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Synthesis and Thermo-Selective Recycling of Diels–Alder Cyclopen-
tadiene Thermoplastics 
Thi	M.	Tran†	and	Javier	Read	de	Alaniz†*	
†Department	of	Chemistry	and	Biochemistry,	University	of	California,	Santa	Barbara,	California	93106,	United	States		

ABSTRACT:	Catalyst-free	and	reversible	step-growth	Diels–Alder	(DA)	polymerization	has	found	a	wide	range	of	applications	
in	polymer	synthesis	and	is	a	promising	method	to	fabricate	recyclable	thermoplastics.	The	effectiveness	of	polymerization	
and	de-polymerization	relies	on	the	chemical	building	blocks,	often	utilizing	furan	as	the	diene	and	maleimide	as	the	dieno-
phile.	Compared	to	the	traditional	diene–dienophile	or	two-component	approaches	that	requires	perfect	stoichiometry,	cy-
clopentadiene	(Cp)	can	serve	a	dual	role	via	self-dimerization.	This	internally	balanced	platform	offers	a	route	to	access	high-
molecular-weight	polymers	and	a	dynamic	handle	for	polymer	recycling,	which	remains	unexplored.	Herein,	through	the	re-
activity	investigation	of	different	telechelic	Cp	derivatives,	the	uncontrolled	cross-linking	of	Cp	was	addressed,	revealing	the	
first	successful	DA	homopolymerization.	To	demonstrate	the	generality	of	our	methodology,	we	synthesized	and	character-
ized	six	Cp	homopolymers	with	backbones	derived	from	common	thermoplastics,	such	as	polydimethylsiloxane,	hydrogen-
ated	polybutadiene,	and	ethylene	phthalate.	Among	these	materials,	the	hydrogenated	polybutadiene-Cp	analog	can	be	ther-
mally	de-polymerized	(Mn	=	68	to	23	kDa)	and	re-polymerized	to	the	parent	polymer	(Mn	=	68	kDa)	under	solvent-	and	cata-
lyst-free	conditions.	This	process	was	repeated	over	three	cycles	without	intermediate	purification,	confirming	the	efficient	
thermo-selective	recyclability.	The	varied	degradable	properties	of	other	four	Cp-incorporated	thermoplastics	were	also	ex-
amined.	Overall,	this	work	provides	a	general	methodology	to	access	a	new	class	of	reversible	homopolymers,	potentially	
expanding	the	designs	and	construction	of	sustainable	thermoplastics.	

INTRODUCTION 
The	recognition	that	macromolecules	are	formed	through	

the	 covalent	 bonding	 of	 smaller	molecules	 by	 Staudinger	
has	led	to	the	discovery	of	polymers	and	sparked	the	indus-
trial	fabrication	of	plastics	with	applications	ranging	from	
packaging	and	adhesives	to	modern	high-performance	ma-
terials.1,2	Among	these	materials,	 linear	polymers	or	 ther-
moplastics	 have	 become	widely	 produced	 and	 consumed	
due	 to	 their	 synthetic	accessibility	and	mechanical	 repro-
cessability.2	Despite	a	vast	array	of	research	efforts,	 it	 re-
mains	a	grand	challenge	to	efficiently	recycle	these	materi-
als	and	thus,	reduce	the	environmental	adverse	 impact	of	
plastics.2–5	One	of	the	most	promising	strategies	to	improve	
polymer	 sustainability	 is	 closed-loop	 (plastic-to-plastic)	
chemical	 recycling.6,7	 The	 high-molecular-weight	 (high-
MW)	polymers	are	converted	into	smaller	fragments	or	in-
termediates,	which	are	ideally	subjected	to	re-polymeriza-
tion	to	form	the	parent	polymer	or	similarly	functional	ma-
terials.	This	method	is	promising	to	preserve	the	macromo-
lecular	properties	and	maximize	monomer	resources.	
The	 current	 state-of-the-art	 closed-loop	 chemical	 recy-

cling	relies	on	the	incorporation	of	labile	bonds	into	the	pol-
ymer	backbone	during	the	polymer	fabrication.	This	can	be	
accomplished	with	 traditional	 step-growth	polycondensa-
tion	 materials	 (i.e.,	 polyesters,	 and	 polyamides)	 with	 the	
high	content	of	ester	or	amide	groups	that	are	predisposed	
to	well-known	chain-breaking	conditions.8	For	example,	hy-
drolysis	and	glycolysis	(through	transesterification)	of	pol-
yethylene	terephthalate	(PET)	have	been	applied	in	closed-

loop	recycling.8–10	The	field	has	also	expanded	to	engineer	
C–C	polymer	backbones	(e.g.,	polyolefins,	polystyrene,	etc.)	
with	hetero-atom-containing	units.	Under	acidic,	basic,	or	
metal-catalyzed	conditions,	the	labile	bonds	are	selectively	
broken,	 converting	 the	 otherwise	 challenging-to-decon-
struct	polymers	into	reusable	oligomers	or	small-molecule	
starting	materials.11–15	A	variety	of	chemical	strategies	have	
been	introduced	and	optimized	to	recycle	these	robust	pol-
ymers,	 such	 as	 the	 conventional	 step-growth	 esterifica-
tion,11,12	 or	 the	 favorable	 chain-growth	 ring-opening.13–15	
Other	emerging	strategies	include	the	exploitation	of	labile	
end	groups	using	controlled	radical	polymerization	to	effi-
ciently	de-polymerize	vinyl-based	polymers	as	well	as	re-
polymerize	 the	 well-defined	 chain-end	 monomer	 mix-
tures.16–20		
Among	 the	 promising	 closed-loop	 methodologies,	 re-

versible	step-growth	polymerization	(Figure	1a)	holds	the	
potential	to	extend	the	synthetic	accessibility,	de-polymeri-
zation	compatibility	and	thus,	optimizing	the	recycling	pro-
cess.	Monomers	with	discreet	chain-ends	(i.e.,	A–A,	or	B–B)	
display	advantages	in	terms	of	finite	distances	between	the	
degradable	 units	 and	 synthetic	 accessibility	 of	 the	 func-
tional	chain-end	building	blocks.	Moreover,	the	incorpora-
tion	of	these	well-defined	chain-ends	into	“traditional”	pol-
ymer	 backbones	 (e.g.,	 ester,	 amide,	 aliphatic,	 phenyl,	 car-
bonate,	siloxane,	urethane,	etc.)	provides	a	straightforward	
method	 to	 enable	 thermoplastic	 recycling	 of	 commonly	
used	plastics.21–23	However,	apart	from	the	well-established	
esterification	between	carboxylic	acids	and	amines	or	alco-
hols,	 the	 scope	 of	 reversible	 step-growth	 methodology	
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remains	underexamined.23	The	prime	examples	include	the	
ionene	formation	via	a	Menshutkin	reaction,24	 the	nucleo-
philic	 ring	 opening	 reaction	 (e.g.,	 2-oxazolin-5-ones	 and	
phenol	substrates),25,26	and	the	Diels–Alder	(DA)	[4+2]	cy-
cloaddition	 between	 furans	 and	 maleimides27–31	 (Figure	
1b).		
To	achieve	high-MW	polymers,	step-growth	reactions	ne-

cessitate	monomer	purity,	quantitative	reactivity,	and	accu-
rate	 stoichiometry	 between	 the	 A2	 and	 B2	 monomers.32	
These	factors	are	normally	difficult	to	achieve	and	become	
particularly	challenging	when	coupled	with	the	design	of	re-
cyclable	polymers.	Specifically,	it	requires	a	chemical	build-
ing	block	that	allows	efficient	 forward	polymerization	yet	
permits	the	reverse	reaction	when	triggered.	Furthermore,	

the	strict	stoichiometry	demands	the	precise	preservation	
of	the	de-polymerized	chain-ends	to	successfully	reform	the	
parent	polymers.	Many	current	methods	also	rely	on	chem-
ical	 reagents	 (i.e.,	 acids,	 bases,	 and	 catalysts)	 for	 de-
polymerization	and	thus,	an	additional	purification	step	is	
generally	required	 to	access	pure	A2	 and	B2	monomers	 to	
enable	closed-loop	recycling	(Figure	1a	and	1b).	This	adds	
increased	difficulty	and	cost	to	re-polymerization	strategies	
and	can	limit	the	number	of	times	that	the	plastics	can	be	
recycled.	We	hypothesize	that	Diels–Alder	step-growth	re-
actions31,33	with	 the	prospects	of	high	 reactivity	and	non-
chemical	stimulus	(i.e.,	heat)	for	de-polymerization	poten-
tially	overcomes	the	challenges	associated	with	additional	
purification	and	could	increase	the	number	of	re-polymeri-
zation	cycles	and	generality	of	closed-loop	recycling.	

	

Figure	1.	(a)	General	steps	that	are	normally	required	in	a	two-component	system	to	chemically	recycle	step-growth	polymers	(i.e.,	
A2	 +	 B2	 monomers);	 the	 de-polymerization	 includes	 the	 additional	 purification	 to	 achieve	 high	 chain-end	 fidelity	 of	 the	 oligo-
mers/monomers	mixture	for	re-polymerization.	(b)	The	first	application	of	Diels–Alder	reaction	as	reversible	step-growth	linear	
polymerization	using	furan	and	maleimide	materials	from	Kuramoto	and	coworkers.43	There	remain	limitations	of	furan-maleimide	
chemistry,	involving	low	degrees	of	polymerization,	poor	solubility,	and	the	challenging	isolation	of	pure	chain-end	monomers/oli-
gomers	(c)	This	work	–	Cp	derivatives	for	applications	in	reversible	and	single-component	step-growth	polymerization.	The	inter-
nally	balanced	system	is	absent	of	solvents,	catalysts,	chemical	reagents	and	thus,	no	isolation	is	required.	The	platform	also	accom-
modates	a	variety	of	common	polymer	backbones,	such	as	ethylene	terephthalate	ester,	urethane,	polydimethylsiloxane	(PDMS),	
and	hydrogenated	polybutadiene.

	

The	interest	in	the	formation	of	linear	Diels–Alder	poly-
mers	was	initiated	by	Stille	in	1961	via	an	A2B2-type	process	
using	cyclopentadiene	(Cp)	units	as	the	diene	and	p-benzo-
quinone	 or	N,N¢-hexmethylenebismaleimide	 as	 the	 dieno-
phile.34	More	than	two	decades	later,	Kennedy	and	Carlson	

reported	a	 tenfold	 chain	extension	of	 their	 functionalized	
polyisobutylene	with	 terminal	 silylcyclopentadiene	 and	 a	
bis-maleimide	derivative.35	Despite	 the	successful	demon-
stration	of	these	A2B2-type	syntheses,	there	was	no	follow-
up	study	on	this	subject,	presumably	due	to	the	synthetic	
challenges	 associated	with	 preparing	 bis-cyclopentadiene	
monomers.33,36–39	 The	 focus,	 instead,	 has	 been	 shifted	 to	

(a) Previous Works – Scheme of Closed-Loop Chemical Recycling Using Two-Component Step-Growth
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furan	and	maleimide	materials	after	Tesoro	and	Sastri	pre-
pared	a	bis-furan-functionalized	siloxane	and	initiated	pol-
yaddition	 using	 a	 bis-maleimide.40 Functionalization	 of	 a	
polymer	by	furan	and	maleimide	units	to	obtain	the	corre-
sponding	A2	and	B2	macromonomers	is	straightforward	and	
synthetically	accessible	to	a	range	of	polymer	backbones.27–
31,41,42	 Unfortunately,	 the	 materials	 generally	 suffer	 from	
poor	solubility,	slow	chain-growth	reactivity,	and	low	mo-
lecular	weights	(MWs).	Therefore,	even	though	the	thermal	
reversibility	of	linear	furan-maleimide	polymers	was	recog-
nized	early	by	Kuramoto	and	the	coworkers	in	1994,43	there	
still	 lacks	 reports	 about	 the	 closed-loop	 thermo-selective	
recycling	of	DA	 thermoplastics	 (Figure	1b).	We	hypothe-
size	that	overcoming	the	three	main	limitations	of	the	cur-
rent	DA	tools	will	provide	a	pathway	to	realize	the	potential	
of	reversible	DA	step-growth	polymerization.	First,	it	is	de-
manding	 to	 achieve	 perfect	 stoichiometry	 during	 both	
polymerization	 and	 recycling	 process	 in	 two-component	
systems	 (i.e.,	 A2B2	 type).	 Second,	 the	 low	 retro-DA	 (rDA)	
temperature	 (e.g.,	 110	°C	 for	 furan-maleimide	adduct)	 re-
strains	 its	broad	application.	Finally,	 identifying	a	solvent	
compatible	 with	 both	 A2	 and	 B2	 monomers	 can	 become	
problematic,	 especially	during	polymer	 fabrication	with	a	
wide	range	of	backbone	architectures	(Figure	1b).		
Herein,	we	propose	a	unique	strategy,	utilizing	highly	re-

active	cyclopentadiene	monomers	as	single-component	and	
reversible	DA	monomer	units	(A2	+	A2,	Figure	1c).	Cp	mon-
omers	can	react	with	each	other	due	to	 its	high	reactivity	
and	 dual	 performance	 as	 both	 diene	 and	 dienophile,	
thereby	 eliminating	 the	 stoichiometry	 requisite	 from	 the	
two-component	or	A2B2	type	process.44	Moreover,	Cp	dimer	
with	a	high	rDA	temperature	(i.e.,	150–180	°C)	potentially	
broaden	the	utility	of	these	materials	and	the	accessible	MW	
range.	While	promising,	the	synthesis	of	thermoplastics	by	
Cp	homopolymerization	has	yet	 to	be	achieved,	primarily	
because	of	the	absence	of	accessible	synthetic	pathways	for	
obtaining	 pure	 cyclopentadiene	 monomers	 and	 the	 chal-
lenge	of	uncontrolled	cross-linking	with	current	methods.	
As	 a	 result,	 the	 homopolymerization	 of	 Cp	 has	 been	 re-
stricted	to	cross-linked	polymers.34,36,38,44	Our	group	previ-
ously	 developed	 an	 approach	 to	 isolate	 a	 pure	 tetrafunc-
tional	cyclopentadiene	derivative	under	mild	conditions,	al-
lowing	us	to	further	understand	the	polymerizing	behavior	
of	 Cp	 in	 the	 context	 of	 a	 degradable	 homopolymer	 net-
work.44	In	this	study,	by	investigating	different	reactivity	of	
bifunctional	or	telechelic	Cp	analogs,	we	have	discovered	a	
strategy	 to	 enable	 Cp	 homopolymerization	 that	 leads	 to	
high-MW	DA	linear	polymers.	
To	demonstrate	the	applicability	of	our	DA	recycling	plat-

form,	we	synthesized	and	characterized	a	variety	of	differ-
ent	soluble	Cp	materials	that	are	integrated	with	common	
thermoplastics	backbones,	such	as	ethylene	terephthalate,	
urethane,	 polydimethylsiloxane,	 and	 hydrogenated	 poly-
butadiene	(Figure	1c).	As	planned,	the	construction	and	de-
construction	of	the	polymers	do	not	require	the	presence	of	
catalysts,	chemical	reagents,	and/or	solvents.	Moreover,	as	
an	 internally	balanced	 system,	no	 isolation	 is	 required	 to	
“close	the	loop.”	Multiple	re-polymerization	cycles	are	also	
demonstrated	for	the	hydrogenated	polybutadiene-Cp	ana-
log.	The	high-MW	polymer	 can	be	depolymerized	 to	 low-
MW	oligomers	and	subsequently	re-polymerized	to	the	par-
ent	material	over	the	three	cycles.	This	demonstration	sup-
ports	 the	 efficiency	 of	 our	 recycling	 strategy.	Overall,	 the	

methodology	involves	a	general	platform	for	the	construc-
tion	and	recycling	of	DA	thermoplastics,	potentially	expand-
ing	access	to	advanced	sustainable	polymers.	

RESULTS AND DISCUSSION 
Synthesis	of	Cp	Derivatives	and	the	Investigation	of	

Subsequent	Homopolymerization	Efficiency. As	shown	
in	our	previous	report,	the	sufficient	isolation	of	a	pentyl-
substituted	cyclopentadiene	derivative	led	to	the	construc-
tion	 of	 a	 better-defined	 network	 that	 exhibits	 tough	 and	
elastic	properties,	opposite	to	those	of	prior	polymer	net-
works.44	To	 investigate	 the	possible	 trimer	 formation,	we	
briefly	described	the	polymerization	of	a	two-arm	model	Cp	
monomer.	A	soluble	polymer	was	formed	with	the	addition	
of	a	radical	inhibitor,	indicating	no	cross-linking	during	the	
step-growth	process,44	and	providing	a	promising	pathway	
to	access	high-MW	DA	linear	polymers.	Based	on	the	pre-
liminary	 results,	 we	 further	 investigate	 the	 reactivity	 of	
multiple	bulky	Cp	analogs	to	further	suppress	uncontrolled	
cross-linking	 (e.g.,	 trimerization,	 radical	 process,	 etc.),	
while	sustaining	 the	efficient	dimerization.	The	electronic	
effect	of	substituents	was	also	explored	(i.e.,	distal	and	prox-
imal	analogs,	based	on	the	relative	distance	of	the	carbonyl	
group	to	the	Cp	core).	We	hypothesized	that	the	realization	
of	these	goals	will	allow	us	to	optimize	the	synthesis	of	fully	
soluble	high-MW	Cp	homopolymers	 that	are	potential	 for	
efficient	thermo-selective	recycling	(Figure	2a).	
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Figure	2.	(a)	Investigation	of	different	Cp	analogs,	distal	versus	
proximal	(based	on	the	distance	of	Cp	moiety	to	the	carbonyl	
functional	group),	with	different	substituents	(i.e.,	n-pentyl,	t-
butyl,	and	phenyl)	will	lead	to	the	optimized	synthesis	of	high-
MW	Cp	linear	polymer.	The	uncontrolled	cross-linking	process	
was	addressed	in	this	work.	(b)	The	presence	of	a	radical	inhib-
itor,	BHT,	completely	shut	down	the	cross-linking	as	shown	in	
the	 bottom	 pictures.	 A	 soluble	 polymer	 of	 D1	 in	 dichloro-
methane	was	 observed	with	 the	 addition	 of	 BHT	 during	 the	
polymerization	 process.	 *Polymerization	 conditions:	 Heating	
D1	at	90	°C,	neat	for	24	h.	Thus,	the	screening	polymerization	
of	the	proximal	(P1–P3)	and	distal	(D1–D3)	analogs	was	per-
formed	with	the	addition	of	5	mol%	BHT.	(c)	The	polymeriza-
tion	efficiency	of	each	analog	was	compared.	The	n-pentyl	sub-
stituted	Cp	derivative	or	D1	produces	the	most	promising	MW	
range	as	observed	from	the	SEC	traces	of	D1,	D2,	D3,	P1	and	
P2	polymers	with	varied	substituents	(R	=	n-C5H11,	t-Bu,	and	
Ph).	The	optimized	polymerization	condition	is	90	°C	for	48	h	
(D1,	D2,	and	D3),	125	°C	for	22	h	(P1),	and	90	°C	for	24	h	(P2).	

We	 utilized	 the	 optimized	 tetrazine-norbornadiene	
deprotection	to	prepare	and	isolate	the	proximal	and	distal	
Cp	 analogs.44–46	 From	 a	 diverse	 source	 of	 alkyne	 starting	

materials	 (Section	 1.3,	 Supporting	 Information),	 six	 nor-
bornadiene	(NBD)	precursors	were	prepared,	each	with	a	
different	substituent	attached	to	the	Cp	unit	to	also	evaluate	
the	effects	of	sterics	(e.g.,	n-pentyl,	t-butyl,	or	phenyl).	The	
ester	NBDs	5–7	were	prepared	on	a	scale	of	5–10	g	using	
alkyne	starting	materials	and	dicyclopentadiene	 (4).	Ana-
logs	5–7	were	then	reduced	to	either	alcohol	(8–10)	or	con-
verted	to	the	corresponding	carboxylic	analogs	(14–16)	ac-
cording	to	Scheme	S1	in	Supporting	Information.	EDC	cou-
pling	reaction	of	alcohols	8–10	with	adipic	acid	affords	the	
target	distal	NBD	precursors	(11–13),	while	the	synthesis	
of	 proximal	 substrates	 requires	 an	 alternative	 approach.	
Both	Fischer	and	Steglich	esterification	of	14–16	with	the	
alcohols	primarily	produced	the	Alder-ene	rearranged	by-
products	 (Supporting	 Figure	 S1,	 Section	 1.4).	 The	 same	
problem	occurred	with	other	 transesterification	methods.	
Even	though	Yamaguchi	reagents	assisted	in	the	formation	
of	the	desired	product,	the	conversion	was	low,	and	the	pu-
rification	was	challenging.	Despite	these	challenges,	we	dis-
covered	that	the	desired	adducts	17–19	could	be	prepared	
using	 a	 solvent-free	 nucleophilic	 substitution	 (SN2)	 reac-
tion.	Treatment	of	1,6-dibromohexane	and	the	correspond-
ing	 carboxylic	 acid	with	 triethylamine	 (TEA)	 at	 90	°C	 re-
sulted	in	complete	conversion	of	the	desired	NBD	adducts	
17–19	 with	minimal	 amount	 of	 the	 rearranged	 by-prod-
uct.47	Of	note,	NBD	precursors	with	bulky	substituents,	18	
and	19	 (t-butyl	and	phenyl,	 respectively)	do	not	undergo	
rearrangement	due	to	the	lack	of	a	hydrogen	atom	that	can	
participate	in	the	Alder-ene	reaction.	The	synthesized	NBD	
substrates	(11–13	and	17–19)	were	then	deprotected	with	
3,6-di-2-pyridyl-1,2,4,5-tetrazine	 (DpTz)	 to	 afford	 the	 re-
spective	Cp	monomers	(D1–D3,	P1–P3)	(Section	1.3,	Sup-
porting	 Information).	As	expected,	based	on	our	previous	
work,	the	distal	substrates	D1–D3	were	efficiently	isolated	
and	only	one	major	isomer	was	observed	by	1H	NMR	spec-
troscopy	upon	 isolation.	 In	contrast,	accessing	pure	proxi-
mal	Cp	monomers	P1–P3	proved	more	challenging	due	to	
the	slow	tetrazine	deprotection	and	formation	of	1,5-H	shift	
isomeric	mixtures.	 Therefore,	proximal	 Cp	mixtures	were	
subjected	 to	 polymerization	 without	 additional	 purifica-
tion.	Notably,	all	the	above	Cp	substrates	(i.e.,	D1–D3	and	
P1–P3)	are	stored	 in	a	 freezer	(i.e.,	–20	°C)	 for	up	 to	 two	
months	to	ensure	minimal	amount	of	premature	dimeriza-
tion	and	decomposition	of	the	analogs.	
The	homopolymerization	of	each	telechelic	Cp	derivative	

was	performed	in	different	conditions	to	identify	the	opti-
mal	 reaction	 conditions	 (Section	 1.6,	 Supporting	 Infor-
mation).	Initial	screening	showed	gelation	of	distal	analogs	
D1–D3	 immediately	 after	 heating	 at	 high	 temperatures,	
while	 proximal	 substrates	P1–P3	 remained	 soluble	 (Sup-
porting	 Table	 S1).	 Contradictory	 to	 our	 hypothesis,	 the	
bulkier	substituents	(t-butyl,	or	phenyl)	did	not	prevent	the	
cross-linking	from	occurring	within	the	distal	substrates	ex-
plored.	As	for	the	proximal	derivatives,	despite	being	solu-
ble,	 the	 chain-ends	 of	 the	 formed	 polymers	were	 not	 de-
tected	by	1H	NMR	spectroscopy,	even	with	a	short	polymer-
ization	period.	Only	mixtures	of	 low	MW	(<	8	kDa)	oligo-
mers	were	obtained,	as	characterized	by	the	size	exclusion	
chromatography	(SEC)	with	a	polystyrene	standard	in	chlo-
roform	 solvent	 (Supporting	 Table	 S1).	 While	 performing	
the	screening	polymerization,	we	noticed	a	residual	amount	
of	butylated	hydroxytoluene	(BHT)	from	dichloromethane	
(DCM)	solvent	that	was	detected	on	the	1H	NMR	spectrum	
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of	 the	 P1	 product.	 Intriguingly,	 in	 the	 presence	 of	 BHT,	
there	was	a	difference	in	the	polymerization	behavior	of	P1	
(Supporting	Figure	S58).	In	the	presence	of	BHT,	the	end-
groups	 were	 observed	 by	 the	 1H	 NMR	 spectroscopy	 and	
higher	MW	was	attained.	Guided	by	this	observation,	we	re-
investigated	the	homopolymerization	of	both	the	distal	and	
proximal	substrates	in	the	presence	of	5	mol%	of	BHT	(Fig-
ure	 2b).	 Interestingly,	 despite	 increase	 in	 molecular	
weights,	the	polymerization	of	the	proximal	substrates	did	
not	reach	the	desired	range	(<	15	kDa),	presumably	due	to	
the	more	electron-poor	substrates	as	well	as	the	purifica-
tion	issues	as	noted	above.	To	our	gratification,	the	radical	
inhibitor	 prevented	 the	 distal	 analogs	 from	 cross-linking	
and	these	adducts	reached	much	higher	degree	of	polymer-
ization.	Specifically,	after	polymerizing	D1	at	90	°C	for	24	h,	
the	material	is	fully	soluble	in	DCM	in	the	presence	of	BHT,	
displaying	no	cross-linking	as	observed	from	the	pictures	in	
Figure	 2b.	 Within	 this	 series,	 the	 original	 pentyl-

substituted	Cp	(D1)	monomer	showed	the	highest	degree	of	
polymerization	(DPn	of	44	and	DPw	of	77)	among	the	six	an-
alogs	(Supporting	Table	S2	and	the	SEC	spectra	from	Figure	
2c).	The	optimal	condition	was	bulk	polymerization	of	D1	
at	90	°C	for	48	h,	resulting	in	the	highest	number-average	
molecular	 weight	 (Mn)	 of	 19.6	kDa	 and	 weight-average	
value	(Mw)	of	33.9	kDa.	In	general,	the	less	bulky	distal	Cp	
derivatives	lead	to	higher-MW	polymers.	Therefore,	we	also	
changed	the	pentyl	group	to	a	less	sterically	hindered	me-
thyl	substituent	(22,	Sections	1.3	and	1.6,	Supporting	Infor-
mation)	 to	 determine	 if	 reducing	 the	 length	 of	 the	 alkyl	
chain	 or	 sterics	 will	 further	 improve	 the	 MW	 range.	
Polymerization	of	22	 results	 in	 the	 similar-MW	materials	
with	 a	 higher	 DP,	 yet	 not	 significant	 (Supporting	 Figure	
S60).	Based	on	the	synthetic	accessibility	and	polymeriza-
tion	efficiency,	the	most	promising	pentyl-substituted	moi-
ety	was	used	to	evaluate	the	generality	of	the	platform	with	
different	polymeric	backbones.	

	

Figure	3.	The	general	scheme	to	access	different	Cp	monomers	(M1–M6)	via	the	tetrazine	deprotection	of	varied	NBD	starting	ma-
terials.	Of	note,	the	pentyl-substituted	Cp	moiety	was	incorporated	into	the	common	polymer	backbones	such	as	alkyl	chain	(M1),	
urethane	(M2),	polydimethylsiloxane	or	PDMS	(M3),	hydrogenated	polybutadiene	(M4),	butylene	terephthalate	(M5),	and	ethylene	
terephthalate	(M6).	The	optimized	polymerization	conditions	include	the	addition	of	5	mol%	BHT	and	heating	at	90	°C	in	the	absence	
of	solvents	and	stirring,	at	different	time	durations.	M1,	M2,	M5,	and	M6	need	48	h,	while	M3	and	M4	require	96	h	to	reach	the	
optimized	MWs,	which	are	dependent	on	the	backbone	flexibility	and	monomer	size.	After	precipitation	to	remove	BHT,	and	small	
oligomers,	six	pure	polymers	(Pol	1–Pol	6)	were	acquired	and	subsequently	characterized	via	an	SEC-MALS	to	delineate	the	material	
properties	(i.e.,	accurate	number-average	molecular	weight	Mn,	glass	transition	temperature	Tg,	and	intrinsic	viscosity	[𝜼]).	*Of	note,	
PDMS-Cp	analog	(Pol	3)	has	an	iso-refractive	effect	with	the	THF	solvent	from	the	instrument,	compromising	the	accuracy	of	this	
measurement.	‡As	such,	the	intrinsic	viscosity	for	Pol	3	was	calculated	using	a	viscometer	(Supporting	Information	1.12,	Table	S6,	
and	Figure	S93).

 

Substrate	 Scope	 of	 Cyclopentadiene	Homopolymers	
and	 Characterization. To	 demonstrate	 the	 versatility	 of	
our	Cp	linear	platform,	we	focused	on	monomers	that	are	
derived	from	common	thermoplastics,	including	alkyl	chain	
(M1),	urethane	(M2),	polydimethylsiloxane	or	PDMS	(M3),	
hydrogenated	polybutadiene	(M4),	butylene	terephthalate	
(M5),	and	ethylene	terephthalate	(M6)	(Figure	3).	Among	
these	Cp	monomers,	M2	is	not	readily	dimerized/polymer-
ized	at	ambient	atmosphere	and	thus,	storing	of	M2	at	low	
temperature	is	not	required.	The	synthesis	of	polyimide-Cp	

polymer	was	also	attempted	but	only	afforded	a	 low-MW	
polymer	(Mw	≈	8	kDa)	due	to	the	insolubility	and	hydrolysis-
prone	 issues,	 as	known	 in	 literature48–50	 (Supporting	Sec-
tion	1.8	and	Table	S3).	After	purification,	the	high-MW	pol-
ymers	 (Pol	1–Pol	6)	were	 characterized	by	 a	 SEC	 that	 is	
equipped	with	a	 triple-detection	multi-angle	 light	scatter-
ing	 (MALS)	 to	 attain	 absolute	 MWs	 in	 tetrahydrofuran	
(THF)	solvent	(Figure	3	and	Supporting	Table	S4).	Overall,	
the	 six	 polymers	 possess	Mn	 values	 ranging	 from	 12	 to	
102	kDa	with	the	highest	DPn	of	53	(Pol	5).		
To	 characterize	 the	 intrinsic	 viscosity,	 Mark-Houwink-

Sakurada	 (MHS)	 parameters	 were	 used.51–55	 In	 general,	
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MHS	constant	a	 (Supporting	Table	S5)	 indicates	expected	
flexible	chains	or	random	coils	 in	THF	(0.5	≤	a	≤	0.8).51–55	
The	value	for	PDMS-incorporated	Cp	polymer	(Pol	3)	was	
higher	than	expected		(a	=	1.34),	presumably	due	to	the	iso-
refractive	effect	with	the	THF	solvent.56	The	conformation	
plot	(Supporting	Figure	S79)	also	shows	the	same	phenom-
enon,	where	all	the	polymer	chains,	apart	from	Pol	3,	pos-
sess	linear	configuration,	with	low	to	no	degree	of	branch-
ing,	as	shown	by	the	slope	reaching	0.58.57	The	Cp	adducts	
do	not	 form	 trimers	 under	 the	 optimized	 conditions,	 evi-
dent	by	mass	spectrum	analysis44	and	solubility.		The	intrin-
sic	 viscosity	 and	MHS	 values	were	 analyzed	 in	 detail	 for	
each	polymer	analog	to	probe	the	solution	properties.	For	
urethane-Cp	polymer	or	Pol	2,	the	measured	MHS	constant	
a	 (0.69)	is	near	the	value	of	a	similar	structure	that	 is	re-
ported	in	literature,	or	0.78	in	THF.58	Pol	1	and	Pol	4	have	
the	solution	properties	similar	 to	 the	saturated	hydrocar-
bon	 polymer,	 especially	 polyisobutylene.59	 Due	 to	 iso-re-
fractive	effect	of	THF	with	Pol	3,	a	viscometer	was	utilized	
to	measure	 the	 polymer	 behavior	 in	 toluene	 (Supporting	
Section	1.12,	Table	S6	and	Figure	S93).	The	intrinsic	viscos-
ity	was	determined	to	be	0.42	dL/g	(from	both	Huggins	and	
Kraemer	plots)	 for	Mw	≈	102	kDa,	matching	 the	 literature	
trend	for	the	same	MW	range.60	Both	Pol	5	and	Pol	6	display	
lower	intrinsic	viscosity	in	THF	compared	to	the	literature	
values	of	commercial	polybutylene	terephthalate	(PBT)	and	
polyethylene	terephthalate	(PET),	respectively,	in	other	sol-
vents	 (e.g.,	 m-cresol,	 o-chlorophenol).61,62	When	 solvents	
are	not	present	in	the	intrinsic	viscosity	measurement	via	
the	 infrared	 spectroscopy	 and	 multivariate	 calibration	
method,	the	value	of	Pol	6	is	close	to	that	of	the	post-con-
sumer	PET.63	

	We	 also	 conducted	 thermal	 characterization	 to	 probe	
material	 properties.	 Each	Cp	polymer	displays	 a	 range	 of	
different	glass	transition	temperature	(Tg)	that	was	meas-
ured	via	a	differential	scanning	calorimetry	(DSC)	(Figure	
3).	 PDMS-Cp	 polymer	 (Pol	 3)	 exhibits	 the	 lowest	Tg	 of	 –
124	°C,	while	PU-derived	analog	(Pol	2)	provides	the	high-
est	 Tg	 of	 88	°C.	 These	 results	 aligned	 with	 literature	 re-
ports.64	The	dodecane	ester	Cp	polymer	(Pol	1)	has	a	rea-
sonably	similar	Tg	 range	with	 its	hydrogenated	butadiene	
counterpart	 (Pol	 4).	 The	 butylene	 phthalate-Cp	 polymer	
(Pol	5)	has	a	lower	Tg	of	3	°C,	compared	to	commercial	PBT,	
which	 is	 27–60	°C.64	Pol	 6	has	 a	 reasonably	 higher	Tg	 of	
49	°C	than	Pol	5	due	to	the	shorter	alkyl	chain.	However,	it	
is	still	lower	than	the	known	value.	One	of	the	reasons	can	
be	related	to	the	lower	Mw	of	Pol	6	compared	with	that	of	
the	 commercial	PET	 (Mw	 ≥	30,000	Da).64	 In	general,	how-
ever,	the	Tg	of	the	DA-linked	thermoplastics	were	compara-
ble	with	known	commercial	analogs.		
To	extend	the	property	studies	of	these	materials,	Pol	6	

was	 chosen	 for	mechanical	 evaluation.	 The	 glassy	 nature	
and	ease	of	melt	processing	of	Pol	6	made	it	an	accessible	
candidate	for	the	mechanical	analysis.	We	performed	ten-
sile	testing	on	Pol	6	using	both	crude	and	purified	materi-
als,	which	were	melted	into	the	dumbbell-shaped	samples	
(more	details	in	Supporting	Section	1.13).	The	ultimate	ten-
sile	 strength	 is	 measured	 to	 be	 18–22	MPa	 with	 ~5–7%	
elongation	 and	 the	 Young’s	 modulus	 value	 of	 ~500	MPa	
(Supporting	 Figures	 S94–95,	 and	Table	 S7).	We	 also	 per-
formed	the	test	on	a	sample	derived	from	crude	material	us-
ing	the	American	Society	for	Testing	and	Materials	(ASTM)	
D638-14 standard65	 (Supporting	 Figures	 S96	 and	 S97),	

which	has	tensile	strength	of	15	MPa,	elongation	at	break	of	
2%,	and	Young’s	modulus	of	1.2	GPa.	The	performance	of	
Pol	6	is	comparable	with	the	studies	of	virgin	and	recycled	
PET	 fibers,66	 but	 lower	 than	 that	 of	 the	 commercial	 PET	
resin.64	Of	note,	melt	processing	under	ambient	atmosphere	
was	applied	 to	mold	 the	samples	 (~90	°C)	multiple	 times	
before	 the	mechanical	 characterization.	This	could	poten-
tially	affect	the	original	mechanical	properties	due	to	the	in-
evitable	 thermal	degradation	of	PET	during	 the	melt	pro-
cessing.67		
Investigation	of	Active	Chain-Ends	and	Optimal	MW	

Range.	To	potentially	control	and	increase	the	MW	range	
for	varied	applications,	we	investigated	the	Diels–Alder	pol-
ymerizing	 behaviors	 of	 Cp.	 First,	 active	 chain-ends	 were	
probed	by	reacting	Pol	1	 (Mn	=	24	kDa)	with	N15-labeled	
phenyl	maleimide	 (15N-PhMal)	 at	 room	 temperature	with	
DCM	as	the	solvent.	To	our	surprise,	no	signal	was	detected	
for	the	Cp-maleimide	adduct	based	on	the	1H-15N	heteronu-
clear	 multiple	 bond	 correlation	 (HMBC)	 NMR	 spectrum.	
Factors	that	could	affect	the	end-group	reactivity	with	ma-
leimide	include	the	formation	of	cyclic	polymers,	decompo-
sition	of	the	functional	Cp	units,	and/or	the	polymers	have	
reached	the	chemical	equilibrium.	To	inspect	chain-end	cy-
clization,	we	heated	Pol	1	at	150	°C	for	2	min	in	the	pres-
ence	of	15N-PhMal	“capping”	reagent.	As	known	in	the	field,	
the	 physically	 more	 compact	 circular	 polymers	 occupy	
smaller	hydrodynamic	volumes	and	thus,	exhibit	lower-MW	
reading	on	the	SEC	spectra	than	the	linear	analogs.68	We	hy-
pothesize	 that	 after	 short	 thermal	 de-polymerization,	 the	
“hypothetically	cyclic”	Cp	polymer	would	change	to	a	linear	
conformation,	leading	to	an	SEC	trace	at	higher-MW	region.	
However,	due	 to	 the	 incorporation	of	Cp	units	 across	 the	
polymer	 backbone,	Pol	 1	 also	 starts	 to	 de-polymerize	 at	
150	°C	even	during	a	short	amount	of	time	(i.e.,	2	min)	to	
smaller	 fragments	 and	 displayed	 an	 overall	 lower-MW	
reading	on	the	SEC	spectrum	(Supporting	Section	1.14).	As	
such,	we	were	only	able	to	confirm	the	formation	of	reactive	
Cp	units	after	a	brief	de-polymerization	at	150	°C	(Support-
ing	 Figures	 S98	 and	 S101).	 Given	 this	 challenge,	 we	 also	
monitored	 the	 polymerization	 process	 and	 tracked	 the	
chain-ends	 via	 1H	NMR	 spectroscopy.	 A	 predictable	 step-
growth	polymerizing	mechanism	with	 approximately	95–
98%	 conversion	 was	 observed	 (Figure	 4),	 based	 on	 the	
consumption	of	Cp	and	Mn	values	(Supporting	Table	S8	and	
Section	1.14).		
To	 investigate	 the	possible	decomposition	of	 functional	

Cp	 chain-ends,	 the	 amount	 of	 BHT	 was	 increased	 to	
10	mol%	but	 there	was	no	 further	 chain	extension,	while	
lowering	the	amount	to	less	than	1	mol%	showed	gradual	
degradation/oxidation	 of	 the	macromolecule	 (Supporting	
Figure	S103).	Different	 inhibitors	 (e.g.,	hydroquinone	and	
mequinol)	were	also	investigated	to	observe	their	effect	to	
the	 polymerization	 but	 no	 improvement	 was	 observed	
(Supporting	Figure	S104).	Of	the	inhibitors	examined,	BHT	
was	shown	to	prevent	the	degradation	of	Cp	materials	the	
most	effectively	and	result	in	the	optimal	MW.	The	polyad-
dition	could	also	be	haunted	due	to	other	reasons	than	de-
composition,	 such	 as	 reaching	 a	 thermodynamic	 equilib-
rium,	 ceiling	 temperature,69	 or	 limitations	 caused	 by	 the	
bulk	polymerization	(e.g,	diffusion-controlled	reaction,	im-
proper	 heat	 transfer,	 etc.).70,71	 The	 kinetics	 of	 the	 step-
growth	 reaction	of	Cp	dimerization	 could	also	potentially	
affects	the	DP33,51	and	influence	the	polymerizing	behaviors.	
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To	test	if	higher	MW	could	be	achieved	by	increasing	the	re-
action	 rate	 of	 the	 system,	 two-component	 Cp-maleimide	
polymerization	 was	 also	 attempted	 (Supporting	 Figure	
S105).	However,	 this	did	not	result	 in	higher	MW	despite	
the	faster	kinetics	of	Cp	and	maleimide	as	known	in	litera-
ture.39,45,46,72–75		

	

Figure	4.	(a)	The	polymerization	of	M1	(with	5	mol%	BHT)	at	
90	°C	was	monitored	 throughout	 the	course	of	74	h	with	 the	
SEC	traces	recorded	at	30-min	intervals	between	0.5	and	8	h,	
and	then	at	24,	54,	and	74	h.	The	highest	MW	was	obtained	at	
54	h.	 (b)	 The	 monomer	 consumption	 from	 1H	 NMR	 spectra	
were	coupled	with	Mn	values	to	determine	the	polymerization	
kinetics.	In	the	first	30	min,	more	than	60%	monomer	was	con-
sumed.	A	step-growth	mechanism	is	revealed	as	expected	from	
the	Diels–Alder	linear	polymerization	with	a	conversion	of	ap-
proximately	95–98%.		

Thermo-Selective	Recycling	of	Cp	Homopolymers.	To	
demonstrate	the	reversible	DA	design,	selected	homopoly-
mers	were	subjected	to	recycling	experiments	by	first	de-
polymerization	 at	 150	°C	 (the	 onset	 of	 rDA	 temperature	
range)	and	re-polymerization	at	90	°C	in	the	same	pot	with-
out	 solvent	 and	 purification	 throughout	 the	 closed-loop	
process.	All	materials	were	characterized	via	the	standard	
chloroform	SEC.	 Specifically,	 hydrogenated	polybutadiene	
that	is	integrated	with	Cp	dimers	or	Pol	4	(Mn	=	68	kDa,	DPn	
of	11)	was	heated	at	150	°C,	neat	(in	the	presence	of	1	wt%	
BHT)	 and	 the	 de-polymerization	was	monitored	 at	 5,	 15,	
and	 30	min	 (Figure	5a).	Pol	4	 reverted	 to	 smaller	 oligo-
mers	within	5	min.	Heating	the	material	longer,	15	min	and	

30	min,	provided	shorter	polymer	chains	(Figure	5a).	How-
ever,	no	further	change	in	molecular	weight	was	observed	
after	 30	min	 of	 heating	 (Supporting	 Figure	 S110).	 Under	
these	 conditions,	 the	 de-polymerized	material	was	 deter-
mined	to	possess	Mn	of	23	kDa	(DPn	of	~4,	contributing	to	
~70%	 de-polymerization	 efficiency).	 The	 re-polymeriza-
tion	 was	 achieved	 by	 heating	 the	 lowest-MW	 oligomers	
(23	kDa,	dotted-green	SEC	trace	from	the	graph	in	Figure	
5a)	 at	 90	°C,	 neat	 for	 96	h,	 following	 the	original	 optimal	
polymerization	conditions	for	Pol	4.	The	MW	was	fully	re-
covered	 to	 that	 of	 the	 parent	 polymer	 (dark	 purple	 SEC	
trace).	The	closed-loop	process	was	repeated	over	3	cycles	
and	 the	 near-identical	 results	 were	 observed	 (Figure	 5a	
and	5b).		

	

Figure	5.	 (a)	Hydrogenated	polybutadiene	 that	 is	 integrated	
with	Cp	dimers	(Pol	4)	was	subjected	to	3	cycles	of	de-	and	re-
polymerization	processes	with	the	addition	of	1	wt%	BHT,	in	
the	absence	of	solvents.	The	first	cycle	involves	the	heating	of	
Pol	4	(Mn	=	68	kDa)	at	150	°C	for	5,	15,	and	30	min	(top	SEC	
traces).	Pol	4	was	efficiently	de-polymerized	(Mn	=	68	kDa	to	
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23	kDa)	after	30	min.	No	purification	was	performed	as	the	re-
sulting	oligomer	(Mn	=	23	kDa)	was	directly	subjected	to	the	re-
polymerization	(i.e.,	90	°C	for	96	h).	A	full	recovery	to	the	orig-
inal	MW	was	observed	(middle	SEC	traces).	The	process	was	
repeated	two	more	times	(middle	and	bottom	SEC	traces).	The	
phenomenon	persisted	with	consistent	de-	and	re-polymeriza-
tion	patterns.	(b)	Thermal	reversibility	of	Pol	4	is	highly	effi-
cient	and	can	be	recycled	multiple	times	(i.e.,	3	cycles),	display-
ing	the	potential	of	single-component	step-growth.	

The	de-	and	re-polymerization	of	Pol	1,	Pol	2,	Pol	3,	and	
Pol	 6	 were	 also	 performed	 with	 the	 same	 conditions	 as	
shown	 for	Pol	4.	Diverse	behaviors	were	attained	among	
the	materials	(Supporting	Information,	Section	1.16).	Spe-
cifically,	Pol	2	was	successfully	de-polymerized	to	the	oli-
gomers	with	Mn	of	5	kDa,	which	was	subsequently	re-pol-
ymerized.	 The	 recovered	 material	 displays	 a	 higher-MW	
range	compared	to	the	original	polymer	(Supporting	Infor-
mation,	Figure	S114).	Pol	1	and	Pol	6	successfully	degraded	
upon	heating	but	unexpectedly	did	not	 show	efficient	 re-
polymerization	behaviors,	regardless	of	the	varied	de-	and	
re-polymerization	conditions	(e.g.,	change	in	the	amount	of	
BHT,	purification	of	de-polymerized	mixtures,	re-polymeri-
zation	with	different	solvents	and	temperatures;	more	de-
tails	are	described	in	Supporting	Information,	Section	1.16).	
Of	note,	these	polymers	contain	higher	concentration	of	Cp	
linkages	as	well	as	ester	 linkages	(i.e.,	Cp	dimer	and	ester	
units	are	distributed	per	~0.5	kDa	along	the	polymer	back-
bone),	which	could	contribute	to	thermal	degradation	and	
insufficient	re-polymerization.76	As	aforementioned,	critical	
purity	 of	 oligomer	 chain-ends	 is	 required	 to	 achieve	 the	
reformation	 of	 the	 parent	 polymers.	 Therefore,	 minimal	
degradation	of	Cp	chain-ends	or	ester	linkages	can	have	det-
rimental	effects	on	the	re-polymerization.	When	Pol	6	was	
heated	 for	 a	 shorter	 amount	 of	 time	 (15	min	 rather	 than	
30	min),	 the	 re-polymerization	 is	 slightly	 improved	 (Sup-
porting	Figure	S119),	supporting	our	degradation	hypothe-
sis.	Furthermore,	the	color	of	Pol	6	was	changed	from	trans-
parent	to	light	yellowish	during	the	heating	process,	show-
ing	the	partial	degradation	of	the	polymer	(Supporting	Fig-
ure	S120).	The	siloxane-Cp	analog,	or	Pol	3,	which	was	pol-
ymerized	from	a	macromolecular	monomer	and	thus,	con-
tain	lower	concentration	of	Cp	and	ester	moieties	(i.e.,	per	
7–11	kDa	along	the	polymer	backbone),	displays	the	closest	
trait	to	that	of	Pol	4.	The	original	MW	was	recovered	and	
close	 to	 that	 of	 the	 original	 polymer	 (Supporting	 Infor-
mation,	Figure	S122).	 1H	NMR	spectra	of	 the	de-polymer-
ized	materials	were	also	collected	 for	Pol	1–4	and	Pol	6,	
which	reveal	the	Cp	chain-ends	(Supporting	Figures	S113,	
S115,	S117,	S121,	and	S123).	In	this	work,	only	recycling	of	
homopolymer	 was	 demonstrated,	 nevertheless,	 up-recy-
cling	 with	 different	 functionalized	 dienophiles	 is	 feasible	
and	under	ongoing	investigation.	

CONCLUSIONS 
We	have	demonstrated	a	new	and	straightforward	meth-

odology	to	form	high-MW	recyclable	thermoplastics,	utiliz-
ing	single-component	cyclopentadiene	derivatives	and	the	
Diels–Alder	polymerization/de-polymerization.	In	this	ini-
tial	study,	we	synthesized	and	characterized	six	Cp	homo-
polymers	that	are	based	on	common	thermoplastics	archi-
tectures.	All	tailored	materials	possess	an	excellent	range	of	
material	 properties	 (e.g.,	 varied	 glass	 transition	 tempera-
tures,	 flexible	 backbones,	 etc.)	 and	 show	 consistent	 de-

polymerization	 behaviors,	 except	 for	 the	 substances	 that	
contain	high	amount	of	Cp	and	ester	linkages.	Here,	the	un-
avoidable	thermal	degradation	presumably	contributed	to	
the	complication	during	the	re-polymerization	process.	Re-
markably,	the	hydrogenated	polybutadiene	that	is	modified	
with	Cp	units	(Pol	4)	displays	the	ability	to	efficiently	re-
polymerize	and	de-polymerize	over	three	cycles.	Moreover,	
due	to	the	single-component	DA	chemistry,	no	catalysts,	or	
solvents	 and	 thus,	no	purification	 step	 is	 required	during	
the	recycling	process.	Overall,	synthesis	and	characteriza-
tion	of	 the	recyclable	Cp	homopolymers	presents	 insights	
into	the	similar	and	different	properties,	compared	to	the	
current	state-of-the-art	thermoplastics,	consequently	creat-
ing	a	space	for	further	improvement	and	additional	analy-
sis.	 Specifically,	 in-dept	 structure-property	 relationship	
studies	are	important	to	improve	the	MW	range	of	the	syn-
thesized	polymer,	to	prevent	degradation	during	recycling,	
or	to	understand	the	spatial	arrangements	of	Cp-dimer	that	
affect	the	material	properties.	We	believe	this	work	could	
establish	 a	mild	 and	 universal	 thermo-selective	 recycling	
strategy	 that	expands	 the	design	and	construction	of	 sus-
tainable	thermoplastics.	Furthermore,	in	the	realm	of	mixed	
plastics,	 polymers	 modified	 with	 Cp	 dimer	 units	 can	 be	
thermo-selectively	depolymerized	in	the	presence	of	other	
traditional	polymers.	Assuming	the	reactive	Cp	chain-ends	
after	de-polymerization,	the	re-polymerization	of	a	mixture	
of	drastically	different	polymers	to	form	new	types	of	recy-
cled	materials	can	also	be	realized.	
	

ASSOCIATED CONTENT  
Supporting Information 
Supporting	Information	
The	Supporting	Information	is	available	free	of	charge	on	the	
ACS	Publications	website.	
	
Synthetic	procedures,	characterization	(NMR,	FTIR,	mass	spec-
trometry,	SEC,	SEC-MALS,	TGA,	DSC,	and	viscometer),	mechan-
ical	testing	via	Texture	Analyzer,	and	detailed	chemical	recy-
cling	results	(PDF).	

AUTHOR INFORMATION 
Corresponding Author 
*	javier@chem.ucsb.edu	

Author Contributions 
TMT	performed	all	the	above	experiments	and	data	analyses.	
The	manuscript	was	written	through	contributions	of	all	au-
thors.	All	authors	have	given	approval	to	the	final	version	of	
the	manuscript.	

Funding Sources 
The	research	was	funded	by	the	National	Science	Foundation	
(CHE-2204077).	This	work	was	also	partially	supported	by	
the	BioPACIFIC	Materials	Innovation	Platform	of	the	National	
Science	Foundation	under	Award	No.	DMR-1933487.		
 
Notes 
Authors	declare	that	they	have	no	competing	interests.	

ACKNOWLEDGMENT  
The	research	was	funded	by	the	National	Science	Foundation	
(CHE-2204077).	 We	 thank	 Kirk	 Fields	 from	 mechanical	



 

 

9 

engineering	workshop	at	UCSB	for	 the	assistance	on	the	me-
chanical	testing.	The	authors	also	acknowledge	the	staff	at	Wy-
att	Technology	for	the	helpful	guidance	on	SEC-MALS	analysis.	
We	are	also	thankful	for	the	training	on	the	Carver	press	from	
Rachel	A.	Segalman’s	laboratory,	and	the	viscometer	from	Mat-
thew	Helgeson’s	research	group.	The	NMR	instruments	were	
supported	 by	 the	 National	 Science	 Foundation	 under	 award	
No.	MRI-1920299.	The	facility	for	tensile	testing	was	provided	
by	 the	 BioPACIFIC	Materials	 Innovation	 Platform	 of	 the	 Na-
tional	Science	Foundation	under	Award	No.	DMR-1933487.	We	
used	 the	 MRL	 Shared	 Experimental	 Facilities	 that	 are	 sup-
ported	 by	 the	MRSEC	 Program	 of	 the	NSF	 under	 Award	No.	
DMR	 1720256;	 a	 member	 of	 the	 NSF-funded	 Materials	 Re-
search	Facilities	Network.		

ABBREVIATIONS 
MW,	molecular	weight;	DA,	Diels–Alder;	 rDA,	 retro-Diels–Al-
der;	Cp,	cyclopentadiene;	NBD,	norbornadiene;	DpTz,	3,6-di-2-
pyridyl-1,2,4,5-tetrazine;	 TEA,	 triethylamine;	 BHT,	 butylated	
hydroxytoluene;	 SEC,	 size	 exclusion	 chromatography;	 MALS,	
multiple-angle	 light	 scattering;	 DCM,	 dichloromethane;	 THF,	
tetrahydrofuran;	MHS,	Mark-Houwink-Sakurada;	 HMBC,	 het-
eronuclear	multiple	bond	correlation;	PBT,	polybutylene	 ter-
ephthalate;	PET,	polyethylene	terephthalate;	PDMS,	polydime-
thylsiloxane;	NMR,	nuclear	magnetic	resonance.			

REFERENCES 
(1) Geyer,	R.;	Jambeck,	J.	R.;	Law,	K.	L.	Production,	Use,	and	Fate	

of	All	Plastics	Ever	Made.	Sci.	Adv.	2017,	3,	e1700782.	
(2) Oladele,	I.	O.;	Okoro,	C.	J.;	Taiwo,	A.	S.;	Onuh,	L.	N.;	Agbeboh,	

N.	I.;	Balogun,	O.	P.;	Olubambi,	P.	A.;	Lephuthing,	S.	S.	Mod-
ern	Trends	 in	Recycling	Waste	Thermoplastics	and	Their	
Prospective	Applications:	A	Review.	J.	Compos.	Sci.	2023,	7,	
198.	

(3) Billiet,	S.;	Trenor,	S.	R.	100th	Anniversary	of	Macromolecu-
lar	Science	Viewpoint:	Needs	for	Plastics	Packaging	Circu-
larity.	ACS	Macro	Lett.	2020,	9,	1376–1390.		

(4) Worch,	J.	C.;	Dove,	A.	P.	100th	Anniversary	of	Macromolec-
ular	Science	Viewpoint:	Toward	Catalytic	Chemical	Recy-
cling	of	Waste	(and	Future)	Plastics.	ACS	Macro	Lett.	2020,	
9,	1494–1506.		

(5) Fagnani,	D.	E.;	Tami,	J.	L.;	Copley,	G.;	Clemons,	M.	N.;	Getzler,	
Y.	D.	Y.	L.;	McNeil,	A.	J.	100th	Anniversary	of	Macromolecu-
lar	 Science	 Viewpoint:	 Redefining	 Sustainable	 Polymers.	
ACS	Macro	Lett.	2021,	10,	41–53.		

(6) Uekert,	 T.;	 Singh,	 A.;	 DesVeaux,	 J.	 S.;	 Ghosh,	 T.;	 Bhatt,	 A.;	
Yadav,	G.;	Afzal,	S.;	Walzberg,	J.;	Knauer,	K.	M.;	Nicholson,	S.	
R.;	 Beckham,	 G.	 T.;	 Carpenter,	 A.	 C.	 Technical,	 Economic,	
and	Environmental	Comparison	of	Closed-Loop	Recycling	
Technologies	for	Common	Plastics.	ACS	Sustain.	Chem.	Eng.	
2023,	11,	965–978.		

(7) Clark,	R.	A.;	Shaver,	M.	P.	Depolymerization	within	a	Circu-
lar	Plastics	System.	Chem.	Rev.	2024,	124,	2617–2650.		

(8) Thiyagarajan,	S.;	Maaskant-Reilink,	E.;	Ewing,	T.	A.;	Julsing,	
M.	K.;	Van	Haveren,	J.	Back-to-Monomer	Recycling	of	Poly-
condensation	Polymers:	Opportunities	 for	Chemicals	 and	
Enzymes.	RSC	Adv.	2022,	12,	947–970.		

(9) Chen,	Z.;	Sun,	H.;	Kong,	W.;	Chen,	L.;	Zuo,	W.	Closed-Loop	
Utilization	of	Polyester	in	the	Textile	Industry.	Green	Chem.	
2023,	25,	4429–4437.		

(10) Yang,	W.;	Liu,	R.;	Li,	C.;	Song,	Y.;	Hu,	C.	Hydrolysis	of	Waste	
Polyethylene	Terephthalate	Catalyzed	by	Easily	Recyclable	
Terephthalic	Acid.	Waste	Manag.	2021,	135,	267–274.	

(11) 	Häußler,	M.;	Eck,	M.;	Rothauer,	D.;	Mecking,	S.	Closed-Loop	
Recycling	of	Polyethylene-like	Materials.	Nature	2021,	590,	
423–427.	

(12) Zhao,	Y.;	Rettner,	E.	M.;	Harry,	K.	L.;	Hu,	Z.;	Miscall,	J.;	Rorrer,	
N.	A.;	Miyake,	G.	M.	Chemically	Recyclable	Polyolefin-like	
Multiblock	Polymers.	Science	2023,	382,	310–314.	

(13) Coates,	G.	W.;	Getzler,	Y.	D.	Y.	L.	Chemical	Recycling	to	Mon-
omer	for	an	Ideal,	Circular	Polymer	Economy.	Nat.	Rev.	Ma-
ter.	2020,	5,	501–516.	

(14) Kiel,	G.	R.;	Lundberg,	D.	J.;	Prince,	E.;	Husted,	K.	E.	L.;	John-
son,	A.	M.;	Lensch,	V.;	Li,	S.;	Shieh,	P.;	Johnson,	J.	A.	Cleavable	
Comonomers	 for	 Chemically	 Recyclable	 Polystyrene:	 A	
General	Approach	to	Vinyl	Polymer	Circularity.	J.	Am.	Chem.	
Soc.	2022,	144,	12979–12988.		

(15) Abel,	B.	A.;	Snyder,	R.	L.;	Coates,	G.	W.	Chemically	Recycla-
ble	Thermoplastics	from	Reversible-Deactivation	Polymer-
ization	of	Cyclic	Acetals.	Science	2021,	373,	783–789.	

(16) Martinez,	M.	R.;	Matyjaszewski,	K.	Degradable	and	Recycla-
ble	Polymers	by	Reversible	Deactivation	Radical	Polymeri-
zation.	CCS	Chem.	2022,	4,	2176–2211.	

(17) Wang,	H.	S.;	Truong,	N.	P.;	Pei,	Z.;	Coote,	M.	L.;	Anastasaki,	
A.	 Reversing	 RAFT	 Polymerization:	 Near-Quantitative	
Monomer	 Generation	 Via	 a	 Catalyst-Free	 Depolymeriza-
tion	Approach.	J.	Am.	Chem.	Soc.	2022,	144,	4678–4684.	

(18) Jones,	G.	R.;	Wang,	H.	S.;	Parkatzidis,	K.;	Whitfield,	R.;	Tru-
ong,	N.	P.;	Anastasaki,	A.	Reversed	Controlled	Polymeriza-
tion	(RCP):	Depolymerization	from	Well-Defined	Polymers	
to	Monomers.	J.	Am.	Chem.	Soc.	2023,	145,	9898–9915.				

(19) Young,	J.	B.;	Bowman,	J.	I.;	Eades,	C.	B.;	Wong,	A.	J.;	Sumerlin,	
B.	 S.	 Photoassisted	 Radical	 Depolymerization.	ACS	Macro	
Lett.	2022,	11,	1390–1395.		

(20) Young,	J.	B.;	Hughes,	R.	W.;	Tamura,	A.	M.;	Bailey,	L.	S.;	Stew-
art,	K.	A.;	Sumerlin,	B.	S.	Bulk	Depolymerization	of	Poly(Me-
thyl	 Methacrylate)	 via	 Chain-End	 Initiation	 for	 Catalyst-
Free	Reversion	to	Monomer.	Chem	2023,	9,	2669–2682.		

(21) Tanaka,	J.;	Archer,	N.	E.;	Grant,	M.	J.;	You,	W.	Reversible-Ad-
dition	 Fragmentation	 Chain	 Transfer	 Step-Growth	
Polymerization.	J.	Am.	Chem.	Soc.	2021,	143,	15918–15923.		

(22) Siragusa,	F.;	Demarteau,	J.;	Habets,	T.;	Olazabal,	I.;	Robeyns,	
K.;	Evano,	G.;	Mereau,	R.;	Tassaing,	T.;	Grignard,	B.;	Sardon,	
H.;	Detrembleur,	 C.	Unifying	 Step-Growth	Polymerization	
and	 On-Demand	 Cascade	 Ring-Closure	 Depolymerization	
via	 Polymer	 Skeletal	 Editing.	 Macromolecules	 2022,	 55,	
4637–4646.		

(23) Lu,	X.;	Liu,	Y.;	Zhou,	H.	Learning	Nature:	Recyclable	Mono-
mers	and	Polymers.	Chem.	Eur.	J.	2018,	24,	11255–11266.		

(24) Leir,	 C.	M.;	 Stark,	 J.	 E.	 Ionene	Elastomers	 from	Polytetra-
methylene	Oxide	Diamines	and	Reactive	Dihalides.	I.	Effect	
of	Dihalide	Structure	on	Polymerization	and	Thermal	Re-
versibility.	J.	Appl.	Pol.	Sci.	1989,	38,	1535–1547.		

(25) Wagener,	K.	B.;	Engle,	L.	P.	Thermally	Reversible	Polymer	
Linkages.	 II.	 Linear	 Addition	 Polymers.	 J.	 Polym.	 Sci.	 A	
Polym.	Chem.	1993,	31,	865–875.		

(26) Kawaguchi,	A.	W.;	Sudo,	A.;	Endo,	T.	Polymerization–Depol-
ymerization	System	Based	on	Reversible	Addition-Dissoci-
ation	Reaction	 of	 1,3-Benzoxazine	with	 Thiol.	ACS	Macro	
Lett.	2013,	2,	1–4.		

(27) Motoki,	S.;	Nakano,	T.;	Tokiwa,	Y.;	Saruwatari,	K.;	Tomita,	I.;	
Iwamura,	T.	Synthesis	of	Recyclable	Molecular	LEGO	Block	
Polymers	Utilizing	the	Diels-Alder	Reaction.	Polymer	2016,	
101,	98–106.		

(28) Gandini,	A.	The	Application	of	the	Diels-Alder	Reaction	to	
Polymer	Syntheses	Based	on	Furan/Maleimide	Reversible	
Couplings.	Polímeros	2005,	15,	95–101.		

(29) Gandini,	A.	The	Furan/Maleimide	Diels–Alder	Reaction:	A	
Versatile	Click–Unclick	Tool	in	Macromolecular	Synthesis.	
Prog.	Polym.	Sci.	2013,	38,	1–29.		

(30) Gandini,	 A.;	 Coelho,	 D.;	 Silvestre,	 A.	 J.	 D.	 Reversible	 Click	
Chemistry	at	the	Service	of	Macromolecular	Materials.	Part	
1:	Kinetics	of	 the	Diels–Alder	Reaction	Applied	to	Furan–
Maleimide	Model	Compounds	and	Linear	Polymerizations.	
Eur.	Polym.	J.	2008,	44,	4029–4036.		

(31) Diels,	 O.;	 Alder,	 K.	 Synthesen	 in	 der	 hydroaromatischen	
Reihe.	Justus	Liebigs	Ann.	Chem.	1928,	460,	98–122.	



 

 

10 

(32) Stille,	 J.	 K.	 Step-Growth	 Polymerization.	 J.	 Chem.	 Educ.	
1981,	58,	862.		

(33) Yoshie,	N.	Diels-Alder	Polymers.	In	Encyclopedia	of	Polymer	
Science	and	Technology;	John	Wiley	&	Sons,	Inc.,	Ed.;	John	
Wiley	&	Sons,	Inc.:	Hoboken,	NJ,	USA,	2013;	p	pst607.	

(34) Stille,	J.	K.;	Plummer,	L.	Polymerization	by	the	Diels-Alder	
Reaction.	J.	Org.	Chem.	1961,	26,	4026–4029.		

(35) Kennedy,	 J.	 P.;	 Carlson,	 G.	M.	 Synthesis,	 Characterization,	
and	 Diels–Alder	 Extension	 of	 Cyclopentadiene	 Telechelic	
Polyisobutylene.	 IV.	 α,ω-Di(3-cyclopentadienylpropyl-
dimethylsilyl)Polyisobutylene.	 J.	 Polym.	 Sci.	 Polym.	 Chem.	
Ed.	1983,	21,	3551–3561.		

(36) Staudinger,	H.;	Bruson,	H.	A.	Hochpolymere	Verbindungen.	
7.	 Mitteilung.	 Über	 das	 Dicyclopentadien	 und	 weitere	
polymere	Cyclopentadiene.	Justus	Liebigs	Ann.	Chem.	1926,	
447,	97–110.		

(37) Stegall,	J.	B.	Cyclopentadiene-Maleimide	Platform	for	Ther-
mally	Reversible	Polymers;	Virginia	Tech:	Blacksburg,	VA,	
2014.	

(38) Murphy,	E.	B.;	Bolanos,	E.;	Schaffner-Hamann,	C.;	Wudl,	F.;	
Nutt,	S.	R.;	Auad,	M.	L.	Synthesis	and	Characterization	of	a	
Single-Component	 Thermally	 Remendable	 Polymer	 Net-
work:	 Staudinger	 and	 Stille	 Revisited.	 Macromolecules	
2008,	41,	5203–5209.		

(39) Levandowski,	B.	J.;	Raines,	R.	T.	Click	Chemistry	with	Cyclo-
pentadiene.	Chem.	Rev.	2021,	121,	6777–6801.		

(40) Tesoro,	G.	C.;	Sastri,	V.	R.	Synthesis	of	Siloxane-Containing	
Bis(Furans)	and	Polymerization	with	Bis(Maleimides).	Ind.	
Eng.	Chem.	Prod.	Res.	Dev.	1986,	25,	444–448.		

(41) Brand,	T.;	Klapper,	M.	Control	of	Viscosity	through	Reversi-
ble	Addition	of	Telechelics	via	Repetitive	Diels-Alder	Reac-
tion	in	Bulk.	Des.	Monomers	Polym.	1999,	2,	287–309.		

(42) Briou,	B.;	Améduri,	B.;	Boutevin,	B.	Trends	in	the	Diels–Al-
der	Reaction	in	Polymer	Chemistry.	Chem.	Soc.	Rev.	2021,	
50,	11055–11097.		

(43) Kuramoto,	N.;	Hayashi,	K.;	Nagai,	K.	Thermoreversible	Re-
action	 of	 Diels—Alder	 Polymer	 Composed	 of	 Difurufu-
ryladipate	 with	 Bismaleimidodiphenylmethane.	 J.	 Polym.	
Sci.,	Part	A:	Polym.	Chem.	1994,	32,	2501–2504.		

(44) Tran,	T.	M.;	Read	de	Alaniz,	J.	Controlled	Synthesis	of	a	Ho-
mopolymer	Network	Using	a	Well-Defined	Single-Compo-
nent	Diels–Alder	Cyclopentadiene	Monomer.	 J.	Am.	Chem.	
Soc.	2023,	145,	3462–3469.		

(45) St.	Amant,	A.	H.;	Discekici,	E.	H.;	Bailey,	S.	 J.;	Zayas,	M.	S.;	
Song,	J.-A.;	Shankel,	S.	L.;	Nguyen,	S.	N.;	Bates,	M.	W.;	Ana-
stasaki,	A.;	Hawker,	C.	J.;	Read	de	Alaniz,	J.	Norbornadienes:	
Robust	 and	 Scalable	 Building	 Blocks	 for	 Cascade	 “Click”	
Coupling	of	High	Molecular	Weight	Polymers.	J.	Am.	Chem.	
Soc.	2019,	141,	13619–13624.		

(46) Bailey,	 S.	 J.;	 Discekici,	 E.	 H.;	 Barbon,	 S.	M.;	 Nguyen,	 S.	 N.;	
Hawker,	C.	J.;	Read	de	Alaniz,	J.	Norbornadiene	Chain-End	
Functional	 Polymers	 as	 Stable,	 Readily	 Available	 Precur-
sors	 to	 Cyclopentadiene	 Derivatives.	 Macromolecules	
2020,	53,	4917–4924.		

(47) Cardellini,	F.;	Brinchi,	L.;	Germani,	R.;	Tiecco,	M.	Convenient	
Esterification	 of	 Carboxylic	 Acids	 by	 SN2	 Reaction	 Pro-
moted	by	 a	Protic	 Ionic-Liquid	 System	Formed	 in	 Situ	 in	
Solvent-Free	Conditions.	Synth.	Commun.	2014,	44,	3248–
3256.		

(48) Facinelli,	J.	V.;	Gardner,	S.	L.;	Dong,	L.;	Sensenich,	C.	L.;	Da-
vis,	 R.	M.;	 Riffle,	 J.	 S.	 Controlled	Molecular	Weight	 Polyi-
mides	 from	Poly(Amic	Acid)	 Salt	 Precursors.	Macromole-
cules	1996,	29,	7342–7350.		

(49) Liaw,	D.-J.;	Wang,	K.-L.;	Huang,	Y.-C.;	Lee,	K.-R.;	Lai,	J.-Y.;	Ha,	
C.-S.	 Advanced	 Polyimide	 Materials:	 Syntheses,	 Physical	
Properties	 and	 Applications.	 Prog.	 Polym.	 Sci.	 2012,	 37,	
907–974.		

(50) Wright,	 W.	 W.;	 Hallden-Abberton,	 M.	 Polyimides.	 In	
Ullmann’s	Encyclopedia	of	Industrial	Chemistry;	Wiley-VCH,	
Ed.;	Wiley,	2000.	

(51) Flory,	P.	 J.	Principles	of	Polymer	Chemistry;	Baker	lectures	
1948;	Cornell	University	Press,	1953.	

(52) Tanford,	C.;	Huggins,	M.	L.	Physical	Chemistry	of	Macromol-
ecules.	J.	Electrochem.	Soc.	1962,	109,	98C.		

(53) Ouano,	A.	C.	Gel	Permeation	Chromatography.	J.	of	Chroma-
togr.	A	1976,	118,	303–312.		

(54) Wang,	K.;	Huang,	H.;	Sheng,	J.	Determination	of	the	Mark-
Houwink	 Equation	 Parameters	 and	 Their	 Interrelation-
ship.	 J.	 Liq.	 Chromatogr.	 Relat.	 Technol.	 1998,	 21,	 1457–
1470.		

(55) Ito,	K.;	Ukai,	T.	Determination	of	Mark–Houwink–Sakurada	
Constants	for	Measurements	of	the	Molecular	Weights	by	
Gel	Permeation	Chromatography	 I.	On	 the	Generalization	
of	Mathematical	Procedure.	Polym.	J.	1986,	18,	593–600.		

(56) Giebel,	L.;	Borsali,	R.;	Fischer,	E.	W.;	Benmouna,	M.	Dynamic	
Light	 Scattering	 from	 Poly(Dimethylsiloxane)	
(PDMS)/PMMA/Solvent:	Effect	of	Optical	Properties.	Mac-
romolecules	1992,	25,	4378–4381.		

(57) Podzimek,	S.;	Vlcek,	T.	Characterization	of	Branched	Poly-
mers	by	SEC	Coupled	with	a	Multiangle	Light	Scattering	De-
tector.	II.	Data	Processing	and	Interpretation.	J.	Appl.	Polym.	
Sci.	2001,	82,	454–460.		

(58) Janardhan,	R.;	Ramamurthy,	K.;	Anand,	J.	S.	Solution	Prop-
erties	of	Polyurethane.	Polym.	Test.	1994,	13,	397–404.		

(59) Flory,	 P.	 J.	Molecular	Weights	 and	 Intrinsic	 Viscosities	 of	
Polyisobutylenes.	J.	Am.	Chem.	Soc.	1943,	65,	372–382.		

(60) Büyüktanir,	 E.	 A.;	 Küçükyavuz,	 Z.	 Solution	 Properties	 of	
Poly(Dimethyl	Siloxane).	J.	Polym.	Sci.,	Part	B:	Polym.	Phys.	
2000,	38,	2678–2686.		

(61) Evans,	 J.	M.	Gel	 Permeation	Chromatography:	A	Guide	 to	
Data	Interpretation.	Polym.	Eng.,	Sci.	1973,	13,	401–408.		

(62) Borman,	W.	F.	H.	Molecular	Weight–Viscosity	Relationships	
for	 Poly(1,4-butylene	 Terephthalate).	 J.	 Appl.	 Polym.	 Sci.	
1978,	22,	2119–2126.		

(63) Silvaspinace,	 M.;	 Lucato,	 M.;	 Ferrao,	 M.;	 Davanzo,	 C.;	 De-
paoli,	M.	Determination	of	 Intrinsic	Viscosity	of	Poly(Eth-
ylene	 Terephthalate)	 Using	 Infrared	 Spectroscopy	 and	
Multivariate	 Calibration	Method.	Talanta	2006,	69,	 643–
649.	

(64) J.	 E.	 Mark,	 Polymer	 Data	 Handbook,	 Oxford	 University	
Press,	Oxford	2009.	

(65) International,	A.	ASTM	D638-14,	Standard	Test	Method	for	
Tensile	Properties	of	Plastics;	ASTM	International,	2015.	

(66) Tapia-Picazo,	J.	C.;	Luna-Bárcenas,	J.	G.;	García-Chávez,	A.;	
Gonzalez-Nuñez,	R.;	Bonilla-Petriciolet,	A.;	Alvarez-Castillo,	
A.	 Polyester	 Fiber	 Production	 Using	 Virgin	 and	 Recycled	
PET.	Fibers	Polym.	2014,	15,	547–552.		

(67) Schyns,	 Z.	O.	G.;	 Patel,	A.	D.;	 Shaver,	M.	 P.	Understanding	
Poly(Ethylene	Terephthalate)	Degradation	Using	Gas-Me-
diated	Simulated	Recycling.	Resour.	Conserv.	Recycl.	2023,	
198,	107170.		

(68) Edwards,	J.	P.;	Wolf,	W.	J.;	Grubbs,	R.	H.	The	Synthesis	of	Cy-
clic	 Polymers	 by	 Olefin	 Metathesis:	 Achievements	 and	
Challenges.	 J.	 Polym.	 Sci.,	 Part	 A:	 Polym.	 Chem.	2019,	 57,	
228–242.		

(69) Olsén,	 P.;	 Odelius,	 K.;	 Albertsson,	 A.-C.	 Thermodynamic	
Presynthetic	Considerations	for	Ring-Opening	Polymeriza-
tion.	Biomacromolecules	2016,	17,	699–709.		

(70) Bhat,	G.;	Kandagor,	V.	Synthetic	Polymer	Fibers	and	Their	
Processing	 Requirements.	 In	 Advances	 in	 Filament	 Yarn	
Spinning	of	Textiles	and	Polymers;	Elsevier,	2014;	pp	3–30.		

(71) Ibeh,	 C.	 C.	 Thermoplastic	Materials:	 Properties,	Manufac-
turing	Methods,	and	Applications;	CRC	Press,	2011.		

(72) St.	Amant,	A.	H.;	Huang,	F.;	Lin,	J.;	Lemen,	D.;	Chakiath,	C.;	
Mao,	S.;	Fazenbaker,	C.;	Zhong,	H.;	Harper,	J.;	Xu,	W.;	Patel,	
N.;	Adams,	L.;	Vijayakrishnan,	B.;	Howard,	P.	W.;	Marelli,	M.;	
Wu,	H.;	Gao,	C.;	Read	De	Alaniz,	J.;	Christie,	R.	J.	A	Reactive	
Antibody	Platform	 for	One-Step	Production	of	Antibody–
Drug	Conjugates	through	a	Diels–Alder	Reaction	with	Ma-
leimide.	Bioconjugate	Chem.	2019,	30,	2340–2348.		



 

 

11 

(73) Bailey,	S.	J.;	Stricker,	F.;	Hopkins,	E.;	Wilson,	M.	Z.;	Read	De	
Alaniz,	J.	Shining	Light	on	Cyclopentadienone–Norbornadi-
ene	 Diels–Alder	 Adducts	 to	 Enable	 Photoinduced	 Click	
Chemistry	 with	 Cyclopentadiene.	 ACS	 Appl.	 Mater.	 Inter-
faces	2021,	13,	35422–35430.		

(74) Bailey,	S.	 J.;	Hopkins,	E.;	Rael,	K.	D.;	Hashmi,	A.;	Urueña,	J.	
M.;	Wilson,	M.	Z.;	Read	De	Alaniz,	J.	Design,	Synthesis,	and	
Application	of	a	Water-soluble	Photocage	for	Aqueous	Cy-
clopentadiene-based	 Diels-Alder	 Photoclick	 Chemistry	 in	
Hydrogels.	Angew.	Chem.	Int.	Ed.	2023,	62,	e202301157.		

(75) Bailey,	S.	J.;	Hopkins,	E.;	Baxter,	N.	J.;	Whitehead,	I.;	De	Ala-
niz,	J.	R.;	Wilson,	M.	Z.	Diels–Alder	Photoclick	Patterning	of	
Extracellular	Matrix	for	Spatially	Controlled	Cell	Behaviors.	
Adv.	Mater.	2023,	35,	2303453.		

(76) Baudry,	 A.;	 Dufay,	 J.;	 Regnier,	 N.;	 Mortaigne,	 B.	 Thermal	
Degradation	and	Fire	Behaviour	of	Unsaturated	Polyester	
with	 Chain	 Ends	 Modified	 by	 Dicyclopentadiene.	 Polym.	
Degrad.	Stab.	1998,	61,	441–452.		

 

	
 

 

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	




