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ABSTRACT:	In	coordination-based	supramolecular	materials	such	as	metallogels,	simultaneous	temporal	and	spatial	control	
of	their	assembly	remains	challenging.	Here,	we	demonstrate	that	the	combination	of	light	with	acids	as	stimuli	allows	for	the	
spatiotemporal	control	over	the	architectures,	mechanical	properties,	and	shape	of	porous	soft	materials	based	on	metal-
organic	polyhedra	(MOPs).	First,	we	show	that	the	formation	of	a	colloidal	gel	network	from	a	preformed	kinetically	trapped	
MOP	solution	can	be	triggered	upon	addition	of	trifluoroacetic	acid	(TFA),	and	that	acid	concentration	determines	the	reaction	
kinetics.	As	determined	by	time-resolved	dynamic	light	scattering,	UV-vis	absorption	and	1H	NMR	spectroscopies	and	rheol-
ogy	measurements,	the	consequences	of	the	increase	in	acid	concentration	are	(i)	an	increase	in	the	cross-linking	between	
MOPs;	(ii)	a	growth	in	the	size	of	the	colloidal	particles	forming	the	gel	network;	(iii)	an	increase	in	the	density	of	the	colloidal	
network;	and	(iv)	a	decrease	in	the	ductility	and	stiffness	of	the	resulting	gel.	We	then	demonstrate	that	irradiation	of	a	dis-
persed	photoacid	generator,	pyranine,	allows	the	spatiotemporal	control	of	the	gel	formation	by	locally	triggering	the	self-
assembly	process.	Using	this	methodology,	we	show	that	the	gel	can	be	patterned	into	a	desired	shape.	Such	precise	position-
ing	of	the	assembled	structures,	combined	with	the	stable	and	permanent	porosity	of	MOPs,	could	allow	their	integration	into	
devices	for	applications	such	as	sensing,	separation,	catalysis,	or	drug	release.	

Introduction	
In	 biological	 systems,	 self-assembly	 processes	 are	 often	
both	temporally	and	spatially	regulated.1,	2	In	fact,	the	kinet-
ics	of	formation	and	the	hierarchical	assembly	of	the	struc-
tures	are	responsive,	and	capable	of	adapting	to	changes	in	
environment.3,	 4	 Artificial	 supramolecular	 materials	 have	
been	developed	inspired	by	the	sophisticated	polymeriza-
tions	 found	 in	nature.5,	6	 In	such	systems,	 the	assembly	of	
molecules	 into	different	architectures	 is	controlled	by	 the	
precise	 design	 of	 building	 blocks,	 encoded	 with	 specific	
functional	groups	to	direct	molecular	recognition	and	inter-
action.7		
Often,	the	assembly	pathways	for	artificial	supramolecu-

lar	materials	are	thermodynamically-driven;	however,	such	
pathways	can	offer	a	 limited	range	of	control	over	the	re-
sulting	material	 properties	 and	 functions.	 In	 contrast,	 ki-
netic	 pathways	 can	 be	 used	 to	 obtain	 materials	 with	 in-
creased	structural	and	functional	complexities	because	they	
offer	temporal	control	(i.e.	through	reaction	kinetics)8,	9	and	
spatial	control	(i.e.	through	diffusion	phenomena)10	of	indi-
vidual	molecules,	 which	 can	 be	manipulated	 either	 sepa-
rately	or	simultaneously.	Here,	the	challenge	is	to	both	gen-
erate	 chemical	 gradients,	 and	 regulate	molecular	 interac-
tions.11	One	possible	approach	is	to	use	microfluidics,	which	

precisely	 controls	 flow	 rates	 and	 reactant	diffusion.12	 An-
other	possible	approach	 is	 the	use	of	external	physical	or	
chemical	stimuli,	which	can	regulate	 the	dynamic	 interac-
tions	 between	 molecular	 building	 blocks.13	 Light	 can	 be	
used	 to	 selectively	 and	 spatially	 trigger	 the	 formation	 of	
various	supramolecular	systems	with	defined	shape	and	po-
sitioning.14-16	 In	 addition,	 light	 can	 be	 converted	 into	 a	
chemical	stimulus	when	it	is	used	to	irradiate	a	photorecep-
tor	 capable	 of	 releasing	 a	 proton	 (photoacid	 generator,	
PAG)	or	a	base	(photobase	generator,	PBG).17,	18	Thus,	light	
could	enable	both	 temporal	and	spatial	 control	of	 self-as-
sembly.19	
Metallogels	have	attracted	interest	because	coordination	

chemistry	offers	a	route	to	integrate	metal	ion-based	prop-
erties	(redox,	optical,	electronic,	and	magnetic)	into	soft	ma-
terials	 that	 can	 be	 self-healing,	 elastic,	 and	 responsive	 to	
stimuli.20,	21	In	metallogels,	the	spatiotemporal	control	of	the	
self-assembly	process	is	limited	because	the	metal	ions	that	
are	part	of	the	gel	structure	are	also	required	to	trigger	the	
gelation,	hindering	the	use	of	external	stimuli.	One	strategy	
to	 circumvent	 this	 limitation	 is	 through	 the	 use	 of	 pre-
formed	metallacycles,	metal-organic	complexes,22,	23	or	even	
discrete	molecular	cages	such	as	metal-organic	polyhedra	
(MOPs).	24,	25	Recent	advances	with	the	latter	have	allowed	
porosity	 to	be	 incorporated	as	a	new	property	 in	 the	soft	



 

materials.26,	27	MOPs,	as	building	blocks,	can	be	assembled	
into	metallogels	via	a	wide	variety	of	intermolecular	inter-
actions	such	as	electrostatic	attraction,28,	29	dynamic-cova-
lent	 bonds,30	 coordination	 bonds,31,	 32	 or	 host-guest	 com-
plexation,33,	34	which	can	all	be	triggered	in	response	to	var-
ious	stimuli.	However,	it	is	still	a	challenge	to	spatiotempo-
rally	control	the	reaction	pathway,	structures,	and	resulting	
properties	of	metallogels.	
Here	we	show	that	the	use	of	a	photoacid	can	enable	spa-

tiotemporal	control	of	 the	supramolecular	polymerization	
of	MOPs	into	porous	colloidal	gel	networks	with	tunable	ar-
chitecture,	 mechanical	 properties,	 and	 shape.	 First,	 we	
demonstrate	that	acid	can	be	used	to	induce	the	supramo-
lecular	 polymerization	 reaction	 of	monomeric	MOP	 units	
(Figure	1a).	Then,	we	demonstrate	that	irradiation	of	a	pre-
gelation	mixture	containing	a	PAG	(pyranine)	can	spatially	
modulate	the	local	concentration	of	acid	and	thus	remotely	
trigger	the	self-assembly	process	and	patterning	of	the	so-
lution	into	a	gel	of	desired	shape	(Figure	1b).		
Results	and	discussion	

The	separation	of	the	MOP	formation	from	their	supramo-
lecular	polymerization	into	hierarchical	structures	enables	
the	assembly	process	and	resulting	properties	of	 the	final	

material	to	be	controlled	without	affecting	the	MOP	unit.	We	
recently	 demonstrated	 the	 multiscale	 self-assembly	 of	 a	
rhodium-based	 cuboctahedral	 MOP,	 [Rh2(bdc-C12)2]12	
(C12RhMOP;	 bdc-C12	 =	 5-dodecoxybenzene-1,3-dicarbox-
ylate),	 into	colloidal	particles	or	porous	gels	 through	con-
trolled	assembly	pathways	with	ditopic	N-donor	linkers.32	
Stabilization	 of	 intermediate	 reactive	 species	 is	 a	 well-
known	tool	to	direct	the	energy	landscape	of	a	chemical	re-
action	towards	a	desired	product.35,	36	For	the	formation	of	
a	colloidal	gel	network	from	the	rhodium-based	MOP	it	 is	
necessary	 to	 use	 ‘coordination	 trapping’	 to	 first	 obtain	 a	
monomer,	prior	to	supramolecular	polymerization.	This	is	
achieved	by	simultaneous	monodentate	coordination	of	12	
equivalents	 of	 the	 ligand	 bix	 (bix:	 1,4-bis(imidazole-1-
ylmethyl)benzene)	to	the	twelve	exohedral	axial	Rh	sites	of	
the	MOP,	yielding	a	kinetically	trapped	phase	by	isolation	of	
(C12RhMOP)(bix)12	(Figure	1a).	The	mechanism	of	the	su-
pramolecular	polymerization,	triggered	by	heat,	was	previ-
ously	 studied	 by	 time-resolved	 dynamic	 light	 scattering	
(TR-DLS)37	and	reported	as	following:	first,	the	removal	of	
monodentate	bix	from	the	kinetically	isolated	MOPs	creates	
a	 coordinatively	 vacant	 site	 and	 initiates	 self-assembly	
among	neighboring	MOPs	through	the	linking	of	ditopic	bix	
to	 form	nuclei	of	a	 few	interconnected	MOPs,	 followed	by	

 
Figure	1.	Strategy	to	achieve	temporal	and	spatiotemporal	control.	(a)	Schematic	view	of	the	molecular	structure	of	the	kinet-
ically	trapped	MOP,	(C12RhMOP)(bix)12,	where	the	twelve	metal	nodes	of	the	cage	are	coordinated	by	bix	molecules	in	a	mono-
dentate	fashion	(blue	filled	ring)	with	the	corresponding	simplified	representation	emphasizing	the	cuboctahedral	shape	of	the	
cage	(the	alkyl	chains	are	omitted	for	clarity).	The	addition	of	trifluoroacetic	acid	(TFA)	triggers	the	supramolecular	polymeri-
zation	reaction	and	the	formation	of	the	porous	colloidal	gel	network,	[(C12RhMOP)(bix)x]n.	(b)	Schematic	representation	of	
the	photopatterning	experiment	using	confocal	laser	scanning	microscopy	and	the	corresponding	supramolecular	polymeriza-
tion	reaction	when	irradiating	the	solution	of	the	aged	(C12RhMOP)(bix)12	solution	containing	pyranine	as	photoacid.	The	use	
of	TFA	or	pyranine	lead,	in	both	cases,	to	the	protonation	of	bix	molecules	(pink	filled	ring)	and	the	creation	of	labile	metal	sites	
(green),	which	initiates	self-assembly	among	neighboring	MOPs	through	the	linking	of	ditopic	bix	(orange).	



 

their	 fusion	into	colloidal	particles.	At	the	critical	gelation	
threshold,	the	colloids	aggregate	and	percolate	into	an	elas-
tic	colloidal	network,	yielding	a	supramolecular	gel,	1	(Fig-
ure	S1).		
The	Rh-based	MOP	is	relatively	stable	to	changes	 in	pH	

thanks	to	the	strong	coordination	bonds	between	the	car-
boxylate	 ligands	and	the	metal	nodes.38	Therefore,	we	hy-
pothesized	that	controlled	addition	of	acid	could	be	used	to	
target	 the	 dissociation	 of	 the	 Rh-N	 coordination	 bond,	
providing	an	additional	means	of	initiating	the	self-assem-
bly	of	the	MOPs	as	observed	for	biological	or	supramolecu-
lar	systems.	This	is	similar	to	the	chemically	induced	bond	
cleavage	 that	 trigger	 the	 assembly	 of	 supramolecular	 hy-
drogels.39		
Gel	formation	induced	by	trifluoroacetic	acid	(TFA).	

In	 an	 initial	 set	 of	 experiments,	 DMF	 solutions	 of	
(C12RhMOP)(bix)12	 (1.38	mM)	with	0.5,	1.0,	2.0,	6.0,	12.0	
and	 24.0	molar	 equivalents	 of	 TFA	were	 prepared	 (1a-f)	
and	the	self-assembly	process	was	monitored	by	TR-DLS.40	
From	these	data,	we	can	extract	(i)	the	gelation	threshold	
(tg)41	and	(ii)	the	characteristic	correlation	length	(𝜉*)42,	43	
of	the	colloidal	network,	yielding	insight	into	the	kinetics	of	
the	assembly	process	and	the	 final	architecture	of	 the	su-
pramolecular	gel,	respectively.	Figure	2a	shows	the	evolu-
tion	of	tg	as	a	function	of	the	TFA	added	to	solutions	of	the	

coordinatively	trapped	phase.	Once	polymerization	begins,	
the	MOPs	assemble	into	colloidal	particles,	reflected	by	an	
increase	 in	particle	 size	during	 the	course	of	 the	 reaction	
(Fig.	S2	top).	The	time	taken	for	the	sol-gel	transition	to	oc-
cur	was	deduced	from	the	plot	of	the	scattering	intensity	as	
a	function	of	time	(Figure	S2	bottom).	For	1a	(0.5	eq.	of	TFA),	
random	fluctuations	in	the	scattering	intensity	appear	at	77	
min,	corresponding	to	the	loss	of	particle	mobility	due	to	the	
formation	of	the	colloidal	network	and	the	immobilization	
of	 the	DMF	solvent.	As	TFA	content	 increases,	 the	time	to	
reach	the	onset	of	gelation	decreases	linearly,	which	is	as-
cribed	to	the	TFA	protonating	a	greater	number	of	bix	mol-
ecules	 and	 therefore	 creating	 a	 higher	 number	 of	 vacant	
sites	to	be	occupied	by	free	imidazole	moiety	of	monoden-
tate	bix	attached	to	neighboring	(C12RhMOP)(bix)12	mole-
cules	and	accelerate	the	gel	formation.		
The	 proposed	 reaction	 mechanism	 is	 confirmed	 by	 1H	

NMR	analysis	of	the	digested	gels	(Figure	S3).	The	gel	com-
position	[(C12RhMOP)(bix)x]n	 is	found	to	change	with	the	
molar	equivalent	of	TFA	added	 (Figure	2b,	black).	For	1a	
(0.5	eq.	of	TFA	added),	there	are	9.5	bix	molecules	per	MOP,	
of	which	2.5	are	crosslinked	and	7	are	monodentate.	Mean-
while,	for	1f	(24.0	eq.	of	TFA)	only	6.5	bix	are	present	in	the	
gel,	of	which	5.5	are	crosslinked	and	1	is	monodentate.	The	
change	in	the	gel	composition	is	associated	with	an	increase	
in	the	degree	of	crosslinking	between	MOPs,	which	is	tuned	
by	the	concentration	of	TFA	(Figure	2b,	blue;	the	crosslink-
ing	degree	calculation	is	detailed	in	the	SI).	To	support	the	
assertion	that	bix	is	removed	upon	addition	of	TFA,	a	con-
trol	 experiment	 was	 performed	 using	 pyridine.	 First,	 the	
bare	 MOP	 C12RhMOP	 in	 diethylformamide	 (DEF)	 was	 ti-
trated	 with	 pyridine.	 UV-visible	 spectroscopy	 measure-
ments	showed	that	the	initial	MOP	in	DEF	has	a	maximum	
absorbance	 (λmax)	 at	 592	 nm,	which	 is	 shifted	 to	 558	 nm	
once	 12	 equivalents	 of	 pyridine	 were	 added	 to	 form	 the	
molecule	C12RhMOP(pyr)12	(Figure	S4).	As	a	monodentate	
ligand,	pyridine	cannot	link	between	MOPs	upon	removal.	
Stepwise	addition	of	TFA	from	1	to	192	molar	equivalents	
led	to	a	red	shift	of	λmax	to	572	nm,	indicative	of	the	pyridine	
dissociation	from	the	axial	position	of	Rh	paddlewheel.	
Gel	architecture.	Because	the	structure	and	bulk	proper-

ties	of	supramolecular	materials	are	the	consequence	of	the	
self-assembly	process,	 the	 change	 in	 the	 reaction	kinetics	
observed	when	increasing	TFA	concentration	should	affect	
the	architecture	and	mechanical	properties	of	 the	gels.	As	
mentioned	above,	TR-DLS	can	be	used	to	extract	the	char-
acteristic	correlation	length	(𝜉∗;	the	fitting	procedure	is	de-
tailed	in	the	SI).	At	the	gelation	threshold,	𝜉∗	is	expected	to	
be	a	measure	of	the	average	size	of	the	colloidal	clusters	that	
have	 aggregated	 to	 form	 the	 gel	 network	 (Figure	 S5).	 In	
other	words,	this	can	also	be	approximated	to	the	density	of	
the	gel	network.44	𝜉∗	is	observed	to	decrease	exponentially	
with	increasing	TFA	concentration	from	0.5	to	24.0	equiva-
lents	(Figure	3a).	This	tendency	means	that	the	network	of	
colloidal	particles	becomes	denser	with	higher	concentra-
tions	of	TFA.	
The	gels	1a-f	were	converted	to	the	corresponding	aero-

gels	2a-f,	 after	 solvent	 exchange	with	 acetone	 over	 three	
days,	followed	by	drying	with	supercritical	CO2.	Field	emis-
sion	scanning	electron	microscopy	(FE-SEM)	images	of	the	

 
Figure	2.	Variation	of	(a)	the	gelation	threshold	tg,	(b)	the	
gel	 composition	 and	 crosslinking	degree	 as	 a	 function	 of	
TFA	 equivalent	 added	 to	 different	DMF	 solutions	 of	1a-f	
prepared	with	a	concentration	of	MOP	of	1.38	mM.	The	gel	
composition	 was	 obtained	 from	 1H	 NMR	 spectra	 of	 di-
gested	 samples	 in	 DMSO-d6/DCl.	 The	 dotted	 lines	 are	 a	
guide	for	the	eyes.	



 

aerogels	prepared	with	the	lowest	and	highest	TFA	concen-
trations	show	distinct	 topological	 features	(Figure	3b	and	
S9a).	On	the	top	left	image	of	Figure	3b,	2a	appears	as	a	light	
network	 of	 aggregated	 colloidal	 particles.	 In	 contrast,	 a	
denser	and	almost	fused	network	structure	is	found	for	2f	
as	expected	from	the	observations	made	from	the	evolution	
of	𝜉∗	with	TFA	 content	 (Figure	3b	 (vi)).	 Furthermore,	 the	
statistical	analysis	of	the	size	distribution	of	colloidal	parti-
cles	revealed	that	the	larger	colloidal	particles	form	with	in-
creasing	TFA	concentration	(26.8	±	4.7	nm	for	2a	and	40.3	
±	7.7	nm	for	2f,	Figure	3a,	blue;	Figure	S9b).	This	means	that	
for	samples	1e	and	1f,	fewer	colloidal	particles	are	present	
in	 the	system,	which	should	 induce	a	shrinkage	of	 the	gel	
volume	compared	to	samples	with	 lower	TFA	content.	 In-
deed,	photography	of	 the	 samples	1e-f,	 prepared	with	12	
and	24	TFA	equivalent,	presented	a	decrease	in	the	gel	vol-
ume	(~1.2	cm3),	while	1a-d	maintained	the	initial	volume	
of	solution	(2.0	cm3);	1e-f	showed	the	phase	separation	be-
tween	the	gel	part	on	the	bottom	and	the	remaining	solvent	
part	on	the	top	(Figure	S10).	These	results	are	 in	striking	
contrast	to	the	constant	size	of	the	colloidal	particles	(~30	

nm)	observed	when	studying	the	effect	of	the	concentration	
of	 MOPs	 on	 the	 kinetics	 and	 architecture	 of	 the	 gel	 for-
mation.37	In	the	present	case,	the	change	in	the	MOP	mono-
mer	composition,	as	a	result	of	the	increase	in	concentration	
of	TFA,	leads	to	larger	colloidal	particles.	The	difference	is	
explained	by	the	nucleation	and	elongation	model,	in	which	
separation	of	both	steps	is	key	to	control	the	resulting	par-
ticle	 size	 observed	 during	 supramolecular	 polymeriza-
tion.32,	45	Indeed,	increasing	the	concentration	of	TFA	results	
in	fewer	bix	molecules	coordinated	per	MOP	(1f	=	6.5	bix	
compared	to	1a	=	9.5	bix),	leading	to	fewer	nuclei	formed	
and	thus	larger	colloids.	In	addition,	the	rather	compact	col-
loidal	clusters	formed	for	samples	1e-f,	as	observed	in	SEM	
images	and	reflected	by	the	decreased	characteristic	corre-
lation	 length,	are	attributed	to	 the	 increase	of	 the	volume	
fraction	of	particles	due	to	the	decrease	of	the	gel	volume.	
Mechanical	properties.	The	change	in	the	chemical	com-

position	 and/or	 architecture	 of	 various	materials	 such	 as	
gels,46,	47	polymer	networks,48	and	spider	silks49	are	known	
to	 have	 a	 direct	 effect	 on	 their	 mechanical	 properties.	
Therefore,	measurements	of	 the	 storage	and	 loss	Young's	
compression	modulus,	E′	and	E″,	respectively,	were	carried	
out	as	a	function	of	the	oscillatory	deformation	frequency	ω,	
at	a	fixed	strain	amplitude	(1%)	within	the	linear	viscoelas-
tic	regime.	Over	the	entire	frequency	range,	these	values	are	
essentially	 constant	 and	E′	 is	 approximately	 one	order	of	
magnitude	higher	than	E″,	confirming	that	the	samples	be-
have	as	elastic	solids	(Figure	S11).		
The	 large	 deformation	 behavior	 and	 the	 resistance	 to	

elastic	deformation	of	the	fully	matured	gel	samples,	1a–f,	
were	 characterized	by	uniaxial	 compression	 tests.	 Stress-
strain	curves	show	four	characteristic	regimes	(Figure	4a).	
First,	a	linear	elastic	regime	is	observed	at	low	strain	(ε	<	
15%),	in	which	the	materials	deform	elastically	and	can	re-
turn	to	their	original	shape	when	the	applied	stress	 is	re-
moved.	In	this	regime,	the	compressive	elastic	modulus	(E)	
can	be	extracted	 from	 the	 slope	of	 the	 linear	 fits.	Then,	 a	
plateau	regime	occurs	for	15	<	ε	<	40%.	The	transition	be-
tween	the	two	regimes	is	characterized	by	the	yield	point,	
which	 indicates	 the	 limit	between	the	elastic	deformation	
and	the	beginning	of	plastic	behavior.	Figure	4b	shows	the	
plot	of	the	compressive	elastic	modulus	(E)	as	a	function	of	
TFA	equivalent	added	to	the	samples.	When	increasing	the	
TFA	content	for	the	samples	1a-f,	the	elastic	modulus,	the	
yield	strain	and	stress	decrease	(Figure	4b	inset),	indicating	
a	reduction	in	the	resistance	of	the	materials	to	permanent	
deformation.50	 Indeed,	as	for	zirconia,	alumina	and	Kaolin	
colloidal	 systems,	 it	 is	 expected	 that	 the	 yield	 point	 de-
creases	as	the	particle	size	of	the	suspension	increases.51,	52	
After	 the	 plateau	 regime	 (ε	 >	 40%),	 strain	 hardening	 (or	
densification)	is	observed	as	the	stress	rises	steeply.	In	this	
regime,	the	strengthening	of	the	gel	samples	by	plastic	de-
formation	occurs	as	a	consequence	of	the	colloidal	gel	net-
works	 rearrangement.	 Finally,	 above	 ~80%	 strain,	 the	
stress	drops	suddenly,	which	is	characteristic	of	the	gel	frac-
ture.	Samples	with	lower	TFA	content	are	more	ductile	and	
can	undergo	increased	plastic	deformation	before	breaking	
as	seen	from	the	maximum	stress	and	strain	reached	for	1a	
compared	to	1f	(1.8	×105	Pa,	90.4%;	and	3.8	×104	Pa,	84.2%,	
respectively).	This	is	confirmed	from	the	direct	observation	

 
Figure	3.	(a)	Effect	of	the	TFA	equivalents	added	to	differ-
ent	coordinated	trapped	phases	on	the	characteristic	cor-
relation	length.	(b)	FE-SEM	images	of	the	aerogels	2a-f	pre-
pared	from	lowest	to	highest	TFA	concentration.	The	scale	
bars	are	100	nm.	The	dotted	lines	are	a	guide	for	the	eyes.	



 

of	 the	 inverted	 gels,	which	 shows	 the	 gels	 prepared	with	
12.0	and	24.0	eq.	of	TFA	to	be	more	brittle	(Figure	S12).	
The	 rheology	 experiments	 showed	 that	 increasing	 the	

TFA	content	in	the	samples	reduces	the	range	of	stress	and	
strain	where	the	gels	behave	elastically	as	shown	by	the	de-
crease	of	the	elastic	modulus	and	the	yield	strength.	These	
results	can	be	attributed	to	a	reduction	in	the	bonding	force	
between	 colloidal	 particles	 (F).	 The	 force	 F	 is	 correlated	
with	the	yield	stress	(σy)	at	which	a	colloidal	network	begins	
to	 break	 and	 the	 characteristic	 correlation	 length	 (𝜉∗)	
through:53		

𝐹 ≌
𝜎!	𝜉∗#

𝑎 	

where	𝑎	is	the	colloid	size.	The	stress	σy	and	𝜉∗	decrease	and	
a	 increase	 upon	 increasing	 the	 TFA	 concentration.	 The	
equation	above	shows	that	all	these	variations	result	in	a	re-
duction	in	F.	In	addition,	at	the	mesoscale,	the	connectivity	
between	colloidal	particles	through	monodentate	bix	at	the	
surface	of	the	colloids	is	hypothesized	to	be	almost	non-ex-
istent	because	the	majority	of	the	bix	molecules	in	samples	

1e	and	1f	are	involved	in	crosslinking	the	MOPs	as	biden-
tate	ligands	as	seen	in	Figure	2b.	This	explains	why	the	gels	
become	more	brittle	with	increased	TFA	content.	
N2	and	CO2	adsorption	experiments	subsequent	to	activa-

tion	at	120	°C	for	12h,	performed	on	aerogels	of	2a-f	at	77	
K	and	195	K,	respectively,	show	that	the	intrinsic	porosity	
of	the	MOP	cages	is	still	accessible,	indicating	the	preserva-
tion	of	the	cage	structure	even	after	assembly	into	3D	col-
loidal	networks	(Figure	S13).	The	maximum	CO2	uptakes	re-
main	 within	 a	 similar	 range	 of	 30-35	 mol	 CO2/mol	 of	
C12RhMOP	at	P/P0	=	0.95	for	all	of	the	aerogels	(Figure	S13a).	
However,	 increasing	 the	 concentration	 of	 TFA	 causes	 a	
slight	 decrease	 in	 the	 N2	 uptake	 (Figure	 S13b)	 in	 the	
meso/macroporous	range	(0.2	<	P/P0	<	1.0),	attributed	to	
the	increased	density	of	the	aerogel	networks,	which	leads	
to	a	reduction	of	macroporosity.	
Photoacid	 generator	 and	 gel	 patterning.	 Having	

demonstrated	that	the	addition	of	acid	could	be	used	to	in-
duce	gelation,	we	sought	to	couple	this	behavior	with	irra-
diation,	 which	would	 enable	 highly	 localized	 polymeriza-
tion.	Irradiation	of	the	photoacid	8-hydroxypyren-1,3,6-tri-
sulfonic	acid	(pyranine)	has	been	shown	to	locally	change	
pH	due	to	a	decrease	in	pKa	from	7.3	to	1.4,	which	can	trig-
ger	self-assembly	processes.54-56	The	UV-visible	spectrum	of	
pyranine	 shows	 an	 absorption	 band	 in	 the	 UV	 region	
(λmax~400	nm)	that,	when	irradiated,	can	induce	the	photo-
dissociation	of	a	proton,	leading	to	the	formation	of	the	con-
jugated	photobase	(Figure	S14a).57	Initial	experiments	with	
pyranine	 dispersed	 in	 the	 gelation	 mixture	 showed	 that	
concentrations	of	pyranine	of	2	eq.	induced	gelation	spon-
taneously,	which	was	undesirable.	In	order	to	clearly	imple-
ment	a	 light-induced	gelation	process,	a	 lower	concentra-
tion	of	pyranine	(0.1	eq)	was	added	to	a	solution	of	1.38	mM	
of	(C12RhMOP)(bix)12	 in	a	dark	room,	 leading	to	gelation	
after	446	min.	In	contrast,	when	irradiating	the	solution	in-
side	 the	DLS	apparatus	using	a	 xenon	 light	 source	with	a	
405	nm	bandpass	filter,	random	fluctuations	in	the	scatter-
ing	intensity	appear	after	124	min,	indicative	of	the	sol-gel	
transition	(Figure	5,	red;	Figure	S14b).	To	demonstrate	the	
direct	effect	of	 light	on	the	kinetics	of	the	supramolecular	
polymerization,	the	same	experiment	was	carried	out	with	
a	delay	of	30	min	between	the	start	of	the	TR-DLS	measure-
ment	 and	 the	 commencement	 of	 in	 situ	 light	 irradiation	
(Figure	5,	blue).	The	gelation	threshold	obtained	from	the	
scattering	intensity	(156	min)	shows	a	delay	of	around	30	
mins	compared	to	the	previous	experiment,	demonstrating	
that	light	can	enhance	the	reaction	kinetics	via	the	excited	
state	proton	transfer	of	pyranine	to	the	solvent	and/or	to	
the	ditopic	basic	ligands	in	a	similar	mechanism	to	the	one	
observed	with	TFA	(Figure	5,	black).		
While	 the	use	of	TFA	to	 induce	gelation	will	depend	on	

diffusion	of	the	acid	throughout	the	matrix,	the	use	of	light	
offers	a	greater	degree	of	spatial	control.	To	investigate	this	
possibility,	confocal	laser	scanning	microscope	(CLSM)	with	
a	405	nm	laser	was	used	to	better	control	pattern	formation.	
A	lower	amount	of	pyranine	(0.033	eq.)	was	added	to	a	so-
lution	of	1.1	mM	of	 (C12RhMOP)(bix)12	 in	 order	 to	mini-
mize	ambient	light	triggering	the	gel	formation	in	the	CLSM	
experimental	set-up.	Without	light	irradiation,	TR-DLS	anal-
ysis	of	the	solution	shows	that	32	hours	are	necessary	for	
gelation	(Figure	6b),	indicating	the	long-term	stability	of	the	

	

Figure	 4.	 (a)	 Compression	 stress-strain	 curves	 and	 (b)	
elastic	modulus,	E,	of	the	matured	gels	1a-f	showing	the	ef-
fect	of	TFA	content	on	the	mechanical	response	of	the	gels.	
The	inset	in	Figure	4a	offers	a	closer	view	of	the	low	stress-
strain	region.	The	inset	in	Figure	4b	shows	the	evolution	of	
the	yield	strain	and	stress	as	a	function	of	TFA	concentra-
tion.	The	solid	and	dotted	lines	are	a	guide	for	the	eyes.	



 

solution.	For	this	purpose,	aliquots	of	the	solution	were	col-
lected	at	two	different	points	of	the	reaction,	after	60	min	
(Stage	I)	and	20	h	(Stage	II),	and	these	fractions	were	irra-
diated	under	the	CLSM	with	the	405	nm	laser	for	30	min	to	
form	a	‘smiley’	pattern.	At	Stage	I,	which	corresponds	to	the	
nucleation	step	of	the	supramolecular	polymerization	reac-
tion,	the	sample	shows	a	low	amount	of	gel	formed	and	the	
pattern	was	barely	visible	(Figure	6a,	left	inset	picture).	In	
contrast,	at	Stage	II,	which	corresponds	to	the	colloid	for-
mation,	clearly	showed	the	patterned	“smiley”	gel	(Figure	
6a,	right	insert	picture).	Therefore,	the	timing	of	the	light	ir-
radiation	during	the	reaction	is	important,	and	the	solution	
must	be	aged	until	the	fusion	of	nuclei	of	MOP	network	into	
colloidal	particles	(~20-30	nm)	before	applying	the	light	ir-
radiation	in	order	to	obtain	a	spatially	well-defined	gel.	To	
rule	out	the	possibility	that	irradiation	causes	local	heating	
which	 triggers	gelation,	a	control	 sample	of	 the	coordina-
tion-trapped	phase	without	pyranine	was	irradiated	for	30	
min;	however,	no	gelation	was	observed	(Figure	S15a	and	
b).	Optimization	of	the	experimental	parameters	of	the	con-
focal	microscope	 showed	 the	 best	 performance	 to	 be	 ob-
tained	with	a	scan	speed	of	1	mm/100	s	and	a	magnification	
of	20x,	in	order	to	form	sharp	and	continuous	line	(Figure	
6c).	With	the	finely	tuned	CLSM,	we	were	able	to	pattern	the	
gel	to	form	the	kanji	“Hikari”,	which	means	light	in	Japanese	
(Figure	6d).		
Conclusion		

In	porous	materials	like	MOFs,	physical	and	chemical	stim-
uli	 are	 known	 to	modulate	 the	 self-assembly	 process	 be-
tween	organic	ligands	and	metal	ions,	which	affect	the	size,	
crystallinity,	porosity,	defect	and	surface	chemistry	of	 the	
extend	network	formed.58	Here	we	have	demonstrated	that	
the	supramolecular	polymerization	reaction	to	fabricate	po-
rous	soft	materials	can	be	chemically	 triggered	by	adding	
trifluoroacetic	 acid	 (TFA)	 in	 the	 solution	 of	
(C12RhMOP)(bix)12,	 while	 changing	 the	 concentration	 of	

TFA	 allows	 temporal	 control	 over	 the	 reaction	 kinetics.	
From	the	characterization	techniques,	we	conclude	that	in-
crease	of	TFA	concentration	leads	to	faster	polymerization	
reaction	due	to	an	increased	number	of	vacant	coordination	
sites	on	MOPs,	resulting	in	a	faster	nucleation	and	growth	of	
colloids.	In	addition,	the	decreased	number	of	bix	per	MOP	
with	 increasing	 TFA	 concentration	 leads	 to	 fewer	 nuclei	
formed	 and	 thus	 increased	 colloidal	 particle	 size.	 On	 the	
other	hand,	the	macroscopic	behavior	of	the	gel	is	the	result	

 
Figure	5.	Evolution	of	the	scattering	intensity	as	a	function	
of	 the	reaction	 time	of	1.38	mM	solutions	of	coordinated	
trapped	MOP	containing	0.1	eq.	of	pyranine	(a)	without	ir-
radiation	(black	squares),	(b)	with	irradiation	and	(c)	with	
irradiation	started	30	min	after	 the	beginning	of	 the	DLS	
measurements.	Xenon	lamp	with	a	405	nm	filter	was	used	
as	light	source.	

	

Figure	6.	Evolution	of	(a)	the	particle	size,	diffusion	coeffi-
cient	and	(b)	scattering	intensity	as	a	function	of	time	of	the	
1.1	mM	solutions	of	the	coordinated	trapped	MOP	contain-
ing	0.033	eq.	of	pyranine.	The	light	irradiation	of	the	sam-
ple	at	stage	I	(60	min)	and	II	(20	h)	are	represented	by	the	
blue	area	associated	with	the	corresponding	photography	
of	the	patterned	gels.	Photography	of	the	gel	formed	after	
irradiating	 an	 aged	 solution	 of	 kinetically	 trapped	 phase	
containing	0.033	eq.	pyranine	with	a	confocal	microscope	
showing	(c)	the	optimization	of	the	parameters	of	the	con-
focal	microscope	using	a	scan	speed	and	lens	focal	of	(1)	1	
mm/100	s	and	10x	lens,	(2)	1	mm/12	s	and	10x	lens,	(3)	1	
mm/100	s	and	20x	lens,	and	(4)	1	mm/100	s	and	100x	lens.	
(d)	Shaped	gel	 in	the	Japanese	kanji	 ‘Hikari’	 formed	after	
irradiating	the	solution	with	the	optimized	parameters	of	
the	confocal	microscope.	The	petri	dishes	have	a	diameter	
of	6	in	figure	6a	and	c	and	4.5	cm	in	figure	6d.	



 

of	the	denser	network,	which	is	explained	by	the	larger	col-
loidal	particles	and	the	reduced	volume	of	gel	leading	to	the	
formation	of	more	brittle	gels	as	seen	for	1e-f.		
While	heat	 triggers	gelation,	 it	provides	 little	control	of	

the	composition,	architecture	and	mechanical	properties	of	
the	MOP-based	gel.	Spatial	control	is	also	limited	due	to	heat	
dissipation.	In	contrast,	light	offers	the	possibility	to	selec-
tively	 and	 spatially	 trigger	 the	 chemical	 assembly/disas-
sembly	of	various	supramolecular	systems.59-61	By	dispers-
ing	a	photo-acid	in	the	gelation	mixture,	we	were	able	to	use	
light	to	remotely	activate	kinetically	controlled	self-assem-
bly	pathways,	and	at	the	same	time	precisely	localize	gela-
tion	of	supramolecular	polymers.	This	spatiotemporal	con-
trol	of	assembly	could	enable	the	integration	of	MOP-based	
soft	matter	in	devices	for	applications	such	as	sensing,	sep-
aration,	and	catalysis	as	observed	for	MOFs.62,	63	
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Experimental	
Materials		
All	chemical	reagents	and	solvents	were	purchased	(Wako,	Japan)	and	used	without	further	
purification.	 The	 detailed	 protocols	 for	 ligand	 and	 crosslinker	 synthesis	 can	 be	 found	
elsewhere.1		
	
Synthesis	of	C12RhMOP	
The	cuboctahedral	MOP	cage	was	synthesized	as	reported	previously.2,	3		
	
Synthesis	of	the	kinetically	trapped	phase,	(C12RhMOP)(bix)12	
The	metastable	state	of	the	MOP	was	synthesized	by	solubilizing	C12RhMOP	in	1.5	mL	of	DMF	
at	80°C.	The	solution	was	added	to	12	mol.	eq.	of	1,4-bis(imidazole-1-ylmethyl)benzene	(bix)	
in	1.5	mL	at	80	°C	followed	by	a	rapid	cooling	to	room	temperature	in	order	to	from	isolated	
MOP	molecules	 with	 the	 composition	 of	 (C12RhMOP)(bix)12.	 The	 solutions	 of	 kinetically	
trapped	MOP	were	prepared	at	a	concentration	of	1.38	mM	for	TFA	experiments	and	1.1	mM	
for	photoacid	experiments.		
	
Synthesis	of	supramolecular	colloidal	gel	with	TFA	(1)	
The	gels	were	formed	by	putting	3	mL	of	the	kinetically	trapped	phase,	(C12RhMOP)(bix)12,	
into	a	vial.	Then,	0.5,	1,	2,	6,	12	and	24	equivalents	of	TFA	were	added	to	the	solution	and	
quickly	homogenized	by	shaking.	The	violet	and	transparent	gels,	1a-f,	are	formed	after	few	
hours	 at	 room	 temperature	 due	 to	 the	 formation	 of	 the	 colloidal	 network	 and	 the	
immobilization	of	the	DMF	solvent	through	capillary	forces	and	surface	tension.		
	
Aerogel	preparation	(2)	
The	gel	samples	were	first	washed	with	DMF	and	then	exchanged	with	fresh	acetone	for	3	
days.	The	supercritical	CO2	drying	process	of	the	gels,	to	form	the	aerogels,	was	carried	out	
on	a	SCLEAD-2BD	autoclave	(KISCO)	using	super-critical	CO2	at	14	MPa	and	50	°C	to	give	2a,	
2b,	2c,	2d,	2e,	and	2f.	
	
Gels	characterization		
The	rheological	measurements	of	 the	gels	were	made	using	a	stress-controlled	AR-G2	(TA	
Instruments,	New	Castle,	DE,	USA)	rheometer.	The	measurements	were	conducted	with	a	1%	
strain	amplitude	that	was	well	inside	the	linear	regime.		
	
Gelation	was	performed	in	a	syringe	during	the	same	day	prior	rheological	measurement	in	
order	to	minimize	solvent	evaporation	by	adding	0.5,	1,	2,	6,	12	and	24	equivalents	of	TFA	
into	a	1.38	mM	solution	of	the	kinetically	trapped	phase	(C12RhMOP)(bix)12	to	give	the	gels	
1a-f	during	the	course	of	few	hours.	After	the	reaction,	the	gel	was	removed	from	the	syringe	
and	the	viscoelastic	properties	were	directly	measured.	
	
The	particle	size,	collective	diffusion	(𝐷),	time-averaged	autocorrelation	function	(ICF)	and	
scattering	 intensity	 ( ⟨𝐼⟩! )	 were	 measured	 using	 time-resolved	 dynamic	 light	 scattering	
(TRDLS)	performed	on	a	Zetasizer	Nano	ZS	instrument	(Malvern	Instruments,	Malvern,	UK).	
The	light	source	was	a	HeNe	laser	working	at	λ	=	633	nm.	The	observations	were	made	at	the	
backscattering	angle	θ	=	173	°.	The	time	dependence	of	the	particle	size,	⟨𝐼⟩! 	and	ICF,	during	
gelation	process	of	 freshly	prepared	solution	(1	mL)	of	samples	1a,	1b,	1c,	1d,	1e,	1f	was	
evaluated	at	25	±	0.5	°C	for	few	hours.	Every	3	min,	the	data	of	10	independent	measurements	
over	 12	 s	 were	 averaged.	 Note	 that	 the	 data	 thus	 obtained	 represent	 time-averaged	
characteristics	where	only	one	position	of	the	sample	is	probed.	The	appearance	of	random	
variation	in	the	scattering	intensity	is	a	clear	indication	of	the	gelation	threshold,	tg.4	At	this	



stage,	the	diffusion	becomes	null	rendering	impossible	for	the	DLS	spectrometer	to	perform	
reliable	measurement	(Figure	S2,	gray	region).	
After	 gelation,	 the	 system	becomes	 nonergodic	 and	 the	 ICF	 becomes	 dependent	 upon	 the	
sample	position.	However,	when	using	 long	enough	data	 collection	 time,	 a	 relative	 spatial	
homogeneity	 just	 after	 the	 gelation	 threshold	 can	 be	 assumed	 by	 considering	 the	
heterogeneities	to	be	partially	frozen-in	and	having	still	some	mobility.		
	
Aerogels	characterization	
N2	and	CO2	gas	sorption	isotherms	of	the	aerogels	2a-f	were	recorded	on	a	BELSORP-mini	
volumetric	adsorption	instrument	from	BEL	Japan	Inc.	at	77	K	and	195	K	respectively.	Prior	
to	gas	sorption	measurement,	the	samples	were	activated	at	120	°C	for	12	h.	
	
Aerogel	 samples	were	 observed	using	 a	 field-emission	 scanning	 electron	microscope	 (FE-
SEM)	with	a	JEOL	Model	JSM-7001F4	system	operating	at	10	kV	and	5	mA	current.		
	

1H-NMR	spectra	were	recorded	on	a	Bruker	Biospin	DRX-600	(600	MHz)	spectrometer.	For	
1H-NMR	analysis,	5	mg	of	aerogel	samples	were	digested	in	a	mixture	of	DMSO-d6	(750	μl)	
and	DCl	(50	μl).	The	mixture	was	heated	at	100	°C	overnight	to	obtain	a	yellow	solution.	The	
gel	composition	is	determined	from	the	1H	NMR	spectra	of	the	digested	sample	by	setting	the	
integral	of	the	protons	to	correspond	to	the	one	of	the	MOP	linkers,	which	are	then	compared	
to	the	protons	of	the	bix	molecules	(Figure	S3).	For	all	samples,	the	integral	of	the	proton	1,	
corresponding	to	the	-CH3	of	the	alkyl	chain	of	the	linker,	is	set	to	3	and	the	value	of	the	proton	
e	 of	 the	 bix	 molecule	 is	 chosen	 for	 the	 determine	 of	 the	 composition	 as	 follow	 nbix	 =	
(integration	value	of	proton	e	/	2)	x	24	
	
The	crosslink	degree	was	determined	as	follow:	
CLD	(%)	=	(number	of	bidentate	bix)/(total	amount	of	bix)	x	100	
The	 total	 amount	 of	 bix	 is	 directly	 determined	 from	 the	 1H	NMR	 spectra	 of	 the	 digested	
aerogels.	
	
Synthesis	of	supramolecular	colloidal	gel	with	pyranine	

In	a	dark	room	0.1	eq.	or	0.033	eq	of	a	DMF	solution	of	Pyranine	(1.67	mM)	was	added	to	a	solution	
of	(C12RhMOP)(bix)12	(1.1	mM)	and	quickly	vortexed.		

For	TR-DLS	measurements,	an	Asahi	Spectra	Compact	Xenon	Light	source	MAX-303	with	a	405	nm	
bandpass	filter	was	used	to	irradiate	in	situ	the	solution	of	(C12RhMOP)(bix)12	and	0.1	eq	of	pyranine	
with	a	cardboard	surrounding	to	limit	the	exposure	to	other	light	sources.	

Localized	gelation	experiments	(patterning)	were	performed	using	the	405	nm	Laser	on	an	Olympus	
Confocal	 Laser	 Scanning	 Microscope	 FV1000.	 Spatial	 control	 was	 achieved	 by	 movement	 of	 the	
motorized	microscope	table	with	a	minimum	speed	of	10	μm.s-1.		

	 	



	

	 	

 

Figure S1. Mechanism of the supramolecular polymerization reaction leading to the formation of a 
colloidal gel network, 1. The reaction can be triggered either by heating at 80 °C, changing the pH, or 
irradiating with light in presence of a photoacid the solution of the coordinatively trapped phase, 
(C12RhMOP)(bix)12. 



	

	

	

	

	 	

 

Figure S2. Gel formation of 1a-f followed by time-resolved dynamic light scattering technique (TR-DLS) 
at room temperature showing the evolution of the particle size (upper part) and scattering intensity 
<I>T (lower part) as a function of the reaction time when a) 0.5, b) 1, c) 2, d) 6, e) 12, and f) 24 molar 
equivalent of TFA were added to a solution of the coordinatively trapped phase, (C12RhMOP)(bix)12, 
in DMF (1.38 mM) 



	 	

 

Figure S3. 1H NMR of the digested samples 1a-f in DMSO-d6/DCl prepared with a) 0.5, b) 1, c) 2, d) 6, 
e) 12, and f) 24 molar equivalents of TFA. 



	 	

 

Figure S4. UV-visible spectra of the titration experiment of (C12RhMOP)(pyr)12 with 1 to 192 molar 
equivalents of TFA performed in diethylformamide (DEF). The bare C12RhMOP shows a maximum 
wavelength at 592 nm (black) which is shifted to 558 nm once fully coordinated with pyridine (red) to 
give (C12RhMOP)(pyr)12.  



Theory	background	of	dynamic	light	scattering	(DLS)	

In	DLS,	the	time-intensity	correlation	function	(ICF)	allows	the	time	dependence	of	the	diffusion	of	
the	scattering	elements	in	the	presence	of	noise	to	be	extracted.	The	function	represents	the	delay,	
in	μs,	necessary	for	the	diffusion	speed	of	scattering	particles	to	decay	after	interacting	with	incident	
light.	In	the	solution	state	the	ICF	is	best	described	by	the	sum	of	a	single	and	stretched	exponential	
functions:	

𝑔(#)(𝜏) − 1 = 	𝜎%# .𝐴𝑒&'( (!⁄ * + (1 − 𝐴)𝑒'(( ("⁄ )#2
#
			(1)	

𝜎%#	is	the	initial	amplitude	of	ICF	with	values	close	to	the	instrumental	coherence	factor	(usually	≈1).	
During	the	gelation	process,	the	system	tends	towards	nonergodicity	resulting	in	a	decrease	in	𝜎%#.	A	
(0	<	A	<	1)	is	the	fraction	of	the	collective	diffusion	mode.	𝛽	(0	<	𝛽	<	1)	is	the	stretched	exponent	and	
reflects	 the	 distribution	 of	 relaxation	 times	 of	 the	 slow	 mode.	 𝜏+ 	and	 𝜏, 	are	 the	 characteristic	
relaxation	times	of	the	fast	and	slow	modes	respectively.	𝜏+	is	also	called	the	gel	mode	and	is	related	
to	the	collective	diffusion	of	local	motions,	Dcol,	by:	

𝜏+ = 1 (𝑞#𝐷-./)⁄ 		(2)	
with	q	the	wave	vector	defined	as:	

𝑞 =
4𝜋𝑟0
𝜆

𝑠𝑖𝑛(𝜃 2⁄ )						(3)	

where	𝑟0 	is	the	refractive	solvent	index,	𝜆	is	the	incident	wavelength	and	𝜃	is	the	angle	at	which	the	
detector	 is	 placed.	 Here,	 the	 detector	 position	 is	 fixed	 at	 173	 °	 (backscattering	mode)	 to	 reduce	
multiple	scattering.	

The	 collective	 diffusion	Dcol	 is	 also	 related	 to	 the	 correlation	 length	 through	 the	 Stokes-Einstein	
equation:	

𝜉 =
𝑘1𝑇

6𝜋𝜂𝐷-./
			(4)	

with	𝑘1	the	Boltzmann	constant,	𝑇	the	temperature	and	𝜂	the	viscosity	of	the	solvent.	In	polymer	gel	
systems,	the	correlation	length	corresponds	to	the	distance	between	two	cross-linked	sites	and	is	
equivalent	in	our	colloidal	gel	system	to	the	distance	between	two	branching	units.	

Insight	into	the	colloidal	network	architecture	can	be	obtained	from	the	correlation	length	𝜉,	which	
reflects	the	evolution	of	the	formation	of	colloidal	clusters	as	a	function	of	the	reaction	time.5	In	the	
solution	phase,	𝜉	is	obtained	by	fitting	the	intensity-correlation	function	(ICF)	by	a	sum	of	single	and	
stretched	exponentials	(Figure	S6	and	S7).4	Among	the	fitted	parameters,	the	relaxation	time	of	the	
fast	components	𝜏𝑓	is	related	to	𝜉	through	the	Stokes-Einstein	equation.6	The	values	of	𝜉	is	found	to	
diverge	just	before	the	sol-gel	transition	(Figure	S8)	for	all	samples.	Indeed,	as	the	concentration	of	
individual	clusters	increase,	they	begin	to	overlap	and	aggregate	to	form	a	continuous	network.	

	

	



	 	

 

Figure S5. Schematic representation of the evolution of the size of colloidal particles, network 
density and the characteristic correlation length (𝜉*) with increasing the concentration of TFA. 



	

	 	

 

Figure S6. Evolution of the ICF of 1a-f as a function of the delay times for different reaction times of 
the solution of the kinetically trapped phase, (C12RhMOP)(bix)12, prepared with (a) 0.5 eq, (b) 1.0 eq., 
(c) 2.0 eq, (d) 6.0 eq., (e) 12.0 eq and (f) 24.0 eq. of TFA at room temperature. The dotted lines 
represent the fit of ICF at different reaction times using equation 1. 



	

	 	

 

Figure S7. Evolution of the fast (𝜏+) and slow (𝜏,) relaxation time modes, obtained from the fitting of 
the ICF with equation 1, as a function of the reaction time for 1.38 mM of (C12RhMOP)(bix)12 samples 
prepared with (a) 0.5 eq, (b) 1.0 eq., (c) 2.0 eq, (d) 6.0 eq., (e) 12.0 eq. and (f) 24.0 eq. of TFA. 



	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	 	

 

Figure S8. Variation of the correlation length of 1a-f as a function of the reaction time for 1.38 mM of 
(C12RhMOP)(bix)12 samples prepared with (a) 0.5 eq, (b) 1.0 eq., (c) 2.0 eq, (d) 6.0 eq., (e) 12.0 eq. and 
(f) 24.0 eq. of TFA at room temperature. 

 



	

	 	

 

Figure S9. a) FE-SEM images and (b) the corresponding size distribution of colloid particles determined 
for the aerogel 2a-f prepared with (i) 0.5 eq, (ii) 1.0 eq., (iii) 2.0 eq, (iv) 6.0 eq., (v) 12.0 eq. and (vi) 24.0 
eq. of TFA. The scale bars are 100 nm. The size distributions were obtained from the measurement of 
150-160 particle sizes on at least three distinct FE-SEM images for each sample.  



	

	 	

 

Figure S10. Photography of (a) the gels 1a-f prepared with different equivalent of TFA at room 
temperature showing the reduction of the gel volume at high TFA content as highlighted by the white 
dotted line. The scale bar is 1 cm. 



	

	 	

 

Figure S11. Storage and loss Young's modulus, E’ and E’’, of the gel 1a-f and the gel prepared without 
acid as a function of the oscillatory deformation frequency ω, at a fixed strain amplitude (1%) within 
the linear viscoelastic regime. 



	

	 	

 

Figure S12. Photography demonstrating, with the inverted test, the gel state of the samples 1a-f 
prepared with different molar equivalents of TFA. Gels 1e and 1f appear to be more brittle than the 
one prepared with lower TFA concentration. The scale bar is 2 cm. 



	

	 	

 

Figure S13. (a) N2 uptake (77 K) and (b) CO2 uptake (195 K) for aerogel samples 2a-f prepared with 
different molar equivalents of TFA.  



	

	 	

 

Figure S14. a) Uv-visible absorption spectrum of pyranine. Insert showing the reaction of the 
dissociation of pyranine into a proton and formation of the conjugated photobase upon light 
irradiation in the UV region. b) Modified setup of the dynamic light scattering (DLS) machine in order 
to perform in situ light irradiation of the sample during time-resolved DLS measurement 
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Figure S15. Photography showing the experimental setup of the confocal laser scanning microscope 
(CLSM) and a 1.1 mM solution of the kinetically trapped phase (C12RhMOP)(bix)12 without pyranine a) 
before and b) after irradiation for 30 min with a 405 nm laser. No gel was formed ruling out 
subsequent thermal effect. The petri dish has a diameter of 6 cm. 
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