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ABSTRACT:	Polyhydroxyurethane	(PHU)	 thermosets	are	 the	most	promising	 isocyanate-free	substitutes	 to	polyurethane	
ones	when	targeting	the	main	applications	of	the	PU	business	(coatings,	adhesives,	foams).	However,	the	curing	of	their	sol-
vent-free	formulations	at	near	room	temperatures	is	often	very	slow	and	requires	the	utilization	of	organocatalysts,	limiting	
the	large-scale	deployment	of	the	technology.	Herein,	we	study	the	impact	of	water,	introduced	as	an	additive	(2	to	10	wt.%),	
on	the	crosslinking	rate	of	common	solvent-free	thermosetting	PHU	formulations	composed	of	a	polycyclic	carbonate	and	a	
diamine.	Rheology	measurements,	using	a	multi-frequency	approach,	indicate	that	even	very	small	amounts	of	water	(<	5	
wt.%)	impressively	shorten	gel	times,	by	up	to	5	folds	at	40	°C.	The	multi-frequency	methodology	highlights	for	the	first	time	
the	strong	interactions	of	water	with	the	growing	PHU	network	during	the	crosslinking	reaction.	It	suggests	that	water	breaks	
down	the	multiple	intra-/inter-molecular	H-bond	interactions	within	the	PHU	clusters,	consequently	enhancing	the	molecu-
lar	mobility	and	delaying	the	vitrification	(hydroplasticization),	both	phenomena	contributing	to	accelerate	the	crosslinking	
rate.	On	top	of	that,	through	a	combination	of	model	reactions	and	computational	calculations,	we	demonstrate	that	water	is	
an	actual	catalyst	of	the	cyclic	carbonate	aminolysis.		Eventually,	thanks	to	its	multifaceted	role,	water	can	efficiently	substi-
tute	the	organocatalysts	(e.g.	TBD,	DBU)	usually	required	to	cure	PHU	formulations	at	near	ambient	temperature.	This	work	
demonstrates	that	the	use	of	additive	amounts	of	water	in	solvent-free	formulations	is	a	cost-effective,	non-toxic,	and	robust	
solution	to	accelerate	the	production	of	PHU	materials,	free	of	any	organocatalyst.	It	offers	promising	prospects	for	the	de-
ployment	of	PHU-based	materials	requiring	mild	processing	conditions.		

INTRODUCTION 
Polyhydroxyurethanes	(PHU)	obtained	by	the	aminolysis	of	
CO2-sourced	5-membered	cyclic	carbonates	(5CC)	are	one	
of	the	most	promising	isocyanate-free	alternatives	to	con-
ventional	polyurethanes	(PU).1	They	are	extensively	inves-
tigated	as	PU	substitutes	for	coating,2,3	adhesive4,5	and	foam	
applications,6–10	to	name	a	few.	However,	one	of	their	per-
sisting	limitations	is	their	seemingly	slower	polymerization	
kinetics	when	compared	to	isocyanate-based	PU,	especially	
at	(near)-room	temperature	(RT).11	One	of	the	main	reasons	
is	the	progressive	formation	of	a	H-bonded	network	during	
PHU	 polymerization,	 due	 to	 their	 multiple	 pendant	 hy-
droxyl	 groups.12,13	 The	 intra-	 and	 inter-chains	 hydrogen	
bonds	refrain	 the	chains	mobility	and	 the	diffusion	of	 the	
monomers.	 Then,	 it	 is	 usually	 necessary	 to	 increase	 the	
polymerization	 temperature	 (≳	80	°C)	 to	observe	 the	 full	
conversion	 of	 the	monomers	 over	 a	 reasonable	 period	 of	
time.11	Unfortunately,	this	comes	at	the	expense	of	side	re-
actions.14,15	Another	alternative	consists	in	the	addition	of	a	
protic	solvent	to	disrupt	the	H-bonded	network	and	restore	
the	 chain	 mobility	 at	 low	 temperature.	 Alcohols,	 mostly	

methanol	(MeOH),	were	described	as	excellent	solvents	for	
the	synthesis	of	thermoplastic	PHUs.12,13		

When	 it	 comes	 to	 the	 synthesis	 of	 thermosets,	 the	use	 of	
large	amounts	of	solvent	 is	poorly	appropriate.	Neverthe-
less,	 small	 additions	 of	 unreactive	 molecules,	 sometimes	
called	plasticizers,	 are	classically	 incorporated	 in	 thermo-
setting	 formulations	 to	 impart	molecular	mobility	 and	 to	
improve	the	diffusion	of	the	monomers,	especially	when	ap-
proaching	the	vitrification	of	the	polymeric	network.12,16,17	
In	that	case,	an	imperative	prerequisite	is	to	use	innocuous	
compounds	as	they	might	leak	out	of	the	network	and	con-
tribute	to	the	emission	of	undesirable	volatile	organic	com-
pounds.	

Interestingly,	water	(H2O)	is	well	known	for	its	ability	to	ac-
celerate	the	crosslinking	reaction	of	epoxy-amine	formula-
tions.18,19	 Choi	 et	 al.	 demonstrated	 that	 small	 amounts	 of	
H2O	(1	to	3	wt.%)	are	sufficient	to	significantly	accelerate	
the	curing	reaction	of	conventional	epoxy	resins	based	on	
diglycidyl	ether	of	bisphenol-A.18	In	that	case,	a	catalytic	ef-
fect	based	on	a	hydrogen-bonded	termolecular	complex	of	
epoxide-amine-water	is	suspected	to	be	responsible	for	the	
acceleration	of	the	reaction.	This	phenomenon	is	now	of	in-
dustrial	importance	and	is	used,	for	instance,	to	reduce	the	
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curing	time	of	infusion	epoxy-amine	resins	when	repairing	
wind	turbine	blades.20		

Surprisingly,	even	if	the	hydroplasticization	of	PHU	thermo-
sets	 by	 atmospheric	moisture	 is	 a	well-known	 phenome-
non,3,21–25	the	impact	of	H2O	during	the	crosslinking	reaction	
of	 5CC-amine	 formulation	 has	 never	 been	 closely	 consid-
ered.	It	is	likely	that	the	risk	to	promote	the	undesired	hy-
drolysis	of	5CC	has	refrained	this	research	axis.26	However,	
recent	studies	demonstrated	that,	except	at	high	tempera-
tures	(>	100	°C)	or	in	the	presence	of	specific	catalysts,7	5CC	
are	quite	stable	 in	aqueous	media.	For	 instance,	using	hy-
drophilic	monomers,	Bourguignon	et	al.	recently	reported	
the	synthesis	of	PHU	hydrogels	at	RT.27–29	In	contrast	with	
PHU	thermosets	synthesized	in	bulk,	the	crosslinking	time	
of	 these	 hydrogels	 are	 extremely	 fast	 (gel	 time,	 tgel	 <	 10		
min),	 thus	suggesting	 that	water	helps	 in	accelerating	 the	
polymerization	reaction.	During	their	investigations	of	site-	
and	chemo-selective	synthesis	of	hydroxyurethanes	at	am-
bient	temperature,	Kleij	et	al.	observed	unexpected	reactiv-
ities	in	catalyst-free	conditions.30	Considering	that	their	re-
actions	were	not	 performed	under	 anhydrous	 conditions,	
they	hypothesized	that	water	might	contribute	to	the	acti-
vation	of	the	aminolysis	reaction.	The	authors	used	compu-
tational	calculations	to	propose	a	mechanism	based	on	the	
involvement	of	 two	molecules	of	water	acting	as	“proton-
relay”	in-between	the	N-H	protons	of	the	amine	and	the	ox-
ygens	of	the	carbonate	ring.	However,	the	authors	did	not	
push	 further	 their	 experimental	 investigations	 to	 confirm	
this	hypothesis.	In	particular,	they	did	not	conduct	a	system-
atic	investigation	by	using	controlled	amounts	of	water	in	
priorly	dried	formulations.	More	recently,	Salanti	et	al.	ob-
served	that	the	aminolysis	of	a	 lignin-based	poly-5CC	was	
faster	in	water	than	in	other	conventional	organic	solvents	
for	reactions	conducted	at	80	°C.31	The	authors	concluded	
on	a	catalytic	effect	of	water,	without	quantifying	the	mag-
nitude	of	this	phenomenon	or	explaining	its	origin.		

Herein,	we	study	the	impact	of	water,	introduced	as	an	ad-
ditive	(2	to	10	wt.%),	on	the	crosslinking	rate	of	common	

solvent-free	thermosetting	5CC-amine	formulations.	An	in-
depth	rheological	investigation	of	the	crosslinking	reaction,	
using	a	multiwave	methodology,	 reveals	 for	 the	 first	 time	
that	water	strongly	interacts	with	the	growing	polymer	net-
work.	 By	 disrupting	 the	 H-bond	 interactions	 within	 the	
growing	network	and	restoring	molecular	mobility,	water	
contributes	 to	 a	 tremendous	 decrease	 of	 the	 gel	 times.	
Model	 reactions	 combined	 to	 computational	 calculations	
also	demonstrate	that	water	is	an	actual	catalyst	of	the	ami-
nolysis	of	5CC.	In	line	with	the	current	knowledge	of	the	5CC	
aminolysis	 mechanism,	 we	 proposed	 a	 catalytic	 pathway	
based	on	six-center	ring	transition	state	involving	a	single	
molecule	of	water.	The	latter	acts	as	a	proton	shuttle	during	
the	ring	opening	of	the	5CC,	thus	offering	transition	states	
with	lower	barrier	energies	than	previously	reported	mech-
anisms.	Eventually,	we	show	that,	thanks	to	its	multifaceted	
action,	water	can	be	as	effective	as	common	organocatalysts	
(e.g.	DBU	or	TBD)	in	accelerating	the	crosslinking	reaction	
of	PHU	under	mild	conditions.	These	results	offer	unprece-
dented	prospects	for	the	production	of	safer	and	cost	effec-
tive	 PHU-based	materials	 in	 solvent-	 and	 organocatalyst-
free	conditions.	

RESULTS AND DISCUSSION 
The	 experiments	were	 performed	 on	 a	 formulation	 com-
prising	 trimethylolpropane	 triglycidylcarbonate	 (TMPTC)	
as	 a	 trifunctional	 cyclic	 carbonate,	 and	 2-bis(2-aminoeth-
oxy)ethane,	i.e.	Jeffamine	EDR148,	as	a	diamine.	The	struc-
tures	of	these	two	very	common	liquid	precursors	of	ther-
mosetting	 PHU	 can	 be	 seen	 in	 Scheme	 1.	 Both	 reactants	
were	carefully	dried	before	use	(see	the	Materials	section	in	
the	ESI).	 They	were	 first	mixed	 in	 stoichiometric	 propor-
tions	(i.e.	5CC:NH2	=	1:1),	without	any	additives,	before	in-
troduction	in	the	rheometer	(parallel	plates,	Ø	25	mm)	pre-
heated	 at	 40	 °C.	 Their	 crosslinking	 reaction	 was	 investi-
gated	through	small	amplitude	oscillatory	shear	(SAOS)	ex-
periments,32,33	using	Fourier	transform	mechanical	spectros-
copy	 (FTMS)34	 to	 record	 the	 storage	 (G’(𝜔))	 and	 the	 loss	

Scheme	1:	Molecular	formulae	of	the	reactants	used	in	this	study,	TMPTC	and	EDR148,	and	schematic	representation	of	the	sol-
gel	transition	
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(G’’(𝜔))	moduli	at	different	frequencies,	𝜔,	simultaneously	
(i.e.	multiwave	mode	 of	 the	 rheometer).	 In	 order	 to	 pre-
cisely	identify	the	sol-gel	transition,	the	gel	time,	tgel,	was	de-
termined	 using	 the	 Winter-Chambon	 criterion	 (detailed	
procedure	in	ESI,	section	1.2).15,35–39	According	to	this	crite-
rion,	the	relaxation	modulus	of	the	network	at	the	gel	point,	
also	called	the	critical	gel,	follows	a	power	law:	G(t)	~	𝑡!",	
where	t	is	the	time	and	n	is	called	the	critical	exponent.	Thus,	
G’(𝜔),	and	G’’(𝜔)	are	expected	to	depend	on	frequency	in	an	
identical	manner:	G’(𝜔)	~	G’’(𝜔)	~	𝜔".	This	means	that,	at	
tgel,	the	loss	factor	Tanδ(𝜔)	=	G”(𝜔)/G’(𝜔)	is	independent	of	
𝜔.	 In	practice,	G’(𝜔)	and	G’’(𝜔)	are	monitored	at	different	

frequencies,	𝜔,	and	Tanδ	is	plotted	for	all	of	them	as	a	func-
tion	of	time.	Then,	tgel	corresponds	to	the	intersection	point	
of	 the	different	Tanδ(t)	plots.	This	 is	well	represented	for	
the	dry	sample	 in	Figure	1A.	The	storage	and	 loss	moduli	
were	recorded	at	5	different	frequencies,	𝜔	=	1,	3,	10,	30	and	
100	rad	s-1,	and	the	plots	of	Tanδ(𝑡)	intersect	for	tgel	=	5.1	h.	
This	experiment	was	repeated	for	the	same	system	with	the	
addition	of	5	wt.%	(Figure	1B)	and	10	wt.%	(Figure	1C)	of	
water	 revealing	 the	 spectacular	 impact	of	 the	additive	on	
the	sol-gel	transition.	tgel	dropped	from	5.1	h	for	the	dry	sys-
tem	to	1.6	h	and	0.9	h	for	the	systems	containing	5	and	10	
wt.%	 of	 water,	 respectively.	 This	 is	 well	 illustrated	 by	

Figure	1:	Variation	of	the	loss	factor	(Tan(𝛿))	as	a	function	of	time	for	the	crosslinking	reaction	of	TMPTC	and	EDR148	at	40	°C	in	
the	presence	of	(A)	0	wt.%	(B)	5	wt.%	(C)	and	10	wt.%	of	added	water	(multiwave	mode,	1.97%	global	strain	amplitude,	𝜔	=	1,	3,	
10,	30,	100	rad	s-1,	horizontal	dotted	lines	correspond	to	loss	factor	values	of	1	and	2).	(D)	Variation	of	the	gel	time,	tgel,	and	(E)	the	
critical	exponent,	n,	as	a	function	of	the	water	content	(wt.%)	for	different	curing	temperatures.	(F)	Schematic	representation	of	the	
relationship	between	the	critical	exponent,	n,	and	the	dimensions	(Mw	and	Rgyr)	of	the	pre-gel	clusters	during	the	sol-gel	transition.	
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plotting	tgel	as	a	function	of	the	water	content	in	Figure	1D	
(black	plot).	 It	 is	worth	mentioning	 that	 the	addition	of	2	
wt.%	of	water	is	already	sufficient	to	observe	a	significant	
decrease	of	 the	gel	 time	to	tgel	=	2.9	h	(Table	S1).	For	this	
system,	the	limit	of	water	solubility	was	between	10	and	15	
wt.%,	 beyond	 which	 the	 presence	 of	 2	 heterogeneous	
phases	persists	even	after	2	minutes	of	mixing	(at	RT).	10	
wt.%	was	then	the	maximum	water	content	considered	in	
this	study.	For	each	experiment	(curing	at	40	°C	with	0,	5	
and	10	wt.%	of	added	water),	triplicate	measurements	con-
firm	their	excellent	reproducibility.	The	variation	of	tgel	was	
always	within	less	than	4%	of	deviation.	

Similarly,	the	effect	of	water	was	investigated	at	three	other	
temperatures:	30,	50	and	60	°C	(Figure	S4,	Table	S1).	The	
variation	of	tgel	as	a	function	of	the	water	content	is	repre-
sented	in	Figure	1D	for	all	the	temperatures.	The	addition	of	
5	wt.%	of	water	in	a	dry	formulation	leads	to	an	impressive	
4-fold	decrease	of	tgel	from	15.5	h	to	3.93	h	at	30	°C,	against	
a	2-fold	decrease	from	0.91	h	to	0.44	h	at	60	°C.	This	tem-
perature	dependance	was	used	to	estimate	the	apparent	ac-
tivation	energy	of	gelation,	Eag,	via	a	classical	Arrhenius	plot	
(Figure	S5,	more	details	in	ESI	section	2.2).40A	decrease	of	
Eag	from	around	80	kJ	mol-1	for	the	dry	formulation	to	61	kJ	
mol-1	for	the	formulation	containing	5	wt.%	of	water	further	
illustrates	the	ability	of	water	in	accelerating	the	PHU	cross-
linking	process,	especially	 in	a	temperature	window	close	
to	the	ambient.	This	was	further	confirmed	by	monitoring	
the	reaction	through	IR	spectroscopy	(ESI,	section	2.3).	The	
decrease	(resp.	the	increase)	of	the	intensity	of	the	band	at	
1790	cm-1	(resp.	at.1700	cm-1)	corresponding	to	the	vibra-
tion	 of	 the	 C=O	 bond	 of	 the	 5CC	 (resp.	 the	 urethanes)	 is	
much	faster	in	the	formulations	containing	water.	Unfortu-
nately,	quantitative	 information	cannot	be	extracted	 from	
these	measurements	 due	 to	 the	 impossibility	 to	measure	
the	intensities	of	the	bands	at	t	=	0,	i.e.	before	the	beginning	
of	the	aminolysis	reaction.		

We	 first	 hypothesized	 that	 one	 of	 the	 underlying	mecha-
nism	of	the	accelerating	role	of	water	is	the	well-known	hy-
droplasticization	of	PHU	resulting	from	the	formation	of	hy-
drogen-bonds	 between	 water	 and	 the	 pendant	 hydroxyl	
groups	of	the	polymer.3,21,23,24	The	specific	interaction	of	wa-
ter	with	the	growing	PHU	network	is	expected	to	increase	
the	polymer	chain’s	mobility	and	the	diffusion	of	the	mono-
mers,	thus	contributing	to	an	acceleration	of	the	crosslink-
ing	reaction	and	a	decrease	of	tgel.	Conveniently,	the	multi-
wave	methodology	used	during	the	rheological	monitoring	
provides	 an	 unprecedented	 illustration	 of	 this	 phenome-
non.	Indeed,	in	addition	to	the	accurate	determination	of	tgel,	
the	 frequency	dependence	of	 the	moduli	 in	 the	vicinity	of	
the	sol-gel	transition,	G’(𝜔)	~	G’’(𝜔)	~	𝜔",	gives	access	to	
the	critical	exponent,	n	(see	ESI	section	1.2	for	details).	In	
the	frame	of	the	percolation	theory,	that	is	conventionally	
used	 to	describe	 the	sol-gel	 transition	of	a	 thermoset,	 the	
formation	of	the	critical	gel	–	i.e.	the	polymer	at	tgel	–	results	
from	the	interconnection	of	clusters	of	polymer	that	grow	
separately	as	represented	in	Figure	1F	and	Scheme	S1.	Right	
before	 gelation,	 it	 is	 demonstrated	 that	 the	 critical	 expo-
nent,	n,	is	related	to	the	fractal	dimension	of	the	clusters,	df.	
This	exponent	relates	the	mass	of	the	objects,	𝑀𝑤#$%&'() ,	to	
their	 spatial	 size,	 𝑅*+) ,	 i.e.	 their	 gyration	 radius:		

𝑅*+)
,! 	~	𝑀𝑤#$%&'() .41	Further	elaborations	of	the	percolation	

theory	 indicate	that	the	critical	exponent	varies	as	the	 in-
verse	 of	 the	 fractal	 dimension	 (see	ESI	 section	1.2).	With	
these	considerations	in	hand,	it	 is	well	accepted	that	clus-
ters	with	poorly	cross-linked	structures	and/or	expanded	
by	molecules	of	solvent	(or	unreacted	monomers)	will	ex-
hibit	a	small	fractal	dimension,	df,	and	thus	a	large	critical	
exponent,	n.42–44	Inversely,	tightly	crosslinked	clusters	will	
exhibit	large	df	and	small	exponent	n	(Figure	1F).		

Using	the	preceding	rheological	measurements,	the	value	of	
n	 was	measured	 for	 the	 crosslinking	 reactions	 of	 TMPTC	
with	EDR-148	in	the	presence	of	various	amounts	of	water,	
and	at	different	temperatures	(see	ESI	section	2.2	for	the	de-
tailed	procedure,	Figure	S4).	Clearly,	n	is	an	increasing	func-
tion	of	the	water	content	for	all	temperatures	(Figure	1E).	
For	instance,	at	40	°C,	n	increases	from	0.55	for	the	dry	sys-
tem	to	0.71	for	the	system	containing	10	wt.%	of	water.	Con-
sidering	the	scaling	laws	of	the	percolation	theory,	it	can	be	
concluded	that	water	results	in	an	expansion	of	the	clusters	
before	the	gel	points,	which	is	consistent	with	its	expected	
affinity	 for	 the	hydroxyl	 functions	of	PHU	and	 the	hydro-
plasticization	effect.	Let’s	note	 that	n	variations	of	similar	

Figure	2:	(A)	Solvents	tested	as	additives	for	the	crosslinking	
reaction	of	TMPTC	and	EDR148	at	40	°C,	(B)	Variation	of	the	
gel	time,	tgel,	and	(C)	the	critical	exponent,	n,	as	a	function	of	
the	solvent	content	(wt.%)	for	the	different	tested	solvents.	
The	solvents	were	compared	at	both	a	fixed	mass	loading	(5	
wt.%)	and	a	fixed	molar	content	(62	mol%	by	respect	to	5CC).		
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magnitude	were	reported	for	the	crosslinking	of	PDMS	gels	
with	the	addition	of	small	amounts	of	good	solvents	of	the	
polymer.43	For	a	given	water	content,	for	instance	5	wt.%,	n	
increases	from	0.61	at	30	°C	to	0.71	at	60	°C.	The	tempera-
ture	dependence	of	 the	 critical	 exponent	 is	 classically	 ex-
plained	due	to	variations	of	molecular	mobility.45,46	 In	 the	
end,	 the	multiwave	 investigation	of	 the	 crosslinking	 reac-
tion	 of	 the	 PHU	 confirms	 the	 strong	 interaction	 of	water	
with	the	growing	clusters	of	polymer.	As	expected,	this	will	
disrupt	the	intra/inter-chains	hydrogen	bonds	of	the	clus-
ters,	improve	their	molecular	mobility	and,	in	return,	accel-
erate	their	growing	rate	(Scheme	S1).		

To	 further	 test	 the	validity	of	our	experimental	approach,	
water	was	compared	to	other	solvents	(Figure	2A).	We	se-
lected	two	alcohols	(protic	solvents):	methanol	(MeOH)	that	
was	described	as	a	good	solvent	 for	 the	synthesis	of	PHU	
due	to	its	ability	to	decrease	inter-	and	intra-molecular	hy-
drogen-bonding,	and	tert-butanol	(t-BuOH),	a	bulkier	alco-
hol.	 Three	 non-protic	 polar	 solvents	were	 also	 tested	 in-
cluding	dimethylsulfoxide	(DMSO)	and	two	ethers:	tetrahy-
drofuran	(THF)	and	Glyme.	They	are	all	good	solvents	of	the	
precursors.	They	were	first	compared	for	a	constant	loading	
of	 5	wt.%.	 Rheology	 data	 are	 provided	 in	 ESI	 section	 2.4	
(Figure	S7-	S8,	Table	S3).	The	gel	times	are	reported	in	Fig-
ure	2A	(points	located	on	the	same	vertical	dashed	line).	All	
the	non-protic	solvents	have	a	very	similar	 impact	on	 the	
crosslinking	reaction,	with	tgel	~	4	h,	i.e.	a	moderated	accel-
eration	as	compared	to	the	additive-free	system	(tgel	~	5	h),	
without	 common	 measure	 with	 water	 (tgel	 ~	 1.6	 h).	 For	
MeOH,	 tgel	~	2.6	h.	This	 is	 the	 shortest	 gel	 time	of	 all	 the	
tested	 solvents	 after	water.	 Surprisingly,	 t-BuOH	 exhibits	
the	longest	gel	time	(tgel	~	4.4	h)	of	the	series.	Similarly,	the	
critical	exponent,	n,	are	reported	in	Figure	2C	(point	located	
on	the	same	dashed	line).	The	use	of	all	the	solvents	results	
in	an	increase	of	n	as	compared	to	the	additive-free	system,	
but	 of	 smaller	 magnitude	 than	 water.	 Again,	 MeOH	 (n	 =	
0.64)	is	responsible	for	the	biggest	increase	after	water	(n	=	
0.66).	Back	to	the	percolation	theory,	this	observation	indi-
cates	that	MeOH	induces	a	substantial	expansion	of	the	pre-
gel	clusters,	just	like	water	and	in	good	accordance	with	its	
ability	to	reduce	tgel.	Once	again,	the	protic-character	of	the	
two	substances	and	their	hydrogen-bonding	capability	with	
the	 growing	 PHU	 seem	 to	 contribute	 to	 their	 ability	 to	

accelerate	the	crosslinking	reaction.	The	contradictory	per-
formances	of	the	other	protic	solvent,	t-BuOH	(n	=	0.59)	is	
likely	due	to	its	lower	affinity	with	the	PHU	clusters,	as	com-
pared	 to	MeOH	 and	water.	 This	 is	well	 confirmed	 by	 the	
swelling	experiments	performed	later	in	this	study	(Table	
1).		

It	is	worth	noting	that,	by	using	a	constant	mass	loading	for	
all	the	solvents,	their	molar	percentage	as	compared	to	the	
monomers	is	much	smaller	than	water,	the	additive	with	the	
smaller	 molar	 mass.	 Thus,	 all	 the	 solvents	 were	 further	
compared	by	using	the	same	molecular	content.	They	were	
used	at	~	62	mol%	(or	0.62	eq.)	by	respect	to	5CC	moieties	
(this	corresponds	to	the	molar	ratio	of	water	when	it	is	used	
at	5	wt.%).	The	gel	times,	tgel,	and	the	critical	exponent,	n,	
are	reported	 in	Figure	2B	and	2C,	 respectively	 (points	 lo-
cated	in	the	same	horizontal	or	elliptic	grey	area).	Interest-
ingly,	at	this	molar	ratio,	all	the	solvents	induce	a	similar,	or	
even	 longer,	 gel	 time	 than	previously	 reported	 at	 5	wt.%	
loading.	The	increase	of	the	molar	ratio	does	not	 improve	
their	 ability	 to	 accelerate	 the	 crosslinking	 reaction.	 How-
ever,	for	all	of	them,	the	critical	exponent	is	now	close	to	n	
~	0.67,	i.e.	the	value	reported	for	water.	In	reality,	for	these	
mass	loadings	(~	18-20	wt.%),	it	is	likely	that	the	excessive	
dilution	of	the	monomers	cancels	the	potential	benefits	of	
the	 increase	of	 the	molecular	mobility	of	 the	clusters.	For	
instance,	Palmese	et	al.	reported	a	decrease	of	the	crosslink-
ing	kinetics	of	epoxy-amine	 formulations	containing	≥	20	
wt.%	of	THF.47	When	considering	MeOH,	the	increase	of	its	
molar	ratio	results	in	further	decrease	of	tgel	(~	2.2	h),	just	
like	water.	Contrarily	to	the	other	solvents,	the	correspond-
ing	increase	of	 its	mass	loading	is	moderated	(62	mol%	=	
8.6	wt.%),	thus	limiting	the	risk	of	a	dilution	effect.		

In	order	to	evaluate	the	affinity	of	the	tested	solvents	with	
the	 PHU	 network,	 fully	 cured	 samples	 of	 PHU	 (TMPTC	 +	
EDR	148,	5CC/NH2	=	1,	50	°C,	8	h)	were	prepared	for	swell-
ing	experiments.	Vacuum	dried	samples	(16	h,	50	°C)	were	
swollen	in	water,	MeOH	and	t-BuOH	as	protic	solvents,	and	
in	 THF.	 Their	 swelling	 index	 (SI)	 as	 well	 as	 their	 linear	
swelling	ratio	(𝜆),	were	measured	over	a	period	of	48	h	(ESI	
section	2.5,	Figure	S9).	The	stabilized	values	of	SI	and	𝜆	are	
reported	in	Table	1,	along	the	estimation	of	the	gel	content	
(GC).	Clearly,	water,	MeOH	and	THF	are	good	swelling	sol-
vents	 of	 the	 PHU	 network	 with	 SI	 (resp.	 𝜆)	 comprised	

Table	1.	Swelling	behavior	and	gel	content	in	different	solvents	for	the	PHU	thermosets	cured	under	dry	conditions	
or	in	the	presence	of	5	wt.%	of	added	water	

Sample	 Swelling	solvent	 Swelling	index	(SI,	%)d	 Linear	swelling	ratio	(λ)e	 Gel	content	(GC,	%)d	

No	additive,	Drya,	c	

H2O	 47	 1.15	 91	
THF	 66	 1.21	 98	
MeOH	 92	 1.31	 90	
t-BuOH	 11	 1.03	 >	99	

H2O,	5	wt.%b,	c	

H2O	 52	 1.13	 91	
THF	 68	 1.19	 99	
MeOH	 103	 1.34	 88	
t-BuOH	 11	 1.04	 >	99	

a Materials prepared from the crosslinking reaction of TMPTC with EDR148 (5CC:NH2=1:1) after 8 h of curing at 50 °C. b same as a with 
5 wt.% of added water. c Before immersion in the swelling solvents, the samples were dried 16 h at 50 °C under vacuum.d Typical error 
barre is ±1%. e Typical error barre is ±0.03.	

https://doi.org/10.26434/chemrxiv-2024-7x7z6-v2 ORCID: https://orcid.org/0000-0002-6218-3418 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0

https://doi.org/10.26434/chemrxiv-2024-7x7z6-v2
https://orcid.org/0000-0002-6218-3418
https://creativecommons.org/licenses/by-nc-nd/4.0/


 

between	47%		(resp.	1.15)	for	water	and	92%	(resp.	1.31)	
for	MeOH.	These	results	indicate	that	water	is	not	the	best	
swelling	solvent.	However,	they	reveal	that	its	affinity	with	
the	PHU	network	is	much	bigger	than	its	affinity	with	the	
starting	monomers.	Indeed,	~	47	wt.%	of	water	can	swell	
the	PHU	network,	while	no	more	than	~	10-15	wt.%	of	wa-
ter	can	be	added	to	the	initial	mixture	of	TMPTC	+	EDR	148.	
It	indicates	that,	during	the	crosslinking	reaction,	water	will	
have	much	more	affinity	for	the	growing	PHU	clusters	than	
for	the	mixture	of	monomers.	Water	will	greatly	contribute	
to	the	expansion	of	the	clusters,	which	is	in	accordance	with	
the	 large	 increase	 of	 the	 critical	 exponent	 n.	 Inversly,	 t-
BuOH	 affinity	 for	 the	 PHU	 network	 is	 significantly	 lower	
than	 the	 rest	 of	 the	 tested	 solvents,	with	 SI	 ~	 11%	 (𝜆	 ~	
1.03).	In	comparison,	we	were	able	to	add	~	20	wt.%	of	t-
BuOH	 to	 the	 initial	mixture	of	TMPTC	+	EDR	148	 (Figure	
2C),	 thus	 suggesting	 that	 it	 has	 a	 better	 affinity	 for	 the	
monomers.	Again,	this	observation	correlates	well	with	the	
rheology,	 and	 the	 very	 limited	 increase	 of	 the	 critical	
exponent	n	observed	with	t-BuOH.	

Eventually,	 these	 series	 of	 rheological	 experiments	 com-
bined	to	swelling	tests	demonstrate	that	small	protic	mole-
cules	 are	 excellent	 accelerating	agents	of	 the	 crosslinking	

reactions	of	PHU.	They	also	suggest	that	the	underlying	ac-
celeration	 mechanism	 is	 the	 specific	 interaction	 of	 these	
protic	solvents	with	the	PHU	clusters	of	the	critical	gel,	via	
hydrogen	 bonding,	 even	 at	 very	 small	mass	 loading	 (~	 5	
wt.%).	Clearly,	 in	 all	 the	 tested	 conditions	and	within	 the	
limit	of	its	solubility	with	the	monomers,	water	always	pro-
vides	the	shortest	tgel.	

It	led	us	to	think	that	water	might	also	play	the	role	of	a	cat-
alyst	of	the	aminolysis	reaction,	just	like	it	does	for	the	ad-
dition	of	amine	onto	epoxides.18,48	To	test	this	hypothesis,	a	
simple	model	reaction	was	performed	by	mixing	propylene	
carbonate	 (PC)	with	 our	 diamine	 (EDR148)	 in	 dilute	me-
dium	(DMSO,	[PC]	~	5	mol	L-1),	both	in	dry	conditions	and	
in	the	presence	of	a	controlled	amount	of	water	(Figure	3A).	
Dried	precursors	were	first	mixed	together,	in	a	closed	vial	
to	 prevent	 moisture	 uptake,	 and	 the	 reaction	 was	 per-
formed	at	40	°C	under	continuous	stirring.	The	same	reac-
tion	was	then	performed	in	the	presence	of	0.62	eq.	of	water	
as	compared	to	PC,	i.e.	the	H2O:5CC	ratio	used	in	the	ther-
mosetting	formulation	containing	5	wt.%	of	water.	Both	ex-
periments	were	also	performed	at	25	and	60	°C.	Figure	3B	
displays	the	NMR	spectra	of	the	model	reactions	containing	
water,	 after	 420	 min,	 for	 the	 different	 temperatures	

Figure	3:	(A)	Model	reaction	between	propylene	carbonate,	PC,	and	EDR	148	performed	in	dry	DMSO	at	various	temperatures,	
both	in	dry	condition	and	with	added	water	(0.62	eq.	as	compared	to	5CC).	(B)	NMR	spectra	of	the	model	reactions	in	the	presence	
of	water	after	420	min	at	various	temperatures.	The	comparison	with	the	NMR	spectrum	of	propylene	glycol	(bottom	spectrum)	
indicates	that	the	hydrolysis	of	PC	is	negligible	in	these	conditions	(full	NMR	analyses	are	provided	in	Figure	S10-S21).	(C)	PC	
conversion	as	a	function	of	time	at	various	temperatures	in	dry	condition	and	with	added	water.	(D)	PC	conversion	as	a	function	
of	time	in	the	presence	of	different	additives	(H2O,	MeOH,	THF,	0.62	eq.	as	compared	to	5CC)	at	40	°C		
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(detailed	NMR	results	in	ESI	section	2.6,	Figures	S10-S21).	
The	consumption	of	PC	is	attested	by	the	disappearance	of	
the	doublet	a	at	1.37	ppm	while	the	concomitant	formation	
of	the	two	regioisomers	of	hydroxyurethane	is	confirmed	by	
the	appearance	the	doublets	b	and	c	at	1.05	and	1.15	ppm,	
respectively.	The	PC	conversion	as	a	function	of	time	is	plot-
ted	for	the	different	model	reactions	in	Figure	3C.	Clearly,	
for	all	temperatures,	the	kinetics	are	faster	in	the	presence	
of	water.	Triplicate	of	the	reactions	performed	at	40	°C	(Ta-
ble	S4),	confirm	the	excellent	repeatability	and	support	the	
significance	of	these	results.	Thus,	these	experiments	reveal	
the	catalytic	ability	of	water	for	the	aminolysis	of	5CC.	Im-
portantly,	the	comparison	of	the	NMR	spectra	of	the	model	
reactions	 to	 that	 of	 propylene	 glycol,	 PG,	 the	 hydrolysis	
product	of	PC	(Figure	3B),	confirms	that	PG	is	not	formed	in	
quantifiable	amount	during	these	experiments.	To	validate	
that	this	is	also	the	case	during	the	crosslinking	reactions,	
i.e.	in	bulk,	the	same	model	reactions	were	conducted	in	sol-
vent-free	conditions	(Figure	S22,	Table	S5).	The	results	in-
dicates	that	only	2	to	3	mol%	of	the	5CC	are	converted	in	the	
hydrolysis	 product	 under	 these	 conditions	 and	 confirms	
that	the	extent	of	this	side	reaction	is	very	limited	for	the	
crosslinking	reactions	as	well.		

Water	was	then	substituted	by	MeOH	and	THF	in	the	same	
diluted	conditions	(DMSO,	[PC]	~	5	mol	L-1).	Figure	3D	indi-
cates	that	MeOH	displays	a	catalytic	activity	comparable	to	
that	of	water,	while	THF	has	no	impact	on	the	kinetic	(i.e.	
same	 conversion	 profile	 than	 the	 additive-free	 system).	
These	results	are	in	accordance	with	the	trend	observed	in	
rheology.		

Given	the	work	of	Kleij	et	al.,	a	mechanism	based	on	a	hy-
drogen	bonded	tetramolecular	complex	involving	two	mol-
ecules	of	water	could	be	considered	(concerted	“proton-re-
lay”	catalysis).30	However,	the	free	energy	barriers	reported	
by	the	authors	are	high	(~	24	kcal	mol-1)	and	do	not	seem	to	
reflect	 the	 magnitude	 of	 the	 catalytic	 effect	 of	 water	 ob-
served	 in	 our	 study.	 Moreover,	 the	 molecularity	 of	 this	
mechanism,	i.e.	two	molecules	of	water	for	one	molecule	of	
5CC,	 is	 unlikely	 in	 our	 case	 given	 the	 sub-stoichiometric	
amount	of	water	used	as	a	reference	(i.e.	62	mol%	or	0.62	
eq.	vs	5CC).	For	all	these	reasons,	it	appeared	reasonable	to	
consider	 another	 possible	 mechanism.	 In	 particular,	 it	
seemed	more	appropriate	that	the	catalytic	activity	of	protic	

compounds	 such	 as	H2O	and	MeOH	 could	 be	 rationalized	
through	a	mechanism	that	was	already	described	for	amine	
R-NH2.	 Indeed,	 it	 is	 well	 accepted	 that	 amines	 accelerate	
their	own	addition	on	carbonates	(cyclic	or	linear)	through	
a	2-steps	autocatalytic	mechanism	(Figure	4,	X	=	NH).49–53	
The	catalytic	amine	acts	as	a	proton	shuttle,	forming	a	six-
center	ring	transition	state,	TS1,	leading	to	an	intermediary	
state,	IS,	corresponding	to	a	cyclic	amino	alkoxide	anion	in-
teracting	with	a	NH3+	ammonium.	When	H2O	or	MeOH	are	
considered,	they	may	play	a	similar	role	with	an	IS	made	of	
the	 same	 anion	 in	 interaction	 with	 a	 hydronium	 cation	
(H3O+,	X	=	O,	R	=	H)	or	a	methoxonium	cation	(MeOH2+,	X	=	
O,	R	=	Me),	respectively.	To	test	these	hypotheses,	DFT	cal-
culations	were	conducted	to	compare	the	catalytic	activity	
of	R-NH2,	MeOH	and	H2O	(ESI	section	2.7,	Figure	S23,	S24).	
The	Gibbs	free	energy	of	TS1	is	reported	in	Figure	4	for	the	
formation	of	primary	hydroxyurethane.	Clearly,	for	the	rate	
determining	step,	TS1	is	approximately	3	kcal	mol-1	smaller	
in	 the	case	of	MeOH	and	H2O	as	compared	to	R-NH2,	 thus	
suggesting	that	they	are	performing	better	as	proton	shut-
tles	and	therefore	exhibit	better	catalytic	activity.	The	same	
trend	is	confirmed	for	the	formation	of	secondary	hydroxy-
urethane	(Figure	S23B).	Importantly,	the	free	energy	barri-
ers	 calculated	 in	 these	scenarios	 (~	10-15	kcal	mol-1)	are	
much	smaller	than	those	reported	by	Kleij	et	al.,	thus	sup-
porting	 that	 the	proton	 shuttling	mechanism	seems	 to	be	
more	appropriate	than	the	“proton-relay”	hypothesis	they	
proposed.	To	 reinforce	 the	accuracy	of	 the	computational	
method,	energy	minimization	was	performed	 through	 the	
Nudged	Elastic	Band	method	(NEB).54	Three	initial	spatial	
dispositions	 of	 the	molecules	were	 envisioned:	 (i)	H2O	 in	
closer	proximity	of	5CC,	(ii)	H2O	in	closer	proximity	of	NH2,	
and	(iii)	H2O	equidistant	from	5CC	and	NH2.	NEB	paths	with	
up	to	24	intermediate	images	are	provided	in	ESI	(attached	
video	files).		In	all	cases,	the	minimum	energy	path	leads	to	
a	 single	 transition	 state	 geometry	 corresponding	 to	 TS1,	
thus	supporting	our	initial	hypothesis.	In	the	end,	these	cal-
culations	are	in	line	with	the	results	of	both	the	rheological	
measurements	and	the	model	reactions.		

These	 very	 promising	 results	 encouraged	 us	 to	 compare	
water	to	conventional	organocatalysts	of	the	5CC-amine	re-
action.	Indeed,	when	prepared	in	mild	conditions	(RT	≤	T	≤	

Figure	4.	General	representation	of	the	energy	levels	of	the	transition	states	(TS)	and	intermediate	states	(IS)	for	the	mech-
anistic	pathway	corresponding	to	the	reaction	of	ethylamine	with	propylene	carbonate	in	the	presence	of	a	proton	shuttle	
catalyst	(R-XH).	The	Gibbs	free	energies	of	TS1	obtained	via	DFT	calculations	are	provided	in	the	table	for	the	different	
proton	shuttles	considered	in	this	study.	The	full	DFT	calculations	are	available	in	the	ESI	sections	2.7	and	2.11.	
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50	°C),	PHU	are	classically	obtained	with	the	help	of	cata-
lysts	such	as	bicyclic	amidines	(e.g.	DBU)	or	guanidines	(e.g.	
TBD).14,55,56	 They	 are	 known	 to	 favor	 faster	 kinetics	 and	
higher	yields.	However,	due	to	their	very	strong	pKa,	they	
can	also	activate	a	number	of	undesirable	side	reactions	in-
cluding	5CC	hydrolysis,	when	water	is	present,	7,26,27	or	am-
ide	 formation,	 when	 the	 precursors	 contain	 ester	 func-
tions.15	 Moreover,	 amidine	 and	 guanidine	 are	 expensive	
chemicals	and	can	pose	safety	issues	when	leaking	out	of	the	
polymer	network.	Here,	we	decided	to	compare	the	gel	time	
and	the	critical	exponent,	n,	when	curing	the	TMPTC/EDR	
148	 formulation	 in	 the	 presence	 of	 water	 versus	 DBU	 or	
TBD.	For	all	the	additives,	we	used	a	conventional	catalyst	
loading,	e.g.	3	wt.%,	and	the	curing	reaction	was	performed	
at	40	°C.	The	full	rheological	investigations	are	provided	in	
ESI	(ESI	section	2.8,	Figure	S25	and	Table	S6).	The	variation	
of	tgel	and	n	are	represented	in	Figure	5.	Clearly,	water	pro-
vides	the	shortest	gel	time,	tgel	=	2.2	h,	versus		tgel	=	2.5	h	and	
4.6	 h	 for	DBU	 and	TBD,	 respectively.	 Impressively,	water	
can	compete	with	a	well-established	liquid	organocatalyst	
such	as	DBU.	When	considering	the	variation	of	the	critical	
exponent,	n	is	larger	in	the	case	of	water	(0.63),	thus	con-
firming	that	one	of	the	underlying	accelerating	mechanisms	
relies	on	 the	 interactions	of	water	with	 the	PHU	clusters.	
The	smaller	value	of	n	 in	the	case	of	DBU	(0.58)	indicates	
that	this	catalyst	has	a	milder	impact	on	the	dynamic	of	the	
clusters	in	the	vicinity	of	the	gel	point,	which	is	mostly	due	
to	 its	 smaller	 molar	 content	 comparatively	 to	 water	 (5	
mol%	for	DBU	against	42	mol%	for	water).	From	this	view-
point,	 the	very	small	molar	mass	of	H2O	can	be	seen	as	a	
strong	advantage	over	 conventional	 organocatalysts,	 as	 it	
enables	to	improve	the	molecular	mobility	of	the	growing	
network,	even	at	very	low	mass	loading.	Concerning	TBD,	a	
solid	compound,	it	is	here	of	low	activity	due	to	its	lack	of	
solubility	 in	 the	 solvent-free	 formulation.	 Its	 efficient	 use	
would	require	an	organic	solvent	to	guarantee	its	homoge-
neous	addition	to	the	PHU	precursors.	From	the	perspective	
of	the	principles	of	green	chemistry,	using	water	instead	is	
a	much	more	sustainable	alternative.		

To	confirm	the	practical	relevance	of	water,	the	thermome-
chanical	 properties	 of	 the	 different	 networks	 were	 com-
pared.	Knowing	that	these	properties	are	strongly	impacted	
by	atmospheric	moisture,24,25,57	the	samples	were	subjected	

to	an	accelerated	conditioning	in	an	atmospheric	chamber	
to	ensure	a	consistent	comparison.	After	curing	at	50	°C	for	
8	hours,	they	were	vacuum	dried	(50	°C,	8	h),	before	a	24	h	
conditioning	at	50%	relative	humidity	(RH)	and	25	°C,	i.e.	
conditions	mimicking	a	standard	outdoor	atmosphere.	The	
glass	transition	temperature,	Tg,	was	measured	at	each	step	
of	the	process	via	Dynamic	Scanning	Calorimetry	(DSC)	and	
the	mechanical	properties	of	the	conditioned	samples	were	
investigated	 via	 tensile	 testing.	 The	 DSC	 thermograms	 as	
well	as	the	tensile	profiles	are	available	in	the	ESI	section	
2.9	(Figure	S26	to	S28).	The	values	of	 the	Tg’s,	 the	tensile	
moduli,	E,	the	stress	at	break,	𝜎b,	and	the	strain	at	break,	𝜀b,	
are	 collected	 in	 Table	 2.	 Directly	 after	 curing,	 the	water-
cured	sample	exhibits	the	smaller	Tg,	-7	°C,	which	was	ex-
pected	given	the	strong	plasticization	ability	of	water	(Fig-
ure	S26).	After	the	drying	step,	all	samples	exhibit	similar	
Tg’s,	 comprised	between	10	°C	and	13	°C,	 thus	suggesting	
that,	 in	 these	 conditions,	 the	 samples	 are	 essentially	 the	
same	(Figure	S27).	This	is	further	confirmed	by	comparing	
their	 IR	 spectra	 (Figure	 S29,	 S30),	 which	 are	

Table	2.		Thermal	and	mechanical	characterizations	of	the	PHU	thermosets	cured	under	dry	conditions	or	in	the	
presence	of	5	wt.%	of	added	water	and	3	wt.%	of	added	DBU	

Sample	
As	cured	
Tg,	1	(°C)d	

Dried	
Tg,	2	(°C)e	

Equilibrated	at	50%	RH	
Tg,	3	(°C)f	 E	(kPa)g	 𝜎b	(kPa)h	 𝜀b	(%)i	

Dry	
(Catalyst	free)a	

0	 13	 -6	 7.9	±	0.27	 1.09	±	0.18	 197	±	41	

Water	
(5	wt.%)b	

-7	 10	 -6	 5.6	±	0.18	 0.98	±	0.12	 258	±	39	

DBU	
(3	wt.%)c	

10	 12	 -10	 7.4	±	0.15	 0.83	±	0.11	 155	±	28	

a Materials prepared from the crosslinking reaction of TMPTC with EDR148 (5CC:NH2=1:1) after 8 h of curing at 50 °C. b same as a with 
5 wt.% water. c same as a with 3 wt.% DBU, corresponding to around 5 mol% of catalyst by respect to 5CC, a common catalyst loading 
in the litterature.  d Glass transition temperature of the “as cured” sample on the 1st DSC cycle. e Glass-transition temperature of the cured 
material after drying at 50 °C under vacuum for 16 h on the 3rd DSC cycle. f Glass transition temperature of the priorily dried materials 
after conditionning in a climatic chamber for 24 h at 25 °C and 50% RH on the 1st DSC cycle. g Young Modulus, h Stress at break and i 
Strain at break of the  priorily dried materials (50 °C under vacuum for 16 h)  conditioned for 24 h at 25 °C and 50% RH, average on 5 
replicates per sample.	

Figure	5.	Gel	time,	tgel,	and	critical	exponent,	n,	for	the	cross-
linking	reaction	of	TMPTC	and	EDR	148	at	40	°C	in	dry	condi-
tion	and	in	the	presence	of	3	wt.%	of	DBU,	TBD	or	water.	a	
These	experiments	were	performed	with	a	different	model	of	
rheometer.	This	explains	the	slight	difference	of	tgel	compared	
to	the	results	presented	in	Figure	1,	see	ESI	for	details.	b	TBD	
was	not	miscible	in	the	formulation.	
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superimposable.	The	same	observation	is	valid	after	condi-
tioning	at	50%	relative	humidity,	with	Tg’s	comprised	be-
tween	-10	°C	and	-6	°C.	Remarkably,	the	tensile	testing	indi-
cates	 that	 all	 the	 conditioned	 samples	 behave	 as	 rubbery	
elastomers	 with	 very	 similar	 behavior	 at	 break	 (Figure	
S28),	 although	 both	 the	 water-cured	 and	 the	 DBU-cured	
samples	exhibit	discrepancies	as	compared	to	the	neat	sam-
ple.	 A	 decrease	 of	 the	 tensile	modulus	 is	 observed	 in	 the	
case	 of	 the	 water-cured	 sample,	 while	 a	 decrease	 of	 the	
stress	and	the	strain	at	break	are	noticed	in	the	case	of	the	
DBU-cured	 network.	 These	 differences	 are	 very	 certainly	
due	to	a	small	extent	of	side	reactions.	They	potentially	in-
clude	some	5CC	hydrolysis	during	the	crosslinking	reaction	
for	the	water-cured	samples	(see	the	model	reactions	in	Fig-
ure	S22)	or	main	chain	degradation	catalyzed	by	DBU	dur-
ing	the	conditioning	step	for	the	DBU-cured	sample	as	pre-
viously	reported	by	other	authors.58	In	any	case,	the	magni-
tude	of	these	differences	are	classical	for	thermosets	cured	
with	 different	 catalytic	 systems.	 They	 are	 well	 accepted	
when	compared	to	the	benefit	in	terms	of	curing	time,	espe-
cially	for	applications	such	as	coatings	or	adhesives.		

Finally,	to	further	exemplify	the	general	potential	of	water	
as	an	accelerating	agent	of	the	crosslinking	reaction	of	PHU,	
it	was	tested	for	the	reaction	of	TMPTC	with	another	com-
mon	and	more	hydrophobic	diamine,	m-xylylene	diamine	
(MXDA,	 Figure	 6A).	 The	 crosslinking	 reaction	 was	 moni-
tored	through	multiwave	rheological	measurements	at	70	
°C,	for	the	dry	system	and	for	the	system	containing	5	wt.%	
of	water.	The	evolution	of	the	Tan(δ)	curves	as	a	function	of	
time	is	represented	in	Figure	6B	and	Figure	6C,	respectively.	
A	significant	decrease	of	tgel	from	1.6	h	to	0.5	h	is	observed,	
thus	confirming	that	water	accelerates	the	crosslinking	re-
action	of	this	more	hydrophobic	system	as	well.	It	is	worth	

noting	that,	for	this	system,	the	Tg	of	the	dried,	fully	cured	
network	 is	~	45	°C	(ESI	section	2.10,	Figure	S33A,	S33B).	
Thus,	when	monitoring	the	reaction	in	rheology	for	the	dry	
system	at	lower	temperatures	than	70	°C,	vitrification	inter-
feres	 with	 gelation	 (ESI	 section	 2.10,	 Figure	 S31A,	 C,	 E).	
Such	behavior	is	in	agreement	with	other	works	on	high	Tg	
thermosets.59	Conveniently,	the	addition	of	5	wt.%	of	water	
lowers	the	Tg	of	the	growing	network	(hydroplasticization),	
which	enables	the	system	to	crosslink	even	at	40	°C,	while	
limiting	the	impact	of	vitrification	(Figure	S31B,	D,	F).	Note-
worthily,	the	critical	exponent	was	also	affected	by	this	vit-
rification	interference	(Table	S7	and	related	discussion).	

CONCLUSION  
	To	conclude,	this	work	provides	the	first	in-depth	investi-
gation	of	the	role	of	water	during	the	crosslinking	reaction	
of	PHU	thermosets,	and	its	huge	consequences	on	materials	
design.	 Rheology	measurements,	 using	 a	 multi-frequency	
approach,	indicates	that	even	very	small	amounts	of	water	
(<	5	wt.%)	impressively	shorten	gel	times	(2	to	5	folds	de-
crease).	The	multi-frequency	methodology	provides	an	un-
precedented	illustration	of	the	interaction	of	water	with	the	
PHU	thermoset	under	construction.	Water	breaks	down	the	
multiple	intra-	and	inter-molecular	H-bonding	interactions	
within	PHU.	The	main	consequences	are	the	enhancement	
of	the	molecular	mobility	within	PHU	clusters	and	their	de-
layed	vitrification	(hydroplasticization),	all	contributing	to	
accelerate	 the	 PHU	 growing	 rate.	 Moreover,	 we	 demon-
strate	 that	 water	 catalyzes	 the	 aminolysis	 of	 5CC	 as	 evi-
denced	by	a	combination	of	model	reactions	and	DFT	calcu-
lations.	Overall,	this	study	not	only	clarifies	how	water	in-
fluences	the	PHU	crosslinking	rate	but	also	provides	guide-
lines	 for	applying	PHU	technology	 in	 industrially	 relevant	

Figure	6.	(A)	Investigation	of	the	crosslinking	reaction	of	TMPTC	with	MXDA	both	in	dry	conditions	and	with	5	wt%	of	added	
water,	at	various	temperatures	(multiwave	mode,	1.97%	global	strain	amplitude,	𝜔	=	1,	3,	10,	30,	100	rad	s-1).	Variation	of	the	
loss	factor	(tan(𝛿))	as	a	function	of	time	for	the	crosslinking	reaction	of	TMPTC	and	MXDA	at	70	°C	in	the	presence	of	(B)	0	wt.%	
and	(C)	5	wt.%	of	added	water	(horizontal	dotted	lines	correspond	to	the	loss	factor	value	of	1).	(D)	Variation	of	the	gel	time,	
tgel,	as	a	function	of	temperature	for	both	the	dry	system	and	the	system	containing	5	wt%	of	added	water.	Datapoints	with	a	
star	(*)	correspond	to	temperatures	for	which	vitrification	interferes	with	gelation.	
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applications,	 such	 as	 coatings	 and	adhesives,	 that	 require	
rapid	curing	at	near	ambient	temperatures.	It	suggests	that,	
in	 some	 instances,	 water	 can	 substitute	 the	 common	 or-
ganocatalysts	that	were	required	to	reach	such	curing	per-
formance,	thus	avoiding	their	drawbacks	(e.g.	cost,	toxicity,	
activation	of	side	reactions).	Adding	small	amount	of	water	
to	solvent-free	PHU	formulations	is	a	cost-effective,	simple	
and	robust	manner	to	facilitate	the	production	of	more	sus-
tainable	PHU	materials.	Overall,	this	work	opens	great	per-
spectives	for	the	development	of	PHU-based	materials	re-
quiring	mild	processing	conditions.		
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