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is thesis tackles two critical chall enges in
ocyanates from polyurethane (PU) synthesi s, art
oduciimpcyamate polyureytbhlam@dsc ¢ NV Esi))orfalompaley

PU material s. These challengest lheexyt eamde balyoso do
vironment al and societal, as plastic waste con
respomwse K fahims -per fdeervmed rocpe hNIghUs directly fro
ntributing to the creation of sustainabl e mate
t within the fHEJaDneBworrokp eoafnitghred eNdlicPtlat wdi tb adv al
-in®socyanate polyurethanes.
e thesis Dbegins with -¢cédédi detshgm) ormatbpeos ieyd | osx au
|l y¢axbonat es) as precurdgorese. detprordygnilerazat i dn
I | owe-dnibtyi adMea ¢ hii ok chemi stry, functional pol
abilitiyunarntd opasti z aet i ©yn tphoetseinzte da.l Twheirs process
cycling routebtabatt poagmbor wmasC® into chemica
PUs .
e focus then shifts to the chemical recycling
pol ymerized under both acidic and ailnrkaanmelnye, aq!
l yglycer ool and di ami nes. rTenierstee greactoevde rierdt d ufid &
creaygensrratoin@n NI PU foams with up to 63% r ec
ructural integrity or thermal properties. This
op rezgyghkiléewnwagblie for NIPU foamReaaderirzimhbdt hata
asibility alone is insufficienttegoaeedaliubheéeCyp
sessment (LCA) was conducteebfff e quawomtci ay et hevi
cycling. ThiedasaVgsabk e¢édparttoinanelnarally hrod Isptod &
l vent recovery, -vahnedr en eoupttriamii zzaattii oonn waagse nntesc e s s a |

refisesdwpsodevel oped that significantly reduce

rticularly in terms of <climate change and reso
erall, this work demonstr apteersf arhnaan c eh eNIsBUst hfers
ste is not only possible, but also scalabl e a

mbi ning green c¢hemi sstyrsyt,e nwa stthei nwka Inogr itzoat b winl, d

chnol ogies from the ground up.



R®s um®

Cette th se aborde deux d®fis majeurs de | a sci e
i socyanates toxigqgues dans |l a synth se des polyu
pour produire des polNyPUPt Hames tnan dies ooy aymma treess
mat ®r i aux NI PU recycl ®s. Ces enjeux d®passent I
®gal ement profond®ment environnementaux et soci
contiausfdaacdumul er dans | es d®charges et | es ®co
d®vel opper des NIPU de haute performance directe

|l a cr®ation de mat®ri auculdarabél e€etbe-uschpewuch
l e cadre du prE€d®dt ee®HO@P®eN | MlaRRBhncement du dom
i socyanates.

La th se d®bute par |l a concepticoonhide®tmae ®r , aex I
des poclayr(booxnoat e syc oimineu prd®Cc uUCB®eurs. GrO©ce ° une d
catalyseur, par aminolysenesunvte®dbépae UW) mies "
fonctionnels ° haute stabifon®tibean@t ®sayebh®oOhe
Ce proc®d® illustre une voie prometteuse ede surc
CGen NIPU chimiguement riches et structurell emen
Léattention se porte ensuite sur |l e recyclage ¢

d®pol ym®ri s®es dans des conditions agueuses acic

savoir, l e polyglyc®r ol iettutliefss dri®cmipn&rs®s Coenst @t
nouvelles formulations de mousses, donnant nai s
contenant jusqud” 63 % de mati re recycl ®e, sart
propri ®tuRess .t hCeertntieq approche d®montr e, pour la p
ferm®e est r®alisable pour |l es mousses NIPU dans
Conscients que | a faisabilit® technique ne suffi
(ACV) compl te, de type "du berceau ° |l a tombe
environnementaux | i ®s auysecgpclmage edhes®RvNIdRW.c e C¢
cr i t-ingouteasmme nt  Gutilisation do®l ectricit®, I a
neutrabusabhdotnn®cessit® des optimisations. €& patrt
d®vel opipsGa,ntr &diugni fi cati vement l es i mpacts envir
particulier en termes de changem®mamnhscl matieagqbé¢ e
travail d®montre que |l a synth se de NIPU fonctio
non seul ement r®al i sabl e, mai s ®gal ement ®vol ut

propose une feoambilmredechiomitie pyewtec valorisation

afin de cohebltagresdpol ymcres durables d s | eur



Re s umen

Esta tesis aborda dos desaf2o0s fundamental es en
el i minar | os i socianatos t-xicos en | a s2ntesi s
estrategias efi caces-ipairan gotroosd u(cNIrP p)ola upraerttainro sd

convencionales o de materiales NIPU ya existent

t ®cni co, sino tambi ®n profundamente ambientales
acumwls&nden vertederos y ecosistemas natural es.
objetivo desarroll ar NI PU de alto rendi mi ento
contribuyendo as? a |l a creaci- -n der analtEsrtiiachd tk.s
i nvestigaci-n se realiz- eBJEk,|] dadicoadelalprawarcd
|l os poli-usetihaanatays.

La tesis comienza con el di secfdoi @@t ena) eru tail leisz are
carbonat os) d:ecroimwa dprse cdugls 0 €6 s . Medi ante una de
catalizador por amin-lisis,esegunidai deaupar read
sintetizaron poli(oxazolidonas) funci onpad-sets con
funcionalizaci - n. Este proceso representa una \
resi duos pgeti m®dose®rsdelN|I PQJO estructural mente di v
enriquecidos.

El enfoque se traslada |l uego al reciclaje qu2mic
fueron despolimerizadas en condiciones acuosas

poligliceroHstysdibdmignes. de construcci-n recupe
formul aci ones para producir espumas NI PU de seg
reciclado, sin comprometer l a integri daatde ge sat r u-
demuestra,veanr @ue melrareciclaje en circuito cer.
condiciones suaves y escal abl es.

Conscientes de que |l a viabilidad t®cnica por s?

cabo un An8lisis de Ciclo de Vida (ACV) compl et c

i mpactos ambient al es Uas cecsitaed casn 8dli sriesciicdleanjte fdec - N

particul ar el consumo de &electricidad, l a recu
neutr a-lqgiuzeacriequer 2 aA parttimi zdei et os hall azgos,
mej orado rgduj o significativamente | os i mpactos
especial mente en | o relativo aHn ccaombjiuntool,i ne8stti e
demuestra que | a s2ntesis de NIPU funcionales vy
no solo es posible, sino tambi ®n escal able y amt
combinar | alqu¥mlonivacden de residuos y el pens

tecnol og? asstpeoniibmM®esi cdaess dse0 su ori gen.
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1 Circidhiarki ng

ADond6t plant anything but i Rumigyi Pgrsiandiphi

Every action has a consequence. This fundame
validated by modern scientific inquiry, t eac
mi nor gestures to mhaadrsdmineosy agdbmem ciam@ide din satc

somextend through sever al generati ons.

This widely accepted prinwhptewendiucatdes ctom

di sceacrhdo t hrough time. I n the modern worl d, \
corner of the biosphere, t hese cearnts eqguwegr ceesss
made maj or | mpr ovsetmneemdaarldsso bluats ey tleidvi ngense
natur al systems. The Earth now has a popul at
consumption and waste to |l evels never seen b
and necessitrmnetli mkisygtemahuman | ifestyl es a
With this in mind, the framework of sustaine
obligation. The goal of sustainability is t
ecol ogi cal boundari es, ensuringsohateds osayt!

future generations could meet their needs. |
di mensions and emphasizes that theseFipgl |l ar s
1.

Sustainability

Economic

)
: Rone

Fig. Three pillars of sustainability
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True sustainability exists in the intersect
environmental | imits with the basic rights a
functions as the basis for pblecgiceebtngnca
habits across bot H ngl2ddhbal, @an &Kk elyo csale ps cwaalse st.a
into practice, when the United Nations adopt
[ 1] They introduced 17 Sustainabl e Devel opme
addressing everything from poverty and <cl e.
produ€t gon2(hese goals emphasize that envirao

from social justice and economic transfor mat

GOOD HEALTH QUALITY
AND WELL-BEING EDUCATION

DECENT WORK AND 9 INDUSTRY, INNOVATION 1 0 REDUCED
ECONOMIC GROWTH ANDINFRASTRUCTURE INEOUA[ITIES

il ‘5’

&

i use R 6 | 1

@%_ﬁz@

Fig. 127 sustainable devel opment goals (https:

Pl astics sit at the heart of this sustainabi
mat erials because they were durable and ver
complicated relationship betewmesrdmr ommonrewvnd rail e mae
production and use of plastics have grown dr
had climbed to 400 milliotnhinteds icommpnsed wa ft
products that qui cklI|dudteicomei svaesdteii@matde thehtead r
by 20250Data indicate that approximately 7.0 «L
gl ob-d191%y has been incinerated, 50% buried in
environment, and a mef8] PYhasuccess dfeumlolngstratct
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technol ogi cal progress and ecological t hrea
transport emissions, and-llasltpagheaalttumear esium
environmentBVerpyol ye@ai on8 nm |l aienr eloaas eod ipn
affecting over [7400T heairri nfea bsrpieccai teiso n, uti iz
reconsideration through a | ifecycle perspect
we-cbnsi dered design and responsi bl e organi ze
i's I mportmant gate their I mpacts and increase
needss] | nstead of assessing enlviike@npreand-adt ii onp

|l ife cycle thinking considers the whole pro

processing, through manufacturim®Bg &®&f4d use, t
Wi thout-ptbtardigi ew, interventions made wit
outcomes. This is known as burden siiafsteidng.

pl a-sotfitcen perceiv-edd gssosuskedi Malrheer eme wa bad re
sugarcane and has a relatively [ DwHoweben,
intensive agriculture needed for PLA feedsto

poll utionuseancdonlfamdt s. Mor eover, PLA' s C om
industrial conditions rareltyhwag,ceistsi dflteen nemgy
|l i ke conventional pl astics. Il n contrast, po
bi odegradabl e but is more widely 4dmBd d&fhfiisci e
explains how materials that initially appear
ot her stages, pointing out t hbeasi entboegValnwceat ioa
10,. 11]

Thi insight is also important when consider

s

cat egor i-leoso:p cal-hodsoepdp elisd) e m3 ] Ql-losscepd recycl i ng Kk
mat erial 6s composition and reuwsels agd recydlei
bottles into[ h&WOpPeEnTp broetctyl celsi ng, or downcycl
i nt o-viladweer product s, -rvelciyccH adrle Upsluigd thieg mretxit o wcg
both approaches reduce Vvi rlgoonp rseyssotuerntse tdheame

mat erial 6s quality and value over ti me.
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® -y ® -

Use Collection Use Collection
Closed-loop Open-loop
recycling recycling
Recycle
Recycle

Manufacturing Manufacturing Recovery

Recovery

Same or similar
product

Different product

Fig. SXhematic replrecentdanwcdiddp;cit @B ddp ey

Toget her, these approaches merge within a |
l i near mothe Kilesodfi s"ptdeskee,.)" 4(A e c i rkciugl)a ré Bntoednep t s(
keep material valwue by prolonging their 1|ife
The goal is not only to reduce environment al
does not exi 1 Ai ktegntpiaonnalolfy t hi s model i's t|
designed for their nbyt chrteéulki nbei tbheobedE
system architecture, and alignment with curr
[ 1.5]

. m Raw materials
=

20503

[,

==
& i

Linear Economy

Circular Economy

Fig. S4hematic representing (A) |linear econom)
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To transition to a circular economy for pl a:
chain i-fsrmmmedaw materi al choice and pr-oduct
od i fe management :baBieadpImadteirc 2l ancatrlzber e@wmalsu:

wi t h fcwlcll el iafssessmeshsftongvoid burden

These 1 nter consnuescttaeidn asbtirlatteygi elsi fe cycle thi
econdmy m the conceptual foundation of this t
which the environment al i mpacatsed,f amad eul @&l
redesigned. The challenge is not only repla
entire systenfrofmnbeseirgmant of ldomepbbkat i s rege
and aligned with t hpel snreeetd.s of both peopl e an

- o o ~

~ -

- = < o n

_— -+

u
(0]
u
n

Pol yur €h eaminset Apyp laincdat i on

e devel opment of ipol yeaelkthamass o( BU as t ha
emsel ves. I n 1937 Otto Bayer together with
emi[slt6rj]yt s i ndustri al applicability Frapidl.y
sed coatings were employed to i mpregnate
sistant to chemical warfare agents, such e
mbi nation of chemical resi stance and meche
eir widespgéadsuamer cnaft ghi ni s hersesansdd amhe
atings for diverse substr[ai. 2T hseuscen eaasr |nye tsal
hanced the wversatility and robustness of
dustrial and consumer mat.&t growth over t

e success of PU materials rests on the exc
e wide variety &1i g)av &dallladbwiengmofn@mehsgll y
rategi es. The electrophilic character of
ecwirtohndr awi ng effects of adjacent nitroge
l nerabl e to [nuX]IReoapchiiloinc oat tiascokcyanates wi
rmati on of ukieg.habeéwhleirerlasgerseaCti on with
ncti ofniagl)i[tBA@]sWa( er can al so react with 1 sc
stable carbamic acid intermediate that rap

oxi d 20 COhe amine formed from the reactic
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cyanat e, thus creating a urea |inkage an
duced during the hydrolysis of isocyanate
foam pFiogucAa,.o n2 3(]

mechani cal properties of the resulting
uctures of the starting materials: aromat
n aliphatic typeg)[ &P oll Il samd eHMDIh e(r k.
chemi stry: fl exi bl e chsadfnt ppdIlyyrher s( saircihs ec
col (PEG), polypropylene glycol (PPG), or
ecul ar weightisng,wiwtltherleaw crriogisd i amrkd t oug]l
ough short ¢ hmaoinno eptohlyyl oel nse -Ifgiltyyga) aeldain dddynodo nlt, adi
her degreeki )f ZH bMeséown&i hgpdl yet her poly
de offer good flexibility but | ower oxi da
erior strengf B6 bAiRd/ijptti ohniag hleyr, caohset smol ar r
d segments also plays a key role in deteti

ing a higher content of hard blocks | ead

domestic applai dandgdos,c kwhiblht ent | eads to soft

i n
of
car
app
of
i nc
can

f un

cushioni ng, adphreosoifviensg, [alhédhteedaantitieomnaddinea c op e

precursors and theimcaecropndrn atait o m nesf, \ argiea un
ef ul selection lodadpsr otceasmg ewg alfe o d)i tpirocompse
l'i ¢2¥di10dInsi maeepyopehties canpbeciés@etlt yomc
mosg bmerr rel astyinttidnoe ¢ & mptreoncte,ssi ng condi ti o
or ploz.®jor odepth discussion on the wide r al
obt ai n, and consequently ‘their vast ap

dament al textbooks of the field, such as

Scn e, Technol ogy, [ M&]Jraknedt sT,h ea nRdo | Tyruernedtsh ane s [

and

g.3.0e e
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o) 0
O0=C=N—8-N=C=0 + HO~/vOH —> OCN-(C\NJJ\OA/V\‘\‘OJLN));NCO
H H

Chain ext

0 0
+ HO-8—OH ANJLOA_A,NOJLNANJLOAO)'
o o H H H m
oonde, J I shnco
H H
+ HN"NH ﬁ\ JU )OL
NN AN o007 R N"‘N)’
H H H Hi
PU foam
& NP S WP &
A PP A S +
°°“f‘~uJLo,v\No)Lu");N°° + HO — (JLu NSOV VO NTINTON n)m

Blowing process

2 -

—NCO+ H,0 — \HJLOH —@—NH,+CO,

[o] (o] [o] [0} (o]
JENY N S OJLN'.\N}[JLO’.\OJLN'.\NT
H H H H H H
- m
Soft segment " Hard segment
HO. H Ho(\)\ H HO(\/\/\ )H OH HO.
f/\o)n o)n On HO N\ NN NoH
Ethylene glycol 1,4-butanediol
Polyethylene polypropylene polytetramethylene
glycol glycols glycols
o] (o] o o
oo ongt oA,
n
Poly(carbonate) diol Poly(ester) diol

7

PU Thermoplastics

Fig. Sschematic represendpiohygmeA)-egBiphlidaaassrusedPUnpt ée

PU; (C) PU foam for mul abtuiolnd i n(gD)b Icoocnknso nu siesdo ciyna ntahtee sy
hard segments in PrUatriecrul ting in phase sepa

Il n fact, PU ranks as the seventh most wi del
production of arounPd3.2FThme IRU oma rtkoents ipsert yypei
five main segments of varying sizes: foams,
mar ket share; coatings, accounting for 13%;

up 7%; and biomgdcomprapphgctthe onefag[.8iBng 3%
35]
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PU market by application (2022)
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ncentrati on[s4.lablonveusde, ppmocyanates pose s
spiratory and skin irritations. Growing pL
rrounding the hazards associated wit-h thes
r examplnce 2009, consumer PU formul ations
more than 0. 1% w[ &R40/f resi dual i socyanat e
Strateghansncacttlae nabi l ity of PUs

el evate the overall sustainability of PUs
ages of their i f e cycl e: t he producti o
vironmentally friendly f&p]mad etdhiafl es npghnads es
ere recycling strategies seek to r[eddéulce er
cent advancements in isocyanate sgmddresi s
emj strying to reduce t hseucnhe eads ,fpolrp shgaezmaer rdioa
emical [ 47y ategi es

reover, significant advancement bhbaas etbeen
ocyanates to further enhance sustainabil i
om -ieginved buil ding blocks such arstisuysri n;q
arrangemegnM8]Sumrabegl esand vanillic alcohol
omas s, have been uséddsed drepacgilmatieds WBi

kyl ation followed by amine fidOfiFomahezmadbr
ent igdiei socyanate (PMDI ), st rdeatiwreal liy ogprha
i socyanate (I PDI ), h adse r b emeend t spiygroicraenfs 5nGele d  f r

spite numer ous adfvraenec esmemttise tiinc prhooustgeesn ea n d
renewabl e monomer sources, the industri al
ghly opti-enff zedt ianmel, cpessi ng mnatigne fi eahnoll
reover, whi | e sever al bi obased Il socyanat
ailability remains | imited, and most ar e
netrati emcaiet @rbdugeéei ont.oxGicvietny tahned ihnatnrdiln
soci at ed wietgha ridsloecsysa ndaf¢ etsh eniars dreiegni gr owi ng
st decade in developing alternative <c¢hemi

ocyanat es. THhseoscey aenmeetreg ianpgp rnocanc hes not onl vy
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in safety but al so align more closely with

devel opments willséeBfamnt her discussed in

2. 2Relcycling of PUs

I n ter msdl ioffe emalnagement , the complex chemic
chall enges. The npagrotriictuyl aorfl ya pcpd a tcianrgeso, b sasdehde s
on thermoset formulations, whoesce aclrloy§ sdyifnfk ecd
7provides a comprehensive overview of the P
mat eri al sb a speed rlod seeudny 0 manufacturing, -produc

off i fe options. Thi s sec hfeumadta ntce nctlae a rdiyf fielrleunsc
and circular pathways in PU materi al fl ows.
strategi es, which are designed to reintegra
mechani cal rkeacrycilnggf deemgscr ags), chemical r
into monomers or polyols), or reuse in secor
waste from going through normal disposal rou
onhet | ower right. The goal i s to reduce t he

associated with PU products by closing the

is recycled, 39. 5% undergoes ener[ghyl |-ewover

density PU f oams, i n particular, occupy subs

reaching nearly 26 million metric tons in 2

urgent intervention is neefl&@]to reduce its
&

Recycling

@@ %Pelrdﬂ;-based ‘
=

AN

Reusing

Y

BIO
LW
Natural Raw materials Monomer PU production Disposal Incineration and
resources extraction synthesis landfilling

Fig. General scheme of PU |ife cycle

Thermoset PUs cannot be reprocessed through

used for thermoplastics. As a result, mechan
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uch as shredding, foll owed by 71 ebc
This process is commonly applied t
el ding rebondedvanautee ra pad ksh ctaytyi i acreagl p s
and foam panels for sound insul ati ¢
s wel | as|[ b.B8 EWhoirlieg i nmeacl h aPnU cnealt erre cayl cs
l'y extend the | ife of PU materi al s
ng or incineration, as mechanical p

Iy, current data sugygelstes téalaondehd
has reached saturation, suggestincg
by t hil[sb.4]elchyucsl,i nagl tpeartnhatayw e r ecycl i
to valorize these matde2r,i ablhs raensdp opnrs
search efforts have increasingly ir
techniques and novel approaches to
chall enges. I nnpesi he¢inRledni yl@€dQy ane r s
el atively I|-moew trreaald trrieemencebi@mngii €rss  anm

for che[mb.€ pAlc td evpaotliyomme roifz asttiacbn e c ar t

the use of a catalyst, most commonly a stron
c t7fen®. 4( DBUndecThese bases facil it
| i ce acdrilbvearhd toen iorft eerhmedi at e, enabl i
ty of chemical met hods can be utild]i

[ 5.A] vari e
hydr o158 i

saci[d@alsy]lsdlIsy[c®By]samsd a[mFO0Figs i s
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their virgld6twawdasegad,aurlt scontr ol of the reac

producing pure producpsodndt seducing unwant e

2. 2.Aci2dol ysi s

i s method involves the depolymerization of

o

h

di pic, succinic, maleic, d&rr ephtchoanldiict iaocnisd)a,r
emper ati2l3®ds A&€3,907 7, The8]reacti on breaks t h
unctionali zed polyols and urea/ amide deri va
oth soft andFihgB)r.d Lsetgareyn,t si t( has -aBseéemst edo
ci delsysicd al |y ussingniZiicantalcyet ®atndhances de
chieving up to 97% depol §3nelrhiez autsieo ro fwimti fcir o w
u
u
c
e
S

- 9 QO T —h

rther enhance kinetics, shortening reactio
ality of rletO]vMorreed rpeoghdyrmtdlesy ,acv alpdry si s usir

o O

i ds or t heir anhydrides was introduced,

—+

mper atures (<150 AcC), t hus reducing ener
t er i[f7i.9c]atoircerover, studies have demonstrate:
acidolysis of PU foams can be reused not onl
but also in PU adhesives (PUAs), witvh rmemhan
mat ef 6.2l $hrough acidol ysi s, hard segment re
di amines such as toluene diamine can be rec
hydroggb.81i on

2. 2.@Al.y3col ysi s

Glycolysis is currently the most devel oped
foams, both flexible and rigid. It inv-olves
Il i ke reaction between the ur etehane clod n d(sDEd&r)
ethylené&i g))y8611 {dustrially, glycolysis 1is
temper atiae®sAC)L7with the aid of basic cat a
compounds such [@a67kSpdrnteuy|l yctod ygtse s, using a
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agent , all ows the reaction mixture to separ:
recovered polyol and a bottom phase contai ni
byprodae&t s8hlis facilitates the purification
reusable in flexible and rigid foam applic:

assisted glycolysis, which significpmotilty sh
pbyol r[e8c2o,v e]r eover, appr oaxshxisstladckeqglpyrndlaye:
enhance depolymerization efficiency and yi el
foam formMud atdOmsough glycolysis can efficie
qguality, it still requires high t dinfpgecriaet ur e
assessments (LCA) have reported that the env

virgin isocyanates to cogmppensate property 1| o

2. 2. Hydrolysis

Hydr ol ysiestiavla sweeldl chemi cal recycling strat
urethane |inkages through retempenatwuid amad
pressure ci®2mbdi iB0g nMP6aO]1BMWi s approach enabl es
of PU i nami peadywhtOsl e avoiding the use of orga
(Fig) 8ydrolytic depolymerization can be cor
(wet or dry), and is often] &7, & |MmewWp e mh datt &
systems at at mosdpherAc) piremisme e ( RPBAsA) i aryd

polyols have been reco|v&9]eFdu ritnh eyrimeolrdes, enxocveeel d

pressur-waedr C@i xtures exploit the in situ f
hydrol ysi s, of fering mil der reaction pathwa
byproduct [ 9.0 be@d piotne t he simplicity of i ts
techni al l,yof tkal Inecgisrsg tating harsh condit.i

acetat e, | e agb aasceedt ad eet,alaynsdt sCGuch as car boni

behavi

c
e

reaction rat[eO0,anflhbjsedeadtiivon yki neti-estdernypic
or , and t he degradati on mechani sm di
n

urethanes hydrolyze directly, whiB.&]Rmrz2yme t h

assisted hydrolysis using cutinases has al so
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pol y-B8t e8yst ems, demonstrating efficient dep:
50 AC) under gd®wRrdous conditions

While these recycling methods provide a rene
be discarded through incineration or | andfil
secondary feed of | ower quabantychAddengesaldl
high reactivity of polyisocyanates, which | ¢
al so allophanate, bi rR8t , Tdrirp airseadc y aon wirr att eh aln
thermodynamically stable groups are | ess sus
commer ci al PUs pr odpcaltysmerr tcloanp osfetde o fi rcol u
and polyols, separsatafmget hespokcymeonzati on p
identifying a suitab[ é65]delhpwd,y mehez atpipomt met
recycl ed mat driikael 9 rwiptelr tviersgiims st il | mostly
carried out, the proportion of recycled mate
| ow-4(01%)6 3, Dylercoming these | i mitations i s ¢
and circular PUOveaydlli,ngot esda mmileuamse.t hod i s
of fs exist bet ween efficiency, product qual.
need for process i ntegration, selective <ca
devel opment s.

2. 2.l Inddustrial 1 mplementation of PU chemical
I n addition to academic research, sever al i
projects on the chemical recycling of PUs, w
i's not surprising, as foams pepoersaentd tbest

particularly problematic waste strRAMPRuUue t

Group has developed chemical recycling tech
aminol ysi s t o rececvasumel Ydl €exdmben( pogt, m
furnitur e, automotive seats) . The company

performance comparable to virgin polyols anc
adhesi ves, coati ngs®owealmntesl | amadr dtoiaonrs wi t
demonstrated a process foolri fre cwe/teirdIngs PWi tf loa

manual di sassembly. The recovered foams <can
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processes for polyol recovery, illustrating
associated wi B Tjovemtrecyyalsi Wwgnavlesst grdoji enctlsar
PUReSmart and Circul ar Foam, which target b
buil di ng PiUn & wladitbhiecsre) i ni ti atives f ocpuusr iany ch
recovery of polyols and diamines, with the
for mul[@t8onFs i s advancing continuous depolym
foams fodbmfenappliances, particularly refri
polyols are intended for reuse i f oiomps wlyattiean
within the &pMHuinamaoeaamnsedtogret her with Shince!
fully recyclable thermoplastic polyurethane
conventional thermoset foams, TPU foams are
or chemicat¢y, reemohstrating how produdte de:
ma n a g g medrot]

Coll ectively, t @@ le atswrogl el sntproiratla nég f ftorretnsd s : (i
precidoncept chemistry toward scalable recycl
relevance, and (ii) the-f éerrecryedsdrirgge rr etctorganu g h
homogeneous formulations, or-ctame gueat by ft &
downstream processing and maxi mi ze recovery
terms of <cost, purityndfrasecocenueed, f ebesteodk
t hat recysélsi pmg ogfreB8ding from the | aboratory

thereby contributing to the emergence of mor

3 No+#h s ocyhRonlaytuer e iABuasnteasi:Eveod lueg i on |1 n
Chemistry

Despite advances in sustainable manufacturi
dependence on toxic isocyanates remains a ¢
sustai nabilseocuyseenatNeonpol yur et hanes ONSItPWu)X eha
response to the current l i mitations of trad
i socyanates and they ohbasdaddk fsegerd shtesd ks da nds/
resowBrudesss.quent sections wil Isepsr efscerntNItFhles daely
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their production methodol ogies and recycling

sustainable PU material s.

3. Different ways to synthesize NI PUs

Literaturdéougwrlinecepiaeés synthetic strategies

polycondensati on, mo | e coupearyri n gr e aprorlaynngeermeznat t
copol ymeri zatofonpolpyd waldide tdad amambonates to pol
del i ver extensive examinations of t hese Sy
evaluations of their functional mechani sms a
[ 101, .MdAr0O€dver, a recently introduced emergin
oxazolidone chemistry to produce recyclabl e
the following section.

3. 1Pdl ycond®nsatigo ®s

Polycondensation typmirmaMtlhy pmprlooeeeadsz atvvi an s be

car bamuantcet i onal i zed monomers such as dicarba
chl orides. Although these appr oac hhelsorairneatseydn
intermedi ates (e. g., di chl or of emonhaeterusli agxirt c ar
byroducts such as HCI, which compli ¢dd®08,pur.i

104] To overcome t hesfer eder awtbraatkes g i epsh-offsaneer e b e
i nstance, the reaction of diamideesvwdt hedgaeas
afford di carbamadO®&he nteamsediat bani zation of
polyols and the reaction of polycarbonates \
products (e.g., met hanol ), whereas the reacl
gener atFa gwa.t9eA (
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l1Rar r an-peesgadtth way s

arrangemennmtmerleya ctthieonCsur t i us, Hof ataonnns,t iatnudt el
other route for the synthesis of PU struct
om precursors such as acyl aE{®BesLA&®@]r boxa
e fundamental operation of these methods d
ich conflicts with the goal of fully el i mi
PU chemistry. Further mortehe steh ec hiemmitciad |l rneaatr

S
ssess significant toxicity and therlnall] i ns
fact, the decision to classify these path

om both regulatory and green chemistry per

1Ri3rog e n ipolgy mer i( ROPI) on

e opeagi ng polymerization (ROP) of strained
s been explored as a met hjodl Z ,¢FrilgsS)d/|n tThheessiez i

actions offer high atom economy-pamduavaseid
wever, they typically require elevated ten
rived from phosgene, such as phenyl <chloro

l1Ri4rmgeniconpgol ymeri zation (ROCOP)

contrast, aammipreindinmge sc oyprod gyrngea irziatg on ( ROC
rmiUsghr ough a di f[flel(Ee]®d) . meAd it ehroiuggrh t hi s app
cognized as Il nnovative awmtdi loifzfaetrisonpotietnts
mitations i n acces[slilb5]E urptoH egrmmar ear cthhd ebt

ndling risks of aziridines significantly h
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(A) ———-— - Polycondensation —~ - -~ << << <<~~~
— 0 o] Her |
A -7 )
m)j‘o’.‘oJLm +  HN” "NH, i
o] Polychloroformate Polyamine
CI)LCI_"“ o o HE
Phosgene
g CIJLHAHJLCI 4+ Ho™o i
| Polycarbomoyle Chloride Polyol
0 o ®-0H
.\OJLNANJLO’. + HO"™oH ——LP
H H
o] Polycarbamate Polyol

~,
0
DMC N <Al o+ HO"\OH—L’

I
I

I

I

I

I

I

I

I

I

I

I

I

o~ —OH 0 0 —OH
I

0” “N” N~ O :
I

I

I

I

I

I

I

I

I

I

I

+ H H
s Dicarbamate Polyol
H,N NH
P(Z)Iyamine2 0 0 -~ ®-OH 0 i
"oJLo"\oJLo) +  HNNH, — L, NN
Polycarbonate Polyamine NIPU
(o] o] 0o o H,O
|-|2|\|Jj‘o"*o)L|su-|2 + AN —L
Polycarbamate Polyaldehyde
B) - - - - Rearrangement - - - - - - |
0 0
NMN +  Ho™on __;:
N L2 Polyol
Acyl Azide I
0O O - :
HZNMNHZ L R —
Carboxamide Polyol :
o o ' !
X ) 1
& o I Mo+ N i
Hydroxamic Acid y
C) mmm e m - - Ring-Opening Polymerization (ROP) - — — — — — — — — — — — — —
0
JL 0]
0" "NH J
NIPU
(*o H’Mﬁn\
Cyclic carbamate
D) - Ring-Opening Copolymerization (ROCOP) - - — — — — — — — — — —
HN co j\ H\/I*
2
N
& 7 oy
Aziridine
Fi @. Schematic representing di fferent ways to synth
rearrangement met hod,; ( C) ring opeopagi PPl gmepoli ymeéi o

(ROCOP)
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3. 1P&®l yaddgytcilcamchb oh atans nwgtehe noeurt e t o NI PUs

The most industrially and environmentally p]
cyclic carbonatefsliI&C)Fhwstheadcamomes&fters a
approach, proceeding wi tphroawd u dthse d&md mantdern rc
conditions. Unli ke other NIPU synthesis rout
monomers anyd dsitvreurcsteurdildmi nes, and benefits
functional versatil i-haysedngolyir@dbiémgti ahlasf arhefr
emerged as the beantcénmgairedel nreyga PtUi carhefmarsery. Th
and epoxides is the most -mendkeaempedadlCRn5GCCa
Ot her carbonate types are obtained via alter

classes and their implications for polymer d

3. 1.FKi.vMieo emegmbter ed cycl i c car btoynppe el RWs pr od.

Among the various routes employed -giose Ne PU
and -emegqbered CCs with polyamines are by f a
providi€agl tbad poly(hydrox-yurmset m@amndengeh gth@ldUs ) .
cyclic carbonates K6 se x WIiClCist, <wauwpe r8iCdArs ;r e ac
t hei-membeered counitke2,arHBIVEGE€ICSs)t heir synthe

need for complex, often costly or toxic prec

--------------- Polyaddition of diamines and cyclic carbonates (PHU-type NIPUs) -----------

€0, Y3 &L 4w~ DS P
2 OMO + H;N NH, — *J\OJLuAHJLOm PHU
5CC o o
0.0 0. -0
LALY + et b
H

HO o PHU
OH

HO.

6CC o
Oy 0 0\( 0
A H
mjo +  HN” “NH, —’HzN("nJLO oTrN)ﬂ.,NH2
o
7CC

OH OH PHU

0.2 0, _o 2 H H i
LYY+ o eIk
v PHU

Fi go. Schematic representing ditfyfpe eNt PUontooimeosght opasly

di amine with dicyclic carbonates
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Il n contrast, 5CCs provide broad mol ecul ar
i nexpensitvoex iacnds tnaornt i ng materials, including
oils and p¢lLyddrchcehsaer imloensomer s are typically
coupl i nwi tob &€Poxi des, a wédctciemtt hatd isg abb atb
val ori zaszaisona orfenGQvab[ 2A28Y] Tekedambok!| ysi s of

primary amines proceeds via nucleophilic rirt

| i nkBige)d 102 8]

[0}
ol 0 0 J\/
0"\ Aminolysis
0 (o]0} o} Y
—_—, +  @—NH, tNJ‘LO/\(. + .‘NJLO OH
\. H H
OH
5CC Secondary alcohol unit Primary alcohol unit

Fidgo Schematic representing the apdthbei amohobg¢€i 6r off
in the production of PHUs furnished with seco

From a sustainability perspective, 5CCs are
core and the epoxide preltasesdrr &€anurbcee sderHc
epoxidized triglycerides (e.g. ,i tforlo,m vsaonyiblelai
cellul ose derivatives can -theseaednoventterdt iwng ot
the i phdBA3RAHTU&€iIi s opens the dooxitco-pfawldiugitden

free PU alternatives.

Despite these advantages, the practical i mpl
by their high ther moaedmylnearna oc rsitmagosi,| i whyi cals nha k
reaction with primary amines rndl actoinpdd Bt Josnlsu ¢
This kinetic |Iimitation has prompted extens|
mol ecul ar structyies dtopoffpadditiadce &amdghi mpr
resulting PHUSs.

The nature of the solvent plays a cruci al ro
(Fi ®A) .1 I n aprotic solvents, the nucleophilic
t he-dredteg minisnglotwemue to | imited pbdBb] zati
Conversely, protic solvents such as ethanol

bonding with the carbonyl oxygen, theBéby a
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137] However, as most industrial processes in
of t en mar gi nal under practical conditions,

activationaosi ptlad tmabizleirt y [eln3h8]ncement ar e

Mor eover, the substitution pattern on 5CCs
withdrawing groups (EWG), swuichylas &amdfésutoe omg
el ectrophilic character ofFitgBg[ Icha2xromnrag et, hd s
Chksubstituted carbonates yield nearly quant
underexdlBdiesscnmct i onali zed 5CCs offer high r
si-deactions | i kfeunmnomtiidoanaloinze EtSh@Cs are | ess
many cases due to their synthet[il3AMacresscy érn I
the aminolysis reaction of 5CCs benefits fr

strengthens the electrophRil®2B) .character of t

Additionall vy, amine structFurg2C) ils Painmaher aldie
ami nes connected to pri mary c d ribdd0n E | edcetnroonns

withdrawing substituents when positioned ad

nucl eophilicity a[nld4ifjfasteontrreast, osecaneasry
amines display little to no reactivi[tly42wWhen
Additionally, the reactivity of amines decre

steric hindrancg 14m3d el ectronic effects

The ring size of c¢cyclic carbonates also infl
size is Fshga2bwnnCompar ative studies show that
carbonates are more reactive thgtl2®GCC,1 3ppbr,i mMa
144] However, the-rsygt teagsibsonat esamgern relie
precursors such as phosgene or carbon di sul
chemi[dt3B8y. 14d4]Jcontrast, 5CCs present environ
can be derbhaeeddffreemddi ocks | i ke glycerol or

derived epoxides even though[14hBy Hé@npnstr a

Catalysis serves as a potent strategy -to ove
amine reaction. Rection efficiency 1 mproves
el ectrophilicity and amine nucplaeocep haisl incuictlye ov
activators. Among variobLewiafaldytlisd4fpntodbmss ¢
[ 149 phodAdBhiOfeens yBH8 i oureas and guanidines su
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as the mosltyRefedEeTdid svee cat al ysts accel erate t
ami nes, enabling higher conversi olmlds dmd tthlree
absence of <catalysts, the reaction often steé
SEC traces. Whi lga odvtshp erod iytmea d ziarnt i othesp ar e f 1
Carothersd | aw and approaclkatalaytstfsuldnsaanrews
t heoretical regi me kanf det r ella hinssghlioowe ple ta haalit .
TBRatalyzed NIPU synthesis yields polymers
nomatalyzed reactions. Moreove[rlSdmgdhamgihst ho
TBD6s duadbohddnggawmti vati on fosdgrowt m pmoa ee s

further enhancing structur al contro

Beyond reactivity, achieving high mol ar ma
Hydroxyurethane formation is a reversible re
an equilibrium that prevents compkebatednvar
polymerizations, where extensive hydrogen b
mar kedly increases viscosity and restricts o
[ 155This is particularly evident in bulk pol

hydroxyl and urethane groups p[rlodaukaedi tai ;mmroad li
stoichiometric I mbal assecels zauamidndycai denatkti
CQ[157]Jurea formation |[vi%8]a miada ui-seubbhsatiitzeasttie
car bonla%t8Jand f or mati ohl ®®r eoxxearzto | fi WdliIn onemsv er s

pol ymer c hHaiiignh egr orwetahc.t i on t emperatures helop

enhance mol ar mass, yet | ead to more unwante
Il n summary, 5CCs present a practical and sus
precise adjustments of several parameters st
structur e, catal yti c sByrsetaeknt,h raonudgninese a enh gnoon e € €
together with i mproved catalytic cobased me

PHUs within industrial settings.
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(B) Substitution pattern Amine structure (C)
o o 0 9 o} HN »
C)Lo 0»‘0 0 O)LO O)LD HANL 2y H H;N Y HN~g HN A~
'))\) e Nle, \’J\’OTf. e, \@..f"‘\/\' f\o _ N
Internal Alcane Ether Ester ¢ FG HZN\/@I—.
5CC
Reactivity — Reactivity —p
0 [e] o]
O)LQ O)LO O)LO
A ~ewe \EI\’EWG e (o]
Y a
+ HaN(_NH,
(A) Solvent Ring size (D)
%0 0,0 9 0
Toluene THFR DIVJI[_F _tnmso Methai - E— SN T \J\. 2/ )
eactivity atalyst scc 6cC 76C
Dioxane Chloroform (
=N NN oy°
Cr (P ' Q)
LiCl

DBU
O
Q0 O Fa
F3C HJLH NH Bu—iil-rBu Cl

(E) Thiourea TBD Phosphine B4 gatt

Fi 22 S$chematic representing the fact(oA)s tthheate faffefcetc tc
solvent; (B) the effec(Cpftbebsesti éat(iDoh tgheet tee rf setcd i co
si;aed (E) the .effect of catalyst

3.1 .Bx@vi ncy t Enrebonadi ®er ge-bhasgdlat f orm toward N
ankeyond

Exovinyteoki @i e atlbGsn)atreep r(eBsiesn t an >dermiowed i v
monomer s synt hesi zed Vi a organoc atwiltylz ed

bi s(propar gyllligc. FallggOdhtboMs) st he soxeteuapc tofr ttheat CQ
utilized tloCspriepaore Bbatch wunder controll ed

synthesis process is explainedli%, de@h]il s by

Z 00N \ }

CO, reactor
Carbon Dioxide Cylinder

Fi 3. S$chematic repcésenuing UZ®d. to produce Bi



Chaptknt

Di stingui shed
functi oWCallsi tew,h i Bii st
thiols

di ols and

(A) (B)

o [o] o] 9 \
25°C
’PJ\OLIOJLN‘.‘N}"
¢ ¢ -{'C HaN—8—NH,
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0 0
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enhanced

tohpreonui gnhg

o
I e JLTH Cyclization
e.:|:0 N N7TO {')\\ﬁo" HM
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(©)

[o] 2 ® o]
'Pj\omn)l*op“o'} .
Poly(oxo-carbonate)
4 C,cat.

HO-8—-OH
s

Poly(oxazolidone)

(D)
DBU+FA

I-iois”);

Poly(monothiocarbonate)

25C

S\"Sj;‘
Poly(S,0-acetal)

representing IC&€Esio@d)ppbymégoweappb(B)n
poly(hydaoxlyi donej)c;ar(bO®)napgeael)y ( dxX09

parti

poly(hydroxyoxazki g4B)oded sp g PHOXgE ) on

empl oyed. Gennen et

di ami nes at room

ur et Malne9)Jsol ymeri zati ons i n
three -tompar g e wietCddad#hi ng

to
Y. The
(M73, 000 gL mo |

addition of

Il n contrast,

guantitatively at

aminol ysi s, foll owed

a l

catalytic

room

by

tzeampe raMFAIr @s usoinge nOHsCI t o
yi el ded
1EM&A®M,00 @0 mpl mo |
DRSS f@0 6'hgk moIn
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UpGs yaiddh t proinmarf-g BisBamdnami ie) gp

epokbdat es
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r meEgci bbasneill sentst i (v e

pol y ( meancoetthailo)c ar b o
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Bt Qu dmoerdo mietres  pwoi |t ynmesr

t e mp e rsdteyr eq a syiadaled i n
I ntramot edalgdy .1cycl i
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Less hindered diamines (aliphatidrared PHOxzYy
whil e bul ky cycloaliphatic di amunes hanel dn
hydroxyoxazolidone | inkddeée [Tchuees et op od ysrea vee rd
glass transitiloh0 teQpearmd utr i&sr36e00 AC)a,bi hak iyn
suitabl e for de[nlan2d]i ng applications

Wh a 't sWCiCs Ripsar t I's not merely their applica
versatility in producing structurally- and f
derived precursor. This divergent reactivit
harnessed to create an extensive |ibrary of

Pol y-¢ ax bo rPaotleyst)a.k bonates) ar e-caymtllyageidavesd epi
pol yaddi ttdCsn woift hBissarsiea)s d( wil e (rutganediswls)or
ambient tempeFiaggdrle Thh25 rAGul (ing polycarbon
masseup(Mo ~27, M@ pgcably 1d70000Y) H3 ,e®@N0 bi t

semicristalline behavior, and display gl ass
T20 to 95 AC, with thermakR50¢AER) mdietriesn itnegrt
class of polycarbonates, exhiflrietee & hesars yc arle a e
[164]ln this process, aminolysis withfrpreopyl
conditions | ed to complete depolymerizati on
unreported bis(oxazolidone). Thempnopesopawas
afforded-fankttdromxay!l bi s(oxazolidone) in high

cepol ymer i zECC wiot hp rBidsu c e & epaa |byo(noaxt az) o | ci odnot naei

oxazol i domer lmonrdatoexol i nkages.

Poly(monot hi ocar beancaettea)l$)hsea n dr gPaonl o ,ia@ iyarmre dt
BiUSCs offers a robust and sus tcaoinntaabilne npgl aptoflo

with tunable architectures. The resulting po
and reacti otnhecemdgi talolnoswi ng fine control 0\
recycl RmibgD)i.1 yOu(h [ B 6dBef moanls.t r a UCeQds tuhnadte rRjyios r api
addition in the presence of DBU, i ni tht ati ng
oxothiocarbonate i nt-a&caenealiatesdemtbheaerymddyn:

rearrangementnucsl edop hvielni cbhiyt yt hoef t he t hi ol at e
resultingacet plo) y (Sh®racterized by densely

when the reaction is gquenched shortly afte
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fluorinateda#altadlyslt (DBU/ FA) , the rearrange
Under these boaondihi ocas bonhée intermediates &
to the exclusive formation of poly(moothi oc

atom economy.

Il n contrast[,16Mdesoiettedabttlae y D8 rearrangeme
synt hessaowr c@ covalent adaptable networ ks |

acet al l inkages. CANs are a class of crossli
bond exchange reactions, allowing the mater:
degradati on. I n this specific system,- the ¢
exchange mechanism, in whicfacetaé¢ tDhindlsat ¢ 3 |

sutbist uti on reaction without breaking the ne
dynamic behavior at el evated temperatures, e
and demonstraheabi agdt anpapbsediddnn.g Meohartia
and rheol ogi cal studies condcematt bbedsewved
conditions, with bond dynamics tunable by t

catalysts such as DBU.

Further control over the polymer structure <c
Habet s[ lebt7e]mod r. t e df rae e att @ [yt yWEeCr iwz a thi osnt od fc hB ic

amounts of dithiols and diamie@aerazoliedbdenyg

ambient conditions. In this system, ppolmary
ri-agening, while the absence of strong base
copolymers display dual glass transitions, |
introducelalpleynldiace ne oxazolidoneabrme®i et d e 9,05

pol ymerizati on wmadcki fciheatiisdm yvi a t hi ol

To sum up, the ability of exovinylene cycld.
pol ymer-rahgsagsfrom thermopl asticdg uaarcd i @lnagdt
mat e-tihalossgh si mple variation i posutieaophilhe
one of the most sdearaitveegd crmadn ymerost eamvtaiClCabl e
desi gn -ppenrdf dhrimgahnce profil es makes them a corr
rooted in carbon <cir cuwllarbiltey.s yRmurhtehsars , r ecsae aa

reactive extrusion wil/l | UCkGd ey i med epet gmer
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mai nstream industri al applications, from su

dynamic construction materials and el ectroni

3. 1D¥nami ¢c NlaPWKyg | foxdaeanel cheeom et r y

A very recent i nnovation in t hoeerfiiveeldd aolfk yNIi
oxazolidone monomers as versatile building
net wor ks. These al kylidene ox alkadIlkiyd o ndeesn,e scyyr

carboWat)ed ol | owed by dehydmreatgiroonup ptohsaste sesn aabr
t hiemle addition wit@lkethl ol snkagésesr mTINiL & chem
Habets[all6t8d produce highly dynamic, di ssoci e

(CANs) that can undergo mechanical recycling
under mil dFicgpAh dli Thensi ghly di s saxdtadali vieo mdaag u
harnessed to enable three distinct recycling
recycling via compressi on merledpienagt,e de xattr ul sei aosn
wi tuto property | oss; (2) chemicaft i zraetciyocnl i a|
subsequelnotopc lroespeodl y meri zati on, applicabl e ev.

(3) wupcycling by mixi-m@gsddvonat Wdrek®enitntox aa ol

altered properties. Ex patn dalhédPe mo n & thri sst epdl att i
functionality of alkylidene oxazolidone monc
cati onedmnce trhakodgpB)ohsTh(i s all ows the formati on

featuring a mix of permanaaneéet dlt)hiloienkhagegs ,any
pluripotent mechanical properties and are c
fused depdsliitngegn( FDM). These systems highlig
oxazolidone ma tnigf g e aientr atdieem g recycl abl e t he

sustainability, tunability, and processabildi
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_______________________________________

! (A) (B) o
i o o o} o
1
o MSA [¢] HN—® C)Lo Co, — ~ €0, o-q H,50, ol
- +— = —_<0H + NN —— N _— N
i 7\\(" MeCN >'7<N t, MeGN )(& cat, t : cat, 60°C = p—— N =
! OH OH
: Alkylidene- Hydroxy- acC Hydroxy- Alkylidene-
:oxazolidone oxazolidone oxazolid lidone
1
i le—. Cationic thiol-ene Radical/cationic thiol-ene l HS—e
1
1 0 (o]
: OJ( . - OJ(N/\/\S)
i N=®  Oxazolidone-type NIPUs containing Oxazolidone-type NIPUs containing
{ s-® N,S acetal linkages NS acetal linkages o

Fi . Schematic represgmpeei Ng PUso ¢ ¥ICz & Mhiod d hogwseids bof de h:
and subseque+wtnec at(-9Bt)e pOnpert diti @d o | reaction between pr o

Cof ol l owed by dehydration a®tesubsequent radical/cati

4 ApplicaNli Pus

NI PUs are increasingly invelsiti@ateohlflaRgappl
l74]and[ IpBamwi ng to their reported mechanica
greener symhhbséeichaoatesri stics have positio
to conventional PUs. However, in spite of th
commer ci al PUs are stildl relatively scarce,
cossient performamcehiasfdveahéeapges. particul ar e
providing the basis for the Jhlkesé¢qgleém@mwi sgudi

outline different synthetic sReadegises nteret
ot her application areas of NIPUs are referre
[ 128 0]

4. NI PU f oams

Foamed polymers represent a major applicatic
insul ati on, cushioning, and protective pacl
traditional PU foams (PUFs) mainlysddert €€ O(:
generati on, and (2) theradigaseenkergm ogeldie
decar boxy7TmRAs onn PU foaming, bal ancing the r
i's important. A fast foaming rate with sl ow

coll apse, whi-l ienleixmgsbi vaeercs opbE8Blprerr & D@anNn L& |
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the chall enge of foaming NIPUs without trad
have been developed using physical or chemi c
Il n this section, some of the m@mos$ti cuélaev @mpha
strategies based on cyclic carbonate decarbo
in this thesis. For a broadecl aodenygi alwt ef nhilt

and chemitchad rreadero itshea erffeedamretd compr ehensi ve
al 182]

4. INI1IPUFs wusing physical bl owi ng procedur

Physical bl owi ng agent s-moRBRBAgy) il piwveéd gt o Il a tqiuli el
compr es stelda imia®sred wi t hin theDbuoamgf 6opmm|l ptboae
agents undergo a phase change (e.g., vapori :z
to gas expansion and the formation of a cel
PBAs do not partatciipmad ewiitnh cthleeni gally merma mat r i
is purely driven by @®amyrsoaxzah, melch@amo sansbon nb
Sol kane are incorporated i n[tlo§RtijeA, f1Nd RWIFAt i o
During polymerizati on, t he evapor aat ifolne xoifb I fel
PHU foofan8 32wk ¢§ hmacne lolpemo(Fp lgolch@GWVactaerhystde bgs i
value of 13. 3% armMd mbardmrcend rofl | .d0 meR&.od e myg
foaming, where ther mopl asitn ca-pPHUssd uarree bsaat tcuhr ¢
[ 184 Upon rapid depressurization, t hdee nnsa ttryi, X
mi crocel |RilgBl, fNolgPftsF 3 approach was applied t
firsantdpLLdOur ced NI PU fotamsrimasiuth aponhgmnipiralper
derived cyclic carbonagwés h epoxided BBychoap
gl col) diglycidyl et her (PEG) and epoxidi z
organocatalyst, wer es opo lcy cieaad rzicetide lovieic i hd ¢ a [ ih
supercritical conditioner fbPPod€hi biyt ek palnes
rocellular mor ph®20 g@m,wiltchw phdeRs,istiayn e(s~I 1ol
rmal candmWOHKWi ty (

y
g
resulting foams-stppepated VvVioammpgepnmadtciecrs (
p
mi c
e

t h
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Vo o4 S SN
Solkane *\ o Oo.__N
Jd° o—qo R~ N~ o e
\)\./K/ Cat. 80 °C NIPUF1 ©
5CCs
&
Photo (left), light microscopy (center,
magnification: 50x) and ESEM (right, Au
sputtered) Images of NIPU with different
apparent densities. .
o0
., 3, G
o Volume expansion induced by
pressure release
5CCs

Microcellular COy-blow
NIPU foams produced after
impregnation at 100 or 300
bar and foaming at 80 °C or
100 °C for 1 min.

Synthesized starting from poly(ethylene-
glycol) biscyclocarbonates

Fi g6.Sclhematic representati onbaosfed hmuastfeorgimaplhsy spcatebbko
agefN®A3y Using fluoroahbhobagdnwbittbawi nagn da ggeShEM i mages of N
different[L8B8iHBI)atdl mpmeagnabl owaiod n ggheonttohgama&8 B M s

i magésthe repliBtt]l ng f oams

4. INRPUFs wusing chemical bl owi ng procedur

Chemi cal bl owi ng agent s (CBAs) ar e compou
pol ymec¥rdfztadn otnri ggered by the exothermic nat
processi n-g oc ggredietriad res ;gpa $.eHsT hseusceh gaass e®Q s bypr
porosity within the polyme[rl8ajtrix, resultin

4. 1. Raml ng based on siloxane/ amine condensat:.
NI PU f oams wer e prepared by exploiting

poly(methyl hydrogenosiloxane) (RPaMH,t MO MEINTW IV
agent85, (FLO6) AQorAni | | e et al . combined trifu

di functipobhypbECELyl(ene oxi de -bhisspcCy@eil tihc diaa miot
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(Jeffamine EDRWOYBI(gmMB) Phre asnC@emi xture and TBEL
first blended, foll owed by diamine and final
12 h and 120 AfCodmy -BIF5h1fghEimildl i F@)g . Y Tih7eC
properties of NIPU foams were governed by th
as by the structur al charact erliastte recesp kofe yo ot h
TBD with a fluorinated -t¢empeuvuatar &€ att @ad misnhg e(:
Jeffamine EORl148at alyst arfdZgMPMENTYVEI Meld5f o
1918382 R@dg=m11 AC). Sternberg et al. empl oyed
acid diamines, TBD, aniB 3DMXRQtETta0f 0f dr&Birhgmafdo a m
et al . proposed an-t erlmierantagd viey dursa xnygu r &rmihraen
carbonated castor oil and diamines, combined
foams at [ABI9AT® (Ilowe)r curing temperatures, Cc
precursors, |iquid at room temper at wrned,ermi x e
mild conditi pyisel(ddi nhg, iI3DG MARG) rh 70) with prop:e
di amine[dt990gctur e

A o
o \ 0( .0y / TBD 5mol% \ 0, .0y / o] 0.0
0 + _5%%iDsi_ + eNH, —— &+ %Ol
2\/ 1 RoNmS 1 W \NI:I“I\ + ‘\HJLO OH o @
4
5CCs MH-15 NIPUF3
® 3
)o [+] N
5CCs: \« OJ(O Amine:  HN A~NeAO A\,  Catalyst:
0,
°J\/ Jeffamine EDR148 (\Ns
NJ\\ N
o. H
°=(° TMPTC NH; 8D
[+]
o)L ? Foami dit
0. oaming condition:
A '(‘)\DM (Foaming 80 °C, 12h,
o~ NH, then 120 °C, 4h)

i o
PPO-bis5CC Priamine 1073

omn:

Foams synthesized with different combination of
cyclic carbonates and amines.

P
o ‘
o
i w1
Y y 3
o
B AT .

Fig. AX7 Schematic illustration-baksed hemmatf @raimaing ira& c &
conden@plthe nf or mihleatfiiornstofr ecpoamedg PsiYystsemf aeni ined on
reaction toaast trhel eéd poéavd Mg( ABBH6G]b b garnadp hRSSE M mi ctrhoeg r sagpnmes o f
foams with difBSeeene[f E&HSlmematriconset ai |l s.
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4. 1. Ram2 ng b armaddeiorn chiltowicngaci d

Anot her f oaming t echnbiagsueed icnhveoniivceasl obrlgoawniincg ,
citric acid wkitdgs, gNIuR[WRFYEI,.d eVbyPdee (ef fecti ve f ¢

i's observed, the exact foaming mechanism ren

HO_ _.O
O o

0 HO OH OH
Yo ol P ®
O,
o” No
(o] o 0—40 + @—NH;
\M/ Cat. 80 °C

NIPUF4
(Images of three kinds of target foam samples)

Fi g8.Sclhhematic representati onbaosfed hnea tfeoad naiil nsg cpsriancgecs sa c

chemical b, oawmi dn gp haogteongtr aphs of the resul ti ng

Each method offer uni que benefits and dr awl
mor phol ogy contr ol and sustainability whi ¢

formul ations in NIPU foam technology devel op

4. 1. Ram3 ng based on decarboxylation of 5CC

Il n conventional PU systems, t chuep oanb iel xiptoys uo fe
moi sture is a major asddetwi nigndawgetnrtisalsluyx,h ewse
i somers ar d ndduceed, fwatmearmnmg r emai ns -famamimpgor t
formul ations. To mimicCltariki leWmBd]ale .ntsh & ffioragnti n
the decarboxyl ation of a biobased 5CC precur
within a HFHW@W9RMaNit PWYFFhis decarboxyl ation pa

aminolysisdorfi medodibfiumdti onal 5CC, producin
A key point is that the i sosmehri cchontsairmeneg rae e
prone to imeéarmamahgemeémtr as a secondldowe\pero,c

precise controlesceveRHU hies ormeetriso rocefmati ms ¢ hal
uncontrolled extent of decarboxylation. This
of NIPU foams by showing that 5CC precur sor s
for mat i othU ofactkhbeonRe and at t hod osarmeam mx pageal
Building on thig lOdelcelpopedMoami eriecomponent ¢
orthogonal reactivity of (i) amineiadtB (i i)
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NI PUF.6 Under controll ed temperature and c al
simultaneous curing and decar baXklydtaitorm npmrea
bet ween thiol-cypmohomecarbodates proeeefdsDBWT i
as a Agptpdliyegt to reactive formulations cont ai
a dithiol, this strategy produced hoelolgenec
mor phoFiog®B2 Iunder mi | d curing. alnmp oarnibainetnity ,
formation of thioetédlkeade nkagesi wrecgt €Onet
fixed the thiol units i1into the polymer matr
ul d i ncorporate additives such as clay a
rmul at Bon!|l dunganlgkny ltahe oh f oami ng pl atfor m,
troduceduadeldedlbogwul ati on strategy i-n whic

carboxylation (eemupbéedre@bitsoappweaeh al

0

o

n

e

et work strength prior t of rgeaeb |goslifenagys evhi é rea bvle
he synthesis time from ~20 h to 30 min wit

19I154gter extenbasgdtoyst eams bdeori viedoG]|Tbeni t as
ubsequent studies elucidated how thiol stru
e

rformance, thereby enhancing both10R¢ sust
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(o}
o}
NIPUFS
O—‘% 0‘{)
HoN__NH. Cat ] y
+ 2 2
v 100 °C o JL + (co2
o) 0
X H °
o}
5CCs

Hot stage microscope images showing the
evolution of bubbles (black) in the reaction
mixture during the first minute of heating.
Red scale bars are 100 pm.

H OH H
NIPUF6 N. o
[o] Aminolysis @ NSO
o oA N ——— \g/ v ‘g’
FT°3"“;‘9 condition: o B-hydroxyurethane isomers OH
WO sleps:
OH .
1.16h, rt N S-alkylation 90
2. 2h30, 100-120 °C, 5CCs ~ HS—® Y , (S\/l\. + Hydroxythioether
stepwise
o N : H
X° e L I
0 /\[(?; 0=<0 hydroxythiocether linkage O=(O
c2 DBU NH .NH
(}_0 4h,100°C ":N“ R'N,,
o foaming o=( o=
Y b
M,N’\/“\A/‘\n/\/w" OH
Hs O~ oS
m

Fi g.(A)9 at t he atnopmagcigesmset hér mal |l y dr i veeyc ldiecc aa arolxoyn aatt

derived from sorbitol, at the bottom, hot stage micr
foral%kyl ation of 5CC, and (B2) PHU fespomndtihlgoowrelhd St
f oams.

LatMoni ereporatt-pdt amenhbod f @l opvmqg d INd iPlUd ss eolyf c

amines with <c¢cyclic carbonates to form the
aminolysis of the | atter generates az2asviol t
the Dbl owilndgBil8yge Nt PUFThi s process enabl es t he
of multiple |inkages within the polymer net
thioethers. The obtained foams exhibit an o]
fl exible tongritghied fboyr naud jautsitoin par amet er s. Us

i mproves handl ing by reducing odor fande saf
pol ymerizati on [aln9d9 |][f oam f or mati on
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NIPUF7

S H ' i N N ’:pio
é’“or_’ ﬂ)kg\ﬂ/ AL T "k%l‘/ﬂw

SH Hydroxythioether
Foamin, g condition J y! yt
Single step: 80 °C, 5 h uol'
mXDA
@ OK%:O/\[(}‘O ﬁ HaN R _NH;
" Wl oﬁ‘;< \f}") J™ (08U), 5h, 80°C
EDR148 TMPTC NAHCT NIPU foams
o0
3
S LA ;:g_is
2 R : i
<
a
x
€
125 25 375 50
NAHCcT content (mol%)
Fi g.(Td®.) Schematic il l ustr atbiacsre do fmatSledr kfiad amivogn o o & &

(Bottom) Formulations of different foams and t

Building upon the selective decarboxylation
breakthrough was made by utilizing the sus
environments. By carefully <control IDBJUg wat e

l oadingoaami sgl PHU system was developed that
(Fi 81, NI PUFE1]l n addition to the aminolysis f
hydrolysis ofo,5@W@s chelacaseak@Oher m$ owi nghami

aut hors generated a series of NIPU foams fro

the influence of different amines (aromatic
AcC) , curing timescdqrBt emtds .5 n)d erantdh ewactheors e n
yields surpassed 90% within 30 min. Dependi
foams were produced. The incorporation of (

i mportant fDormcbtelehvulhigg JdhkeBsledwre sf dams exhi
compressive stren@d.hxs0 i MPa het(Frndhd edliid@pa iOMAa @ e s
Crucially, the met hod wa  ralhsech bveadildddsa tod d daetf i
geometta imismi ¢ the reaction (iFnijgec¢ t2blotht moml dimag
This doleeepntowtd @ aats 1 0wWhoss®, properties cl ose!
prepared on a small er scal e. eAtotnosgtertahteiro n tohfi
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foam-sgcal el osed molds mimickiaegi ndpea RpMapt ioc

industrial application.

Thi s hyidnrdoulcyesd sf oami ng strategy was [f2)rOtjher

wh o i ncor porcaotnetdai mo in-gst wbrieo faisl | pr et ei ns, i g
polysacchaoi ddse formul ation. The intrinsic w
from tmoenomer mi xtur e, was suffblcaeed d¢ywyclpe
carbonates in the presence o0#%r eDiBela saes acnadt ad ry:
uni f ofbrh osvenl fPHU f oams. This approach all owed
97% t heothatsiedalcymis@ehélrds endy me mwmiel e of fering
mechanical properties and maintaining recycl

5CC hydrolysis

(A) NIPUF8
=y e w810
o ° J(O .\N o .\N )LO OH B-hydroxyurethane isomers
|\£ H H H
Foaming condition: H,0 75 Vicinal diol
— o
3-5h, 80-100 °C OH

Fast foamng process (FF)

Without Hydrotalcite With Hydrotalcite
>

Fig.(A21Schematic illustratiomacfedt mattoamis,gBjparod€Ls
Mor phol ogical <characterization of the foams ;in CQ)he pr
Comparison between the classic foaming process (left)
and thermal properties (top). Upscaling of NIPU foam
of thepscaoloemu( BptiBaimn)
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Mor eover, the same grawempeeaéelopedeahodpt o

NI PUFs wusing cascade exothermic reactions f
carbonat e) and polyepoxide combasnefdolIwiaws :we
aminolysis of ccC, (2amhpot gbysi ofoft hECepod)
trimethyl ol propane tFii@)l ydNil®PYEOERY heary yiTiMPTE
di amiTnveP HEAsed f or mul ati ons, the platform yie
demolded in ~15 min with high ©3e0l0 cRdgitge.nt s

2 21K) . Subst i-btausteidn gT MPeTtG/oT MPTE and the- synt hi
derived GTrCdtGuarEaC4 mallsaiptreqvNaled f oams of si mi |
i ncr eas irbnags etdh ec obxii? & nwR i%go.( }2720B, D

Il n a distinct yet conceptual ly -oyedlaitce dc arpbpan
foaming system and addressed its slow react
acidic arom@a2jbi shmodsfi cat i-monarmédrowtea pgrhema
Sal kyl ation reaction without the need -for an
free formulation was not sufficiently reac:
integrati epoxi des enabled a cascade of exot
temperature into the foaming window. As a r.
obtained within 5 minutes, with tunablge dmec!|

depending on the amine and epoxide combinat:.
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5CC hydrolysis/aminolysis + epoxide aminolysis (rt foaming)

NIPUF9

hydroxyurethane isomers
.—NH,/J(D—’ NJLO/T. .KJLJ\’OHB yeroxy
Foaming condition: i
Smin,rt m 0 Q _}—OH
HO HN-®g4> HQ N I9%)

®—NH, L

A D
L °w° e
o&_o (k/ iy 1,3BAC
b 0 I< H,N’\O/\NH,
TMP‘I‘C o mn& LR XDA
+ Hydrotalcit
rotalcite 8\,0;;6\;\0 M~y
EDR 148
1 equiv of epoxide
B

HN' NH,

HNTSSAANH

+ Cloisite Na HMDA

c Up to 90 wt% biobased content (theoretical)

cafby::;e Eponide: (diaming (kg‘.’ma) (:;.:2) (Gsf) ('T(':) 1

Fl6  TMPTC TMPTE 13BAC 256 121463 94:21 451
FI1  TMPTC TMPTE XDA 225 9948 96:12 263
F17 TMPTC TMPTE EDR148 204 283132 95:22 20
F18  TMPTC DER332 XDA 211 197127 92£26 47.4

F19 TMPTC  BDGE XDA 263 209+115 88+34 16.6

Entry

F20 GTC GTE 1,3 BAC 189 117+51 98:04 354
F21 GTC GTE HMDA 212 101+24 98:04 -7
Fig. (Z@p) Schematic il lustrationbacsfedt hmat é oiaanli 19 Vv i

hydrolysis/aminolysis pl(lA dpoxi dd anminmaney ssi u.s e(dB d totrc
foams from RT formulations; ( B) structure of the mor
bi obased content ; (C) formulations and fdams deptap ¢ retd
explanation see [187]

Mor e recently,[] 2M8aroduecded ad . hybrid foamin
conventionalvisnGgGsemaen d t @x edCsa)n,al whgiuers Y nder go
highly exothermic aminhpilgsi Sl RUFT®BIMi vemper
cascade exothermfeeabfeaminagtwi tchoat yshe nee
bl owing agents, while selectively generating
NI PU network. This metdua Ingr odppro@anc moalplhowo gfy
propefrtdmesfl exithroeugd mdiiCd 6MENTration, water
amine composition, marki-ggnear atigonfi NaPRPUFsite
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NIPUF10 0
0

@—NH, /

H,0

o o]
E—— .\HJJ\O/T‘ .\NJLQJ\/OH B-hydroxyurethane isomers
H
H

o]

s

HO © o
” /KH. + (c02) Vicinal diol
0

oKX
o—NH, /7<0 o 407("“ A
Foaming condition: acC OH Hydroxyoxazolidone
1-5 min, rt
FOAMS WITH DIFFERENT aCC TO 5CC RATIO
F2 0.15eq. [ F3020eq. | [ F4025eq. | [ F50.30eq.
1"+ 1"
10 10
94 Lo
8- =]
74 )
6+ Lo
54 -5
44 -4
3 3
24 2
1- 1
0 0
:m om
Fig. (Z8p) Schematic il lustrationbacsfedt hmeat dwiaanli 19 Vv i

hydrol ysi s/ &t nariyrg o8Byt gpilosmg Formul ations of different
photodrna&P®hs

These studies coll echtliovven yNIdRUtosn sadameat &d v amd i
growing engagement across research groups. R

bl owing strategies, and crosslinkmonghalheagny,s

compressive perfor manmdad,hoamgd tchermbalnh giamd wlkdm

matching thetopstfoamaomcef conventional PUFs
hydrophilici tCompfarIldPUFSs conveamtibotnala PURgher
of hydrophilicity, owing to the abundance o
increased affinity for water | eads to hydrop
mechani cal properti ¢ 204pPpMn | emoit hti 51 epriepteak e
durability, It also underscores the need f

optimizati on momydrea mshobsiucr faoe treat ments) t
perfor[RdOMmMdNeeverthel ess, NIbPalsFesd weiotnht evnetr y( >h9i 0g%
be prepared readily, under-geaeragi bhesustpwa
With continued optimization of reactivity, (

poi sed to become viable and competitive al¢t
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il e aligning with sustainability goal s an
ocyanates.

om an envirormemtoali campder rtsegpelcnta ve, NI PUFs ¢
nvenience for substantial gains in hazard
dressex pwsecrnuk erdanfde ecnodncer ns fan@eern avbhelde sc ytch
rbonat es -baansde do tfheeerd sitioax k s . At the same ti
nefits depfktnde opoutteadpweeatt were cur es, ef f i
sf grecyceé¢li agent s best ovuesr i Etirgpaditdes¥aivee rLiCgAa r
onomically, PUFs still benefit from decade
ains; NI PUFs face higher wunit costs today
O5Howeverx,uurlvearefifregt s, process intensific:é
aptations), and regul atdragaandd mambekieeal put
rrowing this gap.

oxicity considerations of NIPU monc

il e NIPUs avoid the use of highly toxic 1is
ose toxicological profiles vary considerahb
therefore misleading; Idshgat|l otke mosgsi cl

nsider ed.

Ami nedl i phatic and wvairdoemayt NbePddd aigpthhbesias e ye

k n
co
di
Co
di
di
as
[ 2
p o
sc

own to exhibit signifi@amtnobahbhgtlt Jami Feor (
rrosive and acut(edee tporxa dcu cutp,osnavh enthyd |-dda i a ens
amine (TDA) is classified as a p[rdoba&albl e

nversel vy, some aliphatic diamines such as

amine (I PDA) are | ess acutely haz@trhemus b
ami nes rel evant t omx\yl IPYWU ealeei@ani myd a § n dlewed
sociated with allergic contact dermatitis
07, 2am&] Jef-IAadnidnka(@DRoet hoxy )nedlheaewel)grhta | o
| yet herdi amines used i nrdwviaenved tr @xictolongi,

arce. Preliminary I n vitro studi es on r
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comparatively |l ower cytp2oQpauitt detdhzratpdl vet

EDR 48 are stildl l acking. This highlights t
determinant of the overall safety profile of
Epox.iEfpeoxi des are the key inter mediJad gpaex ifde
coupling, but their toxicological profile 1is

ethyl ene oxide and propyl-pasedoxetdbyl| edeei apd

respe¢ilogBloyt h are volatile and hazardous: e
Group 1 carcinogenic to humans, while propyl
Acute exposure causes eye, skin, and drespir

DNA and proteins wunderpins their mut ageni c
another widely usedoepoeddérosmomeycmes!| bioi s
as Group 2A pr ob2albll WI2Ztld2daigmo gemixec des are tr:
cyclic carbonates rhbféi mearl tNHtaéAnA tdf comegasneynrt tsh eod |
t hesitsheir use raises occupational and envi

volatility and reactivity.

o address these Iimitations, several sustai
i) producing propyibhasedard hanmnly!| eme oftrhem b
213](ii) desiwvgdbiepoxi des such as | i monene ¢

eget ablzedgillasand (i i i) ebmpleay i enpgi cchll yoa eorhoyld r i

T
(

[

v

carbonatfe 180¢.utdelsdplor t-mntt | pr o meneses are under
combine alkene epwgprl datddobhi @amdi iCOsi t u, t hu:c
handling of toxic epoxides WBRD®RItmpughi mta@t
and selectivity challenges remain, such str
c

osbmpetitiveness in cyclic carbonate produc

Propargylic alRrothpdr gdyelr i avladad hwveels ( PA) and it
precur sosssoufr@aeldkg/O i dene cyWICisg , cavhbheamatiens tf
polymerized with diaasmidiesc utsos efdo ridm welgRelrsi ot h
toxicological profile raises concerns. | nhal
acute toxicity at concentrations 0125 ppm, W
and the nasal epi tdhfelii ujm rags. eak psocescuomedsap lya asti tt ce
l esi ons and an i ncr eas[e2d2 1l Weca kd emmuctea goed n inca saad t |

observed in bacterial and mammalian systems
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ocyanates and | acks the potent sensitizat
rcinogenic potenti al underline the need fo
t hways Hae6edomwmamer ss, it I's thegef ohat i mpe
stream synthesis involves hazardous inter:!
main essenti al

I ¢ carfmxnatodogi cal data for -mul ttirfiwrnyatlii

o O

scarce. For monofunctional cyclic carbo

]

onate, available studies indicaées, rahdti
e compounds ar ¢ 22f2t,.e nBakjeedd aars sstorl weetnu rsa

b
S
guently assumed that polycyclic carbonat
u

nw o o

mptions remain speculative until validat

ylidene cycHarc adaksfdainddarebonates, which di
Il vity than conventional <cyclic carbonat

—

able. Their increased reactivity s@ugages:s

T 92 9 X
- o

o
—

hesis requiring confirmati on.

summary, althoughk oNluRMeésn teeldi mii sektse atshseo cw ealt
ir synthesis involves precursors whose s.

|l ene carbonate) to hi ghlayc tciovnec eama xnigd e(s

—+

S 1 nvestingaanteeldy itnh et hciysc [tihce sciasr bonat e/ am

nw < O o
©

N
o X 9 O T o
-~
> O »w S

on multifunctional <cycliUal&gtbdeatesy

ates expl or-edrheerrteal osreep arhaet & occhuasp toefr t h e

cC O o o <

sion. For these systems, preliminary
than conventional i socyanate chemist

S
g . Futulre tlkRseampchoshbi ze systematic

mers to validate their sustainability an

5 NIl PReEcycl ing

Ha
i n
de

an

ving reviewed diff eseneppdymctalhatoincs mdt hdIdRs
vestigatod i t Beintfa-n|magdment cal di mensi on of
vel opment . Effective recycling strategies

d obtaining matertihalt te rfcrud mewdryk cofn sdisrt euwn
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year s, the rise of sustainable polymer sci el
NI PU systems, focusofhgfenstwatepgiesi pa) esd
chemistry for reprocessing, aadveoeRysdspol yme

Dynamic covalent chemistry (DCC) offers a p
NI PU recyclingg eBgrdinmberpdbs asuch as i mine, d
l inkages, NI PU networks can participate in ©
controll e(d22®@hi si desi gn has inspired the vi
of covalent adaptable net woruksE€o(r CleeNampl al, | a\
studies by Detr emhBDbB8uan2da aTHo rckoew osrokne 2a8n7d Q®Rv8dr
have demonstratedi bmc o esyfdlllionv magrh P8I ff o ams
reprocessed materials exhibiting full recove

some cases across mudlotwiewmeag orre prod ¢ dienipacke pPEb s

during mechanical grindingsame sieppeat,edctriep
l eading to substanti al d e t[ e2r2i90. Wéi3il0gn t i sme sl
particularly critical for crosslinked ther mo

CANs have now progressed beyop@83the | ab to f

I n parallel, depolymerizati on t hdrroiuvgehn ssotlrvaotl
that does not depend on the presence of dyn:
of |l abil e bondsr euvascitndgm tr s uecX ammplhe | wat er or e
depol ymerization strategies such as[a@BR&aIlI i ne
These procemcleseviglightd powducts such -casaipml| yo
oligomers, which can be purified and reused
Thus, depolymerization not ondlys®drem&lsl ado wne
either by c¢closing the |l oop through mol ecul ar
the fragments into other classes of polymer s

recycling as thenwveqttirqdtisam.ategy under i

5. Depolymerization of NIPUs through sc¢

Sol veblaysseids depol ymeri zation serves as a prol

down NI PUs which do not have dynamUpl icloewal e
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dynamic chemistry, which enables reversible
|l abile bonds within polymer networks through
|l i ke water and alcohols under sepéabiile tHload,
includebmpdr oy yr et hane | inkages, but al so

depending on the structure of the NIPU for mu

This technigue breaks down <crosslinked or
monomers as well as oligomers and functiona
highlhl ue applications. A small numberd dfhesys

sol vélaysseids depol ymeri zation of NI PUs for c he
reactivity ofThtehenierx tl asbeicltei obno npdrso.vi des an an:
which examines their oper awhiolnelc onmesihdenr ismg

on future circular material design.

5. 1Allcohol ysi s

Zhang [t3d3dmonstr at elda sae df uNIIPyU bnieot wor k t hat

recycl i nrge atchteeboungbn ur et hane bonds and et han
constructedderfirved €Qclic carbonate and Pri al
crosslinked FRHAW.stTou dteiprod y(meri ze this mater
cat dlryeset al cohol ysi s approach, i mmersing shre
160 AC for 8 hours in a sealed reacectoprh.i |l&nde
attacking the cdarrbaanmautreetchaarnd mytli oinn pa ocess

urethane | inkages and formation of-rematioon] i
and the resulting fragments were Treprocess:
regener ati-gggernratsieoccnond!| PU. Structur al anal ys
successful restoration of the polymer backbo
of its original tensil), saméngtdn (8flt 8r MPlar &

mechani cal perf or man<cien driecnaatiinnegd raobbouvset ,2 Or eMpPea
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HaN NHz

Priamine 1074

N3
o 0 el “IOf
H OH [}
Lo gt S
A —~ )25 °C, 1h, E1OAG o -0
N-@—N + HN-@NH, — ‘r\g: m
‘/g’ \07) ii) 120 °C, 12 h 1L o nn o
o ° h’ A Y
o}
\g 0% }H" PHU network NHJLU
Multi-functional 5CCs ¥ Curing J Ethanol
______________________________________ , again dissolving
1 [s] [¢]
9 [ ju H ~oH
! )Lo 0)“0 o d 9 ! < NoH
160 °C
E o . ~ . N/AJ :
N- N = N- 1
1 OH
oo RNl :;mo : o o e
| P ~ r | SO NN TS+ -0
1 0 o) o Q 1 Tl’ \7w
| 1 L} Ho OH HO
' i
I 1
! 1
' 1
I 1
! 1

Fi34 Schematic representation -bbopheecyobbhgnkgkedce8sl:
transurefhadj zati on

Il n anot her s| Ba8ke]mohseenr adtedalt.he use of dynan

transcarbamoyl ation to achieve chemical depo
l inear and crosslinked PHUSs. Il no>d dnisved uldlg@Cs
andxypl yl enedi amine (pXDA), forming networks

i deal platform for Fdyrdhamilce plodrydneexchanga (e
treating the PHUs with met hanoltbu(tMexOH)e i(nt Btuh
3 equiv.MeORH &1THFvV/ vVv) sol vent system at 8 (

transcarbamoyl ati on reactions, whereby meth
carbonyl to form di methylcarbamate monomer s
to 45dmmethyl carbamate from |Iinear PHUs and

with the recovered products confirmed to be

o} THF/MeOH

3 eq. +-BuCK

OH
sPU ¢! LI SO PRI RS P SRR
o] +  HN NH ——» 0.0 -~ ' ~
\)\,0‘,0\/1\/ e T g0ec, 2an {JLO ‘O"Dq\t) N H): 80 °C e T)r j0r

Multi-functional alcohol Dimethyl carbamate

Di-functional 5CC Linear PHU
o o‘% oH OH THF/MeOH 0.0 OH HoH
o, Cat H o H HoH Jeq b 0. N N0
q. t-BuOK + A ~
\J\,OYO P KN‘,NYO\AIOYO\)\,O NN, 04 E’ \gf A \g’
5 80 °C, 24h o o 0 3 0 80°C
\l J[-jL O‘i‘ OH Dimethyl carbamate
l HOL_Ag, HAHAO H
00 Network PHU Multi-functional alcohol
Tri-functional 5CC
e ST
Monomers: M

B W

o [o}
OJ‘}_/ Tri-functional 5CC o PXDA
Di-functional 5CC &0
o
Fi3g5 Schematic representation of the | inear and cross

di ssociative t[r2a3Mdsjcar bamoyl ati on
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Mi ao [e2t¥m¢ent |y reported highly rdeay oleab |6eCCN
crosslinked with multifunctional ami nes. Th
tensile strength (up to 92 MPa), was te&hemi cze
sodium hydroxide (NaOH) as a <catalyst I n m
conditions, the urethane bonds were-l1s8l ecti
propanedi ol monomer i nFPRBBPo yTlke dr ewsads\hef ru& d Ydeip
reacted2iwit hheCOppteclenmnemre soufl f & & 4 n dtc, N, oA Nj, d\NeNj (
tetramethyl e MEgDAODediegminee ate the cyclic cal
subsequegensratinadn NI PU exhibited nearly ic

properties. to the original

el

HO.
3o N o N O\J\,o
@ \ o + HN R _NH; L b hig O H\/.\/H
\7<§=° ] 0 5\/ O 0. o\g,n N\g,o#t
0. 0

Multi-functional 6CCs B‘n\‘vn\lr

,,,,,,,,,,,,,,,,,,,,,,,,,

MeOH/ 20 wt% aqueous NaOH
CO, O \ ! Y H 3 h, reflux
' /O\Ir \/.\/Nm/o\
TsCl, TMEDA, o o
DMF : Isolation yield: 97%
. " urity: 98.11% Unvalorized segment

| Diamine: |

| ! i

| NS NN N, | - } } .
! 1

: HINQN“I ! m’

e )

Degraded rated
solution Rl 0|| RI |((

o]

°Y

RE-PHU

Fi 6Synt hesi s of PHU andt booalgdhahdlvyesirsepraomrd sson
recovered monomer t) 2@8&lly (cyclic carbonates

I n a related study fr[olmd8¢hel cmenkt as oOrE)gHh
NI PUs fxdemi@@d 6CCs based on isoeugenol, cur
materials were chemically depolymerized und
et hanol at 90 AC -monomerh)ino>90%I de d diee rpyr ea
confeidr my NMRI, R,and MS. The recovered monomer
cyclic carbonate (multifunctional 6CCs) and
recycled NIPUs exhibited >98% recoveryg in te
(J= 51 AC) compared to the original, highligh
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I n a complementary [a2pBmyoadkesi-Vgdeoed, egoiads.s| i
aromatic NIPUs wvia transurethanization betw
pol yol s. Despite the ther moset nature of th
achieved via traesureatchaminzani aratnwmet hanol
reactor under autogenous pressuFe@yY~10hibsar)
treatment yielded a brown homogeneous | i qui
buil di ng eblroecckosv ewerd . FTI'R and NMR analysis
di met hyl di car b-amahebigndnhpdlrgryb, with app
bonds c¢cl eaved. Although the repolymerized m
per f oramnatnrciebut ed to minor urea formation and
network structur e, il lustrating the feasibil
bi-mased NIPU thermosets.

H
/o\rrN\/\/‘\/\NJLO/
il H
o
TBD Ho ‘/"),‘IPH 140 °C, 2h- 160 °C, 3 h MeOH
HO™™__.0, -Heatpress 160 °C, 30 min
0,
Bty
HO I 140°C, 24 h MeOH
=
“on  TED
Ho/'(vo\/torl
Liquid Lignin-based polyols {L-pOH)
H 0
H - /o\rr"'\/\/\/\ﬂj\o/ = Ho’*/o\/’;oﬂ = Functionalized lignin
Q
HMDC PEG300

Fi g7 Reaction scheme for-bakbedpodl Phe wi £t &t HMDCof abidg it
wi th mgt2h3atb |

5. 1HdwYdrol ysi s

Hydrolysis has emerged as a viable strategy
particularly those containing hydrolytically
the cleavage of polymer |l inkage®rtihacugh coaa
resulting in the forfi@toirommndle gvkelogghits f ramgimea
Mechanistically, hydrolysis proceeds through
carbon in either t hoeu py r eftohlalnoew ear bcya rpbroontaoct ne
cl eavage. When properly designed, this stra
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net wor ks, particularly -basettheompoponerty olcek
hydr-bugtti onal pol yol s, and can compl ement
di ssociative bond scission is desired.

Wu &et] 22ildvel openckabi sg@| freprocessabl e, and
el astomer by synthesizing a-nbdelevddirgrsts | a mikrea
terminated nitrile rubber (ATBN) 8erdauB8€Cs he
terminal amine groups of ATBN are sterically
first prepared a prepol yme-membaradctgobhcl| Ce
(6CCsimeitd@-gMrroli done (NMPhdat aDOrdédgemepol2yn
was then crosslinked by further reacting wi
cat aliyseuTi()C in THF at 25 AC, resulting in a
bonds and physical bomtdssemedkbBy fhypydr bxdloged

(Fig8. To chemically depolymerize the networ k
100 AC for 24 h, whicah bo améengiavoed wc ecdl efarvoend |
uni t s. The ur et hane bonds f oematihnee ds eilnetcatcity,
di (trimethyl ol propane) i n up to -Ba%edsATBNe
component was attempted, and the authors di

recovered monomer .

o NMP JOL 0. OHoi oio o i 0
+ HN-ONH, LS 58 /—/F/ j/—\ AL+
S 100 °C, 24 h L A <o

THF 6CCs

cat.
OH OH
B2
DN 0.
OH Hcl o \n' ) H H
BELE oo o I T
HO

100 °C o “o
) &

Recovered monomer Unvalorized segment &g PHU network
di(trimethylolpropane)

125 °C

Recovery monomer

Fi38 The chemical synthesis route and molecul ar d
depol ymdnr2iZadt i on
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Sternbégrddxdmomdt.rated a c¢chemi c alasreedc YWd IPiUn g opal

emphasi zing selective recovery and reuse of

gl ycerol -oxyalbloywladtee d Kraft i gni n, cycl ocar
(DMC)d ocawmr ed-baiseld Bro &FmignThleO 7ddycl ocar bonat ¢
monomer possesses additional |l abil e ether an

decomposition within the foam matri kmi Gegcol
degradati emv erf f &tcd cibeyvAiCn-40 % nfl gamB Obr e &k d o wn
hour s. I n contrast, alkaline hydrolysis wusin
significantly higher degi®Wambeedr eht ecwoif ve pjJ
however, i nvolves a hybrid hydroglycolysis p
with a 0.2 M aqueous KOH solution. This appr
up to 90 %. Il n this sttwdye,d tome tahwet herco vepgegi fc
reuse of ligni-gener aabonchotemsecbDedai |l ed str
the hydroglycolysis tremaodtdiehitedilil gsi mnwiett th-
funct i bawaber afpdr the reformation of cyclic c
di met hyl carbdodatwte mMoDBME) mass comparable to

structur al preservation ensures full solubil

Unli ke | ignin recovered via alkalin2z20 hwtd%ol y
due to solubility issues stemming from exter
from hydroglycolysis was revatioonzefd feodaing ew
propeddnsisty (251 kg/ mj), compressive modul u
at 10% defor mathatn &gmMe 12i6r tMPal)l v i dentical t
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OCH. OCH, o]

[ o= =G VI O o

Q"o
CH
OCH; L _on Ether linkage ~o o
@ -~ d _— N
OH
OH Glycerol Carbonate OCHyq Dimethyl carbonate OCH3q

OJLO/Y\OH
OH

Carbonate linkage

I o
e

OH OH

77777777777777777777777777777777

T H,N-®-NH
| H,N-®—NH, = HN BD.PMHSI X 2

0 o \ £
o1 A M
.‘ TQ—H oct:\)\,on,n'nn o/\g\o Hoc—.,—r H"‘ %

Waste NIPU

'
i

@ = lignin ; foam
i

NH, ! OH /H,0 jPolyure(hane depolymerization

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,
OCH, Alkaline/oxidative P
@ Chon emage @“T@\)\/ + M+ co,
3 I H
s : OH C
'
] J MOI EG insertion Hc\)\/ou
. Lignin recovery After high pressure

hydrolysis

Fig9 Chemical reclyzd éehgNloPUEdHe dideaiproducts, an
functionalize[d232gnin fragments

6 Life Cycle Assessment: A Tool fo
Chall enges of Pol ymers

After i nvestigating the synthesis methods, a
should now assess their environment al rel ev

innovative chemistries and r ecycNIiPnUgs ,t eac htnhioq

eval uation of their true sustainability d
Sustainability in polymer science comes froc
performance, environment al gmpattf handaeeona
|l ife cycle. Polymers need technical propert.
require minimized resource use and i mpacts a

thei-cydlid.e Sustai nahelrebhy mabvei di mensional it
single par ametTehri si ssercati omo sexiabmien.es di fferen

evaluation in polymer lisfoeicédseces svhe dte (elmpA)a.si z

6. Howamweme as surset ai napoil lyirmteiye m ee ?

A variety of tools have been developed to a

specific advantages but also some | i mi-tati on
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Atom Economy23did91he Envirodfimentoal)[ 2RBEBYO Q)

established the basis of sustainabl e chemica
metrics occurred even before the for mal est
Chemistry in 1998. This showseashurte st heef nperc

efficiency and waste minimization was unders
t hat #Heacectlionmetrics did not sufficientl,y cove

ener gyamnud algief e dy Pe i mpacts (

(ox-w‘q(yg,} TrUQ
3 biobase fotore  SUSTaing
MonomMers advances <.
rophoric 0 i Y
féagpenﬁ ‘V < '923}_ \7.‘
'? hi 4h \\'14 « v 0 13
\ 2 2 t n p f o
lOO '"95 . ‘g‘. l / i N

N

) / /
1 "\ 3 . 3

n\\:@/ ' ,\\,T \‘ ’ ™ \ _el"v , FAN 5

\ 3
)
el $o e

Fi 80 Sustainabl e Pol ymers: OQur [BEV3®Ilving Under st

Thi s reali zati on resulted i n t he devel op me
met hodol ogi es exp-apdcngi cf r o md ipciact @erssss st e0s s ng
framewor ks. Accor[d2i4n0gjgn ewe Wacltamiostrty ametri cs
into three pr mansdep alt egr omeqpnd & 2@ 1a)t €2) metri cs,

systemic tolofogcbsesmeasisumeint gi (rlcCAgatra itds.

This classification presents a structured ar
mul ti pifer oonevseilnsgl e chemi cal r e-amamntdi o d |t do ee ruts

this thesis to structure doalhydsiheoretical di

6. 1Mdsrel|l amestdr i ¢ s

Masbhbsased green chemistry -ensettarbilciss haerde aonnde noofs t
tools for evaluating the efficiency of c¢chemi
materials are transformed intozatnah pndduel
efficiency at the mol ecul ar amnel gréesporitird nc ss c a

are selected and explained in this section.
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At om Ec@AB)Ny introduce[d2?]i Srast hear d9i9d al

percentage of reactant atoms that remain in
design, It neglects the reaction yield, exc
insufficient ams.use in real situati

The EnvironneindatlorFlactodoevel ope23dgn&hkkdon n
compl ete and systematic view by calculating
product . It accounts for solvenmaki rpauriithi ma

representative of actual i ndustrial operatio

Process Ma¢tPMInterpatppctom Hlye ekal uati ng th
required (including reactants, sol vpBadi§] c at
Unl i ke AE, P MI can be appliedatca oreal tpredaeasd
subtractive format that enables cl ear mater.i

Reacti on Mas(sRMEf)Tf iccanmbicoyes vyi el d, stoichiom
normali zed percentage of starting24Hdt ainst s
specifically wuseful for comparing various sy

mol ecul e.

These metrics are particularly used in pharm
are simple to 1 mpl eaed tsntsapleec iefxipcearlilnye nftoarl ssneal
they remaiemtpeprecdesand do nogyacoonsumpftoontormr
i mpact s, which are <critical to evaluating s

materials, additives, and recyclingl 24h20]i ces

6. IN@ma sre | ametdr i c s

To deal with thenlly nmdtartiiosn,s mdr enalbssl | st i ¢ t «
i ncorporate toxicity, safety, hazar-mdaspsot ent
related metrics reflect a deegperdesngndeFat i
t hbeniigahex (Bl ), dev[ed4foPlent dyr Anels ams!| ti pl e e
critseurciha as persi stence, bi-iomatcoc uamusliantgiloen ,n oar nn
from O (most harmful) to 1 (least harmful).
i'ts mol ar Tdanft ehéd goaimtdieoxn . ( SHI ) i's also simila

physical and safety risks, such as fl[l2dmMmabi |
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It facilitates the assessment and identific:
Ot her compeundcdazard met thiace,d hwcelards stbe e &}
Har moni zed System ratings, camnhbde pappleisesd stad
eafsltyage pol ymer f-ofdBul2dgiWhieonn daensdi gsncianlge pol y me
that have minimized toxicity to humans and
addr ess t he gr owi ng concerns regarding per
product s. However ,arteh elsiemi & wall utaot iqouna ltiotoaltsi v e
which prevents their straightforward integr

anal ysis framewor Kks.

6. 1SyYst omillcsfcec dsses essment (LCA)

For more comprehensive evaluation of enviro

reacti owi,deseytsée@eims such as LCA and circularit

most comprehensive and internatli omsaddsys me mtn ¢
has become i mportant in polymer science for
on a common basis. The foll owi ng-istes td eofni nwitli

met hodol ogi cal structhbuati agdNBBUPI| pcadiuacni 6

hel ping prepare for how it wild./l be used | ate

6. PCAefinition

LCA began in the | ate 1960s because industri
and maltterla6s. Harry T&£€addamyardny olmumeh&€dcane ¢
for mal environment al |l ife cycle analyses whi
mul tiple bevdraddpdRecsoenatracihneerrss conducted this
evaluate energy consumption and materi al us
containers while creating the fThss dacuyewt
predat ed7 4t hoei 1197r3i si s but already reflected
associated environment al i mpact s, paving the

circul ar i ndustri al framewor ks.

Il n the 1970s and 1980s, Uu. S. environment al I
Recovery Act (RCRA, 1976) formalized the ide
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requiring analyses of waste a[n2d4 enfad vee v earl, radewr
this era various industries wused different
coordination. The 1990s represented an ess
standardi zati on of LCA met hodoTwmxiyc ol Tolgey Sa
Chemistry (SETAC) together with the I nterna
took cruci al roles in shaping anfh@4g{SEMMALOGI z
1993 Code of Practice sypghaem aeadl|l glsji sct iwhii 1y
14044 standards (publistdetli nedl19€A asdthpdat
evaluation of the inputs, outputs, and the p
t hroughout [i2t@® Ald d er cciyrcd et'o t hese standards,
phasédgpatft samnmef i ni tli fegic lIne{@&nt or y li(feeCllina, a c(t3)
asasessment ( LICtl &N pr Eatngdl i (04Hhé i terative natur
requires adaptations according to the inten
det ai | l evel. The combination of these el en
whil e maintainiimggp2mdt.h@&@llogi cal r

(A) (B)
[ Life cycle assessment ! Goal and Scope \ Life Cycle Inventory \
framework What do we want to measure? Callect and structure our data
@ The product/ company/ service ﬁ Materials
~—

"1 _ Which part of the life cycle?
2 Which impact category? E Energy

e What do we exclude? Everything that goes into and flows out of the
\ / i system we want to measure /
Impact Assessment Interpretation \

Translate our data to impact What does all this mean?

e
@ Life cycle database/ scientific papers \é How high are our emission?

~

/1

{> How do our products compare?

Can we improve our process?
We sum-up the impacts in category totals (for

\ example, Global Warming Potential, COZ)/ K What are the biggest levers forg

FiglLCA framework, Explanation of different

6. 2Gdal scaonpde definition

The i1 nitial segment of the study holds pri ma
|l i ke the objective, scope, and primaTflye hypoi
study begins with the establispgmewoti ohti oss

executi on. Then it should be determined whet
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as company use) or external obj ectTihwees (tlhiek
scope of the study is established. This in
(conceptual, geographical, and t emphoer apr i, mat
hypot heses, and [th®3]studyodés | imitations

An i mportant part of tfhuen cstciofphedl)i so fitihteh ed e yi snti

study. It establishes a common reference by
and outputs are normalized, enabling consi st
[ 254]

Il n alignment withsybéemobleutddbasniwhiacm, uinh &
included in the analysis, therdl2yp 5dlehfei nsiynsg et

boundary defines the Iimits of the system un
the established goal and scope. It Il ncor por
parameters, with i1ts corateecrtmidneef ithh @ i ®thu dyed s

wor kl oad.

Addi t iaolnlaol dayt,itchre met hodol ogi cal procedure us

flows of a process or product system among t

product systems. According to | SO standards
prodti on or recycling, all ocation should be
processes i-mtocaels ses neant Bwbexpanding the sys

additional -pfruondcutcitosn s DFO6 Jco2 @068 ow)cati on cannot
and outputs should be partitionedprbadledt son

typically wusing physical rel ati ons[hd2%%%] such

6. 21l Bventory analysis

The | ife cycle inventory (LCI) phase invol v
materi al and energy flows for all unit proc
i ncl[u2d5e8s]

T I'nput s: Raw materials, energy use, water

f Outputs: Emissions to aipr,odwatter., and soi
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This part of t hientpernoscievses iins treersnosurocfe dat a r e

col |l edtidoant a from multiple references (e.g.,
datasets from databases | i ke Ecoinvent). For
monomer producti on, pol ymer i-fait i ® n {. r @kactcee 13 s
qguality, tempor al and geographical rel evance
such as SimaPr o, GaBi, or @pdalLiCAgi andsmahhy

inventori es.

6. 2L iI3€yecimp aastsessment (LCI A)

After completing the inventory stage, the I

how the gathered data might affect the envir

climate <change, acidificationhekpt  rqummita dtyi
categorize iIimpacts to better underst2ahd] t he
Go al and scope determine which categories ¢
recycling research, scientists frequently f
consumption as wel |l as carbon emissions and

6. 2. @At erpretation

The final phase brings together al | finding
generating conclusions and recommendati ons
[ 259]t includes:

Hot spot: alndd rytsiifsyi ng stages or processes wit

Sensitivity and WEnwvadrutadierst yt haenalnyfdiusence of

guality on the research findings.

Consi st encReqcuhierceks t hat data sources match

whil e maintaining full transparency.
Il nterpretation all ows practitioners to devel
i mpactful feedstoo#fs fer pchharergisngvht he erdi ve

for deaeksngnin design, policies, and researc
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Collectively, a robust LCA framework results
phases. The | SO framework ensures that the r

transparent and reproduci bl & osnog ssitdaek etheocl hdneor!l sc

process scenarios effectively. The LCA fr ami
bal ance between energy consumption, recycl a
which helps direct i nobvaitowm®. to create sust
6. Environmental assebBasmedtBUofandoNdiRLU
The environment al sustainability of PU prod
especially as it applies to green chemistry
alternatives. LCA has been wi dnegl yt haeprpnaile d ntsou
panfe260pbeddi ng fola2ngllcda@®p@@ppmdonesmpdieB¢ aer
Whil e LCAs have spanned a diverse range of

based systems because of their signphasent
benefits. Early LCA st thhiseesd PrURFearrunsaddyd ifinoscullsaet

of t en comparing them with ot her convention

polystyrene (EPS), extruded polystyrene ( XPS
Ni col de6ef]plailed LCA in the context of buil di
PUFs offered considerable operational energy

XPS, though they also exhibited higher e mb ¢
Siimar |l vy, Pafrgeazoga daett ed gater admpar ati ve LCA

materials and found that while PUFs had favo
domi nated gl obal warming potenti al ( GWP) anc
i mproviemgitbement al profile of PUFs, sever a
chemicall y-baseyc¢ | awmhadp tedarndbioned ( CCU) alternat
[ 86hvestigated chemically recycled polyol s
Their LCA indicated t hat whi |l e recycl ed p o
associated with virgin polyol syntlyesiowu, ctehe

and yield during depol] ¥ym@jvied atpieadn.a Mamaasnt dd C
to compédnres efdo aasbidlseidx rbigo d PU formul ations u:¢
derived polyol sha®A¢ed hbogims s adaked dnw @du awtpi d os 3i0
and eutrophicatioedpmaegitnal , ootbeeres wbowe

density or inefficient polymerization. | socy



acro

Chaptkentdoducti on 78

ss all formul[fazGeax]jmeni nBdchmanmsyatergl stic

CQ(via CCU) as feedstocks for polyol product

up model ing of 47 producti on s eCednsatrri aotse gri eeVs
out per f orsmeid csei mplpe oaches, achieving up to 1
reduction in biomass demand, while also redt
and met al depl 2 6adnmal ykwldasl iggtni aml fracti onat.

t ec-h

nonomic and LCA modeling. They found t h:

i gmasned P-UOUEfstaamndsee nwheenrsievreerpgyetreat ments a
n GWP andcihtuynamattegor[i2e6a8n]d Zh@amtgp 2 Gabsis leests eadl

bi-mased PUFs derived from thistle oil and | i
viability of renewabl e polyol pat hways wunde
varied depending on agri cutlhteurrnaa | i pnepruftosr, macnac
f oams. Qui[ Rt/affi]ffreor eed a@an .i mpor t an tb acsoendp aarnids owa s
cooking bakedwWgO) yols in PUFs. Their results
pol yol whiatshe dWCad t er nati ves can reduce GWP an
onl ye iffundti onal performance and processing
Despite the variety of functional units and
can be drawn across this growing body of LCA
| socyanates ( MDI and TDI) are consistently |

i mp-actcounti ngbd% rofup@@whR, &90L human toxicity, a

in o
Poly

redu

ecot

E n-d 4

SsCcOor

The

comp

zone depl etlizoml]Jand acidificati on

ol origin significantly i ifalseancpeosl yon \si
ce climate and resource i mpacts, but may

oxicity depending on tfRRe& Ofleedst ock and p

ife treatments, such as Il andfilling and
es unless incineration burdens or chemic
evolving body of LCA research indicates
arison in thgedeveaetopmeiht PdS. ngke over wh

i socyanatédasanddpbbyesililk to environememhadi 2 am ¢

t he

recy

i mportancepart iNd PPlUa rslyys thedmess ke dyacsleidc oma rbh
cl abl etaraddtessurcesrent sustainability
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I n the case of NIPUs, few studies have condu
and-wopKk[ex72hj]at i nvestigated a cempnemeoasaneal )
(TEA) of PHUoa@aynanatoem pol ythiourethanes (NIPT

pat hways, using data from patents, i teratu
threeplhey icmtegori es: greenhouse gas ( GHG)
consumption. Four producthiase dr &iHtUegse(n2err asteiaconn
PHU via depolymeasedt NDRT U,( 3ghenrdeir(adt)i ose cNol nPdT
deopp ymeri zation. While the analysis was perfc
valuable insights into the contribution of
Virgin PHU and NIPTU production ¢dnsuwmmedys.it d
conventional PU foams, though PHU exhibited

hi gfke®2( Reprocessing reduced GHG emissions
particularly NIPTU, but lhnensaved swapear U 3sng
replacing fossi-metmearmalnobhndvi t mprbdwi ng ami ne

substantially reduced fossil energy demand.

@ Virgin NIPU production [l 2° NIPU production Biogenic carbon content credit

Fossil Energy Emissions Water Use
8 100 g ° g™
E % 5445 354
2 D 4 248
2 8 e 2
2 F 20 E?o-s.i é =42
3T 35 ° §T »
5;,' 50 Eg 25 § % 30
PR 25 ? 5s
4 30 0= 45 S 1
20 1 12
10 0.5 6
i | B | oL N
Fossil Fossil PHU NIPTU Fossil Fossil PHU NIPTU Fossil Fossil PHU NIPTU
PU, PU, PU, PU, PU, PU,
Flexible Rigid Flexible Rigid Flexible Rigid
Foam Foam Foam Foam Foam Foam
(a) (b) (c)
Fig2 Environment al i mpacts of NIPU production and re
energy consumption, (b) greenhouse gas (GHG) emission
based PHU and NIPTU, esasedwed ¢ unatse rtpragitrs r(@phr ool PUs ) ,
conventional PU flexible and rigid foams. Orange bar

indicate impacts from NI PQ7@@py oiceglstsi 02 Adadmedi ¢ amm
Licensed uMGNer 4CO .BY

Anot her LCA st J®2yc3dmp aBrreoch RHUsals yma hed i 2€@ds f
and pet rderhiewvnda & alb CCs . Their fbiarsckidn gssy s4 eonvs e

significantly | ower environment al i mpact s, o)
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and milder reaction conditions. This study e
sol vent usage, and synthetic routeFii@B.shapi
Further advancing this field, Seychal et al

benefi tdewifvéeédHUcoval ent adaptabl e ne[t2wldr]lks (

Their analysis revealed that although the p

enesgyensive curing process, could i mpose h

conventional epoxy resi®poxyhdrybmptfe rgearts d tgii

mi

tigated these | mpacts. I n particul ar, hyl

exhibited up to a 15% reduction in climate <c

compared to standard epoxy ugys tod msCANMO reencavbe r

sustainaibl e eadenarios through mechanical é

of fering notable environmenteahfgaced, cempesi

fi

ndings reinfor doasteendiyot matiiade ofadHPUr omi s

sustainable composite material s.

(A) (8)

100

(=}

o Cat. Solv. T

OH
o o

P+ HN G NH, ——— ./\NJ-LO/Q + (\NJLQ’\(. -
H H OH

%

PHU-5CC
60

B

o o HO,
Cal.T J
o4 N 40
'S(/ D4 HNgMNH:  — 'AH n/\k

PHU-6CC "

CC ODP PM IR POF AC FE ME TE WAT LU RES{RES-m HTc HT-nc FWT
PHU-5CC + PHU-6CC

Fig3 (A) The chemistry of two PHUs produced from pol
Environment al FrmpmpasethgacadimnepabCE ahdRBRUBHe

definition of abbifebiatlons is explained in
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Table Recommended | ife cycle impact assessment metho
Research Centre of [thB5JEuropean Commi ssi
Impact Category Acronym Unit Indicator
. Radiative forcing as Global Warming
Climate Change CcC Kg CCzeq Potential (GWP100)
Ozone Depletion ODP kg CFG1lleq Ozone Depletion Potential (ODP)
Particulate Matter PM Disease incidences Human health effects associated wi
exposure to PM2.5
lonizing Radiation IR KBq U235 Human exposquJe\ZSefolmency relative 1
Phot?ccheml.cal ozone POE kg NMVOC eq Tropospher[c ozone concentration
ormation increase
Acidification AC mol H'eq Accumulated Exceedance (AE)
L Fraction of nutrients reaching
Eutrophication, freshwate FE kg Peq freshwater end compartment (P)
I . Fraction of nutrients reaching marin
Eutrophication, marine ME kg Neq end compartment (N)
Eutrophication, terrestrial TE mol Neq Accumulated Exceedance (AE)
User deprivation potential
Water use WAT m3 world eq. deprived water (deprivationweighted water
consumption)
Land use LU Dimensionless (pt) Soil quality index
. Abiotic resource depletion fossil
Resource use, fossils RESf MJ fuels (ADRfossil)
Resource use, minerals Abiotic resource depletion (ADP
and metals RESmM kg Sbeq ultimate reserves)
Human toxicity, cancer HT-c CTUh Comparative (EOTXL'JCh;Jmt for humans
Human toxicity, non HT-nc CTUh Comparative Toxic Unit for humans
cancer (CTUh)
- Comparative Toxic Unit for
Ecotoxicity, freshwater FWT CTUe ecosystems (CTUe)
7 Conclusi o
Il n ¢haptewe began with the concept of sustain
practical necessity, and circular thinking
ecol ogical Wiedhpaongdgihbisl iftryamewor k, we exami neoc¢
evolving potenti al of pol yurethanesocfyBUs} ¢
pol yurethanes (NIPUs) as a sustainable alter

signtfheaht h
NI Pdansyet hesi zed

and

environmentabxrcsksodyantoe
thromght gneeablypabhbwapsya

baseeédnefmbvee ed cyclic cawhoaoltkeas wemér ge d maanet
empl oyed and i ndWNsetvreirdlhley esisablie rneutianport a
precursors involved in NIPU synthesis (e.g.
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concerns, and further investigation and mol e
t heir safe and sDuesstpaiitnea btlhee sdee pclhoayl nheenntg.e s, s u ¢
enabl ed applications in colaltowmsf oanddhesdemasr
that performance and sustainability can inde

A core theme of this review has been circul

Depol ymerization via solvolysis (e.g., hydr o
mol ecul ar regeneration. However, even though
still |l acks extensive studielsPWsn, swhilahl eam

i mportant area for further research.

| mportantly, sustainabbiulti tiyt bmeusstie asmlitissopd ] yL bk
Assessment (LCA) of fers a comprehensive too
material 6s | ife cycle. Existing LCA studies
resource demands of wveiprrgoicne sssyerdt hNel sPiUss, craenc yscili

fossil energy use ansdo ngerteienmehso uesvee ng ahsa vei mi gs ssi uoj
compared to conventional |RPUg.esNomraentah emlses 1, am
use, catalyst toxicity, and depolymerization

Ultimately, NI PUs are not ond sye dat Rskbgf es h oawl t &
significant evolution toward materials scier
combining material science ancac d4diCrAgulwar ctami m
forward to a polymer economy that supports
equity. Progressing in this field needs not
to design -wethuboereseqgainaedquemcd,asamd we must

those consequences before we act.
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Aim of the Thesi s

This thesis seeks to adwamrgenthe ¢peVeguopmé
through th#®ased mbnd&mMers iin their synt hesi
recycling and wupcycling strategies supporte
met hodol ogi es. Buildiolgapmewhkcheexaw peedsea
in NIPU synthesi s, recycling approaches, an
domains together tpoe rd ev anlacE e v i athilge ,e phleiplo B M

materi al circularity pathways.

Despite growing interest in NIPUs as safer &
pol yur etrtopadruecds ,ng NI PUs out torful yelloybnpesre dwaysctl e
systems remain raruchMoass m«cd lsdfmaindga le fof erceggsd ni
materials with performance | evels comparabl
recyclability must bse eVVateathedcabt feasibiln

rigorous and quantifiable environment al met r

To address these gaps, this thesis adopts t}
and systems thinkingmdrogiamwgsd Iginn ga naln de viap awyad le
Central to this approach is the integration
comprehensive framework for assessing the e
processing, Bgndcomébc¢cov elgeyvrmd | eicruncawrat-i emelwi t h
anal ysi s, t hi sf umaraknmetmoo ait h g dud ie|ciyp etffeor t s
devel opment etepobhiymabl enat er icail rsc utl haarb aescuapnpoonty

future.
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a ESR 6: NIPUs recycling and upcycling .
o Production of CO, sourced monomers. o Transformation of building :
blocks into novel functional
polymers by sustainable y
c Q processes. )
Acidolysi
@ Mild conditions g) Eidobais
Hydrolysis
" ri
A Y 4 3
Lt B . ot lycolysi
e bt et Glycolysis
Different bis-cyclic carbonates
Aminolysis

TlTEx
Preparation of NIPUs through green | l I I e l I o Developing innovative routes for
¥

o chemistry. 'y depolymerizing NIPUs into small
/ building blocks.

Fig. GIraphical abstract of the thesis

The research conducted in this thesis i s o0fr(
specific aspect -ofomhgr e&NdPPUs yntflreesgicd et o rec

assessment :

Chaptenve@stigates the devied ompynemadat eof p ofluyn(cotxi:
(POxas) via wpeyclVedgcpoby(@®t e ) s . Thi s chap
cat dlryeset ami nol ysi s of polycarbonates wusing
bi s(oxazolidone) monomer functionalized by a

wi t h comnehricalasl -tdhd oaoegahn eJhMa loilck chemistry. TI

the influence of monomer strucmat e soabiploil tyy
expl orpsl ymerti zati on functionalization poten
Chaptierveldsti gates the chemical recycli-ng of

type (preparedndouyc ed hef ot eg of poly(cycl.|
formul ations) via hydrolytic depolTyhme rsitaatyi c
evaluates the efficiemeghardibdfmméoncldegy agalt i e
recovery yields of tThe owaghi aud fleuieindi tdh ablac
depol ymerization of the PHU network into pol
We t hen i nveuwste gfadre tthe i fr o rrgman d@roant ioofn tfhoea nese c

same-bsewi nggyechhel eahapter also explores th
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mai ntain foam quality with up to 63% recycle

cloksedp recycling strategy for NIPU foams un

Chapteppldi est qar aveadl @A t o evaluate the envir
chemical recycling strategy i-sndaloda urceeadc tiinoCh
experi ment al yi el ds, t he L O©Afpuamsisidfdii eestnestdhgey
use, raw materials and sol vent consumption
perfor med bet ween H mooipnerady olni ngnd rcelvesad d n
categories. Contribution asdhetspotsvianyg api;q
for greener alternatives, such as renewabl e

This chapter aims to provide a quantitative

devel opment in the NIPU field.

Chaptexplbores the optimization potenti al of
hydrolysis process and monomer isolation str
and 4, this chapter focuses on improvieng t
simultaneously reducing environment al i mpact
demonstrating significant environment al p e

modi fications, this work streangtHoesogsd t dey ¢ loiu
approach and supports the advancement of S

materi al s.

Chaptseyrntébhesi zes the key findings from the pr

chall enges, providing a foundation for futur
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0 o] HO.
o P HO o~ ~on o\)§ o4 HN™ “NH, 3 ] )it J?L
{)Lo o) CQ M/K/o B T 1
n 2 H,0, cat. H H
o 100 °C OH
{\ OH
HaM Total degradation o -~
25°C, no cat. Hydrolysis 80°C,
Monomer degradation | NaOH/
processing OH H,S0,
oy_o HO P 8 Ho HO/R oH
Ry N F PN Yo N S "'A ™
o= T N o~ n Ho. On + HNTSNH,
OH ° HS-@-SH OH o] o Isolation of
U-initiated thiol-ene small molecules

polymerization Open-loop recycling Closed-loop recycling

Improved environmental performance

Recycling leads to greater
environmental impact than
incineration!

Yield
Maximization @
Waste
@ Minimization
Energy
Efficiency
Chemical

o Optimization

Fig. Objectives o

QCA Let's see how the
recycling is going to
change the world!

ASYp

=

Assessing environmental impacts
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thesi s
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ABSTRACT

/ poly(carbonate) H N\/\ bis(oxazolidone) \

depolymerlzatlon O)L HO,
T S B e
0 (o}
A
c Q polymerization \) HS-@»-SH
t‘"\s/""'» Oxidation to sulfoxide @
- y HO
N
u"\”/“\» idati If A0S
Es)I Oxidation to sulfone (/\/\ N S *)n\
#NgG™ S-alkylation Dehydration — OH )
- T Post- ificati "
| Functionalization ost-modification  pay(oxazolidone)

Polyoxazolidones,pol yemerhs gthe apreirfg ramamnliciec car bamze
accessi bliesocyyamanhenroute wunder mild conditions
pol yoxazolidones bearing thioether Il inkages, w h
fmctionalization. The process basansdosxomalrypbfo ntah e ) st
by ami nol ysi s wi t h allyl ami neoarAtonaoein 1 e mpcear
decomposed-fiumtcd iaomadlilzyeld bi ®hoxapoll iydmemeé z ewh iwd hh |
UVi ni ti a-eed paboli pimer i zfauuncotni.onTaHd zeld!| yli s(oxazolid
guantitatively obtained bpsedabistal &yl ydeaei nog

l'i brary of galhyi(oetahzeorl)i dooonpeo!l ymers i s easily acc
di thiMyupanad 101, 000 g/ mol i s reached. Al pol ym
t her mal treat ment at a temperatur eatrean gfiunrgnifsrha
pol y(oxazohiioetnheer ) copol ymers bearing exocyclic
t her mal sdgadep | t by 360D AC) and vari ous gl-ass tr
pol ymerization modifications by t htadIlkyd»itd atni aorf
thioether I inkages, are realized to. dNdtiabelry,untp
introduction of sul fonium groups enadvodlesbl teo

pol yoxazsli dihis work describes a simple platfo
pol yoxazolidones that ar e nboats eadc cneestshiobdlse bryo rtehoev

operating condit-bhbaesdbmoarmbeosting CO
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1 I NTRODUCTI ON

Pol yur et hanes'anhlhsy) ,alrlanmpkoilnygned s, are found
as f oams, adhesi ves[Bfodawegesr,, amastel RYd omtei
resi stance to heat which is cohspeéerf®d masca

applications requifi#9gl hi glespbaesetahe sa aalbustl iicd

was found in the devel opment of pol yoxazol
di stinguished by their exceptional t her mal

chemicall y-meembestedntyti veThueiert heaxncee g ti indkmagle sh.
renders them highly promising for i ndustri:
durability, e.g. in automotive, aerp&apRrdce, e

POxa are most often produced by copolymeriza
temperature (typically 160 ACEBSInNeéewner tph else
diisocyanates ar e toxic compounds and num
(carcinogeni c, mut ageni c and reprotoxi c) p
environment anfléheThepmanghodgactivity of t|
harsh reaction conditions are also not compa
(e. g. ket ones and alcohol s) i n the pol ymer

properttihosu.ghA POxa are highly apppeearlfionrgmafnare

materi al s, more versatile, greener, and saf
production. To address this challenge, only
toward these elusive polymers, such as the p

90 AC employing a tédrit8ijJary tdamitme gapedadeat al
reaction of a dialkyne with a diamine, an al
from 75[16,BrROWiICous wo rpki obnye eoruerd girhoeu pusi | i z at
sourced activated Uay&lyi ¢ deme UCECY g b efngart é p ree(p &
i soc yfarnecaet ePOxa by copol ymeri zalCiCOrs onfi thhi fdu raan

under mild conditions, I . e. a tf r reomodmm {tRednmpse r a |
23] The scope of POxa wla3diad slofa Padxiieeunpdse do yb yw aS cy
the strubQur eThoef fRuinscti onal group tolerance

feasi ble through copolymerization with mixt.
pol y( ox aaodn odtomieo claz.@]Rreateen)td vy, circul ar POxa
dy naMniec et al bonds wer eUCHr, o du caerd nsetsq r2taihrdg pforl
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BiUSC al so servedxbar pareptag)es pmwy y¢r ganocat al
with (bior gn28®% & sloeme difoltshem having found app

for ' 1t hi[u3]b attteereises ngl vy, this class of p C
di spl ayed easy recyclability. By aminol ysi s
decomposed into the starting diol a nfdr eaen e |

conditiTbems process has shown to be tolerant t
aminopropanol, a hydroxyl functional bi s (ox
building block further served dBCat aceordned iowme
pol ymer contai ni mxgoagxanaltied olnien kamge s-cdt hus,

carbophabpPoeheme 1A). The f acid»oad ebpoonlaytnee)r iiznavt

the nucleophilic attack of the primary amin
hemi ami nal Il ntermedi ate that could wundergo
membered oxazolidone andatheofepwiygaaboohol
utilizing simple commercially availabl e func

easily produce funcemntoaml ndgi sl @ xpdz adiGuixchtain@n s o

this work, we x-aaxrphd con a teed) st hu psc ypcolliyn(g st r a-

-+

nctionalized bis(oxazolidone) by facile an
cycl ed i nto hybrid POx a contai ni-emmge t hi @
otopol ymerizati ©6hi owist h ( Svcahreinoeu s 1 Bd) . We s |

-+~ T C
c C© T T £ S

nctionalities are easily introduced to the

I foxi de, or sulfone by partsiuvalf oonri ut8o tbayl toh

kyl ati on. The successful pol ymer modi f i ceé
ectroscopies, and the thermal properties o
alysis (TGA) and differenti al silcea nuinpg cnygce Iciarl
ssibil oxbeasbohape)g(by utilizing commerci a

cess to new ffpuencpgadloynmdr sPOxfa tunabl e proper

s ®» T ® 0 2 O

Q O O S5 T

s al so pr opoys edde Itiov egru atnhtei taaltliyvlelf uncti onal i
the construction of the hyblbagsed®Oxias byl Ky Iriea

carbonate) with allylamine at RT.
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(A) Previous work

P Q Poly(oxazolidone-co-carbonate)
/7 HaNo_~_OH >\‘O
Depolymerization o ﬁ\Q o} HO
o.__o N/\/\OH { o J\ >\ 9 % o
)LL\L Y \/\/\0 -y HOM T o o/\/\%f b A
Cat, 25°C,24 h o OH ©
(B) This tﬂk Poly(oxazolidone-co-thioether)

/ HaN

o “LO Depolymerization o>\\ HC e -
- s
/ v [~ o] N/\% - X\/\ /A%N/\/\S/‘/ 4
HLOHDYOW\OQ ) I‘M ) N))V
o]
o

e oH UV-initiated thiol-ene

I izati
polymerization l Post-modification

/" Novel CO,-sourced hybrid polymers
«/ High molar mass /\/\ W/A)( S"/o\ X\/\NM/\/\S/\/ +
. I o~ 7

« Versatile post-modifications

+/ High thermal stability after dehydration Saalkylation Dehydration

v Water solubility after S-alkylation

o] o]
JAN S o] i
' _ _ N /\/\S ity ’{/\A“P\MO N/\/\%z\/fﬁ;
All obtained via up-cycling of poly(carbonate)s HO)(Y oﬁo 0

Oxidation to sulfoxide Oxidation to sulfone

Scheme (RA) Depolymerization of PC by aminolysis with
polyoxazolidone con{&8j5n({By Depbbymama¢ri tankagesf PC by
and upcycling into a polyoxazodneopbotopobaiymengzahi oe
modi fications of the pol ymer.

2 EXPERI MENTAL

2. Bynthesi s &7f-@d&foRkiapdrey | meitdbydet hy-| ene
1 ,-d8i o x-8-6 @ ¢B)iUs Q

BilCwas synthesized according (tFd gar[e@rn&a® du
Ethynyl magnesium bromide solution (800 mL, (
i nt o-na ctkveatb o totuorrd f |l ask wunder an-hiexeamtedn iotnreo d
mL, O0.13 mol , 1 eq.) was sl owl yg.a dRceldl aodwiompgwi
of stirring at room temperature, the reacti
ammoni um chdlor iscdbd u(tNTHhe (26 Q@1 ML ng precipitat e
centrifugation and TbemnHrndmowadc, byB0D0Di ImLr aotfi
addBhle aqueous phase was extrdabcteedowbihedi ot
|l ayers were grifedteved, Ma®d cdheemtesatd é¢éd ngn c

orange solid was di ssol ved i n di et hyl et h
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chromatography with d3 b mell hogclthaedi-goine| t tva s e |

coll ected as a white solid after evaporation
3 -dbi me-1 poyclt a B8i-gbn@l (20 g, O0.12 mol, 1 eq.), t
g, 6 mmol, O0.05 eq.), Cul (1.15 g, 6 mmol, O

250 ml high piThesueactat owh axplrOeds sbuarri)z eadt widiOt
after 24 h, depr essTuhrel zaeudt otcow addi esscshoahrvgedd tti hne O
(400 mL) and purified by siidhclTedhegeslol elemd maw
evaporated and the obtmderdvHed daawt asionad swal
di ssolved in acetonitrile (30D0 mMAG famrd Q@ brie

resulting solid was <collected by filtration
vaculimus, the pure productanwha sc hodrtadh tneeedn daesd
1€ NMR spectro&8¥dpp8 dFiigsuoleat &d yield = 26%)

2. 3ynt hesiosx-oafr bpaolayjt(e) ( PC)

POwas synthesized accordi n[g2.8Jjde @ 2p rgo, c e7d. udr6e num
1 equibw)t,anle,dd ol (0.708 g, 7.86 mmol , 1 equi
equiv) were added to a reaction tube with dr
25 AC for 24 h. Then, thé¢ pohemerdf owaowerde biyp
at 10,000 rpm for 7 min and then dried unde
solubilized in THF and dialyzed against THF
et her and filetrpaliyomer Fweansal diyi, ed hunder vacu
charact®ril€zednbdyHSQC NMR sp4SHt rosc oPFO ((FFiggu |

2. Bepolymeri zaotxoar bofnape) vy ( PC) by al
bi s(oxazolidone) (1).

PC(400 mg) was added in a reaction tube and
tri methoxybenzene (TMB) (25 mg) was added as
of allyl ami neveg(a3coh5 kmegt,o n3e efquncvt i onal ity of t|
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mi xXture was stirred at 25 AC andH-NMR depo
spectroscopy and SEC by sampl i)ngwacsyv eirs otliamee.
precipitation of the reaction mixture into
dried under vacuum at 40 AC for 24 h (isolat
was char a#tt'€r i COSYby HSQC, and HMBC NMR spec
S )

2.8ynthesis of bis(oxazolWdone)s (1) I

BilsCc(2 g, 7.86 mmol , 1 equauwol)edvagl aadd ewdi alo fa
addition of allylamine (2.24 g, 39HAMRmMoOl , 5
After a 30 min reaction, the monomer was si
vacuum at 40 AC (isolated yield > 9d9%), The

COSY, HSQC, and HMBC NMR s$@dxtroscopy (see F

2. Bener al procedure for the syenmnmehesi s

Bi s(oxaZd¢4iodomg) 1.08 mmd(l. 018 engnuoilv,) ,1 dd ¢ thii
Di met-hophxkeggnyl acetophenone (DMPA) (13.9 mg, O.

a glass fl ask, foll owed by the addition of
under irradiation of r36e5 nn OWV, 12i0g0h tW)( Gnonri c2u
the Iight source to the reaction mixture wa
reaction. Af t er 24 h, an al é d tHeNbMRo fa ntdh eS EcCr
characterizati ons. The polymer was diluted

di ethyl ether, and centrifugatedrgingOa00RTy
solid was solubilized and Odyabyeredpi haTHBnNTfC
and filtration. The pure polymer was dried
byH'€, COSY, HSQC, HMBC NMR spectr @&S8opaynd see
SEC (see Table 2).
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2. Representative procedure for the del

All the dehydration temperatures of polymers
3. The dehydration of polymers was pge26pr med
The overemasedprteo the dehydration temperature
pol ymer was poured onto an aluminum pl ate an
dehydrated polymers were usedefopuchtraateo
dehydrated pol ymerlid!@,er@0os¥hharHhsQC,r i ZMBIC bNyMR s
(see F5§0@r,esanSdk6 SEC9(®®%BHe Figures S

2. Procedures f emmodpiofliycnaetri opno s t

Oxidation of thi Seltleeti vB2bul §akidri e was
foll owing modificati[on6]dfn a mr ewltsobws0dd r,ngped
0.19 mmol) was dissolved in amubebDME. s®956t Ok

equisvhi oet her functi on, 3.84 mmol) was added
pol ymer was precipitated in diethyl et her f o
The solid was dried under vacuume afol2y5meéirC wWa

charact®rtzed@OBY, HSQC, HMBC NMR s @®B&@firoscop
FTIR (sePnduSEC SlLsBe. Figure S12

Oxi dation of t.hi®deltdetri vidd2 tbsxuil daothifoorn eo fwas p«
following modificatj®n, o38%8pneygyl at2bgbdatedpoe
0.384 mmol) was dissolved insdhiometBbBF. fTmen
mmol ) of a B&fwuéwldsw)sasll uti on and 6 mg (0.025
(DPDS) were added and the mixture was stirr
diethyl ether followed by centrifugation at
AC fbragsd then at 60 AC for 16 h (i solated
byH!€, COS®C, HHMBC NMR spectr &S89Ppy FT3s Re (Fi gu
S131 and SEC 3(see Figure S1

SAl kyl ation bfh ahgbae®&ffDAl mgpoDy B84 mmol ) w
3 mL DMF. Then, mewvt shlyil o @ toldda rd ef  Mdt ieqqru,i v3. 8 4
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the reaction mixture was stirred for 48 h. 1
NaCl 0.1 M for 2 daysttod,Cdamdhamigpen tdiealcyozaead
day. The solution was | yophilized to obtain

The polymer wasH,tthar@Q@s¥r iHSQ@C,byHMBC NMR spe
Figur #%19S.13

3 RESULTS AND DI SCUSSI ON

3. Monomer synthesis

We first studi edo.>ddwer caeoix-o@d s @t e i @gCoI | yI a
to provide a new bis(oxazoli ®POnay wynthheasil yé
st-gpowth copol Biv@C(i zed | BinY3orfes a cStli on scheme

char act erBiiGs@twiotnh-b olt, &dn e di o | at 25 AC in the
organocat a% yvs8 iU f anlollowi ng a previoyI8y des
(Scheme 2). TheP@wag osbntéH,damd/ HSQC NMR

spectroscophtt) ( Ringlurtelse Smol ar mas s was det e
chromatogrMyphY2(9BO; g//imolTheFiagmitneatSysonsdott e
at RT in THF usi wgaalhl klea minree f(uUuhceaquwinwal i ty ¢
unit). The formation of the products and the
NMR spectros®opaynd( SE@u.( EAfStuerHeNOMRI| yetkal ed t h.
resonance relative to the BEl hzy pP2p.al)j dcast i € a
decreased (90% of degradation) . This was tr
determined by SECe Mye&cBi5®g gH-MMRwW aThleurevea
characteristic resonances correspondinrng to t
CH-at 3.39 ppm), -GHhaet oXaz6d !l ppgmneprfdd tc@H ( Mi ne
at 3.95 ppm; see our previous wo-pkof] Bttt he n
After 24 h of reacti ®t,ott dlel ghdraapprpearsed.c is
pol ymer degr a® at ilonnt er Eisdumeg | §, the deter min
products alcohol/oxazolidone/imine was 0.5/

was thus higher compared to the depolymeri za
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work (alcohol/ oxazol i do3n5e]/Tihrai mfeorwiesd M. S/(@®.xA:
i sol ated by precipitation in dWedt.hyl ether (

An alternativdwasut ket di maaiEdeynmi alol ylsami oé (
2). The reacti dHhNMR su sriomg toreguibw of al |l yl an
and solvent, i n afnr e ec ec obnadtihtS5)uonnd$ehr ¢ Fcraet saul leyts§ 1 e
fast aminolysi s, reaching completion within
production ofl(bisso(l axazdo lyiidcdmrde)of >99 %) .

HO\/\/\OH DBU {)L O\/\/\O/)
DMSO, RT, 24 h

. Poly(oxo carbonate)

= 14 500 g/mol
o HaN M = 22,900 g/mol
S TN MM =15
Q o
(0]
0{\ Total degradation
e} o
BisaCC THF, 25 °C, no cat. HO\/\/\OH
+ oy HO
Ice bath, no cat. 0 N
H-N _ PN N
NS no solvent, 30 min R O—{\
OH

1

Isolated yield, starting from PC : 63%
Isolated yield, starting from BisaCC : >99%

SchemeAfi nol ysi s amfd RIC riefclity saymitnhoeldgiGsi so fof Bi s

3.3ynthesis of pohyoexhzol)isdone

The allyl funct i olwaalsi zceodp obhliysnieor X abzgodhl i o nhea)t e t |

radi calnet hinolt hea prheost eofi &ne htefaet 03 ) . The experi
shown i n 6Bliv”guAnrseqgouli mol ar ratio between the

series of reaction parameters were explored
monomer conversions and molar masses (solven
Al le tphol ymeri zati ons wer3655x &anvmil ednpodtor at24RTh,.

reaction mi xtur elB-kNMR r s p antarl ygeapyby(to deter
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conversio®, ERi.gwrle SSInd SEC (to MhetefTméenees bl

are summari zed in Table 1.
UV (365 nm) o] HO
o] HO -
Initiator 5 mol% vs 1 [e) s

P o SH Yo AN O 7\

vh}*o N/\/ + HS/\/ \/\O/\/ —>Solvent, Zh AT N o_{] S (0] r
4 OH o
OH o
1 2a P2a

Schenkeadcti on scheme foienetheoplyommédwi 2lti @anedft hi o

Tabl e Optimization of the reactions c-odacdiitoiearhserf)esr. t he

Initts M M ¢
Ent SoIvecon(Cl\i)ntl(S mo § " b " Dispebrs Coonv.
monomp (g/ mc(g/ m ( %)
1 DMF 0.5 DMPA 4,50 10, 0¢ 2.3 90
2 DMF 1.5 DMPA 16, 5( 74, 0¢ 4.5 > 9
3 DME 1.8 DMPA 27.0(116, 0 4.2 >99
4 THE 1.8 DMPA 4,50 7,70 1.7 72
5 Acetor 1.8 DMPA 5,00 12, 6¢ 2.4 80
6 DMF 1.8 omniri 43 o 38, 5¢( 2.9 92
: 2100 ' ’ :
7 DMF 1.8 omniri 415 o 38, 0 2.5 97
: 2022 ' ’ :
1]

aThe struertaudriec aolf ifrrietei at orsleit @ r snh mwnmn by SEICe ma PMF/ L
with PS standards Jdoomvedei om®lacoatlicounl AdpNibsEt ubrgee;ct r oscopy

on crude reaction mixture. Conditions: 365 1
As shown i n Tabl e 1, t he monomer conversio
dependent on the nature of the solvent. At

phot oi 2i-dii md tehpohxeyn y | acetophenone; DMPA) , t ho
Mywer e higher in DMF (> 98%,; 116, 000 g/ mol ;

(72 %; 7,700 g/ mol ; entry 4) or acetonitrile
to be the opti mal sol vent for t himomgol y me
concentration from 1.8 to 1.5 and 0-3j3. M wa

Replacing DMPA by alternative photoinitiator
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adverse effects on both the eonv-édeslitbhniss awar
noting that hi gh monomer conversion resulte
i mpeding growing chains diffusion and effic
mol ecul ar weight distributirmntshevitihe an estpiea a&li

val ue of 2.

Having the optimized reaction conditions 1in

1. 8M, DMPA as photoinitiator), the time of

monomer conversion was determined by moerto
ti me usi niganmo ndd hehri g 1Pa e HEMIMR spectroscopy and
dit2bwals selectedHNMRssmetcti fymthwfe the reactic
2a As shown9bi,n thhiegureess oilance aosflsadic i=aike. Bt o0 a
ppm di sappeared after 30 min reaction, conf i
24 h, the viscosity of the reaction medium w
time evolution of the SnkeCr cnholoanratmagssamgn da ndi
exposure to UV |ighdGn®RdSAhowm ©Bn hFiodurpehot ®p
mo de Maafe 19, 000 g/ mpd Iwa%) ,0bamd nweas (sMgni fi c:
of 53,006 B3/ &gplaff treega Qtdi dn.

Various2@é€tSkiheime 4) were then evaluated for
the versatility of the process and to prepeé
pol ymerizations were conducted in the optin
comvwd on of more thaP2-88% dats e iHBNNIR choerd ycfrourd e
mi xXtures, evidenced by the al mosti=cdanpdeet e ¢
ppm) of IroFiog2epre ISt i's wort hconnovteirnsgi otnh aotf a8 O
obtained P2gr opbodbylm'yerdue to th2ehoWM&sol Thel cft
pol ymers had modeMwat wi ttfo walghe s ed aP@)gretgo f r o
116, 000 RB2)anqITa(fler 2) . The mol ecul ar characte
and their SEC chromatograms &86& depicted in

The polymers microstructures were fld-lalng char
l1&NMR spectra are depi c®88HINMRFisplercd rla arednofi
the anticipated repeating wunits consisting

typical r e sCoHhoaf n ctehsi ,alea=hg2r. BPAmt -&Hdf Noxazol i dor
ath = -B..0OBmMm as wel | as the resaneanpépnolf{ Ft er &



1)
ppm

l inkages

presence

The

of

t he

of

Chapter

met hyl ene
was
t he

2. De s

presence

conf

gn

r med

of reenpoigakazeodc1l23

o fP 2eatatse rc olnif n k anggals biynr-t BelI5Hhmea
CHOUp PRBhacpnesteacet bér
b@HCO@I a=dj@pcoi)ht
oxazoli do€&MRr spepcwa®stcopiyhe

Trheet h

typical resonance of the carbonyl gPr2ocu p nat
addition to the carbonyl @gtoaurp mdi e@txyazwds daln
171.85 ppm. Al the polymers were sol T
water (Tabl e S2)
O&\ ' DMPA >\‘
o = —-— o] S
Soy OH\{N/\/ + HS SH —— N {\/\/\S }n
OH o RT, UV
1 2 P2
HS—l:gH:
2 HS/\/O\/\O/\/SH HS/\/\/\/SH 0
2a 2b HS/\)LO/\/O\H/\/SH
A~ ~-SH SH 2c O
e 2d HS\/©/;e

SchenkymMt.hesi s of -cpdgohiyd erB2re) $ done

Tabl e SZope of theepbotbioktpalemhelbhidati 6hieofnimodomé

M M. a Conbv

Ent Pol ym Di thic i < :

g (g/ mi(glm DHSPETE (o

1 P2a 2a 27,0(116,0 4.2 >99

2 P2b 2b 19,00 71, 0¢ 3.7 >9

3 P2c 2¢ 18, 0( 54, 0 2.9 >99

4 P2d 2d 22,00 55, 0¢ 2.5 >99

5 P2e 2e 7,00 19, 0¢ 2.7 80
Condition: DMAE met-ZHdhxeyy | 2a2et opheneosnOhdPBAH 55 nmo U%

light, 24 h, RT.

8determined on crude products by SEbQIeitrermﬁJl-HﬁNbNdiRB)ry cali
spectroscopy on crude reaction mixtures. The calcul at
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Fi gufHeNMR spectra QOMSH), d800MRMEDp e c tlr0ad (NPHiEZY@k)to,f
purified P2a \ywhdr B2¢ P)2AY P2¢

































































































































































































































































































































































































































































































































































































































































































































