotu cietu
superhidrofobu/superoleofilu melamina putu polimérmaterialu [96]. Dazas publikacijas ir
aprakstita putu polim&rmaterialu izstrade, izmantojot oglekla-oglekla Maikla reakciju.
Zonnen$eina zinatniska grupa (Sonnenschein et al.) iedzilinajas Maikla kimijas izmanto$ana
dazadu putu polim&rmaterialu, tai skaita cieto un viskoelastigo, ka arT elastom@ru razoSana.
Vina pétijumos ka izejviela izmantots acetoacetiléts glicerins un petrokimiski akrilati [68].
Nagas darba grupa (Naga et al.) izstradaja porainus polim&rmateridlus, izmantojot Maikla
reakciju starp daudzfunkcionalu acetoacetatu un polietilénglikoldiakrilatu [93]. Reakciju
rezultata ieglti poraini polim@rmateriali ar savienotam sféram, un pétfjums izcel iesp&ju
pielagot o polimérmaterialu morfologiju un ipasibas, mainot polimerizacijas apstaklus. Tomér
arT polietilenglikoladiakrilata, petrokimiska atvasinajuma, lietoSana rada bazas par ilgtspgjibu,
nemot vera polimeru nozares mérki pariet uz atjaunojamo izejvielu plaSaku izmanto$anu. Par
putu polimérmaterialu izstradi, izmantojot Maikla reakciju, ir atrodami dazi patenti [97] un
patentu pieteikumi [98, 99]. Katrs piedava dazadas pieejas putu polimérmateriala razoSanai gan
no petrokimikalijam, gan pirmas paaudzes atjaunojamajam izejvielam. To kopgjais trikums ir
otras paaudzes atjaunojamo izejvielu, Tpasi otras paaudzes brivo taukskabju, neizmantoSana.
Sie patenti kopuma liecina par nozares tendenci meklét ilgtspgjigakus materialus, bet ar izcel
otras paaudzes atjaunojamu izejvielu neizmantoSanu, pieméram, izejvielas, kas atvasinatas no
brivajam taukskabém.

Saja promocijas darba dala tika izpdtits talellas acetoacetdta potencials putu
polimérmaterialu izstradeé, kombingjot to ar talellas akrilatu. Papildus tika izmantoti tadi
komerciali pieejami akrilati no petrokimikalijam ka BPAEDA, TMPTA, PETA un no sojas
pupinu ellas ka ESOA. 1,1,3,3-tetrametilguanidins tika izmantots ka katalizators. Lai izveidotu
putu materialam nepiecieSamo poru struktiiru, bija nepiecieSams pievienot tadas piedevas ka
virsmaktivo vielu (silikona virsmaktiva viela Niax Silicone L-6915) un uzputo$anas agentu
(Opteon™ 1100, kura pamatsastava ir hidrofluorolefini ar zemu globalas sasilSanas
potencialu).

Pirms putu polimérmaterialu izstrades tika noteiktas dielektriskas polarizacijas izmainas
cieteSanas laika izvélétajam formulacijam bez virsmaktivas vielas un uzputo$anas agenta.
Poliméri uzradija dazadas dielektriskas polarizacijas pakapes, un cietéSanas procesa tie
sasniedza atSkirigas maksimalas temperatiiras (4.1. att.). Analiz&jot cietéSanas parametrus
polimériem, kas iegiiti no E'RTOFA_TMP_AA reakcija ar dazadiem akrilatiem, noteikta saistiba
starp akrilata funkcionalitati un cieté€Sanas parametriem. Pieaugot akrilata funkcionalitatei,
cietéSana noritcja atrak un tika sasniegta augstaka maksimala temperatira. Pieméram, polimérs
no Getrveértiga PETA sacietéja visatrak (70 s) un sasniedza augstako temperatiiru (133 °C).
Poliméram no trisvertiga TMPTA bija nedaudz ilgaks ciet€Sanas laiks (116 s) un zemaka
maksimala temperatiira (122 °C). Verts atzimét, ka komerciali pieejamajiem petrokimiskiem
akrilatiem ir tendence sacietét atrak un augstakas temperatiras neka akrilatiem no
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atjaunojamam izejvielam. Konkrétak, sojas pupinu ellas ESOA un talellas E'R"TOFA_BD_Acryl
poliméri ciet&ja ilgak un sasniedza zemaku maksimalo temperatiiru. Tas uzsver gan akrilata
izcelsmes, gan funkcionalitates ietekmi uz $o polimeru sacietéSanas parametriem.

a) —— ERTOFA_TMP_AA_BPAEDA b) —— ERTOFA_TMP_AA_BPAEDA
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4.1. att. Iegtito poliméru cietéSanas parametri: a) dielektriskas polarizacijas Iiknes; b) poliméra
temperatiiras Itknes.

Petrokimisku akrilatu saturosu polim&ru cietéSanas parametrus ietekméja to molekulara
strukttira. Petrokimisko akrilatu molekulas parasti ir mazakas, lidz ar to akrilgrupu
koncentracija ir lielaka. Lielaka pieejamo akrilgrupu koncentracija paatrindja reakciju, veicinot
cieteSanas procesu. Turpretim akrilatiem no atjaunojamam izejvielam, talellas un sojas pupinu
ellas molekulara struktiira ir sazarotdaka un sarezgitaka.

Noveértgjot putu polim&rmaterialu uzputoSanas liknes un raksturlielumus (4.2. att. un
4.1.tab.), bija redzams, ka putu polimérmateriali, kas tika ieguti, kombin&jot donoru no
atjaunojamam izejvielam ar petrokimisku akceptoru, uzputo$anas sakuma un beigu laiki bija
isaki. No tiem E'RTOFA_TMP_AA_PETA putu polimérmaterialam bija visatrakie uzputoanas
sakuma un beigu laiki, kas liecina par atraku putu polim&rmateriala uzputo$anas procesu. Putu
polim@&rmateriali no talellas donora un no atjaunojamam izejvielam iegtta akceptora (ESOA un
E'"TOFA_BD_Acryl) uzradija lielakus uzputo$anas sakuma un beigu laikus, liecinot par lenaku
putu polimérmateriala izpleSanos. No visiem paraugiem vislielako uzputoSanas sakuma un
beigu laiku uzradija E'RTOFA_TMP_AA BD_Acryl putu polimérmaterials, kas iegiits,
izmantojot talellas akrilatu un acetoacetatu. Noveérota butiska izmantota komponenta izcelsmes
ietekme uz izstradato putu polim&rmaterialu uzputosanas parametriem.

Lénaku augSanas atrumu var skaidrot ar garaku alkilkézu klatbttni abos akceptoros no
atjaunojamam izejvielam. ST strukturala Tpasiba ietekmé cietéSanas procesu, radot leénaku putu
polimérmateriala uzputoSanos. Turklat struktiiras sarezgitiba rada steriskus efektus, kas vargja
traucét reakcijas procesu. So molekulu sazarotais raksturs padara akrilgrupas griitak pieejamas,
paléninot uzputoSanos un cietéSanu.
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4.2. att. Izstradato putu polimérmaterialu paraugu uzputoSanas likne.

4.1. tabula

Iegiito putu polimérmaterialu uzputoSanas parametri

P . UzputoSanas UzputoSanas
Putu polimérmateriala paraugs sakuma laiks, s beigu laiks, s
E'RTOFA_TMP_AA BPAEDA 42,9 79,5
Talellas donors un
petrokimisku E'RTOFA_TMP_AA TMPTA 34,2 56,6
akceptors
E'RTOFA_TMP_AA PETA 20,5 34,8
Talellas donorsun  ERTOFA_TMP_AA_ESOA 57,9 163,7
atjaunojamo
resursu akrilats E'RTOFA_TMP_AA_BD_Acryl 87,6 187,8

Ka redzams no DSC rezultatiem (4.3.aatt), putu polimErmaterialiem, kas iegiti no
atjaunojamo izejvielu donoriem un petrokimiskiem akceptoriem, Tqpsc) vertibas svarstijas no
16,8 °C ERTOFA_TMP_AA_BPAEDA paraugam lidz pat 85,5 °C E'RTOFA_TMP_AA_PETA
paraugam. E'RTOFA_TMP_AA PETA putu polimérmaterialam, kas iegiits no Getrvértiga
akrilata, bija vislielakda Tgpsc), jo ta struktira bija Skerssaistitaka. Turpretim putu
polimérmaterialiem, kas iegiiti no atjaunojamo resursu donoriem un akceptoriem, bija zemakas
Toosc) vértibas, sasniedzot pat negativas temperatiras E'RTOFA _TMP_AA ESOA un
E'RTOFA_TMP_AA BD_Acryl putu polimé&rmaterialiem, attiecigi —1,9 °C un —9,7 °C. Sis
atSkiribas izcel izejvielu izcelsmes (atjaunojamas vai naftas kimijas) un kimisko struktiiru
(funkcionalitate, sazarotibas, molekulmasa) ietekmi uz iegiito putu polim&rmaterialu Ipasibam.
Tada pati tendence tika novérota DMA rezultatos, nosakot Tgipma) no tand likném (4.3. b att.).
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4.3 att. Iegiito putu polimérmaterialu DSC (10 °C-min™*) un DMA (3 °C-min™%, 1 Hz, 5 N)
liknes: a) DSC liknes; b) DMA tand.

Poliméru termisko sadaliSanas procesu norisi analiz€ja ar TGA (4.4.att.). Putu
polimérmaterialiem, kas iegiiti no atjaunojamu izejvielu donoriem un petrokimiskiem
akceptoriem, sadaliSanas sakuma temperatiiru galvenokart ietekméja akrilata funkcionalitate.
Lai gan temperatiiras bija diezgan lidzigas, E'RTOFA_TMP_AA PETA putu
polimérmaterialam, kas ieglits no Cetrveértiga akrilata, bija visaugstaka sadalisanas sakuma
temperatiira (374,6 °C), tam sekoja E'RTOFA_TMP_AA_TMPTA putu polimérmaterials, kas
iegiits no trisvértiga akrilata, un E'RTOFA_TMP_AA BPAEDA, kas iegiits no divvértiga
akrilata. Akrilata funkcionalitates un SkerssaistiSanas blivuma palielinaSanas uzlabo termisko
stabilitati [100].
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4.4, att. Tegiito putu polimérmaterialu TGA (10 °C-min™Y): a) TGA liknes; b) TGA
atvasinajuma liknes.

E'RTOFA_TMP_AA ESOA un EWTOFA TMP_AA BD_Acryl degradesanas sakuma
temperatiiras bija attiecigi 354,8 °C un 359,6 °C. Tas ir zemakas neka putu polim&rmaterialiem,
kas iegiiti dal&ji no petrokimiskam izejvielam. Tas liecina par nedaudz samazinatu termisko
stabilitati putu polimérmaterialiem no atjaunojamam izejvielam.

Putu polimérmaterialiem, kam Maikla donors un Maikla akceptors bija ieglits no
atjaunojamajiem resursiem, bija ievérojami mazaks cietais atlikums 675 °C temperattra. Putu
polimérmaterialam EWTOFA_TMP_AA ESOA un E'RTOFA_TMP_AA BD_Acryl cietais
atlikums bija attiecigi 1,02 % un 1,50 %. Putu polim&rmaterialiem no petrokimiskiem
komerciali pieejamajiem akrilatiem cieta atlikuma iznakums bija ievérojami lielaks.
Vislielakais tas bija E'"TOFA_TMP_AA_PETA (4,65 %), tam sekoja
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ERTOFA_TMP_AA_TMPTA un E'"TOFA_TMP_AA_BPAEDA. Tas liecinaja, ka putu
polimérmaterialiem, kas iegiti no lielakas funkcionalitates akrilatiem, termiskas degradacijas
laika ir tendence veidot stabilaku ogles strukttru.

Putu polim@rmaterialu siltumvaditspgjas koeficients (A) bija atkarigs no izmantotajiem
komponentiem (4.2. tab.). Proti, putu polimérmaterialiem no petrokimiskiem akrilatiem bija
zemakas A veértibas, kas liecindja par labakam siltumizolacijas sp&jam. Viens no iesp&jamiem
skaidrojumiem varétu but lielaks slégto poru saturs (E'RTOFA TMP_AA TMPTA,
E'"TOFA_TMP_AA_PETA). Pieméram, ERTOFA_TMP_AA PETA ar A 30,7 mW-(m-K)!
apliecinaja, ka petrokimisko izejvielu izmantoSana butiski uzlabo materiala siltumizolacijas
Ipasibas. Turpreti putu polimérmaterialiem, kas iegiiti no atjaunojamo resursu Maikla
komponentiem, bija lielakas A vértibas (46,7 mW-(m-K)! un 44,5 mW-(m-K)!). No otras
puses, izstradato putu polimérmateridlu siltumizolacijas ipasibas ir vért§jamas ka labas,
salidzinot ar citiem inovativiem izolacijas materialiem, kas raZoti no biologiskam un/vai
otrreizgji parstradatam izejvielam. Liao zinatniska grupa (Liao et al.) izstradaja
daudzfunkcionalus putu polimérmaterialus no celulozes ar A 48,2 mW-(m-K) !, uzsverot labas
siltumizolacijas 1paSibas [101]. Pala zinatniska grupa (Pal et al.) zinoja par citiem
siltumizolacijas materialiem ar zemu siltumvaditsp&ju, izcelot korka materialu
(40 mW-(m-K)™"), parstradatu stikla materialu (44 mW-(m-K)™"), parstradatu kokvilnu
(42 mW-(m-K)™") un stikla vati (40 mW-(m-K)™') ka efektivus alternativus materialus, kas
izmantojami biivnieciba [102].

Ka redzams 4.2. tabula, A ir atkarigs gan no blivuma, gan no slégto poru satura. Putu
polimérmaterialiem ar lielaku slégto poru saturu parasti bija labakas siltumizolacijas Tpasibas.
Putu polim&rmaterialiem, kas iegaiti N0 petrokimiska akrilata (TMPTA un PETA), bija augstaks
slégto poru saturs, pieméram, E'RTOFA_TMP_AA_PETA slégto poru saturs bija 72,4 %. Tas
lieck domat, ka, ieklaujot petrokimiskos komponentus, var iegiit putu polimérmaterialu ar
slegtaku poru struktiru. Lielaks Skietamais blivums novérots putu polimérmaterialiem, kas
iegiiti tikai no atjaunojamo resursu Maikla komponentiem, salidzinot ar putu
polimérmaterialiem, kas iegiti no talellas Maikla donora un petrokimiska akceptora. So
Skietama blivuma atskiribu varétu skaidrot ar biologiskas izcelsmes izejvielu dabu, kas
rezult€jas kompaktaka struktiird, kas savukart pasliktina siltumizolacijas Tpasibas.

4.2. tabula

Izstradato putu polimérmaterialu siltumvaditspgja, Skietamais blivums un slégto poru saturs

Skietamais p,

Iegiitie putu polimérmateriali A, mW-(m-K)™! kgem™ Velosed, %0
E'RTOFA_TMP_AA_BPAEDA 38,8 110,1 7,7
Talellas donors un R
petrokimisks akceptors ERTOFA_TMP_AA_TMPTA 323 1111 68,7
E'RTOFA_TMP_AA_PETA 30,7 108,1 724
Talellas donors un E'RTOFA_TMP_AA_ESOA 46,7 173,8 32,7
atjaunojamo resursu
akrilats E'RTOFA_TMP_AA_BD_Acryl 445 1439 453

Lai uzlabotu putu polimérmaterialu, kas ieguts tikai no atjaunojamo resursu Maikla
komponentiem, siltumizolaciju, bltu nepiecieSams atrast piemérotakas piedevas. Citu
uzputo$anas agentu un virsmaktivo vielu izp&tei varétu bit iz§kirosa nozime, lai izveidotu putu
polimérmateridlu, kas batu vél piemérotaks izolacijas nolikiem. Sis pétijums sniedz tikai
ieskatu putu polim&rmaterialu ieguvé no atjaunojamajiem resursiem, izmantojot Maikla
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reakciju un izmantojot piedevas, kas piemérotas popularakajiem slégto poru putu materialiem
— cietajam poliuretanu putu polimérmaterialiem [103].

SEM attéli (4.3. tab.) parada iegtito termoreaktivo putu polimérmaterialu morfologiju. SEM
att€los redzams, ka poru forma un to izvietojums ir vienmerigs, kas ir butiski, apsverot putu
polimérmateriala potencialos lietojumus.

4.3. tabula

Putu polim&rmateriala SEM atteli, kas uznemti paraléli un perpendikulari putu
polim@rmateriala augSanas virzienam

X griezums perpendikulari augSanas

P Z griezums paraléeli augSanas virzienam
virzienam

Putu polimérmateriala paraugs

ERTOFA_TMP_AA_BPAEDA

ERTOFA_TMP_AA_TMPTA

ERTOFA_TMP_AA_PETA

ERTOFA_TMP_AA_ESOA

ERTOFA_TMP_AA_BD_Acryl




E'RTOFA_TMP_AA_BPAEDA putu polimérmaterialam bija izteikti lielas poras (~ 410 um).
E'RTOFA_TMP_AA_TMPTA putu polimérmaterialam bija blivaka, vienmérigaka poru
struktiira ar redzami mazakam poram (~ 260 um) neka E'RTOFA_TMP_AA_BPAEDA putu
polim&rmaterialam.

Bija skaidri redzams, ka izmantota monoméra funkcionalitate butiski ietekm&ja putu
polimérmateriala poru izméru. Izmantojot monomérus ar augstaku funkcionalitati, pieméram,
PETA (f=4), vargja iegut loti blivi saistitu struktiru, kas rezult€jas mazaka izméra poras
(~ 150 pm). Turpretim, izmantojot monomeérus ar zemaku funkcionalitati, pieméram, BPAEDA
(f=2), bija iesp&jams iegiit putu polimérmaterialu ar lielaka izméra poram, jo ir mazak
SkerssaistiSanas punktu, kas atlava ievérojami vairak izplesties un iegit mikstu putu
polim&rmaterialu. Savukart, izmantojot TMPTA ar vid&ju funkcionalitati (f = 3), vargja iegit
putu polimérmaterialu ar vid€ju poru izmeru.

Iegiitajiem putu polimérmaterialiem, ipasi E'RTOFA_TMP_AA BPAEDA un putu
polimérmaterialiem no abiem atjaunojamajiem Maikla komponentiem, bija atvérta poru
struktiira. Putu polim&rmateriali ar lielu poru izméru izkliedi un savstarpgji saistitam poram var
bt Tpasi efektivi skanas absorbcijai. Poru izméru nevienmérigums un savstarpgji savienotas
poras var uzlabot skanas vilpu uztverSanu un izkliedet skanas vilnpus dazadas frekvences,
padarot putu polimérmaterialu par skanas izolacijai potenciali izmantojamu materialu [104]. So
materialu potencialais lietojums varétu bt arT ka polsteréjuma materials vai izolacija, kur ir
velama gaisa cirkulacija, jo atveértas poras var sniegt gaisa caurlaidibu, kas var nodrosinat
termisko komfortu [105].

Analizgjot ieglito putu polimé&rmaterialu morfologiju, atskiriba starp griezumiem paralg@li
un perpendikulari putu polimérmateriala augsanas virzienam bija nenozimiga. Poru struktiira,
izmé&rs un sadalijums bija I1dzigs abas orientacijas, kas liecina par saméra izotropiskam putu
polimérmateriala pasibam. Tikai E'"TOFA_TMP_AA BD Acryl putu polimérmateriala
paraugs noradija uz iespgamu poru izméra anizotropiju griezumam, kas paral€ls putu
polimérmateriala augsanas virzienam. E'RTOFA_TMP_AA BD_Akrila putu
polim&rmaterialam vid&jais poru izmérs perpendikulari putoSanas virzienam bija 360 um,
paraléli putosanas virzienam vidgjais platums bija 360 um, savukart vid&jais garums bija
560 pm.

Spiedes stipriba un spiedes modulis tika noteikts gan paraléli (Z), gan perpendikulari (X)
putu polimérmaterialu augSanas virzienam (4.5. att. un 4.4. tab.).
E'RTOFA_TMP_AA BPAEDA, ERTOFA_TMP_AA TMPTA un ERTOFA_TMP_AA PETA
putu polimérmateridliem bija dazadas spiedes stipribas. E'"TOFA_TMP_AA BPAEDA putu
polimérmaterialam spiedes stipriba bija 0,0073 MPa X virziena un 0,0092 MPa Z virziena, kas
liecindja par mazaku stipribu, tas bija mikstakas ar mikstajiem materialiem potencialu
lietojumu. Turpretim E'RTOFA_TMP_AA TMPTA un ERTOFA_TMP_AA PETA putu
polimérmaterialiem bija daudz lielaka spiedes stipriba (attiecigi ~ 0,27 MPa un ~ 0,40 MPa),
kas liecinaja par stingraku struktiru. Sada stipriba ir piemérota, lai iegiito putu
polimérmaterialu izmantotu ka siltumizolacijas materialu vai citur biivnieciba. ST stipriba
padara Sos materialus piemérotus lietoSanai tur, kur butiska ir lielaka mehaniska izturiba un
slodzes nestspgja.

Nelielas spiedes stipribas atSkiribas starp X un Z virzieniem, galvenokart
E'RTOFA_TMP_AA BD_Acryl putu polimérmaterialiem, liecinaja par $o materialu nelielo
anizotropisko raksturu. Tas atbilda ari SEM attélos novérotajam, un to var skaidrot ar poru
izméra (garums un platums) atSkiribam augsanas virziena. So anizotropiju ir svarigi apzinaties
materiala lietojumos, kur pielikta speka virziens ir atSkirigs. Pretgji tam,
E'"TOFA_TMP_AA_TMPTA, E'RTOFA_TMP_AA_PETA un E'RTOFA_TMP_AA_ESOA putu
polim&rmaterialiem atskiribas starp virzieniem un pielikto speku netika konstatetas.
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14+ —— E'"TOFA_TMP_AA_BPAEDA-X —— ETOFA_TMP_AA_BPAEDA-Z
IR . IR
| ERTOFA_TMP_AA_TMPTA-X E'RTOFA_TMP_AA_TMPTA-Z
124 o ‘ —— E'"TOFA_TMP_AA_PETA-X ——— E'RTOFA_TMP_AA_PETA-Z

—— ETOFA_TMP_AA_ESOA-X
E"TOFA_TMP_AA_BD_Acryl-X

—— E'RTOFA_TMP_AA_ESOA-Z
E'RTOFA_TMP_AA_BD_Acryl_Z

0 20 40 60 80 0 20 4 60 80
Deformacija (%) Deformacija (%)
4.5, att. Spiedes testu (priek$slodze 2 N, 2 %-min™?) Iiknes iegiitajiem putu
polim&rmaterialiem: a) perpendikulari (X) aug8anas virzienam; b) paraléli (Z) aug8anas
virzienam.

Abolina zinatniskd grupa izstraddja cietos putupoliuretana materialus, kas iegiiti no
dazadiem talellas polioliem ar A aptuveni 22 mW-(m-K) ™! un spiedes stipribu aptuveni 0,2 MPa,
kas ir tipiska vértiba materialiem, ko izmanto inZenierbuves [38]. Lai gan cietajiem
putupoliuretanaiem ir nedaudz labakas siltumizolacijas ipasibas un mazaks $kietamais blivums,
ir pamats uzskatit, ka $aja darba iegiitie putu polim&rmateriali var konkurét ar dal&ji no
atjaunojamajiem resursiem iegiitajiem poliuretana putu polimérmaterialiem. legditajiem putu
polim&rmaterialiem bija ievérojami labaka spiedes stipriba, sasniedzot pat 0,4 MPa. Savukart
blivumu varétu samazinat, optimiz&ot putoSanas procesu, piemeklEjot atbilstosakus
katalizatorus un uzputoSanas agentus.

4.4, tabula

Izstradato putu polimérmaterialu mehaniskas ipasibas gan perpendikulari (X), gan paraléli (Z)
putu polimérmateriala augsanas virzienam

X y4
Putu polimérmateriala paraugi ! )
E’(\S;I’;[:)’ 610%, MPa E'(\S/T;d:' o10%, MPa

E'RTOFA_TMP_AA BPAEDA 0,041 0,0073 0,079 0,0092
Talellas donors un
petrokimisks ERTOFA_TMP_AA_TMPTA 76 0,274 51 0,263
akceptors

E'RTOFA_TMP_AA_PETA 9,7 0,39 76 0,400
Talellas donorsun ~ ERTOFA_TMP_AA_ESOA 0,10 0,0158 0,12 0,0147
atjaunojamo resursu
akrilats E'RTOFA_TMP_AA_BD_Acryl 0,12 0,0111 0,09 0,0074
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SECINAJUMI

1. Maikla komponentu prekursorus (poliolu) var sintezét no talellas taukskabém, veicot
taukskabju dubultsaisu epoksidaciju un sekojosu oksirana gredzenu $kelSanu un
karboksilgrupu esterificé$anu ar spirtiem. Talak no prekursoriem var sintezgt:

e Maikla donorus (acetoacetatus), veicot poliolu hidroksilgrupu acetoacetilésanu
transesterifikacijas reakcija ar terc-butilacetoacetatu;

e Maikla akceptorus (akrilatus), veicot poliolu hidroksilgrupu akriléSanu ar
akriloilhloridu.

2. legiti polim@ri no talellas Maikla donoriem un petrokimiskiem Maikla akceptoriem
(bisfenola A etoksilatdiakrilata, trimetilolpropantriakrilata, pentaeritritoltetraakrilata).
Izmantojot komponentus ar zemaku funkcionalitati, var sintez&t mikstus polimérmaterialus
ar gumijai lidzigam Ipasibam (E'RTOFA_BD_AA_BPAEDA: Estiepe) = 8 MPa, omax = 4 MPa,
€ = 55 %), savukart augstakas funkcionalitates komponentu izmantoSana lauj iegit stingrus,
cietus, organiskajam stiklam lidzigus polimé&rmaterialus (E'RTOFA_TMP_AA PETA:
Estiepe) = 2370 MPa, 6max = 44 MPa, £ = 1,9 %).

3. Iegiti polim@rmateriali no talellas Maikla komponentiem. Poliméri, kas iegiiti no
ERTOFA_BD_Acryl, bija miksti (E'RTOFA_BD_AA_BD_Acryl: Egstiepe) = 15 MPa,
omax = 0,9 MPa, & = 27 %), savukart E'RTOFA_TMP_Acryl poliméri bija cieti, organiskajam
stiklam lidzigi (E'R"TOFA_TMP_AA_TMP_Acryl: Estiepe) = 1760 MPa, Gmax = 16,1 MPa,
e =17 %).

4. legiti putu polimérmateriali no talellas Maikla donoriem un dazadas izcelsmes Maikla
akceptoriem  (petrokimiskam  vielam —  bisfenola A  etoksilatdiakrilata,
trimetilolpropantriakrilata, pentaeritritoltetraakrilata — un biologiskas izcelsmes —
epoksidetas sojas ellas akrilata, sintezéta talellas akrilata), izmantojot Maikla reakciju. Putu
polim&rmaterialiem, kas iegliti no talellas Maikla donoriem un petrokimiskiem Maikla
akceptoriem, bija augsta stiklosanas temperatiira (Tgpsc) 11dz 85,5 °C, Tgoma) lidz 108,6 °C),
laba siltumizolacija (Iidz 30,7 mW/(m-K)), liela mehaniska izturiba (~ 0,40 MPa). Putu
polim&rmateriali no abiem biobazétiem komponentiem bija miksti. Visiem iegiitajiem putu
polim&rmaterialiem bija augsta termiska stabilitate — Iidz 350 °C.
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GENERAL OVERVIEW OF THE THESIS

Introduction

In recent years, the pursuit of innovative polymer foam materials has garnered significant
attention and research interest, driven by a growing recognition of their multifaceted
applications across industries. Today, these materials have become indispensable in sectors
such as construction (providing insulation) [1], packaging (offering lightweight and protective
materials) [2], automotive (contributing to weight reduction and enhanced safety) [3]-[5], and
increasingly relevant for defence applications [6]. Polymer foams, with their remarkable
properties, including low density, exceptional strength-to-weight ratios, and outstanding
insulation capabilities, enable these diverse applications [7]-[10]. However, the current global
context underscores the urgency to explore sustainable alternatives, firmly rooted in bio-based
materials, to address pressing challenges such as the depletion of fossil resources,
environmental degradation, and climate change [11]-[17].

Conventional polymer foams, including the most widely used materials like polyurethane
foams, have long been integral to various industries [5], [18]. However, conventional
polyurethane’s extensive use has brought global challenges to the forefront and does not meet
modern sustainability requirements [19]-[23]. Notably, the production of polyurethane foams
requires hazardous isocyanates, primarily derived from fossil resources [24], [25], with no
commercially viable renewable alternatives currently [26]. The Michael reaction is an
innovative approach that leverages bio-based resources to address the sustainability issues
associated with traditional polymer foams [27].

The Michael reaction is a known chemical reaction utilised in various fields. However, in
polymer chemistry, it is emerging as a novel approach [27]-[30]. One notable variant of the
Michael reaction involves the reaction between acetoacetates as the Michael donor and
acrylates as the Michael acceptor [31]-[34]. Acetoacetates possess active methylene groups
that serve as nucleophilic centres, readily engaging with the electron-poor double bond of
acrylates in the presence of a catalyst. This reaction leads to forming a carbon-carbon (C-C)
bond [31], [35]. The versatility of the Michael reaction lies in its ability to facilitate the
controlled synthesis of polymers with tailored properties, making it a promising strategy for the
development of innovative polymer foam materials.

The utilisation of tall oil represents a promising avenue for advancing polymer chemistry.
Tall oil is a valuable second-generation by-product of the wood biomass pulping process [36],
[37]. Distilled tall oil consists mainly of oleic and linoleic acids with small amounts of other
fatty acids, resin acids, and unsaponifiable sterols. It has been demonstrated that tall oil polyols
can be successfully used to develop bio-based polyurethanes [38]. Polyols obtained from tall
oil can be used as a precursor for the synthesis of components suitable in use form
polymerisation via the Michael reaction (Fig. 1).
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Fig. 1. Proposed design of polymer development from tall oil via the Michael reaction.

Aims and tasks

The aim of the Thesis was to develop a novel strategy for the synthesis of the bio-based
Michael components (acetoacetates and acrylates) and to obtain polymers (polymer foams)
exploiting the Michael reaction. This approach focused on using a second-generation bio-based
feedstock — tall oil, a by-product of wood pulping, to develop polymer foams meeting modern
sustainability requirements. The study explored combining tall oil-based acetoacetates
(Michael donor) with various origin acrylates (Michael acceptor) to create flexible and rigid
foams with a range of properties suitable for different applications, particularly as thermal
insulation materials.

The following tasks were defined.

1.

To synthesise the Michael components (Michael donors and Michael acceptors) from
tall oil by, first, synthesising precursors from tall oil unsaturated fatty acids by double
bonds epoxidation and subsequent oxirane rings cleavage and esterification of carboxyl
groups with alcohol. The second step involved transforming the obtained polyols into
the Michael donors through transesterification with tert-butyl acetoacetate, and into the
Michael acceptors through acrylation with acryloyl chloride.

To develop polymers using tall oil-based Michael donors and commercially available
Michael acceptors, test the synthesised donor's suitability for polymerization reaction,
and investigate the thermal and mechanical properties of the created polymers.

To develop polymers from tall oil-based both Michael components and investigate the
chemical composition, thermal and mechanical properties of the obtained polymers.
To obtain polymer foams using a tall oil-based Michael donor and various origin
Michael acceptors and to investigate the mechanical and thermal properties of the
developed foams.

Thesis statements to be defended

Michael donors and Michael acceptors can be synthesised from tall oil through tall oil
fatty acids epoxidation, then oxirane ring cleavage, and carboxyl groups esterification
with alcohol, followed by acetoacetylation to obtain Michael donors (acetoacetates) or
acrylation to produce Michael acceptors (acrylates).

Tall oil-based Michael donors are suitable for obtaining polymers with various
commercially available acrylates with adjustable thermal and mechanical properties by
changing the functionality of the used components, thereby obtaining polymers
competitive with conventional polymers.
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3. Polymers can be obtained from tall oil-based acetoacetates and acrylates with adjustable
thermal and mechanical properties by changing the functionality of the used
components, thereby obtaining polymers competitive with conventional polymers.

4. Polymer foams can be obtained using tall oil-based acetoacetates and various origins
acrylates, with adjustable thermal and mechanical properties by changing the
functionality of the used components, thereby obtaining polymer foams for different
applications, particularly as thermal insulation materials.

Scientific novelty

As a result of this Doctoral Thesis, a novel strategy has been developed for valuable
chemicals and innovative polymer material production from tall oil in an entirely new way,
making a significant contribution to the development of a forest-based bioeconomy and
providing knowledge of polymer foam development that meets today's sustainability
requirements.

This research pioneers the derivation of Michael components from the unsaturated free fatty
acids present in tall oil, diverging from the traditional reliance on triglycerides. For the first
time, different tall oil-based polyols were used to synthesise the Michael components. The
Michael donors (acetoacetates) were synthesised by converting the hydroxyl groups present in
polyols into acetoacetate esters. Polyols were synthesised from tall oil by catalytical
epoxidation using ion exchange resin and subsequent cleavage of the oxirane rings and
esterification of the acid groups with polyfunctional alcohol. Synthesised tall oil-based polyols
offered remarkable versatility — the same polyols can also serve as a precursor for synthesising
polyfunctional acrylates. Tall oil-based multifunctional Michael acceptors (acrylates) were
developed. The novelty of the proposed approach was that the same renewable raw material,
tall oil-based polyols, was used for the synthesis of both Michael components (Michael donor
and Michael acceptor). Polymers have been successfully obtained from synthesised
components using the Michael reaction. Furthermore, synthesised tall oil polyol-based acrylates
could be promising in producing other polymers, for example, in UV-initiated free radical
polymerization in the production of coatings.

The potential of tall oil-based acetoacetates as key components in polymer foam
development, combining them with a tall oil-based acrylate, was explored. Additionally,
commercially available acrylates such as bisphenol A ethoxylate diacrylate, trimethylolpropane
triacrylate, pentaerythritol tetraacrylate, and epoxidized soybean oil acrylate were used. The
Thesis delved into comparing these innovative materials' mechanical, thermos-mechanical, and
thermal properties.

The Thesis provides the first insights into the development of bio-based polymer and
polymer foams from tall oil-based components using the Michael reaction. Foam was
formulated from tall oil-based acetoacetate and tall oil-based acrylate, offering a promising
pathway towards reducing reliance on non-renewable resources and mitigating environmental
impact in the polymer industry.
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Structure and volume of the Thesis

This Doctoral Thesis was prepared as a collection of thematically related scientific
publications by the author dedicated to the development of polymer materials from tall oil via
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MAIN RESULTS OF THE THESIS

The summary of the main results of the Doctoral Thesis is presented in four main chapters.

e Chapter 1 focuses on the synthesis of the Michael components from tall oil fatty
acids, characterizing the synthesised products, detailing the process and importance
of using renewable raw materials in polymer chemistry.

o Chapter 2 describes the development of polymers combining tall oil-based Michael
donors with petrochemical Michael acceptors, polymer characterization
emphasizing the influence of components’ varied functionality used for
polymerization.

o Chapter 3 explores polymers with varied cross-link densities synthesised from both
tall oil-based Michael components, highlighting their high thermal stability and
mechanical properties, positioning them as alternatives to traditional thermoset
resins.

o Chapter 4 discusses the development of polymer foams from bio-based Michael
donors and acceptors, illustrating the versatility and sustainability of these materials
for various applications, particularly in thermal insulation.

The synthetic methods investigated during the Doctoral Thesis aimed to develop a novel
strategy for synthesising bio-based Michael components (acetoacetates and acrylates) from tall
oil-free fatty acids and to create a polymer suitable for various applications through the Michael
reaction, with a special focus on polymer foams, particularly for thermal insulation applications.

1. Synthesis of the Michael components from tall oil fatty acids

A key advantage of utilising the Michael reaction in polymer chemistry is its ability to
incorporate the Michael donor and the Michael acceptor from tall oil fatty acids. The use of tall
oil offers several advantages, such as reducing dependence on fossil resources. Also, tall oil
fatty acids do not compete with food and feed production [37].

Acetoacetates can be synthesised from tall oil due to its rich content of unsaturated fatty
acids. The process involves several chemical steps, including epoxidation of double bonds and
subsequent oxirane ring opening reaction with polyfunctional alcohols [39]. Hydroxyl group’s
acetoacetylation is then achieved through transesterification with compounds like tert-butyl
acetoacetate and ethyl acetoacetate [40]-[42]. This versatile approach of selecting different
alcohols provides the means to customize various characteristics, such as functionality,
branching, molecular weight, and chemical composition. These adaptable properties enable the
production of materials with a wide range of properties, making them suitable for diverse
applications in polymer development.

The same tall oil-based polyols can also be as a precursor for synthesising polyfunctional
acrylates. In this transformation, the hydroxyl groups react with acryloyl chloride [43]-[45].
This process leads to the formation of polyfunctional acrylates that can be used as a Michael
acceptor. Considering the above, it is possible to utilise the same second-generation bio-based
raw material for synthesising both Michael components.
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1.1. Synthesis of the Michael donor from tall oil

The acetoacetylation of natural fatty acids and their polyols has not been broadly studied
yet. A limited number of studies on acetoacetylation of bio-based polyols have been published.
Acetoacetylation has been successfully demonstrated in the synthesis of soybean oil-based
polyols [46], castor oil and castor oil-based polyols [41], [47]-[51]. Hydroxyl groups of fatty
acids polyols are relatively easy to acetoacetylate with tert-butyl acetoacetate by a
transesterification reaction, thereby obtaining B-ketoesters. The reaction is mostly carried out
at a temperature of 110-130 °C [46]-[49], [52], [53].

It is currently believed that tert-butyl acetoacetate is the most suitable reagent for the
acetoacetylation reaction due to its effectiveness under relatively mild conditions, in contrast to
other analogues such as methyl acetoacetate, ethyl acetoacetate or isopropyl acetoacetate.
Additionally, tert-butyl acetoacetate has several advantages, such as stability in storage, a
relatively low cost and wide commercial availability, making it attractive from an industrial
viewpoint [53].

For the first time, different tall oil-based polyols were used to synthesise the Michael donors
by converting the hydroxyl groups present in polyols into acetoacetate esters. ldealized scheme
of synthesis is shown in Fig. 1.1. Polyols were synthesised from tall oil by catalytical
epoxidation using ion exchange resin and subsequent cleavage of the oxirane rings and
esterification of the acid groups with polyfunctional alcohol. Acetoacetates were synthesised
from two tall oil polyols and two commercially available polyols — Lupranol 3300 (L3300),
which is oxyporpylated glycerine, and Neopolyol 380 (NEO380) based on pure industrial PET
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Fig. 1.1. Idealized scheme of tall oil (oleic acid) based Michael donor development.
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Synthesised acetoacetates and intermediates were characterized using different titration
methods to determine acid, hydroxyl, epoxy, and iodine values. The chemical structure was
analysed using GPC chromatograms, FTIR, NMR and MALDI-TOF MS spectra. The viscosity
and its dependence on the applied shear rate were also determined. Table 1.1 lists an overview
of the characteristics determined using titrimetric methods and can be used to describe the
synthesis process.

Table 1.1
Characteristics of the Synthesised and Commercially Available Polyols and Corresponding
Acetoacetates
Components ngl;j{\(l)ﬂﬁgl H\);S{L?;yl lodine Vall_jf » Moisture, = AA groupisl, é:fohr;\gs:j)l((;r;
1 mg KOH-g! g 122100 g % mol-100 g mol%
TOFA 195 - 157 0.50
3 ERTOFA 159 - 52.4 0.32
‘3 ERTOFA_BD 58 258 - 0.20 -
E ERTOFA BD_AA <5 36.2 - 0.025 0.3307 80.5
& ERTOFA_TMP 6.9 415 - 0.049 - -
ERTOFA_TMP_AA <5 416 - 0.037 0.4562 83.7
=3 NEO380 <5 371 - 0.068
e ﬁ NEO380_AA <5 407 - 0.048 0.4242 82.9
§ :§ L3300 <5 400 - 0.060
© 2 13300_AA <5 26.2 - 0.021 0.4456 895

Due to different oxirane ring’s opening reagents, the hydroxyl value of the obtained
E'RTOFA polyols differed almost twice. The polyol obtained with a TMP (f = 3) oxirane ring’s
opening reagent had the highest hydroxyl value. The use of BD (f = 2) as an oxirane ring’s
opening and acid groups esterification reagent yielded a smaller hydroxyl value. To obtain a
polyol with higher functionality, tall oil fatty acids can be methylated before epoxidation.
Epoxidation of tall oil fatty acids methyl ester helps to reduce the occurrence of undesirable
side reactions (cleavage of the oxirane rings by the carboxyl groups of fatty acids) and allows
obtaining a product with a higher epoxy value. Another proven possibility to increase the
functionality of polyols is to use enzyme catalysts for epoxidation. Using enzymes as catalysts
also significantly increases the yield of oxirane. Both methods have their disadvantages: using
methyl esters for epoxidation requires an additional synthesis step, while enzymes are
expensive and significantly increase the cost of the product.

After acetoacetylation, the hydroxyl number decreased significantly as the hydroxyl groups
were replaced with the P-ketoester groups for tall oil polyols. The same relationship was
observed for commercial polyols, which were selected to compare the synthesis process, the
properties of the products and the suitability for the further development of polymeric materials.
The content of acetoacetate groups was determined by calculations from the amounts of used
acetoacetate and the yield of the product.

The viscosity of components did not depend on the applied shear rate, indicating that the
obtained substances were Newtonian fluids (Fig. 1.2). The Newtonian behaviour of the
developed Michael donors greatly facilitates the use of these acetoacetates in the industry, as
the effect of the applied shear rate on the viscosity properties does not have to be taken into
account.
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Fatty acid-based polyols, including tall oil-based polyols, are known for their relatively high
viscosities [54]. The most significant increase in viscosity was observed for the E'RTOFA_TMP
polyol that was synthesised by opening the oxirane rings and by the esterification of E'RTOFA
with TMP. The viscosity of E'RTOFA_TMP was higher than 118 000 mPa-s, which is a
relatively high viscosity and makes it difficult to use the product in the industry.
E'RTOFA_TMP polyol exhibits such a high viscosity mainly due to increased intermolecular
hydrogen bonding. However, after E'RTOFA_TMP polyol was acetoacetylated, the viscosity
significantly decreased to 5500 mPa-s. Therefore, the ERTOFA_TMP_AA is more suitable for
industrial use.
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Fig. 1.2. Rheological measurements (cone-plate system, gap of 48 um, 25 °C) of a) tall oil
and E'RTOFA,; b) tall oil polyols and their acetoacetates; c) commercial polyols and their
acetoacetates.

Compared to commercial or bio-based polyols, acetoacetates showed a significant decrease
in viscosity due to the decrease in hydroxyl groups and, hence, the disappearance of
intermolecular hydrogen bonds [46], [47], [51], [55], [56]. This significantly improves the
potential use of bio-polyol acetoacetates in the industry. In the adjustment of existing
equipment, in pump capacity alteration and in easier transportation through pipelines, they
exhibit better flowability compared to neat polyols using less energy for transfer.

The course of synthesis and the changes associated with the functional groups of the
molecules were determined using FTIR spectroscopy (Fig. 1.3). A new peak appeared at
831 cm™! in the FTIR spectrum after the epoxidation of tall oil fatty acids, which corresponded
to the vibrations of the oxirane rings (Fig. 1.3 a). This indicated that the epoxidation in the
presence of ion exchange resin Amberlite IR-120 H was successful. Transformations of double
bonds were also indicated by the peaks at ~ 1654 cm™! and ~ 3009 cm™!, corresponding to C=C
stretching vibrations and =C-H stretching vibrations, respectively. The intensities of these peaks
for E'RTOFA decreased. The spectrum of E'RTOFA also showed the appearance of a new,
relatively weak but noticeable absorbance band between 3600 cm™! and 3150 cm™!, which
typically characterizes vibrations of the hydroxyl groups. This indicated that the opening of the
oxirane rings occurred as an undesirable side reaction during the epoxidation process. As seen
in the spectrum, the intensity of the absorption band of the carbonyl groups of the acid moiety
at ~ 1705 cm™! decreased mainly due to ester formation, resulting in undesired by-products.
Hydroxyl groups and esters were formed from the cleavage of the oxirane rings in the reaction
with the carboxyl groups of tall oil or acetic acid.
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The absorption of the hydroxyl group bands significantly increased for synthesised polyols.
Moreover, this band was more intense for the polyols obtained by the E'RTOFA reaction with
TMP alcohol because the TMP polyol contained more hydroxyl functional groups (f = 3) than
BD (f = 3). The spectrum also reflected the disappearance of the oxirane ring absorbance band
at ~ 831 cm™!. A decrease in the intensity of the peaks of the acid groups stretching vibration
and an increase in the ester carbonyl groups at ~ 1738 cm! indicated that the esterification
reaction was successful.

a) o —Tall oil b)
/g: N ERTOFA
HO™ o
=Cc—H Q‘A \‘ Fc=c— i//%X
—_ /\) R J AN A S
=} 03 t ——ERTOFA_BD -
i ’&O)j\-"\ KA ERTOFA_BD_AA L L3300 AA
S N
£ 3 a &\
b LGN ] W
Col R \ Sl A
——E" TOFA TMP s ——NEO380
ERTOFA_TMP_AA 8 NEO380_AA
[ . J\)k 31
A
[ U ~ I
[~ /\L JL Yl [t
3500 3000 1500 1000 500 3500 3000 1500 1000 500
Wavenumber (cm™") Wavenumber (cm™)

Fig. 1.3. FTIR spectra (ATR mode, 32 scans, resolution of 4 cm™?) of: a) tall oil, E'RTOFA,
synthesised polyols and corresponding acetoacetates; b) commercial polyols and
corresponding acetoacetates.

In the FTIR spectra, the intensity of the hydroxyl group’s stretching vibration absorbance
band decreased significantly for acetoacetylated polyols. They were nearly imperceptible. This
is a very important indicator of a successful acetoacetylation reaction. The spectrum of
acetoacetylated polyols showed an increase in the intensity of the carbonyl stretching vibration
peak of ester at ~ 1738 cm™ ! and ketone at ~ 1715 cm ™. The appearance of a relatively strong,
new absorption band between 1670 cm™!' and 1580 cm ™! was observed. Acetoacetates exhibited
keto-enol tautomerism, and the carbonyl groups appeared at a lower frequency due to
intramolecular hydrogen bonding in the enol form. The same changes in the FTIR spectra were
also observed for the acetoacetylated commercial polyols (Fig. 1.3 b).

1H NMR spectra clearly demonstrated (see Fig. 1.4) the formation of the epoxide moiety
(signals at 2.8-3.2 ppm), although partial cleavage of the oxirane moiety occurred (signals at
3.4-4.1 ppm). The above-mentioned results (see Fig. 1.3) of the simultaneous cleavage of the
oxirane rings and esterification were smoothly accompanied by NMR spectra, as well. As a
result of the oxirane ring’s cleavage, the signals (*H-NMR: 3.14—2.84 ppm) raised from epoxide
both disappeared when the BD and TMP were used for cleavage. New signals, characteristic of
the -O-CH.- groups at 4.0-4.5 ppm, were found. The formation of the ester bonds with BD and
TMP was confirmed by **C spectra, as well; the signal of the carbonyl groups shifted from
180 ppm (for the carboxylic acid) to 174 ppm (for the ester).

The polysubstituted derivatives of TMP in small quantities were also observed in the
spectrum of E'RTOFA_TMP. The last one was deducted in the *C spectrum from several small
signals at 65.5-3.5 ppm (-CHz- from TMP moiety) and 43-42 ppm (quaternary carbon from
TMP moiety). Several changes in the NMR spectra confirmed the successful acetoacetylation
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and commercial polyols NEO380 and L3300. The signal characteristic of the methylene moiety
of the acetoacetyl groups appeared at 3.4 ppm.
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Fig. 1.4. 'H-NMR spectra (500 MHz, CDCls) of tall oil and E'RTOFA.
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Fig. 1.5. 'H-NMR spectra (500 MHz, CDCls) of a) E'RTOFA_BD and E'RTOFA_BD_AA;
b) ERTOFA_TMP and ERTOFA_TMP_AA.

According to the chromatogram (Fig. 1.6), the ion exchange resin-catalysed epoxidation
process of tall oil fatty acids produced a significant number of by-products. The formation of
dimers, trimers and other oligomers and oxirane cleavage products were clearly visible in the
spectrum. Abolins et al. also identified similar by-product formation in the epoxidation of tall
oil fatty acids [38]. The retention time for the oxirane cleavage products was ~ 23.5 min, but
dimers and trimers were identified at retention times of ~22.6 min and ~22.0 min. The
chromatogram of polyols showed that the peaks shifted, and their retention times decreased.
This indicated an increase in molecular weight.

In the spectrum of E'RTOFA_BD polyol, a new peak appeared at a retention time of
~ 25.4 min, which characterized the free unreacted BD. In the case of E'RTOFA_TMP polyol,
the free TMP peak appeared at the retention time of ~ 23 min. After acetoacetylation, the
molecular weight increased, thus reducing the retention times. It was distinctly visible in the
chromatogram.

The commercial polyol NEO380 consisted of a mixture of several components. All peaks
of NEO380 shifted after acetoacetylation, and the retention time decreased (Fig. 1.6 b),
indicating that most of the compounds in this mixture contained acetoacetate groups after
acetoacetylation. There was only one pronounced peak in the L3300 polyol spectrum
(Fig. 1.6 b). There was a clearly identifiable shift in the spectrum of products, indicating an
increase in molecular weight after acetoacetylation.
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Fig. 1.7. MALDI-TOF MS spectra (2000 Hz, 355 nm, ionizing agent: CFsCOONa) of
a) ERTOFA_BD and E'RTOFA_BD_AA; b) ERTOFA_TMP and E'RTOFA_TMP_AA;
c) L3300 and L3300_AA.

The MALDI-TOF MS spectra showed that a mixture consisting of various compounds was
formed in the epoxidation process and in the polyol synthesis and their subsequent
acetoacetylation (Fig. 1.7). The spectrum was also registered for E'RTOFA, but it was difficult
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to interpret because the peak corresponding to epoxidized oleic and linoleic acids overlaps with
the peaks of the matrix. In the spectra, typically, the peaks were in pairs with a difference of
2 m/z. This corresponds to the difference in the weight of oleic acid and linoleic acid. The
dominant monomers of synthesised polyols and their acetoacetates are clearly visible in the
spectrum. Dimers in the case of E'RTOFA_BD polyol and its corresponding acetoacetate were
identified in the MALDI-TOF MS spectrum.

The MALDI-TOF MS spectra show that the acetoacetylation process was successful. After
acetoacetylation, the most intense polyol peaks shifted by such units of m/z that correspond to
the increase in mass, which corresponds to the replacement of all hydroxyl groups of the
molecule with the acetoacetate groups. For example, the characteristic peak of epoxidized oleic
acid TMP polyol appeared at 571 m/z [CsoHs0Os+Na]*. After acetoacetylation, the peak of this
polyol acetoacetate shifted to 991 m/z. The difference of 420 m/z corresponds exactly to the
molar mass of the five acetoacetate groups and fully correlates with synthesised polyol
functionality. This compound contains five functional groups (E'RTOFA_TMP_AA f=~5).
Fully acetoacetylated compounds containing three functional groups were also found in the
spectra of epoxidized oleic acid BD polyol (E'RTOFA__AAf=~3)

As the peaks of dimers, trimers and the other by-products were shifted after
acetoacetylation, acetoacetate groups were successfully introduced into the molecules. It can
be concluded that these by-products were also fully suitable for producing polymer materials
by the Michael reaction. Increased viscosity could adversely affect these dimers, trimers and
by-products due to the large and branched structure.

Relatively few peaks appeared in the MALDI-TOF MS spectrum of L3300 polyol and its
acetoacetate, compared to bio-polyol acetoacetate. L3300 is a trifunctional polyether polyol
based on glycerine, and 2-hydroxypropoxy groups are added to the glycerol molecule by
oxypropylation in industrial synthesis. The L3300 is a relatively pure substance, making the
spectrum easier to interpret. The most intensive characteristic peaks of the compounds were
with an interval of 58 m/z, which corresponds to the molar mass of the 2-hydroxypropoxy
group. This spectrum distinctly shows how evenly the oxypropylation had taken place. After
acetoacetylation, all peaks shifted by 252 m/z, corresponding to the molar mass of the three
acetoacetate groups.

1.2. Synthesis of the Michael acceptor from tall oil

There are a few main synthetic routes to obtain bio-based acrylates. One of the most studied
reactions is the epoxidation of the double bonds and subsequent opening of the oxirane rings
with acrylic acid [57]-[62]. Another possibility is the one-step reaction between unsaturated oil
and acrylic acid in the presence of boron trifluoride diethyl etherate solution [63]-[65]. If the
molecule of oil contains naturally occurring hydroxyl groups (e.g., castor oil), acrylation of the
hydroxy!l groups with acrylic chloride is possible [44], [62], [66].

These methods are appropriate for feedstocks with two or more double bonds, as
polymerization necessitates at least two functional groups per molecule. Multiple double bonds
are present in diglycerides and triglycerides. The literature review suggests that triglyceride-
containing oils are the most widely used raw materials for acrylate synthesis.

Some free fatty acids, like linoleic acid, have two double bonds, but due to side reactions
with acetic acid or incomplete epoxidation, each molecule is typically left with only one oxirane
group. Therefore, epoxidation and oxirane ring’s opening with acrylic acid or direct double
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bond acrylation are ineffective for free fatty acids containing oils such as tall oil. For oils
containing free fatty acids, a different strategy must be adopted.

A promising method for synthesising acrylates from tall oil fatty acids via epoxidation
followed by oxirane rings opening with a polyfunctional polyol and subsequent acrylation of

the hydroxyl groups with acryloyl chloride was developed (see Fig. 1.8).
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Fig. 1.8. Idealized scheme of tall oil (oleic acid) based Michael acceptor development.

After polyol acrylation, a significant decrease in the hydroxyl value was observed, which
was the first indicator that the acrylate synthesis was successful (Table 1.2). Results showed
that the samples still contained relatively small amounts of hydroxyl groups after the acrylation.
The hydroxyl values of the acrylates were small compared to the hydroxy! values of the polyol
and did not substantially impact further polymer production.

Table 1.2

Characteristics of the Synthesised Acrylates

Acid value, Hydroxyl value, . o Acryl groups*,
Sample mg KOH-g! mg KOH-g! Moisture, % mmol-g!
E'RTOFA_BD_Acryl <5 28.8 0.022 3.9
E'RTOFA_TMP_Acryl <5 46.2 0.027 35

*gNMR (500 MHz, CDCls) using 1,2,3-trimethoxybenzene as an internal standard.

Rheological measurements (Fig. 1.9) showed a viscosity decreased after introducing
acrylate groups into polyols. After the polyol was acrylated, the viscosity decreased more than
25 times to 4560 mPa-s. The same trend can be observed in the case of E'RTOFA BD
acrylation. The viscosity of E'RTOFA_BD_Acryl was 315 mPa-s. The decrease in viscosity
was due to a decrease in hydrogen bonding between chains caused by the substitution of the
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hydroxyl groups. Since the viscosity was independent of the shear rate applied, the synthesised
substances can be categorized as Newtonian fluids.
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Fig. 1.9. Rheological measurements (cone-plate system, gap of 48 um, 25 °C) of
a) E'RTOFA_BD and E'RTOFA_BD_Acryl; b) E'RTOFA_TMP and E'RTOFA_TMP_Acryl.

Comparing the FTIR spectrum of polyol E'RTOFA_BD to the spectrum of acrylate
E'RTOFA_BD_Acryl, results showed that the peak at 3600-3150 cm™* corresponding to the
hydroxyl groups disappeared (Fig. 1.10). New peaks appeared at 1640-1620 cm™?, 1407 cm 2,
and 810 cm™ were corresponding to the acrylate C=C vibration, scissoring vibration for
HC=CH., and =CH> twisting vibration of acrylic groups, respectively, which indicated
successful acylation reaction. The same trend could be observed when the spectra of polyol

E'RTOFA_TMP and acrylate E'RTOFA_TMP_Acryl were compared.
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Fig. 1.10. FTIR spectra (ATR mode, 32 scans, resolution of 4 cm™) of a) E'RTOFA_BD and
E'RTOFA_BD_Acryl; b) E'RTOFA_TMP and E'RTOFA_TMP_Acryl.

The FTIR spectra, which confirmed the chemical structures, have an exceptional correlation
with NMR spectra (Fig. 1.11). In the *H NMR spectrum for the acrylated tall oil polyols, typical
signals for vinyl moiety (6.4 ppm, 6.1 ppm and 5.8 ppm) were visible. The formation of ester
bound was proved by new signals at 4.22—4.13 ppm characterizing —-CH,OCOR moiety (where
R is vinyl groups). Meanwhile, the intensity of the signal arising from HOCH>— at 3.7-3.6 ppm
was reduced, thus indicating the esterification of free hydroxyl groups. Additionally, new
signals characterizing the carbonyl groups of acrylate at 166 ppm in the 3C NMR spectrum
proved the formation of acrylates.
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Fig. 1.11. *H NMR spectra (500 MHz, CDClIs) for a) E'RTOFA_BD and
E'RTOFA_BD_Acryl; b) E'RTOFA_TMP and E'RTOFA_TMP_Acryl.

The GPC results (Fig. 1.12) confirmed that tall oil polyols consist of a composition of
monomers, dimers, trimers, and oligomers [38]. Comparing the GPC curves of acrylated tall oil
polyols and tall oil polyols, the main peaks have slightly shifted to a shorter retention time
indicating an increase in molecular weight. An increase in molecular weight was due to the
replacement of hydroxyl groups with acrylic groups in the structure. The increase in molecular
weight confirmed the successful acrylation.
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Fig. 1.12. GPC chromatogram (two PLgel Mixed-E columns, particle size of 3 uL,
300 mm x 7.5 mm, THF, 35 °C) of a) E'RTOFA_BD and E'RTOFA_BD_Acryl;
b) E'RTOFA_TMP and E'RTOFA_TMP_Acryl.

Along with GPC measurements, synthesised substances were further analysed using
MALDI-TOF MS spectrometry to identify changes in the chemical structure of the components
(Figs. 1.13 and 1.14). The MALDI-TOF MS data also confirmed that synthesised tall oil
polyols consist of a complex mixture, that appeared as an extensive amount of minor intensity
mass peaks in the spectra.

The main challenge in analysing MALDI-TOF MS spectra was identifying peaks for
acrylated tall oil polyols. In MALDI-TOF MS spectra, the most intense peaks for acrylates were
at higher m/z values than for polyols. When comparing the MALDI-TOF MS spectra of polyol
and the corresponding acrylate, several peaks were identified with the difference divisible by
54. This number of units (54 m/z) represented an increase in mass from one acrylic group. Since
most peaks were shifted by 108 m/z, 162 m/z, 216 m/z, 270 m/z, and 324 m/z units, there were

68



at least two, three, four, and five acrylic groups per molecule after acrylation. lon masses
corresponding to fully acrylated polyols, E'RTOFA_BD and E'RTOFA_TMP, were found in the
spectrum.

Fully functionalized E'RTOFA_BD polyol contains three functional groups per molecule.
Relatively intense corresponding peaks at 643.4 m/z and 645.4 m/z for three functional
acrylates could be seen in the spectrum (E'RTOFA BD_Acryl f=~3). In the case of
E'RTOFA_BD_Acryl, acrylation of dimers resulted in the formation of compounds with four
functional groups at 1009.7 m/z and 1011.7 m/z. The intensity of the corresponding peaks was
relatively small. Also, it could be concluded that the mixture also contained partially acrylated
compounds.
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Fig. 1.13. MALDI-TOF MS spectra (2000 Hz, 355 nm, ionizing agent: CFsCOONa) of
a) E'RTOFA_BD; b) E'RTOFA_BD_Acryl.

In the case of acrylate E'RTOFA_TMP_Acryl, the intense bands at 839.5 m/z and 841.5 m/z
correspond to compounds containing five functional groups per molecule
(ERTOFA_TMP_Acryl f=~5) (Fig. 1.14). As in the case of E'RTOFA BD_Acryl, the
partially acrylated compounds were also observed for E'RTOFA_TMP_Acryl. The peak
intensity increased with the number of acrylic groups introduced per molecule, and the most
intense bands corresponded to a fully acrylated polyol. Due to high functionality, the
synthesised tall oil-based Michael donors can be used to obtain a highly cross-linked polymer,
which may increase the polymer’s mechanical properties. The synthesised acrylates from tall
oil polyols contain several acrylic groups required for polymerization.

Considering the data of rheology, FTIR, NMR, GPC, and MALDI-TOF MS, the obtained
tall oil-based acrylates are suitable for polymer synthesis by the Michael reaction. Moreover,
the synthesised tall oil-based acrylates are promising in producing other polymers, for example,
in UV-initiated free radical polymerization in the production of coatings.
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Fig. 1.14. MALDI-TOF MS spectra (2000 Hz, 355 nm, ionizing agent: CF3COONa) of
a) ERTOFA_TMP; b) E'RTOFA_TMP_Acryl.

2. Polymer resins from tall oil-based Michael donor and petrochemical
acceptor

The mechanism of the Michael reaction is well-studied. The base catalyst deprotonates the
acetoacetate, resulting in an enolate anion. The enolate anion then reacts with the acrylate in a
1,4-conjugate addition. The product of the first Michael reaction contains active methylene
hydrogen that can be added to another acrylate in a second step [23], [31], which means that
the Michael donor reacts twice with two Michael acceptors [67], of course, if the ratio allows
it. The polymeric material can only be formed if the molecule of the Michael acceptor
component contains at least two functional groups.

The reaction between acrylates and the active methylene group of acetoacetates is quick,
and the system cures at room temperature after mixing it in the presence of catalysts. This
reaction is a base-catalysed addition [31], [35], [68]. For the Michael reaction amine, amidine-
and guanidine-based catalysts may be the most suitable [31], [35] ,[46], [49], [68]-[72].

Previously developed acetoacetates of two tall oil-based and two commercial polyols were
used to obtain polymers by the Michael reaction using 1,1,3,3-tetramethylguanidine as a
catalyst. The previously developed acetoacetates had different chemical structures and
functionalities. In conjunction with the use of various acrylates in polymerization reactions, it
allowed the development of polymer formulations with varied cross-link densities. Three
acrylates with different functionalities — BPAEDA (f = 2), TMPTA (f=3) and PETA (f=4) -
were used (Table 2.1).
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Table 2.1

Developed polymers

Michael donor
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TGA analysis was performed for the obtained polymers (Fig. 2.1). No significant weight
loss was observed up to almost 300 °C for polymers derived from tall oil polyols; they were
thermally stable. This is an advantage because, e.g., classic polyurethane materials without
special thermal stabilizer additives decompose in the temperature range from 200 °C to 300 °C
[73], [74]. Moreover, organic glass poly(methyl methacrylate) onset decomposition
temperatures are under 300 °C [75], [76].

Polymers derived from TMP polyols had higher thermal stability. The most thermally stable
polymers were obtained from bisphenol A-derivative BPAEDA acrylate. This could be
explained by the aromatic structure of bisphenol A. Two distinct peaks were observed for
polymers obtained using BPAEDA as the acrylate. For other polymers, the similarity of the
curves was determined by the used polyol and less by the acrylate.

Polymers from commercial polyol acetoacetates also showed similar characteristics in TGA
mass triglyceride containing oils loss curves and their derivative curves. Polymeric materials
derived from tall oil-based acetoacetates with BPAEDA acrylate had higher thermal stability
(when comparing the temperature for weight loss of 5 %) than commercial polyols with the
same acrylate. The temperature depended significantly on the used acrylate for a weight loss of
5 %, but this effect was less pronounced for weight losses at higher temperatures.
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Fig. 2.1. TGA (10 °C-min™1) mass loss curve and TGA derivative of polymers from
synthesised acetoacetates and BPAEDA, TMPTA, PETA acrylates: a) ERTOFA_BD_AA
polymers; b) E'RTOFA_TMP_AA polymers; c) NEO380_AA polymers;

d) L3300_AA polymers.
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Fig. 2.2. DSC (10 °C-min™%) curves of polymers from synthesised acetoacetates and
BPAEDA, TMPTA, PETA acrylates: a) ERTOFA_BD_AA polymers; b)
E'RTOFA_TMP_AA polymers; c) NEO380_AA polymers; d) L3300_AA polymers.
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The obtained polymers were subjected to DSC analysis to determine the glass transition
temperature (Tg) (Fig. 2.2). Tgpsc) Was determined as the midpoint between the onset
temperature and endset temperature of the glass transition region.

For polymers obtained from commercial polyol acetoacetate (L3300_AA and
NEO380_AA), Tqpsc) was mainly influenced by the used acrylate. Typsc) differed by less than
2 °C when polymers obtained with the same acrylates were compared (Fig. 2.2 c, d). The
difference in Ty was relatively small when considering the effect of the commercial polyol
acetoacetate used. Depending on the used acrylate, Tgpsc) increased as follows:
BPAEDA < TMPTA <PETA. The functionality of the used acrylate impacted the glass
transition temperature. When acrylate with higher functionality was used to obtain polymers,
the polymer exhibited higher Tgpsc) due to a higher cross-link density in the polymer [77]. The
same trend was observed for polymers obtained from acetoacetylated tall oil polyols
(Fig. 2.2 a, b). The use of tall oil polyol acetoacetate had a significant effect on the Tqpsc) of
the obtained polymer.
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Fig. 2.3. DMA (3 °C-min%, 1 Hz, 5 N) tand curves of polymer from synthesised acetoacetates
and BPAEDA, TMPTA, PETA acrylates: a) E'RTOFA_BD_AA polymers;
b) E'RTOFA_TMP_AA polymers; ¢) NEO380_AA TMPTA polymers;
d) L3300_AA polymers.

DMA test was performed to determine the dynamic mechanical properties of polymer
materials. Based on the tano data (Fig. 2.3), there was only one relatively narrow peak with a
clear maximum, indicating that all samples had a quite homogeneous structure. These
relationships between peak width, symmetry and structure, and the homogeneity of the structure
have been described in several studies [68], [78]-[80].

Although Tgpma) Were different from DSC data, the same trends between them were
observed. Tgipma) was measured from the peak value of tand. Tg, determined using the DMA
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method, were higher than those determined using the DSC analysis. Also, different effects were
measured in the DSC and DMA methods. In the case of DMA, stress was applied and
mechanical properties were measured, while DSC measures changed in heat capacity [81], [82].
DMA is beneficial for polymers with hard-to-find glass-transition temperatures and heavily
cross-linked polymers [83]. Polymer samples with higher cross-link density exhibited higher
Ty (Table 2.2). The correlation between increasing cross-link density and higher Typsc) of the
polymer was also reported by Wang et al. [51], similarly as in the case of Tgpma).

Table 2.2

Characteristics of Polymers from Tall Oil Polyol or Commercial Polyol-Based Acetoacetates
and BPAEDA, TMPTA, and PETA Acrylate

Sample ';gi);' Tg(fg'A)’ (Tg(E:\;l:?E)SO), molv- ec’m_g p,grem™ M g-mol?
MPa

E'RTOFA_BD_AA_BPAEDA 1.21 21.0 5.1 0.59-10°3 1.167 1695
5 E'RTOFA_BD_AA TMPTA 0.73 34.6 17.7 1.98-102 1.211 505
.é E'RTOFA_BD_AA PETA 0.45 40.4 24.2 2.67-103 1.219 375
E E'RTOFA_TMP_AA BPAEDA 1.07 40.5 171 1.89-10° 1.116 529
= E'RTOFA_TMP_AA TMPTA 0.70 53.0 19.1 2.04-10° 1.177 490

E'RTOFA_TMP_AA_PETA 0.27 63.4 30.6 3.17-10°3 1.235 315
g NEO380_AA_ BPAEDA 1.30 28.5 8.2 0.93-10°3 1.257 1075
5 NEO380_AA TMPTA 0.81 38.7 184 20410° 1328 490
% NEO380_AA PETA 0.72 45.3 234 2.55.102 1.330 392
% L3300_AA_BPAEDA 1.18 24.5 9.8 1.13-10°3 1.171 885
g L3300_AA_TMPTA 0.80 39.7 19.9 2.20-10°° 1.202 455
§ L3300_AA_PETA 0.44 46.6 24.9 2.70-10°3 1.247 369

The DMA tests were used to determine Tgpma) and storage modulus in the rubbery plateau
region (Estorage) at Tgioma) + 50 temperature) for calculations of cross-link density and molecular
weight between cross-links (Table 2.2). Results showed that cross-link density and molecular
weight between cross-links of the polymers were highly dependent on the functionality of the
used acrylate and acetoacetate. If higher functionalized monomers were used, the cross-link
density of the obtained polymer was higher, and the molecular weight between cross-links was
smaller, which significantly affects the polymer’s mechanical properties. This is in line with
Rahul and Kitey [84] observations that Tqpma) was affected by the polymer cross-link density.
Also, tensile tests confirmed the dependence of mechanical properties on the cross-link density.

The highest cross-link density (3.17-1073 mol-cm™) and the lowest molecular weight
between cross-links (315 g-mol™') were obtained from E'RTOFA_TMP_AA and PETA. It can
be explained by the higher functionality of both — the Michael donor and the Michael acceptor
compound. The lowest cross-link density and biggest molecular weight between cross-links
were for the polymers derived from the lower functionalized acetoacetate and difunctional
acrylate — BPAEDA.

Polymer samples obtained by the reaction of polyol acetoacetates with PETA (f = 4) showed
the highest tensile (Young’s) modulus values (Fig. 2.4). The results of tensile strength showed
the same trend. This could be explained by the higher functionality of the acrylate and, thus,
the higher cross-link density (see Table 2.2), resulting in the highest tensile modulus value. A
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correlation between the functionality of acrylate used in polymer formulations and the tensile
modulus values was observed: the higher functionality of the used acrylate yielded polymers
with higher tensile module values.
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Fig. 2.4. E(tensile) and omax (2 mm-min~2, 22 °C) for the polymers from tall oil polyol or
commercial polyol-based acetoacetates and BPAEDA, TMPTA or PETA acrylates.

The highest tensile modulus and tensile strength were for NEO380_AA_PETA polymer,
respectively, 51 MPa and 2710 MPa. Relatively high modulus values were also obtained for
polymers from tall oil from E'RTOFA_TMP_AA_TMPTA and E'RTOFA_TMP_AA_PETA,
respectively, 2250 MPa and 2370 MPa, and tensile strength was 40 MPa and 44 MPa. These
materials can be compared to other innovative materials, e.g, Fleischer et al. prepared non-filled
non-isocyanate polyurethanes (NIPU) from hexamethylene diamine, glycerol cyclic carbonates
and TMP. This NIPU showed a tensile strength of 68 MPa and a tensile modulus of 2100 MPa
[85]. The mechanical properties of obtained polymers are also comparable to polyurethane
materials [86], [87], and poly(methyl methacrylate), which had a tensile strength value of at
least 55 MPa and a tensile modulus of about 2700 MPa [88], [89]. This shows that tall oil-based
polymer materials obtained by the Michael reaction are competitive and promising alternatives.

The elongation at break correlates with the modulus value and the tensile strength. The
higher the modulus and tensile strength values, the smaller the elongation. The smallest
elongations at breaks were 1.9 %, 2.7 %, and 2.9 % for polymers E'RTOFA_TMP_AA_PETA,
NEO380_AA_ PETA, and L3300_AA_PETA, and the highest elongations at breaks were 55 %,
53 % and 47 % for polymers E'RTOFA BD_AA BPAEDA, NEO380_AA BPAEDA, and
L3300_AA_BPAEDA, respectively.

The relationship between mechanical properties and the molecular weight between
cross-links was observed. The lower the molecular weight between cross-links, the higher the
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cross-link density (see Table 2.2) and the correspondingly higher tensile modulus and tensile
strength.

Results indicated that it was possible to obtain vastly different polymeric materials by
changing the chemical structure of the used acrylate. Polymeric materials that are similar in
properties to rubbers can be obtained by using lower functionality monomers. It was also
possible to obtain materials that were similar in their properties even to organic glass [88]-[90].
By compiling the literature on similar materials and their characteristics, the polymer materials
obtained in this study are competitive with several other alternative materials. The production
of polymers from free fatty acid-based monomers by the Michael reactions was simple and was
carried out in milder conditions compared to other methods, such as NIPU synthesis.

The Michael 1,4-addition polymerizations can be realized in a short period of time, at room
temperature, and at atmospheric pressure. The chemicals used to synthesise polymers via the
Michael reaction are less toxic than isocyanates, which is one of the main raw materials for
polyurethane production. The mechanical and thermal properties of synthesised polymers by
the Michael reaction are equal to or even better than materials shown in the literature. Moreover,
the properties of polymers can be tailored by varying the components used for polymerization.

3. resins from tall oil-based both Michael components

There are a few studies on synthesising and using bio-based acetoacetates for different
polymer materials. Xu et al. developed a coating film by reacting acetoacetylated castor oil with
a cross-linker that had both aldehyde and acrylate groups by the Michael reaction [49].
Wang et al. created curable coatings from acetoacetylated castor oil and a multifunctional
acrylate using the Michael reaction (hexamethylene diacrylate, TMPTA, PETA) [51].
Noordover et al. proposed malonate-functional polyester coatings from synthesised bio-based
Michael donors cured through the Michael reaction with di(trimethylolpropane)
tetraacrylate [91]. Naga et al. demonstrated a reaction between multifunctional acetoacetates
(meso-erythritol tetraacetoacetate, trimethylolpropane triacetoacetate) and diacrylate
monomers (1,4-butanediol diacrylate, 1,6-hexanediol diacrylate, 1,9-nonanediol diacrylate),
resulting in the formation of corresponding gels [92]. Later, Naga et al. investigated the Michael
reaction between meso-erythritol tetra acetoacetate or D-sorbitol hexaacetoacetate and
poly(ethylene glycol) diacrylate in solvents to create a porous polymer [93]. All previous
studies share the use of a bio-based Michael donor and a petrochemical-based Michael acceptor.

In this work, previously synthesised tall oil-based acrylates and tall oil-based acetoacetates
were successfully used to develop a highly cross-linked polymer (Fig. 3.1). The polymer
material has high thermal stability and mechanical properties and may be used as an alternative
to industrially used thermoset resins, such as epoxy, polyesters, and vinyl esters resins.
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Fig. 3.1. Conceptual scheme of polymer development from synthesised Michael donor and
Michael acceptor.

By tactile perception, the polymer materials obtained from E'RTOFA_BD_Acryl were
flexible, similar to hard rubber. The resulting polymer materials based on
E'RTOFA_TMP_Acryl were solid, with an organic glass-like feel to the hand. All synthesised
polymers were transparent and clear with a slight brown or yellow tint.

The structure of the developed polymer materials was characterized by FTIR spectroscopy
(Fig. 3.2 a). The characteristic absorption bands of acrylate at 1640—1620 cm™* and 1407 cm™
cannot be evaluated because of overlapping with the absorption bands typical of the functional
groups of the donor. The FTIR spectrum well represented the content of acrylic groups by the
characteristic absorption of =CH twisting vibration bands at about 810 cm™

Polymers obtained from acrylate E'R'TOFA_BD_Acryl had no absorption band at 810 cm™.
This could indicate a good conversion and complete reaction of the acrylic groups. The
absorption band was observable for both polymers synthesised from E'RTOFA_TMP_Acryl.
When  comparing  FTIR  spectra of ETOFA_BD_AA TMP_Acryl and
E'RTOFA_TMP_AA_TMP_Acryl, the absorption band of the acrylic groups at 810 cm™ was
more intense for the last. This could mean an incomplete conversion because of high viscosity,
high functionality, branched structure, as well as steric effects.

The polymer samples were also characterized using ssSNMR 3C spectroscopy (Fig. 3.2 b)
The spectra exhibited anticipated *C chemical shifts. The analysis of the sSNMR spectrum
showed signals corresponding to the >CH-O- groups in the range of 63.0—83.5 ppm for all the
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developed polymers. The >CH-O- groups were a result of oxirane rings opening with alcohols.
Also, the characteristic signal of *C corresponding quaternary carbon was in the same range of
63.0—83.5 ppm, indicating that the reaction of two acrylic groups with the methylene group of
acetoacetate via the Michael reaction had occurred.

Overlapping of several signals can also be observed in the range of 26.5-42.9 ppm. The
characteristic signal of *C corresponding tertiary carbon can be observed in this range. Also,
tertiary carbon was essential for the detection of polymerization, representing a situation where
one acetoacetate group has reacted with only one acrylic group. The characteristic signal of 1*C
in the —C(=0)—CHj3 groups was in the same range of 24.0-24.4 ppm, which represented the
acetoacetate groups in the Michael donor compound.

The signals of the acrylate groups at 130.2—131.2 ppm indicated an incomplete reaction.
The ssNMR 3C spectra were consistent with FTIR data. While the signal intensity of acrylic
groups in polymers obtained from E'RTOFA_BD_Acryl was low, it was relatively intense in
spectra of polymers obtained from E'RTOFA_TMP_Acryl. A much more branched structure
and multiple acrylic groups per molecule decreased the reactivity of the E'RTOFA_TMP_Acryl
and E'RTOFA_TMP_AA because of steric hindrance effects. Since the acceptor and donor used
in polymer synthesis are derived from fatty acids, they contain double bonds because of an
incomplete epoxidation reaction. The double bond signal overlaps with the signal characteristic
of acrylate groups. This must be considered when evaluating the results. Hence, the sSNMR
and FTIR results confirmed that polymers from tall oil-based donors and acceptors via the
Michael reaction were successfully synthesised.

a) | E"TOFA_TMP_AA_TMP_Acryl ERTOFA_TMP_AA_TMP_Acryl
] E"TOPA BD_AA_TMP_Acryl ERTOFA_BD_AA_TMP_Acryl P
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Fig. 3.2. Structure analysis of polymers from tall oil-based Michael donor and acceptor:
a) FTIR spectra; b) ssNMR 3C spectra.

The thermal stability of synthesised polymers was assessed by TGA (Fig. 3.3) The initial
degradation stage occurred up to 300 °C because of the decomposition of the catalyst and some
leftover raw materials. Polymer samples showed different degradation processes at
temperatures above 300 °C, which could be very well seen in the mass loss derivative curves.
The ERTOFA_BD_AA BD_Acryl TGA mass loss derivative curve showed one symmetrical
peak with only one clear maximum at 389.3 °C.

The peak of the E'RTOFA_TMP_AA_BD_Acryl mass loss derivative curve has a shoulder
at about 450 °C. The second degradation peak became more pronounced when the composition
of the polymer contained more TMP derivatives. Both derivative peaks of the
E'RTOFA_TMP_AA_TMP_Acryl mass loss derivative curve at 400 °C and 445 °C had almost
the same rate of change in weight loss. The first derivative peak can be linked to the ester and
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ether bonds cleavage to form CO; and other low molecular weight compounds [47], [51]. The
second derivative peak can be attributed to the degradation of the TMP of the polymer chemical
structure [94].

The results showed that the developed bio-based thermoset polymer samples were thermally
stable. All samples had very similar weight loss curves at the start up to 300 °C. The samples
represented weight loss of less than 10 % up to 300 °C. The main degradation process of

polymers occurred between 300 °C and 475 °C. Polymer sample
E'RTOFA_TMP_AA_TMP_Acryl exhibited slightly better thermal stability than other samples.
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Fig. 3.3. TGA (10 °C-min%) of polymers from tall oil-based Michael donor and acceptor:
a) TGA curves; b) TGA weight derivative curves.

Higher cross-link density favours the carbonation reaction, resulting in a greater amount of
solid residue [63], [95]. From all the developed bio-based thermoset polymer samples, the solid
residue yield was the highest for E'RTOFA_TMP_AA_TMP_Acryl polymer. The solid residue
yield was 5.10 % at 675 °C.

The thermal behaviours of the polymer samples were also studied using DSC (Fig. 3.4 a).
Tyosc) was identified for all obtained polymers. It was observed that Tgpsc) increased with the

increased TMP-derivative content in the polymer composition. This was most likely due to a
higher cross-link density of these polymers.
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Fig. 3.4. DSC (10 °C-min"1) and DMA (3 °C-min™%, 1 Hz, 5 N) results of polymers from tall
oil-based Michael donor and acceptor: a) DSC curves; b) DMA tand curves.
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Table 3.1
DSC and DMA Results of Polymers from Tall Oil-Based Michael Components

Sample To°C p,grem™ (T ESIAOF:?Q)SO) Ve Me, g'mol™!
Toosc)  Tooma) ' Mpa - mobam? M
ERTOFA_BD_AA_BD_Acryl -30.9 -12.1 1071 53 0.69-10°3 1562
ERTOFA_TMP_AA_BD_Acryl 218 16 1.085 58 071107 1518
ERTOFA_BD_AA_TMP_Acryl 49 19.0 1.104 114 1.33-103 829
E'RTOFA_TMP_AA_TMP_Acryl 19.2 29.6 1.125 13.7 155107 724

The tano of the obtained samples is shown in Fig. 3.4 b, and the results are summarized in
Table 3.1. In Fig. 3.4 b, the tand peaks of the BD_Acryl polymer systems were narrower, and
the values of tand were higher than tang values of TMP_Acryl derived polymers.

The same trend was observed between Tgpma) and Tgosc), as in the case of polymers with
petrochemical commercial acrylates (Table 3.1). The lowest and highest Tgpma) values were
determined to be —12.1 °C for polymer E'RTOFA_BD_AA _BD_Acryl, and 29.6 °C for polymer
sample E'RTOFA_TMP_AA_TMP_Acryl.

The stress-strain curves and elongation at break, depicted in Fig. 3.5, showed the tensile
modulus and tensile strength of the obtained thermoset polymers. The polymers derived from
E'RTOFA_BD_Acryl exhibited the elastic region. At the same time, polymer
E'RTOFA_TMP_AA_TMP_Acryl exhibited the stress-strain behaviour of more rigid polymer.

According to results in Table3.1 and Fig.3.5a, the polymers obtained from
E'RTOFA_TMP_Acryl have higher tensile modulus because of higher cross-link density and
lower molecular weight between cross-links. The highest tensile modulus, stress at break (omax),
and the lowest elongation at break were 1760 MPa, 16.1 MPa, and 17 %, repectively, for the
E'RTOFA_TMP_AA_TMP_Acryl polymer. Properties of the
E'RTOFA_TMP_AA_TMP_Acryl polymer were very similar to the polymer obtained from
L3300_AA and PETA (Eensile) = 1822 MPa; omax = 30 MPa). Mechanical tests confirmed that
developed polymer materials showed competitive properties to semi-petrochemical-based
polymers. Among the polymer samples, E'RTOFA_BD_AA_BD_Acryl had the lowest tensile
properties. The tensile modulus, omax, and elongation for above-mentioned polymer were
15 MPa, 0.9 MPa, and 27 %, respectively which exhibited rubber-like properties.
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Fig. 3.5. Tensile properties (2 mm-min~?, 18 °C) for polymers developed from tall oil-based
Michael donor and acceptor: a) stress-strain curves; b) Eensite) and omax.
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4. Polymer foams from tall oil-based Michael donor and Michael
acceptor

There are several publications that use different types of Michael reactions for the
development of foam materials. Coste et al. investigated soft foams using acrylated soybean
oils and biobased amines in the aza-Michael reactions [27]. Li et al. explored a one-step thiolene
“click” chemistry and the Michael reaction to create a robust superhydrophobic/superoleophilic
melamine foam [96]. Few publications describe the development of polymer foam materials
using the carbon-carbon Michael reaction. Sonnenschein et al. delve into the utilisation of
Michael chemistry for producing a range of foams, including rigid, viscoelastic, and flexible
elastomers. Sonnenschein et al. investigation employs acetoacetylated glycerol and
petrochemical acrylates as raw materials [68]. Despite the potential advantages of the Michael
reaction approach, the choice of raw materials may not meet the contemporary requirements
for a sustainable future. Naga et al. developed porous polymers through the Michael reactions
between multifunctional acetoacetate and poly(ethylene glycol) diacrylate [93]. The resulting
reactions lead to porous polymers with connected spheres, and the study highlights the ability
to tailor the morphology and properties of these polymers by varying the polymerization
conditions. However, the use of poly(ethylene glycol) diacrylate, a petrochemical derivative,
also raises sustainability concerns as the polymer industry aims to shift towards more renewable
raw materials.

There are few patents [97] and patent applications [98], [99] about the Michael foams. Each
presents different approaches to foam production. A common drawback is the absence of
second-generation raw materials in their formulations, specifically second-generation free fatty
acids. These patents collectively point towards an industry trend of seeking more sustainable
materials but also highlight a gap in the availability of fully renewable and bio-based
feedstocks, such as those derived from free fatty acids.

In this chapter of the Thesis, the potential of tall oil-based acetoacetate as a key component
in polymer foam development was explored, combining it with a synthesised tall oil-based
acrylate. Additionally, commercially available acrylates such as BPAEDA, TMPTA, PETA,
and ESOA were used. 1,1,3,3-tetramethylguanidine was used as a catalyst. The development
of the foam required the addition of additives as a surfactant (silicone surfactant with the trade
name Niax Silicone L-6915) and blowing agent (low global warming potential
hydrofluoroolefin-based blowing agent with the trade name Opteon™ 1100) to form the cell
structure.

Prior to foam development, dielectric polarization changes during curing were determined
for selected foam formulations without surfactant and foaming agent. Different polymers
exhibited varying degrees of dielectric polarization and reached different maximum
temperatures during the curing process (Fig. 4.1). In analysing the curing parameters of
polymer derived from tall oil trimethylolpropane acetoacetate combined with various acrylates,
a clear relationship emerged between acrylate functionality and curing behaviour. Specifically,
the curing process is expedited as acrylate functionality increases and a higher maximum
temperature is achieved. For instance, the polymer formulated using the tetra-functional PETA
polymer cured the fastest at 70 s and reached the highest temperature of 133 °C. The polymer
formulated using the trifunctional TMPTA had a slightly prolonged curing time of 116 s and a
temperature of 122 °C. Notably, when comparing commercially available petroleum-based
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acrylates to bio-based ones, the former tend to cure more rapidly at elevated temperatures.
Specifically, the soybean oil-based ESOA and tall oil-based E'RTOFA_BD_Acryl polymers
had longer curing durations and achieved lower maximum temperatures. This underscores the

influence of both acrylate origin and functionality on the curing parameters of these polymers.
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Fig. 4.1. Developed polymer curing parameters: a) dielectric polarization curves;
b) temperature curves of the polymers.

The behaviour of petrochemical-based acrylates in the curing process can be attributed to
their molecular structure. These acrylates are typically smaller molecules, meaning the acrylic
group content is larger. The high concentration of accessible acrylic groups facilitates a more
rapid reaction, enhancing the curing process. In contrast, the bio-based acrylates derived from
tall and soybean oil have a more branched and complex molecular structure.

In evaluating the rise profiles (Fig. 4.2 and Table 4.1) of the developed polymer foams,
those that combine a bio-based donor with a petrochemical-based acceptor typically initiated
and completed their rise more rapidly. The E'RTOFA_TMP_AA_PETA foam within this
category exhibited the shortest start and rise times, indicative of a faster foam expansion
process. Foams with tall oil-based donor and bio-based acceptor components displayed
extended start and rise times, suggesting a slower foam expansion. Notably, the
E'RTOFA_TMP_AA BD_Acryl foam formulated using tall oil-based acrylate and acetoacetate
had the longest start and rise durations among all samples. The significant influence of
monomer origin on the rising behaviour of the developed polymer foams was observed.

The slower rising profile can be attributed to the presence of longer alkyl chains in both bio-
based acceptors. This structural characteristic influences the curing process, leading to a more
gradual expansion of the foam. Also, this complexity introduces steric hindrance, which can
interfere with the reaction process. The branched nature of these molecules makes the acrylic
groups less accessible, slowing down the curing parameters.
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Fig. 4.2. The rise curve of the rise curve of developed polymer foam samples.

Table 4.1

Characteristic of Developed Foams Rising Profile

Polymer foam sample Start time, s Rise time, s
Bio-based donor and EFTOFA_TMP_AA_BPAEDA 42.9 795
petrochemical-based E'RTOFA_TMP_AA TMPTA 34.2 56.6
acceptor ERTOFA_TMP_AA_PETA 205 34.8
Bio-based donor and EWTOFA_TMP_AA_ESOA 57.9 163.7
bio-based acceptor E'RTOFA_TMP_AA BD_Acryl 87.6 187.8

From DSC data (Fig. 4.3 a) for foams derived from a combination of bio-based donors and
petrochemical-based acceptors, the Tgpscy Vvalues ranged from 16.8°C for
E'RTOFA_TMP_AA_BPAEDA to 85.5°C for E'RTOFA_TMP_AA_PETA. Notably, the
E'RTOFA_TMP_AA_PETA foam, which incorporated a tetra-functional acrylate, exhibited the
highest Tqpsc) because of a more cross-linked and rigid structure. In contrast, foams with bio-
based donor and bio-based acceptor components displayed lower Tgpsc)y values, with
E'RTOFA_TMP_AA_ESOA and E'RTOFA_TMP_AA_BD_Acryl registering negative Tqpsc)
values of —1.9 °C and —9.7 °C, respectively. These differences highlight the influence of raw
material sources (bio-based, petrochemical) and chemical structures (functionality, branching,
molecular weight) on the properties of the resulting polymer foams. The same trend was
observed in the case of DMA tests when determining Tgoma) values from the tand curves
(Fig. 4.3 b).
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Fig. 4.3. DSC (10 °C-min™) and DMA (3 °C-min%, 1 Hz, 5 N) results of developed polymer
foams: a) DSC curves; b) DMA tand.

The thermal degradation process of the developed polymer was determined by TGA
(Fig. 4.4). For foams derived from bio-based donor and petrochemical-based acceptor, the
functionality of the acrylate plays a pivotal role in determining the onset temperature. Although
the temperatures were relatively similar, foam E'RTOFA_TMP_AA_PETA formulated with a
tetra-functional acrylate exhibited the highest onset temperature of 374.6 °C, followed by foam
E'RTOFA_ TMP_AA TMPTA formulated with the trifunctional acrylate, and
E'RTOFA_TMP_AA_BPAEDA with the difunctional acrylate. The increase in functionality of
the acrylate and cross-link density of the polymer network results in enhanced thermal stability.
This observation aligns with other studies found in the literature [100].
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Fig. 4.4. TGA (10 °C-min™%) weight loss and derivative curves of developed polymer foam
samples.

E'RTOFA TMP_AA ESOA and E™TOFA_TMP_AA BD_Acryl exhibited onset
temperatures of 354.8 °C and 359.6 °C, respectively. These values were slightly lower than
those observed for partly petrochemical-based foams, suggesting a somewhat reduced thermal
stability for the bio-based samples. This could be attributed to the inherent molecular structures
of bio-based materials.

When considering the residue left at 675 °C, the bio-based foams leave significantly lower
amounts, with E'RTOFA_TMP_AA_ESOA and E'RTOFA_TMP_AA_BD_Acryl registering
residues of 1.02 % and 1.50 %, respectively. Among the partly petrochemical-based foams,
E'RTOFA TMP_AA PETA left the highest residue of 4.65%, followed by
E'RTOFA_TMP_AA TMPTA and E'TOFA_TMP_AA BPAEDA. This indicates that
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polymer foams obtained from higher functionality acrylates tend to form a more stable char
structure during thermal degradation.

The thermal conductivity coefficient (A) of the foams showed a clear correlation with their
composition (Table 4.2). Notably, foams with petrochemical-based acceptors generally
exhibited lower A values, indicating better thermal insulation capabilities. One possible reason
was the higher closed cell content (E'RTOFA_TMP_AA_TMPTA,
E'RTOFA_TMP_AA_PETA). For instance, E'RTOFA TMP AA PETA, with a A of
30.7 mW-(m-K) !, demonstrated the effectiveness of incorporating petrochemical components
in enhancing thermal insulation. Conversely, foams from both bio-based Michael components
exhibited higher A values (46.7 mW-(m-K)™' and 44.5 mW-(m-K)!). On the other hand, the
thermal insulation properties of the developed foams are good compared to other innovative
insulation materials produced from bio-based and/or recycled feedstock. Liao et al. investigated
cellulose-based multifunctional foam with a A of 48.2 mW-(m-K) !, emphasizing good thermal
insulation properties [101]. Pal et al. reported other insulation materials with good thermal
conductivity, highlighting cork (40 mW-(m-K)™!), recycled glass (44 mW-(m-K)™'), recycled
cotton (42 mW-(m-K)™'), and glass wool (40 mW-(m-K)™') as effective alternatives making
them suitable for various building applications [102].

As can be seen, A depends on both the apparent density and the closed-cell content. Foams
with higher closed-cell content typically demonstrate better thermal insulation properties. In
this context, the partly petrochemical-based foams (from TMPTA and PETA) generally
exhibited higher closed-cell contents, as seen in E'RTOFA_TMP_AA_PETA with a Vciosed Of
72.4 %. This suggests that the incorporation of petrochemical components may contribute to a
more closed-cell structure. Higher apparent density was observed in foams from both bio-based
Michael components compared to foams from petrochemical Michael acceptor. This difference
in apparent density can be attributed to the intrinsic material properties of both bio-based
components, which might lead to a more compact structure, resulting in worse thermal
insulation properties.

Table 4.2
The Thermal Cconductivity, Apparent Density, and Closed-Cell Content of Developed Foams

Apparent p,

Polymer foam sample A, mW-(m-K)™! kg'm Velosed, %0
Bio-based donor and ETOFA_TMP_AA_BPAEDA 38.8 110.1 7.7
petrochemical-based ~ E'RTOFA_TMP_AA _TMPTA 32.3 111.1 68.7
acceptar E'RTOFA_TMP_AA_PETA 30.7 108.1 724
Bio-based donor and ERTOFA_TMP_AA_ESOA 46.7 173.8 32.7
bio-based acceptor E'RTOFA_TMP_AA _BD_Acryl 445 143.9 453

To enhance the thermal insulation of foams derived from both bio-based Michael
components, exploring alternative, more suitable additives such as blowing agents and
surfactants could be crucial in creating a foam structure more apt for insulation purposes. This
research provides only an insight into the development of bio-based polymer foams using the
Michael reaction as additives using chemicals suitable for the most popular closed-cell foam
materials — rigid polyurethane foams [103].
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The SEM images (Table 4.3) showed the morphology of the developed thermoset foams.
Across the images, there was a noticeable consistency in cell shape and distribution, which is
important for the foam's performance in its intended application.

E'RTOFA_TMP_AA BPAEDA foam was marked by its large pores (~410 um).
E'RTOFA_TMP_AA TMPTA foams present a tighter, more uniform pore structure with
visibly smaller pores (~ 260 pm) than E'RTOFA_TMP_AA_BPAEDA foam.

Table 4.3
SEM Images of the Foams, Taken Parallel and Perpendicular to the Direction of Foaming
Polymer foam sample X perpendicufls;r:ﬁr:e direction of Z parallel to the direction of foaming

ERTOFA_TMP_AA_BPAEDA

ERTOFA_TMP_AA_TMPTA

ERTOFA_TMP_AA_PETA

ERTOFA_TMP_AA_ESOA

ERTOFA_TMP_AA_BD_Acryl
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It was clearly visible that the functionality of the used monomer significantly influenced the
cell size of polymer foams. Monomers with higher functionality, like PETA (f = 4), tended to
form highly cross-linked networks, leading to smaller cells (~ 150 um). In contrast, monomers
with lower functionality, such as BPAEDA (f = 2), resulted in foam with larger cell sizes, as
there were fewer cross-linking points, allowing more significant expansion and resulting in a
softer foam. TMPTA with intermediate functionality (f = 3) produced a medium cell size.

The foams, especially E'RTOFA_TMP_AA_BPAEDA and foams from bio-based donor
and bio-based acceptor, had an open-cell structure. The varying sizes and interconnected nature
of the cells can be particularly effective for sound absorption. The irregularities in cell size and
inter-connected porosity can help trap and dissipate sound waves at different frequencies,
making the foam a good candidate for acoustic insulation [104]. In applications like padding or
insulation where air circulation is beneficial, the open cells provide breathability, which can
contribute to thermal comfort [105].

There were no significant morphological differences between the cuts parallel and
perpendicular to the direction of foam growth. The pore structure, size, and distribution
appeared consistent across both orientations, suggesting quite isotropic foam characteristics.
Only sample E'RTOFA_TMP_AA_BD_Acryl indicated possible pore size anisotropy in
parallel cut to the direction of foam growth. E'RTOFA_TMP_AA BD_Acryl foam had an
average cell size of 360 um in perpendicular to the direction of foaming, but in parallel to the
direction of foaming the average width was 360 um, but average length was 560 pm.

The compression strength and modulus were evaluated both parallel (Z) and perpendicular
(X) to the direction of foam rise of developed polymer foams (Fig. 4.5 and Table 4.4).
E'RTOFA_TMP_AA_BPAEDA, E'RTOFA_TMP_AA_TMPTA, and
E'RTOFA_TMP_AA_PETA foams demonstrated varying degrees of compression strength.
E'RTOFA_TMP_AA_ BPAEDA foam, with compression strengths of 0.0073 MPa in the X
direction and 0.0092 MPa in the Z direction, were less rigid and more flexible, potentially useful
in  applications where flexibility is a key requirement. In  contrast,
E'RTOFA_TMP_AA_TMPTA and E'RTOFA_TMP_AA_PETA foams exhibited much higher
compression strengths (~ 0.27 MPa and ~ 0.40 MPa, respectively), indicating a more rigid
structure. This allows for foams to be used as a thermal insulation material or other potential
applications for civil engineering. This rigidity makes these materials suitable for applications
where higher mechanical strength and load-bearing capability are essential.

Additionally, the variation in compression strength between the X and Z directions,
especially for E'RTOFA_TMP_AA_BD_Acryl foam, pointed to a slight anisotropic nature of
these materials. The slight anisotropy of the materials can be explained by the differences in
the cell morphology. This anisotropy is crucial in applications where the direction of stress
application varies. Contrarily, E'RSTOFA_TMP_AA_TMPTA, E'RTOFA_TMP_AA_PETA and
E'RTOFA_TMP_AA_ESOA foams showed isotropic compression strength properties.
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Fig. 4.5. Compression test (pre-load 2 N, 2 %-min™*) curves of foam: a) perpendicular (X) to
the direction of foam rise; b) parallel (Z) to the direction of foam.

Abolins et al. developed rigid polyurethane foams based on various formulations of tall oil
polyols with a A of around 22 mW-(m-K) ! and compression strength of around 0.2 MPa, a
value typical for materials used in civil engineering applications [38]. Although rigid
polyurethane foams have slightly better thermal insulation capabilities and lower apparent
density, there is a reason to believe that in this work obtained materials can compete with partly
bio-based polyurethane foam materials in this area because the foam materials obtained in this
study have significantly better compressive strength in the case of foam, reaching up to
0.4 MPa. The decrease of the apparent density could be achieved by the optimization of the
foaming process, catalyst package and blowing agent content.

Table 4.4
The Mechanical Properties of Developed Foams
X z
Polymer foam sample
E(,ijr;")’ 610%, MPa E'(\‘:/ng), 610%, MPa

) E'RTOFA_TMP_AA_BPAEDA 0.041 0.0073 0.079 0.0092
Bio-based donor and
petrochemical-based E'RTOFA_TMP_AA_TMPTA 7.6 0.274 5.1 0.263
acceptor

E'RTOFA_TMP_AA_PETA 9.7 0.39 7.6 0.400

Bio-based donor and E'RTOFA_TMP_AA_ESOA 0.10 0.0158 0.12 0.0147
bio-based acceptor  gIRTOFA_TMP_AA_BD_Acryl 0.12 0.0111 0.09 0.0074
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CONCLUSIONS

1. Precursors for the Michael components can be successfully synthesised from tall oil fatty
acids through double bond epoxidation and subsequent cleavage of oxirane rings and
esterification of carboxyl groups with alcohols. Further from precursors can be synthesised:

e the Michael donors by a transesterification reaction of hydroxyl groups with
tert-butyl acetoacetate;

e the Michael acceptors by acylation reaction of hydroxyl groups with acryloyl
chloride.

2. Polymers from tall oil-based Michael donors and petrochemical Michael acceptors
(bisphenol A ethoxylate diacrylate, trimethylolpropane triacrylate, pentaerythritol
tetraacrylate) were successfully developed. By using components with lower functionality,
viscoelastic polymeric materials with rubber-like properties can be synthesised
(E'RTOFA_BD_AA_BPAEDA: Eensile) = 8 MPa, 6max = 4 MPa, £ = 55 %), while the use of
higher functionality components allows to obtain rigid, glassy polymer materials
(E'RTOFA_TMP_AA_PETA: E(tensite) 2370 MPa, 6max = 44 MPa, £ = 1.9 %).

3. Polymers from tall oil-based Michael donors and tall oil-based Michael acceptors were
successfully developed. The polymers derived from E'RTOFA _BD_Acryl exhibited the
viscoelastic properties (E'RTOFA_BD_AA_BD_Acryl: Eensile) = 15 MPa, omax=0.9 MPa,
& = 27 %), while E'RTOFA_TMP_Acryl exhibited properties more like rigid, glassy resins
(E'RTOFA_TMP_AA_TMP_Acryl: Eensie) = 1760 MPa, omax = 16.1 MPa, £ = 17 %).

4. Polymer foams from tall oil-based Michael donor combined with various origins Michael
acceptor (petrochemical-based — bisphenol A ethoxylate diacrylate, trimethylolpropane
triacrylate, pentaerythritol tetraacrylate — and bio-based — epoxidized soybean oil acrylate,
synthesised tall oil-based acrylate) were successfully developed via the Michael reaction.
Bio-based donor and petrochemical-based acceptor foams demonstrated high glass transition
temperatures (up to 85.5 °C by DSC, 108.6 °C by DMA), excellent thermal insulation (as
low as 30.7 mW-(m-K) "), and great mechanical strength (around 0.40 MPa). Polymer foam
from bio-based both Michael components was characterized by properties fitting for flexible
foam applications. All foams exhibited high thermal stability up to 350 °C.
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