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The	 isolation	 in	 large	amounts	of	high-quality	 flakes	of	2D	MOFs	
remains	a	challenge.	In	this	work,	we	develop	a	liquid	exfoliation	
procedure	 to	 obtain	 nanosheets	 for	 a	 whole	 family	 of	 Fe-based	
magnetic	 MOFs,	 MUV-1-X.	 High-quality	 crystalline	 layers	 with	
lateral	 sizes	 of	 8	 µm	 and	 thicknesses	 of	 4	 nm,	 which	 keep	 the	
structural	integrity	and	magnetic	properties,	are	obtained.	
	
Since	the	discovery	of	graphene,	other	layered	materials	formed	

by	one	or	few	atomically-thin	 layers	(aka.	2D	materials)	have	been	
isolated.1,2	 In	 this	context,	2D	MOFs	are	emerging	as	an	 important	
class	of	2D	materials	of	current	interest,3	in	different	areas	such	as	
catalysis,4	 membranes,5	 energy,6	 electronics,7	 or	 magnetism.8	 In	
magnetism	 for	 example,	 these	 2D	 MOFs	 have	 shown	 to	 provide	
unique	 examples	 of	 magnetic	 layers	 which,	 in	 contrast	 to	 the	 2D	
inorganic	analogues,9	are	chemically	stable	and	more	versatile	from	
the	point	of	view	of	their	functionalization.10-12	
	Both	 top-down	—involving	 the	exfoliation	of	 crystalline	 layered	

materials13—	 and,	 to	 a	 less	 extent,	 bottom-up	 methodologies	 —
involving	 a	 direct	 synthesis	 of	 the	 2D	 material	 from	 molecular	
precursors14—	have	been	used	to	obtain	2D	MOFs.	Within	the	group	
of	 top-down	 methodologies,	 two	 different	 techniques	 have	 been	
developed	 to	 obtain	 nanosheets	 from	 the	 bulk,	 namely	
micromechanical15	and	liquid	exfoliation	approaches.16	The	quality	of	
layers	 that	 can	 be	 obtained	 using	 these	 two	 approaches	 is	 very	
different.	 The	 micromechanical	 exfoliation,	 also	 known	 as	 the	
Scotch-tape	 method,	 allows	 to	 separate	 the	 layers	 without	 any	
interaction	 with	 solvents,	 thus	 affording	 very	 high-quality	 layers,	
which	are	necessary	to	explore	the	physics	in	the	2D	limit.17	However,	
this	dry	approach	is	extremely	difficult	to	apply	to	MOFs	due	to	the	
fragility	 of	 the	 coordination	 compounds.10	 In	 addition,	 it	 is	 not	
scalable	as	it	only	provides	very	small	quantities	of	the	2D	material,	
thus	 preventing	 its	 use	 in	 important	 applications	 such	 as	
membranes,18	sensors19	or	catalysis.20	On	the	contrary,	the	quality	of	
the	 layers	 obtained	 by	 liquid	 exfoliation	 is	 much	 lower	 since	 the	
sheets	 are	 typically	 damaged	 by	 the	 solvents	 used	 for	 their	
separation	and	stabilization.21	In	addition,	the	size	of	the	exfoliated	
layers	is	typically	much	smaller	and	it	is	very	difficult	to	go	down	to	

the	 monolayer.	 However,	 this	 approach	 provides	 an	 attractive,	
simple	and	scalable	method	for	the	creation	of	ultrathin	nanosheets	
from	layered	materials,	which	can	be	applied	to	MOFs.22	In	view	of	
these	features,	a	challenging	goal	is	to	obtain	2D	nanomaterials	with	
micrometer-scale	 lateral	 dimensions	 and	 nanoscale	 longitudinal	
dimensions	via	liquid	exfoliation,	which	would	benefit	from	an	easy	
processability	while	retaining	the	structural	integrity.	
Herein	 we	 demonstrate	 the	 production	 of	 nanosheets	 of	 good	

quality	 of	 2D	magnetic	MOFs	with	 lateral	 sizes	 of	 several	microns	
using	a	 liquid	exfoliation	approach.	The	compounds	of	 interest	are	
the	 so	 called	 MUV-1-X	 (MUV	 =	 Material	 of	 the	 University	 of	
Valencia),	 a	 family	 of	 layered	 coordination	 polymers	 of	 formula	
[Fe(bimX)2]	(HbimX	=	benzimidazole	functionalized	in	the	5-position	
with	X	=	H,	Cl,	Br,	or	CH3).	Very	recently	we	have	shown	that	they	can	
be	exfoliated	down	to	the	monolayer	using	a	dry	micromechanical	
procedure.11	These	crystalline	materials	are	 formed	by	 tetrahedral	
Fe(II)	 centers	 linked	 via	 benzimidazolate	 bridges	 in	 order	 to	 form	
neutral	layers	of	square	Fe(II)	networks	separated	by	weak	van	der	
Waals	 interactions.	 From	a	magnetic	point	of	 view	 they	behave	 in	
bulk	as	canted	antiferromagnets	ordering	at	ca.	19-20	K.	
MUV-1-X	 single	 crystals	 (X	 =	 H,	 Cl,	 Br,	 or	 CH3)	 were	 prepared	

following	 the	 solvent-free	 methodology	 previously	 used	 by	 our	
group.11,23	Crystals	of	MUV-1-Cl	were	used	as	model	compound	of	
this	 family	 in	 order	 to	 assess	 the	 best	 conditions	 for	 the	 liquid	
exfoliation,	 analysing	 the	 effect	 of	 different	 parameters	 such	 as	
source	 of	 energy,	 solvent,	 time,	 temperature,	 concentration,	 and	
centrifugation.	The	exfoliation	process	is	illustrated	in	Figure	1.	
2.5	mg	of	MUV-1-Cl	was	initially	added	in	20	ml	of	a	given	solvent,	

which	was	subsequently	introduced	both	in	a	sonic	bath	and	in	the	
sonication	 tip	 to	 examine	 the	 impact	 caused	 by	 the	 source	 of	
sonication	 in	 the	structure	of	 the	material.	As	has	been	previously	
established,22	 the	 tip-assisted	 sonication	 can	 reach	 higher	 power	
than	 the	 bath-assisted	 sonication,	 resulting	 in	 the	 fragmentation	
onto	 smaller	 crystals	 with	 undefined	morphologies.	 This	 is	 clearly	
evidenced	 in	 our	 case,	 where	 the	 sonication	 tip	 causes	 the	
disintegration	 of	 the	 material,	 whereas	 the	 sonication	 bath	



	 	

	 	

successfully	induces	the	delamination	(see	Figures	S2	and	S3).	In	fact,	
the	damage	to	the	flakes	is	much	reduced	when	the	sonication	bath	
is	applied	at	low	temperature	using	an	ice	bath.	
The	 different	 solvents	 that	 were	 used	 in	 order	 to	 study	 their	

relevance	 in	 the	 delamination	 process	were	 selected	 due	 to	 their	
different	 properties:	 hydrogen	 bond	 donors,	 hydrogen	 bond	
acceptors	 and	 non-polar	 solvents.	 Specifically,	 we	 tested	 water,	
acetonitrile,	 diethyl	 ether,	 methanol,	 propanol,	 acetone,	
tetrahydrofurane,	 hexane,	 dichloromethane,	 and	
dimethylformamide.	Delamination	was	successful	with	most	of	these	
solvents,	with	nanosheets	of	large	lateral	sizes	observed	with	optical	
microscopy	 and	 Transmission	 Electronic	 Microscopy	 (TEM)	 (see	
Table	 S1	 and	 Figure	 S4-S18).	 However,	 the	 behaviour	 of	 the	
exfoliated	 flakes	 differs	 with	 the	 solvent,	 with	 decomposition	 or	
agglomeration	found	in	some	cases	in	several	hours	(see	Table	S1),	
as	shown	by	Raman	spectroscopy	and	TEM	(see	Figures	S4-S18).	Only	
acetone	 and	 acetonitrile	 are	 found	 to	 be	 suitable	 solvents	 for	 a	
correct	 delamination,	 with	 higher	 stability	 and	 quality	 flakes	
observed	 for	 the	 former.	 In	 fact,	 exfoliated	 flakes	 are	 stable	 for	
several	days	in	a	colloidal	suspension	in	acetone	at	low	temperatures	
(see	Figures	S19	and	S23).	
After	establishing	the	best	solvent	and	source	of	energy	to	proceed	

with	 the	 delamination,	 we	 optimized	 the	 exposure	 time	 and	
concentration	used	in	the	exfoliation	process.	First,	the	delamination	
was	 analysed	 by	 changing	 the	 exposure	 time	 of	 the	 coordination	
polymer	to	sonication,	resulting	in	a	greater	number	of	flakes	with	a	
large	lateral	size	and	small	thickness	in	one	hour.	A	reduced	time	of	
sonication	 causes	 a	 low	 delamination,	 resulting	 in	 very	 thick	
nanosheets,	 whereas	 a	 longer	 time	 of	 sonication	 causes	 the	
fragmentation	of	the	nanosheets,	resulting	in	very	small	lateral	size	
(see	Figures	S24-S33).	Second,	we	studied	the	effect	of	concentration	
on	 the	 exfoliation	 process,	 varying	 it	 from	 0.0625	mg/mL	 to	 0.75	
mg/mL.	An	optimized	concentration	was	0.125	mg/mL,	with	ca.	20%	

of	 the	 material	 successfully	 exfoliated;	 at	 lower	 concentration,	
practically	 no	 exfoliation	was	 detected	 (see	 Figure	 S34).	 Finally,	 a	
study	was	carried	out	using	different	centrifugation	conditions.	This	
aspect	was	 very	 important	 as	 it	 allowed	us	 to	 achieve	 dispersions	
with	homogeneous	thicknesses	(Figures	S35-S42).	The	point	at	which	
the	flakes	were	obtained	with	a	more	effective	compromise	between	
quantity	and	 thickness	 is	 centrifuging	at	8000	rpm,	 for	1	hour	and	
maintaining	a	temperature	of	5	°C.	The	low	temperature	used	in	the	
centrifugation	 was	 shown	 to	 be	 critical,	 as	 also	 the	 storage	
temperature,	 which	 prevented	 the	 agglomeration	 and	
decomposition	of	the	exfoliated	material.		
Using	the	above	optimized	conditions,	we	proceeded	to	an	in-depth	
characterization	 of	 the	 exfoliated	 nanosheets	 of	MUV-1-Cl.	 The	

MUV-1-X	Exfoliated	nanosheets	 MUV-1-X	Isolated	nanosheet	

<<<	

MUV-1-X	Bulk	
Figure	1.	Exfoliation	process	from	MUV-1-X	(bulk)	to	isolated	nanosheets.	The	top	panels	show	a	schematic	representation	of	the	process	
and	the	bottom	panels	show	experimental	images	with	MUV-1-Cl:	(left)	SEM	image	of	a	crystal	of	MUV-1-Cl	(scale	bar	is	100	µm);	(middle)	
Tindall	effect	of	a	suspension	of	delaminated	MUV-1-Cl;	(right)	TEM	image	of	a	delaminated	nanosheet	of	MUV-1-Cl	(scale	bar	is	2	µm).		

Figure	 2.	 Characterization	 of	MUV-1-Cl	 flakes	 achieved	 using	 the	
optimal	 conditions:	 sonication	 for	 one	 hour	 in	 a	 sonication	 bath,	
using	acetone	as	a	solvent	and	a	concentration	of	0.125	mg/mL.	(a)	
Optical	 image	of	a	nanosheet	with	 lateral	 sizes	of	30	x	35	µm2.	 (b)	
TEM	image	of	a	few-layers	flake	(4	nm	thickness).	(c)	Optical	image	
with	its	corresponding	AFM	image	and	its	height	profile.	
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isolation	 of	 the	 nanosheets	 were	 conducted	 by	 spin	 coating	 on	
Si/SiO2	 substrate	 a	 few	 drops	 of	 the	 top	 of	 the	 colloidal	 solution	
containing	 the	 exfoliated	 material,	 resulting	 in	 large	 amount	 of	
material	 (see	 Figures	 S43-S45).	 In	 this	 way	 flakes	 of	 different	
thicknesses	and	lateral	sizes	were	isolated.	Figure	2	shows	flakes	with	
lateral	sizes	much	larger	than	previously	reported,	achieving	values	
larger	than	8	µm	(additional	AFM	images	can	be	found	in	Figures	S46-
S48	in	the	Supporting	Information),	with	thicknesses	as	low	as	4	nm,	
corresponding	to	3-4	layers.	Although	this	is	still	far	from	the	results	
obtained	with	purely	inorganic	materials,	which	are	of	the	order	of	
several	microns	of	lateral	size,24	exfoliated	MUV-1-Cl	flakes	are	much	
larger	than	other	exfoliated	2D	MOFs,	with	typical	flakes	of	the	order	
of	0.1–2	µm	lateral	sizes.21		Figure	3	shows	the	characterization	of	the	
exfoliated	MUV-1-Cl	 flakes	 using	 Raman	 spectroscopy,	 AFM	 and	
Selected-Area	 Electron	 Diffraction	 (SAED).	 This	 multi-technique	
analysis	 allows	 the	 unequivocal	 demonstration	 of	 the	 chemical	
composition	 of	 the	 material,	 which	 has	 not	 been	 damaged	 after	
delamination.	Quite	remarkably,	SAED	reveals	 that	the	crystallinity	
of	the	material	is	maintained	after	liquid	delamination.		
In	 addition,	 the	 different	members	 of	 the	 isoreticular	MUV-1-X	

family,	with	X	=	CH3,	Br,	and	H,	were	successfully	exfoliated	following	
the	 same	 protocol	 as	 the	 established	 to	 delaminate	 MUV-1-Cl,	
achieving	 in	all	 cases	very	 similar	 results	 (Figure	3	and	Figure	S49-
S64).	This	 indicates	that	the	proposed	methodology	is	valid	for	the	
different	materials	with	different	surface	properties.		
As	far	as	the	magnetism	of	these	2D	MOFs	is	concerned,	we	noted	

that	the	magnetic	signal	of	these	flakes	is	too	weak	to	be	detected	
through	 conventional	 SQUID	 measurements.	 Still,	 a	 spectroscopic	

technique	such	as	electron	paramagnetic	resonance	(EPR)	has	shown	
to	be	very	useful	in	this	context.	Thus,	EPR	of	a	suspension	in	acetone	
of	few	MUV-1-Cl	flakes,	which	are	intrinsically	EPR	silent,	shows	a	
sextet	 signal	 that	 can	 be	 assigned	 to	 a	 Mn2+	 impurity,	 which	 is	
present	in	the	acetone	solvent	(Figure	4	and	Figure	S66).	This	sextet	
corresponds	to	a	hyperfine	coupling	constant	of	96	G	(A	=	270	MHz),	
compatible	with	 the	weak	 crystal	 field	 coming	 from	oxygen-based	
Mn2+	 complexes,	 such	 as	 [Mn(H2O)6]

2+.25	 Interestingly,	 this	 Mn2+	
sextet	is	shifted	towards	lower	fields	below	a	temperature	of	16-18	
K,	which	 is	 close	 to	 the	ordering	 temperature	of	 the	bulk	material	
(19-20	K).	This	strongly	suggests	that	the	ultrathin	flakes	retain	the	
magnetic	ordering	of	 the	bulk,	 showing	 small	differences	 in	 the	Tc	
value	 that	may	be	due	 to	dimensionality	effects,9	or	 simply	 to	 the	
distortion	in	the	layers	caused	by	the	exfoliation	process.	The	origin	
of	this	shift	may	be	a	consequence	of	the	Zeeman	splitting	caused	by	
the	 internal	 magnetic	 field	 created	 by	 the	 layers	 in	 the	 weak	
ferromagnetic	state,	which	has	to	be	added	to	the	applied	magnetic	
field.	This	requires	close	contact	between	the	Mn2+	impurity	and	the	
sheets.	 We	 speculate	 that	 in	 the	 acetone	 suspension,	 Mn2+	 is	
probably	adsorbed	on	the	surface	of	the	sheets,	or	even	coordinated	
to	 terminal	benzimidazole	 ligands	 located	at	 sheet	defects.	Similar	
magnetic	 shifts	 were	 previously	 observed	 in	 hybrid	 molecular	
magnets	 obtained	 upon	 insertion	 of	 paramagnetic	 metallocenium	
cations	into	layered	oxalate	magnets.26		
In	 summary,	 this	 work	 shows	 the	 possibility	 of	 exfoliating	 the	

layered	 coordination	 polymers	MUV-1-X	 using	 a	 liquid	 exfoliation	
method	to	obtain	suspensions	of	magnetic	2D	MOFs	of	high-quality,	
formed	by	layers	with	lateral	sizes	of	several	microns	and	very	low	
thickness	(down	to	4	nm).	Interestingly,	these	magnetic	nanosheets	
maintain	 their	 structural	 integrity	 and	 the	magnetic	 ordering.	 This	
study	paves	the	way	for	the	use	of	these	metal-organic	nanosheets	
in	 functional	 heterostructures	 via	 a	 chemical	 approach	 which	 is	
unachievable	by	dry	exfoliation.	
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Figure	 3.	 (a)	 Raman	 spectra	 of	 MUV-1-Cl	 flakes	 of	 different	
thicknesses;	(b)	AFM	image	and	height	profile	of	an	exfoliated	flake	
of	MUV-1-Cl	(scale	bar	=	2	µm);	(c)	Low-magnification	TEM	image	of	
an	 exfoliated	 MUV-1-Cl	 nanosheet	 (scale	 bar	 =	 1	 µm);	 (d)	 the	
correspondent	 selected	 area	 electron	 diffraction	 pattern	 (SAED)	
(scale	bar	=	1	nm–1).	

Figure	4.	Electron	paramagnetic	resonance	spectra	of	a	dispersion	
of	 few	 layers	 MUV-1-Cl	 at	 different	 temperatures	 (every	 2	 K),	
showing	 the	 sextet	 of	Mn2+	 (which	 is	 an	 impurity	 present	 in	 the	
solvent,	 see	 Figure	 S65	 and	 S66).	Upon	magnetic	 ordering	of	 the	
flakes,	a	clear	shift	of	the	signal	towards	lower	fields	is	observed	the	
exfoliated	flakes	preserve	the	magnetic	ordering.		
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