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ABSTRACT:	 Carbodiimide-fueled	 anhydride	 bond	 formation	 has	 been	 used	 to	 enhance	 the	 mechanical	 properties	 of	
permanently	 crosslinked	 polymer	 networks,	 giving	materials	 that	 exhibit	 transitions	 from	 soft	 gels	 to	 covalently	 rein-
forced	gels,	eventually	returning	to	the	original	soft	gels.	Temporary	changes	in	mechanical	properties	result	from	a	tran-
sient	network	of	anhydride	crosslinks	which	eventually	dissipate	by	hydrolysis.	Over	an	order	of	magnitude	increase	in	
storage	modulus	is	possible	through	carbodiimide	fueling.	The	time-dependent	mechanical	properties	can	be	modulated	
by	the	concentration	of	carbodiimide,	temperature,	and	primary	chain	architecture.	Because	the	materials	remain	rheo-
logical	solids,	new	material	functions	such	as	temporally	controlled	adhesion	and	rewritable	spatial	patterns	of	mechani-
cal	 properties	 have	 been	 realized.				

INTRODUCTION 
Biology	 commonly	 uses	 chemical	 reactions,	 such	 as	

ATP	and	GTP	hydrolysis,	to	drive	chemical	systems	out	of	
equilibrium.1,2	 The	 results	 are	 time-dependent	 behavior	
dictated	 by	 kinetics	 and	 dynamic	 properties.3	 Following	
pioneering	work	by	Van	Esch	and	Eelkema,4	recent	work	
focuses	 on	 using	 chemical	 “fuels”	 in	 non-biological	 con-
texts,	 with	 reports	 of	 responsive	 supramolecular	 struc-
tures,5–7	 self-healing	 systems,8	 and	 adaptive	 materials.9–11	
Applying	 fuels	 to	polymer	materials	 is	 a	useful	 first	 step	
toward	 practical	 applications	 of	 these	 nonequilibrium	
systems.	 We	 recently	 showed	 that	 the	 carbodiimide-
driven	 formation	 of	 anhydrides,	 developed	 concurrently	
by	Boekhoven	and	our	group,12,13	can	be	used	to	generate	
temporary	crosslinks	in	polymer	systems;14,15	similar	mate-
rials	have	since	been	adapted	by	Wang	for	potential	med-
ical	applications.16	Walther	has	used	carbodiimide	chem-
istry	to	induce	phase	separation	by	increasing	the	hydro-
phobicity	 of	 polyacid	microgels,17	 and	 has	 studied	 time-
dependent	 phase	 separation	 of	 poly(norbornene	 dicar-
boxylic	acid).18	Wang	has	 introduced	a	writable	and	self-
erasable	 hydrogel	 through	 transient	 polymerization	 of	
tetrafunctional	monomers.19		
Most	 temporally	 controlled	 polymer	 systems	 to	 this	

point	 use	 the	 fuel	 to	 achieve	 transient	 phase	 changes	
(e.g.,	 sol	→	 gel	→	 sol).	 In	many	materials	 applications,	
however,	more	 subtle	behavior	 is	needed,	with	 transient	
changes	 in	mechanical	 properties	while	maintaining	 the	
material’s	 structural	 integrity.	 In	 a	 recent	 publication,	
Eelkema	 showed	 that	 temporary	 cationic	 charges	 could	
be	 introduced	 in	 polymer	 networks	 through	 quaterniza-

tion	of	amine-containing	monomers.20	This	process	alters	
the	interactions	between	the	polymer	and	solvent,	leading	
to	 controlled	 hydrogel	 swelling.	 However,	 this	 does	 not	
change	 the	net	 crosslink	density	 that	 holds	 the	network	
together,	which	is	integral	to	mechanical	properties.	Fur-
ther,	 in	 a	 recent	 paper,	 the	 carbodiimide	 1-ethyl-3-(3-
dimethylaminopropyl)carbodiimide	 (EDC)	 was	 used	 to	
actuate	a	polydimethylsiloxane	network	by	forming	tem-
porary	 anhydride	 bonds.21	 Substantial	 and	 controlled	
shape	 change	 was	 possible	 by	 this	 approach,	 but	 the	
modulation	 of	 mechanical	 and	 adhesive	 properties	 was	
not	realized.	
Here,	 we	 report	 that	 a	 permanently	 crosslinked	 poly-

mer	 network	 with	 pendent	 carboxylic	 acid	 groups	 can	
temporarily	 increase	 its	 modulus	 by	 the	 formation	 of	
transient	 crosslinks	 upon	 addition	 of	 EDC.	 The	 EDC-
driven	 anhydride	 bond	 formation,	 with	 subsequent	 hy-
drolysis	to	return	to	the	resting	state,	 is	used	as	a	model	
system	to	highlight	new	capabilities	arising	from	fully	gel-
based	 transitions.	The	materials	 display	 transitions	 from	
soft	 gels	 to	 covalently	 reinforced	 gels	 which	 eventually	
return	to	the	original	soft	gels.	That	 is,	 the	materials	are	
rheological	 solids	 in	 both	 the	 fueled	 and	 the	 resting	
states,	 defined	 as	 systems	 with	 storage	 modulus	 (G’)	
greater	than	the	loss	modulus	(G”),	or,	equivalently,	tan	d	
<	 1	 (d	=	G”/G’).	The	 impacts	of	network	architecture,	 in-
cluding	chain	 length,	crosslink	density,	and	the	extrinsic	
parameters	 of	 temperature	 and	 EDC	 concentration,	 on	
the	transient	properties	of	the	material	have	been	investi-
gated.	 Because	 the	 materials	 remain	 rheological	 solids	
throughout	 the	 fueling,	new	 functional	properties	of	 the		



 

transient	polymer	networks	have	been	realized.	First,	two	
hydrogels	 can	 be	 repeatedly	 adhered	 by	 the	 addition	 of	
EDC.	Second,	spatial	control	over	where	EDC	is	applied19	
enables	temporary	2D	patterned	mechanical	properties	in	
a	hydrogel	 film,	which	 can	 subsequently	be	 transformed	
into	new	designs.		

RESULTS AND DISCUSSION 
The	 initial	 polymer	 networks	 were	 synthesized	 by	 re-

versible	 addition-fragmentation	 chain	 transfer	 (RAFT)	
polymerization,	 as	 shown	 in	 Scheme	 1a.22	Monomers	 in-
cluded	 acrylic	 acid	 (AA)	 as	 the	 active	 carboxylic-acid-
containing	monomer	that	can	be	transiently	crosslinked,	
acrylamide	(Am)	as	an	inert	backbone-forming	monomer,	
and	N,N’-methylene	bisacryalamide	(MBAm)	as	a	perma-

nent	 covalent	 crosslinker.	 2-(((Ethylthio)-
carbonothioyl)thio)	propionic	 acid	 (PAETC)	was	used	 as	
the	 chain	 transfer	 agent	 (CTA)	 and	 2,2'-azobis[2-(2-
imidazolin-2-yl)propane]dihydrochloride	(VA-044)	as	the	
radical	 initiator.	The	networks	were	 synthesized	with	ei-
ther	100	or	200	total	monomer	units	in	the	primary	chain;	
15%,	30%,	or	50%	AA;	and	either	1.3%	or	1.6%	MBAm	(1.3%	
MBAm	per	primary	chain	was	the	lowest	that	led	to	relia-
ble	 gelation).	 The	 fraction	 of	 AA	 impacts	 the	maximum	
density	of	transient	crosslinks	that	result	from	EDC	fuel-
ing,	while	 the	proportion	of	MBAm	controls	 the	perma-
nent	crosslink	density.	The	polymer	materials	are	denoted	
as	poly(Amx-AAy-MBAmz)	where	x,	y,	and	z	represent	the	
total	number	of	repeating	units	of	AA,	Am	and	MBAm	in	
the	primary	chain.	

	

Scheme	1.	(a)	Polymer	synthesis.	(b)	Overview	of	carbodiimide-induced	crosslinking.	

The	 overall	 concept	 is	 shown	 in	 Scheme	 1b.	 In	 these	
polymer	 networks,	 the	 crosslink	 density	 should	 increase	
through	the	formation	of	temporary	anhydrides	after	EDC	
fueling.	 The	 systems	 then	 should	 return	 to	 the	 resting	
state	 through	 hydrolysis.	 Polymer	 hydrogels	 were	 pre-
pared	at	33	wt%	polymer	in	water.	For	all	rheological	time	
sweep	experiments,	20	mm	diameter	disc-shaped	materi-
als	were	used	with	thickness	of	~1	mm.	EDC	was	delivered	
to	the	hydrogel	by	placing	a	solution	on	top	of	the	hydro-
gel	material	and	allowing	mixing	by	the	rheometer	action.		
As	shown	in	Figure	1a,	immediately	after	adding	EDC	to	

a	hydrogel	of	poly(Am70-AA30-MBAm1.3)	there	was	a	rapid	
increase	in	G’,	reaching	a	peak	within	~60	min.	The	mate-
rial	 then	 relaxed	 to	 its	 original	 state	 over	 the	 course	 of	
hours.	Control	experiments,	labelled	“blank”,	showed	that	
adding	water	without	EDC	yields	no	significant	change	in	

mechanical	properties.	Higher	concentrations	of	EDC	led	
to	larger	G’	values	(Figure	1a).		
The	behavior	could	be	repeated	with	an	additional	cy-

cle	 of	 EDC	 (Figure	 S1):	 following	 treatment	 of	 a	
poly(Am70-AA30-MBAm1.3)	sample	with	2.0	M	EDC,	which	
gave	 the	 expected	 rise	 and	 fall	 of	G’,	 a	 subsequent	 addi-
tion	of	2.0	M	EDC	restored	the	modulus	to	its	peak,	with	
the	 material	 again	 returning	 to	 its	 softer	 state.	 At	 least	
over	this	second	cycle	the	performance	of	the	system	did	
not	 significantly	 degrade.	While	 the	buildup	of	 the	urea	
byproduct	must	eventually	degrade	the	properties	of	 the	
system,23	 previous	 transient	 gels	 based	 on	 crosslinked	
polymers	were	resistant	to	the	urea	over	many	cycles.14,15	
The	previously	established	behavior	of	Am/AA	copoly-

mers	and	the	timescales	of	the	experiments	are	consistent	
with	 the	 formation	 of	 temporary	 anhydride	 crosslinks	
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(Scheme	1b).14,15	After	consumption	of	EDC,	the	anhydride	
linkers	eventually	hydrolyze,	returning	the	material	to	the	
original	state.	In	network	solids,	the	total	crosslink	densi-
ty,	from	both	permanent	and	transient	crosslinks,	is	pro-
portional	 to	 G’.24,25	 Therefore,	 the	 presence	 of	 transient	
anhydride	 crosslinkers	 in	 the	 polymer	 causes	 G’	 to	 be	
higher	 than	 the	 initial	G’,	or	 that	of	 the	material	 treated	
only	 with	 water.	 The	 peak	 storage	modulus	 (G’max)	 of	 a	
given	system	thus	corresponds	to	the	maximum	crosslink	
density.	 As	 the	 anhydride	 crosslinks	 hydrolyze,	 the	 G’	
decreases	and	levels	off,	consistent	with	the	unfueled	sys-
tem.		
Figure	 1b	 shows	 that	 all	 materials	 remain	 rheological	

solids,	with	 tan	d	 <	 1,	 at	 all	 times.	 This	 is	 in	 contrast	 to	
other	systems	which	transition	from	rheological	liquids	to	
solids	and	back.	Therefore,	this	EDC	fueled	system	transi-
ently	changes	its	mechanical	properties,	while	remaining	
in	the	solid	state.	Note	that	tan	d	is	plotted	on	a	linear	y-
axis	scale,	making	small	differences	in	the	ratio	of	G”	to	G’	
more	apparent.	This	is	distinct	from	the	moduli,	G’,	which	
are	 plotted	 on	 a	 logarithmic	 y-axis	 scale.	 There	 is	 evi-
dence	of	a	small	increase	in	tan	d	during	fueling,	especial-
ly	at	higher	EDC	loadings,	in	Figure	1b.	This	could	be	due	
to	some	bond	exchange	between	anhydrides	and	free	car-
boxylic	acids,	increasing	G”.		
As	the	discs	contained	33	wt%	polymer,	corresponding	

to	0.28	g	of	polymer,	the	addition	of	0.1	mL	of	0.5	M	EDC	
corresponds	 to	 a	 ratio	 of	 carboxylic	 acid	 to	 EDC	 of	
~1.0:0.042,	while	the	addition	of	0.1	mL	of	2.0	M	EDC	cor-
responds	to	a	ratio	of	carboxylic	acid	to	EDC	of	~1.0:0.17.	
Thus,	 in	 all	 cases	EDC	 is	 the	 limiting	 reagent.	However,	
because	 the	 EDC	 solution	 is	 applied	 on	 top	 of	 the	 net-
work,	it	is	likely	that	there	is,	at	least	initially,	a	gradient	
of	crosslink	density	across	the	material.	The	inhomogene-
ity	of	the	material	should	decrease	over	time	as	the	EDC	
diffuses	 farther	 into	 the	 gel.	 It	 is	 also	 possible	 that	 the	
anhydride	 crosslinks	 themselves	 move	 deeper	 into	 the	
material	 through	 anhydride	 exchange,	which	 is	 typically	
faster	than	hydrolysis.26	
Figure	 1c	 shows	 how	 the	 EDC	 concentration	 affects	

both	G’max	 and,	 to	 a	 lesser	 extent,	 the	 transient	 network	
lifetime	(ttnl),	defined	here	as	the	time	needed	to	dissipate	
90	percent	of	the	transient	crosslinkers.27	In	the	presence	
of	 the	 most	 concentrated	 EDC	 solution	 (2.00	 M),	 G’max	
increases	to	~140	kPa,	over	an	order	of	magnitude	higher	
than	the	baseline	storage	modulus	of	~10	kPa.	Lower	EDC	
concentrations	 lead	 to	 lower	 G’max	 values,	 as	 expected,	
with	an	exponential-like	dependence	of	G’max	on	the	EDC	
concentration	 (Figure	 1c).	G’max	 can	 be	 empirically	 fitted	
with	the	function	G'max	=	12.3e1.13[EDC]	(Figure	S2).		

 
Figure	1.	 Impact	of	EDC	loading	on	rheological	 time	sweep	
of	poly(Am70-AA30-MBAm1.3)	hydrogels	(33	wt%	polymer)	at	4	
°C	(a)	G’,	(b)	tan	d,	and	(c)	G’max	and	ttnl	of	poly(AM70-AA30-
MBAm1.3)	vs	EDC	concentration.	All	time	sweep	experiments	
were	 performed	 at	 1%	 applied	 strain	 at	 a	 frequency	 of	 10	
rad/s.	In	all	cases	0.1	mL	of	EDC	solution	was	added.	

The	transient	network	lifetime	ttnl	 is	primarily	dictated	
by	 the	 rate	 of	 hydrolysis	 of	 the	 anhydride	 crosslinkers,	
especially	 in	a	well	percolated	network.15Anhydride	bond	
hydrolysis	 is	pseudo	first-order	in	the	anhydride	concen-
tration,	 under	 ideal	 conditions,15	 suggesting	 that	 the	 ttnl	
should	not	have	a	strong	dependence	on	the	EDC	concen-
tration.	 Figure	 1c	 indicates	 that	 ttnl	 shows	 an	 initial	 in-
crease	 in	 ttnl	 with	 EDC	 concentration.	 Eventually	 ttnl	
reaches	a	peak	or	plateau	above	an	EDC	concentration	of	
1	M.	 At	 high	 EDC	 concentrations,	 a	 strongly	 percolated	
network	 of	 anhydrides	 is	 expected.	 Under	 these	 condi-
tions,	pseudo-first-order	decay	kinetics	of	the	anhydrides	
could	be	anticipated,	leading	to	similar	network	lifetimes	
regardless	of	 the	EDC	concentration	(since	ttnl	 is	defined	
in	terms	of	the	maximum	G’	and	thus	crosslink	density).15	
However,	 at	 lower	 EDC	 concentrations,	 the	 anhydride	
network	percolation	should	be	relatively	poor,	leading	to	
poor	 network	 formation,	 and	 relatively	 fewer	 hydrolyses	
are	needed	to	return	the	system	to	the	resting	state.	That	
said,	other	complex	non-linear	behavior	 in	 ttnl	with	EDC	
loading	cannot	be	ruled	out.	
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Figure	 2.	 (a)	 Strain	 sweep	 of	 poly(Am70-AA30-MBAm1.3)	 hy-
drogel	(33	wt%	polymer)	at	4	°C	using	a	frequency	of	10	rad/s	
initially	and	in	the	relaxed	state	after	fueling.	(b)	Frequency	
sweep	 of	 poly(Am70-AA30-MBAm1.3)	 hydrogel	 (33	 wt%	 poly-
mer)	at	4	°C	using	a	strain	of	1%	initially	and	in	the	relaxed	
state	after	fueling.	The	relaxed	state	is	achieved	by	waiting	16	
h	and	4	°C	after	the	addition	of	EDC.	

To	confirm	that	 the	material	 returns	 to	a	 state	 similar	
to	the	 initial	one,	strain	and	frequency	sweeps	were	per-
formed	 on	 the	 poly(Am70-AA30-MBAm1.3)	 hydrogel	mate-
rials	before	and	after	fueling.	The	after-fueling,	or	relaxed,	
state	was	 achieved	 by	waiting	 18	 h	 after	 the	 addition	 of	
EDC	at	4	°C.	As	indicated	in	Figure	2,	there	was	no	sub-
stantial	difference	in	material	between	the	initial	and	the	
relaxed	state	after	the	EDC	was	fully	consumed.	The	small	
differences	in	the	moduli	could	be	due	to	a	small	amount	
of	 evaporation	 of	 the	 water	 solvent	 between	 the	 meas-
urements,	or	 the	presence	of	 the	urea	byproduct.	Never-
theless,	 the	 materials	 properties	 are	 substantively	 un-
changed	by	 the	 fueling	 chemistry.	The	data	 in	Figure	2a	
indicate	 that	 linear	viscoelasticity	 is	observed,	 independ-
ent	 of	 applied	 strain	 over	 several	 orders	 of	 magnitude.	
Figure	2b	suggests	that	a	rubber	 like	plateau	in	modulus	
is	achieved	below	an	angular	frequency	of	~10	rad/s.	
Since	 the	 fueled	state	of	 these	materials	contains	both	

permanent	MBAm	 and	 transient	 anhydride	 crosslinkers,	
the	 impact	 of	 the	 permanent	 crosslink	 density	 was	
probed.	When	 the	MBAm:PAETC	 ratio	was	 increased	 to	
1.6:1,	the	response	to	fueling	was	smaller	(compare	Figures	
1	 and	 S3),	 with	 a	 lower	 G’max	 with	 the	 higher	 ratio	 of	
MBAm.	The	resting	states	of	the	materials	were	typically	
in	the	order	of	8-13	kPa,	 indicating	that	the	substantially	
higher	G’max	 possible	 for	 the	 lower	MBAm	ratio	 at	 lower	
temperatures	 was	 due	 to	 more-efficient	 transient	 anhy-
dride	bond	formation,	rather	than	substantial	changes	in	
the	resting	state.	The	higher	G’max	with	lower	MBAm	load-

ing	 is	 attributed	 to	 the	 higher	 density	 of	 permanent	
MBAm	crosslinks	hindering	chain	mobility,	inhibiting	the	
formation	 of	 transient	 anhydride	 bonds.	 Specifically,	 a	
higher	 density	 of	 permanent	 MBAm-based	 crosslinkers	
tethers	the	polymer	chains	to	more	points	in	the	network,	
restricting	 the	ability	of	 the	 carboxylic	 acids	on	 two	dis-
tinct	 primary	 chains	 from	diffusing	near	 each	 other	 and	
forming	an	anhydride	bond	during	the	fueling	process.		

	

Figure	 3.	 Rheological	 data	 of	 poly(Am70-AA30-MBAm1.6)	 &	
poly(Am70-AA30-MBAm1.3)	 adding	 0.2	mL	 of	 1.50	M	EDC.	 a)		
G’max	 and	 b)	 ttnl	 as	 a	 function	 of	 temperature	 for	 each	 net-
work.	All	time	sweep	experiments	were	performed	at	1%	ap-
plied	strain	at	a	frequency	of	10	rad/s.	

The	impact	of	temperature	was	also	considered,	at	4	°C,	
10	°C,	and	16	°C,	shown	in	Figure	3.	The	highest	G’max	and	
longest	ttnl	values	were	observed	at	4	°C.	At	low	tempera-
tures,	the	hydrolysis	rate	decreases,	extending	the	lifetime	
of	the	network	and	allowing	a	higher	temporary	crosslink	
density	 to	 build	 up	 from	 the	 EDC	 fuel.	 Although	 larger	
G’max	 values	 are	 observed	 at	 temperatures	 near	 0	 °C,	
where	 retardation	 of	 anhydride	 hydrolysis	 occurs,	 the	
system	 still	 functions	 at	 higher	 temperatures	 as	 demon-
strated	 in	 Figure	 3.	 The	 ability	 to	 control	 the	 hydrolysis	
lifetimes,	and	thereby	impact	the	transient	lifetime	of	the	
material	 is	 confirmed	 by	 an	 experiment	where	 the	 tem-
perature	was	maintained	at	4	°C	for	10,000	s	followed	by	
an	increase	to	16	°C	(Figure	S4).	The	G’	decreased	rapidly	
after	the	increase	in	temperature.		
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Figure	 4.	 (a)	 Rheological	 time	 sweeps	 of	 poly(Am85-AA15-
MBAm1.3),	 poly(Am70-AA30-MBAm1.3),	 and	 poly(Am50-AA50-
MBAm1.3)	hydrogels	(33	wt%	polymer)	at	4	°C	adding	0.1	mL	
of	 2.00	M	 EDC.	 (b)	 Rheological	 time	 sweeps	 of	 poly(Am70-
AA30-MBAm1.3)	and		poly(Am140-AA60-MBAm1.3)	at	4	°C	using	
2.00	M	EDC.	(c)	The	associated	tan	δ	for	all	five	materials. All	
time	sweep	experiments	were	performed	at	1%	applied	strain	
at	a	frequency	of	10	rad/s.	

The	impact	of	polymer	architecture	on	material	proper-
ties	was	 also	 explored.	 Initially,	 the	Am	 to	AA	 ratio	was	
varied,	 using	 primary	 chain	 compositions	 of	 poly(Am50-
AA50-MBAm1.3),	 poly(Am70-AA30-MBAm1.3),	 and	
poly(Am85-AA15-MBAm1.3),	 maintaining	 the	 total	 primary	
chain	length	of	100	units.	As	seen	in	Figure	4a,	poly(Am50	-
AA50-MBAm1.3)	had	the	highest	G’max	and	longest	transient	
network	lifetime,	while	poly(Am85-AA15-MBAm1.3)	had	the	
lowest	G’max	and	shortest	transient	network	lifetime;	how-
ever,	all	networks	had	transient	network	lifetimes	on	the	
order	of	20,000	s.	A	similar	trend	of	 increased	G’max	with	
higher	 AA	 density	 was	 observed	 in	 previous	 studies14,15	
that	 focused	 on	 EDC-fueled	 sol-gel-sol	 transitions.	 The	
G’max	 values	 were	 similar	 for	 poly(Am50-AA50-MBAm1.3)	
and	poly(Am70-AA30-MBAm1.3).	This	small	difference	is	 in	
part	due	to	the	EDC	acting	as	a	limiting	reagent,	even	at	
2.00	 M:	 since	 the	 hydrogel	 was	 33wt%	 polymer,	 giving	
0.28	 g	 of	 polymer,	 the	 addition	 of	 0.1	mL	of	 2.0	M	EDC	
corresponds	 to	 a	 ratio	 of	 carboxylic	 acid	 to	 EDC	 of	
~1.0:0.33	 for	 poly(Am85-AA15-MBAm1.3),	 carboxylic	 acid	 to	
EDC	 of	 ~1.0:0.17	 for	 poly(Am70-AA30-MBAm1.3),	 and	 car-
boxylic	 acid	 to	 EDC	 of	 ~1.0:0.10	 for	 poly(Am50-AA50-

MBAm1.3).	 A	 possible	 reason	 for	 the	 poly(Am85-AA15-
MBAm1.3)	having	a	 lower	modulus	 is	 that	with	 the	 lower	
density	of	AA	units,	intramolecular	crosslinking	could	be	
more	 difficult	 with	 the	 chains	 not	 being	 able	 to	 diffuse	
near	each	other	within	the	hydrogel,	potentially	facilitat-
ing	elastically	ineffective	intramolecular	loops.	
Using	the	same	volume	of	a	3.00	M	EDC	solution	causes	

G’max	to	reach	over	0.70	MPa	for	poly(Am50-AA50-MBAm1.3)	
(Figure	S5).	Surprisingly,	this	led	to	higher	tan	d	values,	in	
some	cases	having	tan	d	~	 1	or	even	tan	d	>	 1	during	the	
time	sweep.	The	higher	G’	when	using	3.0	M	EDC,	com-
pared	to	2.0	M	EDC,	suggests	that	more	anhydride	cross-
links	are	formed	with	the	higher	EDC	loading.	Therefore,	
a	 likely	 explanation	 for	 the	 higher	 G”	 concurrent	 with	
higher	G’	when	using	 3.0	M	EDC	 is	 the	 exchange	of	 the	
anhydride	linkers,26	leading	to	more	viscous	properties.	In	
prior	work,	higher	densities	of	anhydride	linkers	did	lead	
to	increase	in	both	G’	and	G”.	15	
	In	 addition	 to	 composition,	 chain	 length	 effects	were	

also	 explored	 using	 poly(Am70-AA30-MBAm1.3)	 and	
poly(Am140-AA60-MBAm1.3).	A	small	difference	of	~40	kPa	
between	the	G’max	values	of	two	the	polymers	shows	that	
chain	 length	 has	 minimal	 impact.	 However,	 Figure	 4b	
indicates	that	poly(Am70	-AA30-MBAm1.3)	forms	temporary	
crosslinks	 much	 faster	 than	 poly(Am140-AA60-MBAm1.3).	
Since	 longer	 chains	 have	 lower	 diffusion	 rates,	 this	 can	
cause	both	a	delay	in	the	peak	but	also	a	higher	ttnl.	Since	
the	small	molecule	EDC	has	a	substantially	lower	molecu-
lar	weight	than	the	polymer	chains,	 it	 is	not	expected	to	
have	 similar	 diffusion	 rates	 in	 both	 poly(Am70-AA30-
MBAm1.3)	 and	 poly(Am140-AA60-MBAm1.3).	 This	 suggests	
that	 the	 changes	 in	 the	network	diffusion	processes	 and	
mobility	 are	 primarily	 responsible	 for	 the	 changes	 in	G’	
and	network	lifetimes	at	the	different	chain	lengths	stud-
ied.	This	phenomenon	can	be	clearly	observed	in	the	de-
cay	 profile	 of	 G’.	 These	 results	 suggest	 that	 ttnl	 can	 be	
modulated	 strongly	 using	 primary	 chain	 length	 while	
maintaining	 a	 near	 constant	G’max.	 As	 longer	 chains	 are	
used,	 the	 chain	mobility	 diminishes,	 reducing	 the	 likeli-
hood	of	 forming	elastically	effective	anhydride	crosslink-
ers	in	a	given	timeframe.	The	reduction	in	chain	mobility	
becomes	more	significant	as	the	anhydride	crosslink	den-
sity	 increases.	 This	 could	lead	 to	 an	 extended	 transient	
network	 lifetime	by	 increasing	 the	 time	needed	 to	 reach	
the	peak	of	G'	and	extending	the	time	spent	near	the	peak	
in	G'	as	indicated	in	Figure		4b.	
Figure	 4c	 shows	 that	 all	 polymer	 compositions	 and	

chain	lengths	remained	rheological	solids	throughout	the	
experiments.	However,	it	also	indicates	that	the	tan	d	pro-
files	differ	between	the	materials.	In	particular,	the	mate-
rials	 with	 longer	 chain	 lengths,	 poly(Am140-AA60-
MBAm1.3),	 or	 the	 highest	 amount	 of	 pendant	 carboxylic	
acid,	 poly(Am50-AA50-MBAm1.3),	 had	 higher	 tan	d	 values,	
particularly	in	the	resting	state.	This	could	be	due	to	en-
ergy	dissipation	through	hydrogen	bonds,	short	lived	en-
tanglements,	and	other	non-covalent	 interactions,	which	
are	suppressed	in	the	transiently	crosslinked	state.	This	is	
because	higher	G”	values,	and	consequently	higher	tan	d,	
could	also	result	from	covalent	or	non-covalent	bond	ex-
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change.28,29	As	noted	above,	the	poly(Am50-AA50-MBAm1.3)	
material	 fueled	 with	 3.0	M	 EDC	 showed	 a	 higher	 tan	 d	
with	G”	~	G’	(Figure	S5).	This	is	consistent	with	the	EDC-
fueled	behavior	observed	in	sol-gel-sol	transitions,	where	
higher	pendant	carboxylic	acid	concentrations	led	to	low-
er	tan	d.14	This	could	be	due	to	the	higher	ratio	of	carbox-
ylic	acid	leading	to	more	exchange	of	free	acids	and	anhy-
drides.	

	

Figure	 5.	 (a)	 Adhesion	 of	 hydrogel	 pieces	 holding	 a	 2	 g	
weight.	 (b)	 Failure	 of	 adhesive	 after	 ~40	 min	 following	
treatment	with	1	M	EDC	solution.	(c)	Time	taken	for	the	ad-
hesive	 to	 fail	 vs	EDC	concentration,	 based	on	duplicate	 ex-
periments.	Error	bars	represent	the	standard	deviation.	

The	developed	hydrogel	materials	exhibit	new	behavior	
not	 previously	 demonstrated	 for	 chemically	 fueled	 sys-
tems.	For	example,	two	acid-containing	hydrogels	can	be	
temporarily	adhered	by	treating	their	surfaces	with	EDC.	
As	 shown	 in	 Figure	 5a,	 two	 pieces	 of	 poly(Am70-AA30-
MBAm1.3)	(colored	so	that	they	can	be	distinguished)	were	
adhered	by	applying	EDC	solutions	(0.1	mL)	over	a	1	cm2	
interface.	 The	 materials	 were	 hung	 and	 held	 a	 0.02	 N	
force,	applied	by	attaching	2	g	weight	to	the	bottom	piece.	
Eventually,	 the	 anhydride	 bonds	 dissipated	 through	 hy-
drolysis	and	the	adhesive	failed	as	seen	in	Figure	5b.	The	
efficiency	of	 this	EDC	fueled	adhesion	was	quantified	by	
time	needed	for	the	pieces	to	separate.	When	treated	with	
only	water,	the	two	hydrogel	pieces	detached	within	6	s.	
In	contrast,	with	1	M	EDC	the	two	pieces	of	hydrogel	re-
mained	adhered	for	~40	min,	an	almost	400-fold	increase,	
as	shown	in	Figure	5c.	Repeated	adhesion	was	possible	by	
refueling	with	fresh	EDC	(Table	S2).		
Patterned	hydrogels	are	of	current	interest,	particularly	

for	biological	applications.30,31	Spatial	patterning	has	been	
achieved	 by	 using,	 for	 example,	 light32,33	 or	 printing.34,35	
With	 the	 new	hydrogels,	 it	 is	 possible	 to	 use	 EDC	 solu-
tions	to	produce	a	rewriteable	pattern	of	distinct	mechan-
ical	 properties.	 Masks	 were	 designed	 that	 prevent	 EDC	
ingress	into	targeted	regions,	as	shown	in	Figure	6a.	The	
EDC	was	deposited	onto	 the	 surface	of	 the	exposed	 film	
as	a	mist	using	a	spray	bottle,	delivering	2.0	mL	of	2.0	M	
EDC.	The	masks	prevent	EDC	reaching	covered	regions	of	
the	hydrogel.	Additionally,	the	EDC	served	as	the	limiting	
reagent,	 implying	 that	 EDC	 is	more	 likely	 to	 react	 with	
carboxylic	acids	in	the	region	where	they	EDC	is	sprayed	
rather	than	diffusing	beyond	the	masked	region.	

A	 representative	 example	 used	 a	 square	 poly(Am70-
AA30-MBAm1.3)	polymer	film	(5	×	5	×	1.5	cm).	The	stiffness	
of	 the	 material	 was	 probed	 in	 a	 6	 ×	 6	 indentation	 grid	
using	a	 robotic	 indenter.	This	 indenter	 can	 raster	 across	
the	surface	of	the	material,	yielding	a	shear	modulus	(G)	
at	each	 location.	The	shear	modulus	 is	 related	to	the	 in-
dentation	depth	(i)	and	measured	peak	force	(Fpeak)	using	
the	spherical	indenter	of	radius	(r)	using	the	relationship	
developed	by	Lee	and	Radok	for	indentation	of	an	elastic	
half-space:36	

! = !"!"#$
#$%√'	%	 	 	 	 	 (1)	

Prior	to	EDC	treatment,	all	G	values	were	on	the	order	of	
9-18	kPa,	with	no	discernable	pattern,	as	shown	in	Figure	
6c	(left).	This	is	consistent	with	the	shear	modulus	evalu-
ated	by	rheology	for	the	unfueled	materials	given	in	Fig-
ure	 1.	While	 shear	modulus,	G,	 is	 a	 quasi-static	material	
property	 defined	 by	 the	 ratio	 of	 shear	 stress	 to	 shear	
strain,	 rheological	moduli	G’	 and	G”	 are	 dynamic	 in	 na-
ture	and	are	not	expected	to	be	identical	numerically	to	G	
values	 obtained	 via	 indentation	 experiments.		 Neverthe-
less,	both	the	shear	modulus	G	and	the	storage	modulus	
G’	 may	 be	 interpreted	 as	 measures	 of	 the	 resistance	 to	
deformation	 of	 the	 material	 in	 shear	 loading	 (i.e.	 how	
much	energy	must	be	applied	to	a	sample	in	order	to	dis-
tort	it),	so	comparing	G	and	G’	results	qualitatively	can	be	
informative.	
The	 hydrogel	 was	 then	 subjected	 to	 a	 series	 of	 treat-

ments	with	EDC,	shown	in	Figure	6b.	First,	a	3	×	3	check-
erboard	mask	was	used.	The	resulting	pattern	of	G	values	
after	 spraying	 with	 2.0	 mL	 of	 2.0	 M	 EDC	 solution	 was	
completely	consistent	with	 the	pattern	of	 the	mask.	The	
regions	that	were	not	exposed	to	EDC	remain	essentially	
unchanged,	with	G	increasing	slightly	to	13–18	kPa.	This	is	
similar	to	the	shear	modulus	of	the	blank	samples	of	the	
time	 sweep	 rheological	 experiments	 in	 Figure	 1.	 In	 con-
trast,	the	regions	that	were	exposed	to	EDC	have	G	values	
in	the	range	21–33	kPa.	The	increase	in	modulus	is	some-
what	smaller	than	the	peak	modulus	in	time	sweep	rheol-
ogy	experiment	using	2.0	M	EDC	sample	in	Figure	1,	most	
likely	 because	 of	 the	 substantially	 thicker	 hydrogel	 used	
in	the	indentation	experiments	(1.5	cm),	compared	to	the	
thickness	of	 the	 samples	used	 in	 the	 rheological	 studies,	
which	was	on	the	order	of	1-2	mm.	This	higher	thickness	
effectively	dilutes	the	EDC	within	the	network.	Neverthe-
less	the	trend	is	consistent	with	the	data	in	Figure	1.		
Since	the	anhydride	crosslinkers	are	subject	to	hydroly-

sis,	7	h	after	adding	the	EDC	the	material	 returns	to	 the	
resting	state	of	patternless	G	values	 in	the	range	of	9–20	
kPa,	 again	 consistent	 with	 the	 time	 sweep	 rheological	
experiment	of	the	blank	sample	in	Figure	1.	A	mask	of	the	
letter	“M”	was	then	used	to	pattern	the	film.	The	new	re-
gions	 exposed	 to	 EDC	 again	 achieved	 G	 values	 in	 the	
range	of	21-28	kPa	while	non-EDC	areas	were	in	the	range	
of	 9-20	 kPa,	 consistent	with	 the	mask.	 These	 trends	 are	
again	similar	to	the	fueled	and	blank	time	sweep	rheolog-
ical	studies	of	Figure	1,	except	again	the	magnitude	of	the	
increase	in	modulus	for	the	system	fueled	with	2.0	M	EDC	
was	 somewhat	 smaller	 in	 the	 indentation	 experiment	

a b c



 

than	 in	 the	 time	 sweep.	This	 is	 again	most	 likely	due	 to	
the	 thicker	 sample	 used	 in	 the	 indentation	 experiment	
effectively	diluting	the	EDC.	After	allowing	the	anhydride	
bonds	to	hydrolyze	over	7	h,	the	material	returned	to	the	
resting	state	with	G	values	of	10-19	kPa	with	no	discerna-
ble	pattern.	As	expected,	the	shear	moduli	of	the	resting	
state	were	consistent	with	the	unfueled	system	studied	by	
rheology	in	Figure	1.	

	

Figure	6.	 (a)	Mask	based	patterning	of	hydrogel	 films	with	
EDC.	 (b)	 Sequence	 of	 events	 for	 rewritable	 patterning	 of	 a	
poly(Am70-AA30-MBAM1.3)	 film.	 In	 the	 mask	 images,	 dark	
areas	 block	 the	 EDC	 spray.	 (c)	 Experimental	G	 readings	 at	
regular	points	on	the	sprayed	hydrogel	of	dimensions	5´5´1.5	
cm.	 Indentation	was	 performed	 on	 a	 6´6	 pattern.	 Indenta-
tion	was	performed	45	min	after	fueling,	and	again	after	7	h	
of	rest.	

CONCLUSIONS 
In	 conclusion,	 EDC-driven	 anhydride	 formation	 has	

been	used	to	achieve	transient	changes	in	the	mechanical	
properties	 of	 hydrogels	 with	 pendent	 carboxylic	 acid	
groups.	 The	 strength	 of	 the	 effect	 was	 modulated	 by	
changing	 polymer	 architecture	 and	 external	 factors	 in-
cluding	 temperature	 and	EDC	concentration,	with	up	 to	
an	order	of	magnitude	 increase	 in	G’.	As	 these	are	 rheo-
logical	 solid	materials	 at	 all	 times,	 new	material	 proper-
ties	 and	 functions	 are	 possible,	 including	 temporary	 re-
peatable	 adhesion	 and	 spatial	 patterning	 of	 mechanical	
properties.		
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