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ABSTRACT:	Crystalline	and	porous	few-layer	organic	nanosheets	are	becoming	increasingly	attractive	as	two-dimensional	
(2D)	materials	due	to	their	precise	atomic	connectivity	and	tailor-made	pores.	However,	most	strategies	 for	synthesizing	
nanosheets	rely	on	surface-assisted	methods	and	top-down	exfoliation	of	stacked	materials.	To	achieve	the	bulk-scale	syn-
thesis	of	2D	nanosheets	with	uniform	size	and	crystallinity,	a	well-designed	building	block	is	necessary.	We	used	reticular	
chemistry	to	synthesize	crystalline	covalent	organic	nanosheets	(CONs)	through	Schiff	base	reactions	between	tetratopic	thi-
anthrene	 tetraaldehyde	(THT)	and	aliphatic	diamines.	The	bent	geometry	of	 thianthrene	 in	THT	retards	 the	out-of-plane	
stacking,	while	the	flexible	diamines	introduce	dynamic	characteristics	into	the	framework,	facilitating	nanosheet	formation.	
Successful	isoreticulation	with	five	diamines	with	two	to	six	carbon	chain	lengths	generalizes	the	design	strategy.	Spectro-
scopic	techniques,	including	advanced	solid-state	NMR	and	FTIR,	established	atomic-level	connectivity	between	THT	and	di-
amines.	Microscopic	imaging	reveals	the	odd-even	effect	of	diamines	on	the	post-transformation	of	CONs	to	nanotubes	and	
hollow	spheres.	The	single-crystal	structure	of	repeating	units	indicates	that	the	odd-even	effect	of	diamines	introduces	ir-
regular-regular	curvature	in	the	backbone,	facilitating	such	dimensionality	conversion.	Theoretical	calculations	shed	more	
light	on	nanosheet	stacking	and	rolling	behavior	with	even	and	odd	diamines.

INTRODUCTION	
Covalent	organic	frameworks	(COFs)	are	porous	materials	
with	highly	ordered	2D	or	3D	networks	constructed	 from	
organic	 building	 blocks.1,2	 These	 materials	 possess	
numerous	 desirable	 properties,	 such	 as	 structural	
adaptivity	 and	 predictability,	 large	 surface	 area,	 and	
extremely	 low	 density,	making	 them	highly	 attractive	 for	
various	 applications,	 including	 gas	 storage,	 separation,	
optoelectronics,	and	catalysis.3-5	Recently,	two-dimensional	
porous	covalent	organic	nanosheets	(CONs)	have	emerged	
as	a	new	member	 in	the	family	of	2D	COFs	with	potential	
applications	 in	 chemical	 sensing,	 antimicrobial	 coatings,	
and	 cathode	 materials.6-11	 Current	 strategies	 for	 the	
preparation	of	CONs	include	top-down	approaches,	such	as	
solvent-assisted	 exfoliation,	 self-exfoliation,	 mechanical	
delamination,	or	sequential	post-synthetic	modifications	of	
COFs.12-15	 However,	 these	 strategies	 have	 limited	 success	
due	 to	 the	 layers'	 fragmentation,	 crystallinity	 loss	 during	
exfoliation.	An	alternative	approach	to	control	the	thickness	
of	 COFs	 involves	 interface-confined	 growth,	 but	 this	 is	
difficult	 to	 scale	 up.16-22	 To	 address	 the	 challenges	 of	
exfoliating	COFs,	researchers	have	explored	the	use	of	weak	
interlayer	 linkages23-24	or	 the	 introduction	 of	 bulky	 func-
tionality	 like	 rotaxane	 in	 the	COF	backbone	 to	allow	easy	
exfoliation	 into	 monolayer	 sheets	 with	 well-defined	

thicknesses.25	However,	 the	prepared	CONs	usually	 suffer	
from	small	domain	sizes	and	large	amounts	of	topological	
defects.	The	formation	of	fully	developed	2D	CONs	requires	
precise	control	over	the	conformation	of	each	building	unit.	
Therefore,	the	bulk	synthesis	of	crystalline	CONs	with	a	high	
aspect	ratio	demands	a	strategy	that	suppresses	the	growth	
in	one	dimension.	This	could	be	achieved	by	utilizing	aniso-
tropic	 crystal	 growth26	 or	 diminishing	 the	 layer	 stacking	
process.	
We	 have	 introduced	 a	 bent	 thianthrene	 core	 and	 flexible	
aliphatic	chains	as	building	blocks	to	enhance	the	dynamic	
nature	 of	 individual	 COF	 layers,	 thereby	 restricting	 the	
interlayer	π-stacking	interactions.	The	Schiff	base	reaction	
between	 the	 thianthrene	 tetraaldehyde	 (THT)	 and	 linear	
aliphatic	diamines	at	room	temperature	has	resulted	in	the	
synthesis	 of	 porous,	 crystalline	 CONs	 at	 a	 bulk	 scale.	We	
have	 successfully	 synthesized	 five	 CONs,	 namely,	 THTED,	
THTPrD,	 THBD,	 THTPnD,	 and	 THHD,	 using	 thianthrene	
tetraaldehyde	(THT)	and	five	different	aliphatic	diamines,	
namely,	 1,2-diaminoethane	 (ED),	 1,3-diaminopropane	
(PrD),	1,4-diaminobutane	(BD),	1,5-diaminopentane	(PnD),	
and	1,6-diaminohexane	(HD),	respectively,	to	generalize	the	
synthetic	design.	The	CONs	synthesized	with	even	aliphatic	
chains,	such	as	THTED,	THTBD,	and	THTHD,	remain	as	2D	
flexible	nanosheets.	



 

	
Figure	1.	Design	of	strategy	and	structure	of	Covalent	Organic	Nanosheets:	a)	Previously	reported	methods,	i.e.,	top-down	and	
bottom-up	approaches	for	synthesizing	CONs.	(b)		Synthetic	scheme	of	THTED	CONs	with	starting	material,	i.e.,	thianthrene	tetraal-
dehyde	and	1,2	diaminoethane.	(b)	Bent	geometry	and	the	flexible	nature	of	THTED	CONs	hinder	efficient	stacking.	(d)	The	Odd-
even	effect	of	aliphatic	linkers	on	the	transformation	of	nanosheets	to	nanotubes,	and	hollow	spheres.	



 

Figure	 2.	Synthetic	 protocol	 and	 structural	 characteriza-
tion	 of	 THTED	 CONs:	 (a	 &c)	 A	 schematic	 representation	 of	
THTED	CONs	and	stacked	THTED	COFs	in	the	presence	of	DCM.	
(b	&	d)	Powder	X-ray	diffraction	(PXRD)	pattern	of	dry	THTED	
CONs	and	COFs	in	the	presence	of	DCM)	along	with	Pawley	re-
finement.	(e	&	f)	TEM	image	and	selected	area	electron	diffrac-
tion	(SAED)	of	THTED	CONs.	(g)	Optical	image	of	THTED	CONs	
in	DCM.	(h)	TEM	image	of	THTED	COFs	after	direct	drop	casting	
from	DCM	solution	(inset:	zoomed	section	of	stacked	CONs).		
On	the	other	hand,	the	CONs	synthesized	with	odd	aliphatic	
chains,	such	as	THTPrD	and	THTPnD,	either	roll	 into	one-
dimensional	(1D)	nanotubes	or	convert	to	hollow	spheres	
(THTPnD).	We	further	synthesized	the	repeating	units	of	all	
COFs	 to	 gain	 further	 insight	 into	 the	 effects	 of	 odd-even	
aliphatic	 carbon	atoms.	Theoretical	 investigations	of	 each	
nanostructure	have	shed	more	light	on	two	categories	of	2D	
nanosheets	based	on	the	odd-even	effect.27-28	Even	diamines	
result	 in	 structures	 with	 regular	 sinus-like	 waves	 for	
THTED	and	THTBD,	while	odd	diamines	result	in	structures	
with	irregular,	double	waves	for	THTPrD	and	THTPnD.		
	
RESULTS	AND	DISCUSSION	
Our	 strategy	 for	 creating	 few-layer	 2D	 covalent	 organic	
nanosheets	 (CONs)	 relies	 on	 modulating	 the	 planarity,	
rigidity,	and	reactivity	of	the	building	blocks	by	introducing	
bent	geometry	and	flexibility	in	the	linkers.	Specifically,	we	
have	 focused	 on	 utilizing	 a	 bent	 thianthrene-based	
tetraaldehyde,	 i.e.,	 4,4',4'',4'''-(thianthrene-2,3,7,8-tetrayl)	
tetrabenzaldehyde	 (THT)	 and	 flexible	 aliphatic	 diamines	

such	 as	 1,2-diaminoethane	 (ED),	 1,3-diaminopropane	
(PrD),	1,4-diaminobutane	(BD),	1,5-diaminopentane	(PnD),	
and	1,6-diaminohexane	(HD)	to	construct	the	few-layer	2D	
CONs	(Figure	1).	The	dihedral	angle	of	approximately	130°	
between	two	opposite	terminal	aldehyde	(-HC=O)	groups	
of	THT	weakens	the	out-of-plane	π-stacking	interactions,	as	
shown	in	Figure	1b.	We	anticipated	that	aliphatic	diamines	
would	enhance	 the	dynamic	nature	between	 layers	of	2D	
COFs	and	hinder	efficient	π-stacking	(Figure	1c).	Moreover,	
the	 higher	 nucleophilicity	 of	 aliphatic	 amines,	 in	
comparison	 to	 aromatic	 amines,	 should	accelerate	 the	 in-
plane	(ab	plane)	growth	of	nanosheets.		
We	 synthesized	 THTED	 via	 imine	 condensation	 reactions	
between	1	equivalent	of	THT	(31.6	mg,	0.05	mmol)	and	2	
equivalent	of	1,2	diaminoethane	(ED)	(6	mg,	0.1	mmol)	(Fig-
ure	S6).	THT	was	dissolved	in	100	ml	of	dry	and	degassed	
dichloromethane	(DCM),	and	a	solution	of	ED	in	50	ml	dry	
DCM	was	added	dropwise	into	THT	solution	in	the	presence	
of	250	µL	glacial	acetic	acid	at	0	°C.	After	6	hours,	spherulite-
like	nucleation	of	the	CONs	started	on	the	wall	of	the	flask	
(Figure	S6),	which	grew	with	time.	After	24	hours,	one-di-
mensional	growth	led	to	the	formation	of	millimeter-scale	
(>0.5	mm)	THTED	CONs	(Figure	2g).	We	collected	the	re-
sulting	yellowish-white	material	by	filtration	and	washed	it	
with	anhydrous	DCM	and	methanol.	Then	we	dried	it	at	60	
°C	for	3	hours	resulting	in	a	yield	of	24	mg	of	THTED	(70%	
yield).	We	extended	this	design	strategy	to	synthesize	four	
more	CONs	using	four	diamines	(Figure	1d).	In	the	typical	
synthesis,	a	solution	of	0.1	mmol	1,3-diaminopropane	(PrD)	
(7.4	 mg),	 1,4-diaminobutane	 (BD)	 (8.8	 mg),	 1,5-diamin-
opentane	 (PnD)	 (10.2	 mg)	 and	 1,6-diaminohexane	 (HD)	
(11.6	mg)	in	50	ml	anhydrous	DCM	was	separately	added	
dropwise	into	a	solution	of	0.05	mmol	THT	(31.6	mg)	in	100	
ml	 DCM	 in	 the	 presence	 of	 catalytic	 acetic	 acid	 to	 yield	
THTPrD	(18	mg,	51%),	THTBD	(14	mg,	38%),	THTPnD	(10	
mg,	26%)	and	THTHD	(27	mg,	68%)	respectively	(Supple-
mentary	section	1.3).	We	collected	and	dried	each	material	
following	the	same	procedure	as	for	THTED.	

The	 powder	 X-ray	 diffraction	 (PXRD)	 pattern	 of	 THTED	
displays	intense	peaks	between	2Ө	=	26.1°	to	34.6°	(Figure	
2b),	 which	 typically	 correspond	 to	 the	 reflections	 from	
planes	parallel	to	the	ab	plane	of	2D	lattice	in	the	2Ө	range	
of	 25	 to	 35°.	 The	 high-resolution	 transmission	 electron	
microscope	(HRTEM)	image	reveals	a	uniform	corrugated	
nanosheet	 structure	 for	 this	 material	 (Figure	 2e).	 In	 the	
selected	 area	 electron	 diffraction	 (SAED)	 in	 HRTEM,	 the	
diffraction	spots	align	with	an	interplanar	distance	of	0.38	
nm,	 indicating	 the	 possible	 interlayer	 distance	 between	
individual	 (001)	planes	(Figure	2f).	While	both	PXRD	and	
SAED	 patterns	 suggest	 the	 crystalline	 nature	 of	 THTED	
CONs,	 simulating	 the	 structure	 of	 the	 CONs	 without	
information	on	 the	 (100)	planes	 is	 challenging.	To	obtain	
information	 about	 the	 diffraction	 patterns	 of	 the	 (100)	
planes,	 we	 collected	 the	 PXRD	 of	 the	 soaked	 THTED	
material	 (spherulite-like	 material	 in	 DCM)	 because	 the	
solvent	(DCM)	may	assist	in	stacking	these	nanosheets	and	
thereby	recreate	stacking	of	the	(100)	planes	(Figure	2h).29	
The	PXRD	pattern	of	DCM	soaked	THTED	sample	reveals	a	
peak	 at	 2Ө	 =	 2.4°,	 corresponding	 to	 reflections	 from	 the	
(100)	planes	(Figure	2d).	



 

	
Figure	3.	Spectroscopic	characterization	and	physical	properties	of	all	materials:	 (a)	The	13C	projection	of	solid	state	two-
dimensional	(2D)	13C-1H	correlation	NMR	of	all	the	isoreticular	frameworks.	(b-f)	2D	solid-state	13C-1H	double	cross-polarization	
(CP)	correlation	NMR	of	THTED,	THTPrD,	THTBD,	THTPnD,	and	THTHD,	respectively.	(g)	Fourier	transformed	infra-red	(FTIR)	spec-
tra	of	all	five	materials	showing	intense	peaks	for	imine	(-HC=N-)	bond	stretching	at	1643	cm-1.	(h)	N2	adsorption	isotherm	for	
THTED,	THTPrD,	and	THTBD	shows	declining	BET	surface	area	from	THTED	to	THTBD.	(i)	Thermogravimetric	analysis	(TGA)	for	
all	the	framework	material.		
To	elucidate	the	structure	of	the	THTED	CONs	and	calculate	
unit	cell	parameters,	we	built	two	possible	2D	models	with	
rhombic	square	(sql)	and	Kagome	(kgm)	topology	from	THT	
and	linear	ED	(Supplementary	section	3).30	The	position	of	
the	first	peak	for	(100)	plane	reflections	in	the	experimental	
PXRD	pattern	aligns	well	with	the	simulated	pattern	of	the	
Kagome	lattice.	We	performed	Pawley	refinements	for	the	
THTED	 Kagome	 structure	 to	 find	 unit	 cell	 parameters,	
giving	 the	 values	 a=47.9	 Å,	 b=47.5	 Å,	 and	 c=	 8.52	Å.	 The	
THTED	CONs	consist	of	two	types	of	pores,	one	4.2	nm	pore	
surrounded	by	six	1.6	nm	pores	(Figure	2c).		
To	 determine	 the	 atomic	 level	 connectivity	 of	 these	
frameworks,	 we	 conducted	 solid-state	 2D	 NMR	 analyses,	

including	 13C-1H	 correlation	 and	 1H-1H	 double	 quantum-	
single	 quantum	 (DQ-SQ)	 NMR	 techniques.	 The	 13C-1H	
correlation	 NMR	 technique	 only	 shows	 the	 covalently	
bonded	C-H	pairs	under	ultrafast	MAS	of	70	Hz.	We	have	
also	 extracted	 1D	 solid-state	 13C	 NMR	 from	 the	 Y-axis	
projection	of	 the	13C-1H	correlation	(Figure	3a).	All	CONs,	
namely	 THTED,	 THTPrD,	 THTBD,	 THTPnD,	 and	 THTHD,	
exhibit	a	distinct	13C	peak	at	159.5,	161.5,	159.5,	160,	and	
159.5	ppm,	respectively.	These	peaks	correspond	to	imine	
(-HC=N-)	carbons.	The	2D	13C-1H	correlation	NMR	provides	
further	 insight	 into	 imine	 (-HC=N-)	 linkages	 and	 the	
aliphatic	 methylene	 carbons	 (-CH2-)	 in	 the	 backbone.	
THTED	displays	a	prominent	spot	at	8.6	ppm	for	1H	along	X-



 

axis	and	159.5	ppm	for	13C	along	Y-axis	{1H:	8.6	ppm,	13C:	
159.5	 ppm}	 corresponding	 to	 the	 imine	 (-HC=N-)	 C-H	
groups	and	another	prominent	spot	at	3.7	ppm	for	1H	along	
X-axis	and	58.6	ppm	for	13C	along	Y-axis	{1H:	3.7	ppm,	13C:	
58.6	ppm}	for	aliphatic	methylene	(-CH2-)	groups	(Figure	
3b).	 The	 aromatic	 C-H	 correlation	 appears	 between	
aliphatic	and	imine	(-HC=N-)	C-H	from	13C:	124.5	ppm	to	
13C:	138	ppm.	In	THTPrD,	 in	addition	to	the	characteristic	
imine	(-HC=N-)	signal	at	1H:	8.5	ppm,	13C:	161.5	ppm,	the	
two	 non-equivalent	methylene	 (-CH2-)	 group	 appears	 at	
1H:	2.8	ppm,	13C:	41.0	ppm	and	1H:	3.6	ppm,	13C:	60.7	ppm	
(Figure	3c).	The	former	methylene	carbon	(-CH2-)	signal	in	
THTPrD	is	less	intense	than	the	latter	since	the	ratio	of	two	
aliphatic	C-H	is	2:1.	Similarly,	THTBD	displays	three	signals	
with	comparable	intensities	aside	from	the	aromatic	region	
(Figure	 3d).	 The	 signal	 at	 1H:	 8.3	 ppm,	 13C:	 159.5	 ppm	
corresponds	to	the	imine	C-H	correlation.	The	other	signals	
in	the	aliphatic	region	at	1H:	1.94	ppm,	13C:	28.3	ppm,	and	
1H:	 3.7	 ppm,	 13C:	 60.9	 ppm	 correspond	 to	 two	 non-
equivalent	methylene	(-CH2-)	groups	of	butane	chain.	The	
equal	intensity	of	these	peaks	is	a	result	of	the	same	ratio	of	
imine	 (-HC=N-),	 and	 two	 types	 of	 methylene	 (-CH2-)	
groups	 (1:1:1).	 When	 compared	 to	 the	 deshielded	
methylene	(-N-CH2-)	signal	at	1H:	3.3	ppm,	13C:	61.5	ppm,	
the	 relative	 intensities	 of	 aliphatic	 shielded	 methylene	
(-C-CH2-C-)	 signals	 for	 THTPnD	 and	 THTHD	 at	 1H:	 1.94	
ppm,	 13C:	 29.2	 ppm	 are	 higher	 as	 the	 ratios	 of	 these	 two	
types	of	protons	are	2:3	and	2:4	respectively	(Figure	3e,f).	
In	 addition	 to	 the	 aliphatic	 signals,	 THTPnD	 and	 THTHD	
also	exhibit	signals	for	imine	(–HC=N–)	C-H	at	1H:	8.5	ppm,	
13C:	159.5	ppm	(Figure	3e,	f).	None	of	these	CONs	show	any	
signal	 at	 1H:	 ~10	 ppm,	 13C:	 ~180	 ppm,	 indicating	 the	
absence	of	unreacted	aldehyde	(–HC=O)	groups.	To	further	
confirm	 the	 absence	 of	 aldehyde	 (–HC=O)	 functionalities,	
we	conducted	solid-state	1H-1H	DQ-SQ	correlation	NMR	for	
THTED,	 THTPrD,	 THTBD,	 THTPnD,	 and	 THTHD	 (Figures	
S19,	S26,	S34,	S40,	and	S47).	The	absence	of	any	peak	at	SQ	
1H:	 ~10	 ppm	 in	 all	 materials	 rules	 out	 the	 presence	 of	
aldehyde	(–HC=O)	groups.	The	1D	and	2D	NMR	confirm	the	
complete	 conversion	 to	 imine	 (–HC=N–)	 linkage	 between	
THT	tetraaldehyde	and	aliphatic	diamines.	ATR-IR	further	
supports	 the	 NMR	 results	 by	 exhibiting	 a	 sharp	 peak	 at	
1640	cm-1	 for	all	CONs,	corresponding	to	 imine	(–HC=N–)	
stretching	 (Figure	 3g).	 The	 intensity	 of	 aliphatic	 C-H	
stretching	 at	 3000	 cm-1	 also	 increases	 from	 THTED	 to	
THTHD	 in	 accordance	 with	 an	 increasing	 number	 of	
carbons	in	the	aliphatic	chain.	
Although	 the	 overall	 atomic	 connectivity	 remains	 almost	
constant	with	an	increase	in	the	length	of	alkyl	diamine,	the	
dynamic	 nature	 and	 flexibility	 of	 the	 framework	 increase	
from	 THTED	 to	 THTHD,	 leading	 to	 a	 loss	 of	 crystallinity.	
This	 increased	 flexibility	 is	 evident	 in	 the	 N2	 adsorption	
isotherms	at	77	K,	as	shown	in	Figure	3h.	THTED	exhibits	a	
type-II	adsorption	isotherm	with	a	BET	surface	area	of	226	
m2g-1	 (Figure	 S20).	 The	 BET	 surface	 area	 gradually	
decreases	 from	 THTED	 to	 THTPrD	 (127	 m2g-1)	 and	
eventually	reaches	 its	 lowest	point	 for	THTBD	(90	m2g-1),	
while	THTPnD	and	THTHD	are	nonporous	(Figure	S27,	S35,	
S41,	 S48).	 The	 pore	 size	 distribution	 calculated	 using	
nonlocal	 density	 functional	 theory	 (NLDFT)	 of	 THTED,	
THTPrD,	and	THTBD	exhibits	two	peaks	at	1.6	and	~4.0	nm.	

The	 distribution	 with	 a	 higher	 pore	 volume	 at	 1.6	 nm	
corresponds	 to	 smaller	 trigonal	 pores,	 while	 the	 broad	
distribution	at	4.0	nm	indicates	the	large	hexagonal	pore	of	
the	kgm	topology	(Figure	S20).	THTPrD	also	shows	broad	
distributions	 in	 the	 15	 to	 25	 nm	 range,	 which	 may	 be	
attributed	to	mesopore	channels	(Figure	S27).	In	addition	
to	 the	 surface	 area,	 thermal	 stability	 decreases	 with	 an	
increasing	 chain	 length	 from	 THTED	 to	 THTPnD.	
Thermogravimetric	 analysis	 (TGA)	 of	 THTED	 under	 N2	
atmosphere	indicates	a	thermal	stability	of	240	°C,	whereas	
THTPrD	 and	 THTBD	 are	 thermally	 stable	 up	 to	 200	 °C.	
THTPnD	and	THTHD	are	the	least	thermally	stable	among	
the	five	materials	(170	°C)	(Figure	3i).		
Scanning	 electron	 microscopy	 (SEM)	 images	 of	 THTED	
show	 the	 flexible	 and	 corrugated	 nanosheets	 (Figure	 4).	
HRTEM	 also	 supports	 the	 nanosheet	morphology	 (Figure	
4c).	 The	 height	 profile	 from	 the	 topographic	 images	 of	
atomic	 force	microscopy	 (AFM)	provides	 the	 thickness	of	
THTED	CONs	of	~20	nm	(Figure	4d).	Similar	to	THTED,	the	
SEM	 images	 of	 THTBD	 show	 nanosheet	 morphology,	
although	 with	 shorter	 lengths	 (20-50	 µm)	 (Figure	 4j).	
Uniform	 nanosheet	 structure	 is	 observed	 in	 TEM	
micrographs	(Figure	4k),	and	the	AFM	topographic	images	
support	the	nanosheet	morphology	with	a	thickness	of	~5.1	
nm	(Figure	4l).	For	THTHD,	SEM,	TEM,	and	AFM	reveal	a	
non-uniform	 nanosheet	 morphology	 due	 to	 the	 high	
flexibility	of	HD	amines	(Figure	4r-t).	Due	to	their	flexible	
and	corrugated	nature,	all	the	nanosheets	have	an	inherent	
tendency	 to	 roll	 (Figure	 S21-22).	 However,	 the	 rolling	
tendency	 increases	significantly	 for	THTPrD	and	converts	
the	nanosheets	 to	nanotubes	 like	 graphene	 to	 the	 carbon	
nanotube.31	 The	 SEM	 images	 of	 THTPrD	 show	 tubular	
morphology,	with	an	average	outer	diameter	of	50	(±10)	nm	
and	 length	 of	 10-30	 µm	 (Figure	 4f,	 Figure	 S28).	 HRTEM	
micrographs	of	THTPrD	show	the	nanotubes'	uniform	inner	
diameter	of	20	(±5)	nm	(Figure	4g).	The	height	profiles	of	
THTPrD	nanotubes	from	AFM	reveal	an	outer	diameter	of	
50	(±5)	nm	(Figure	4h,	Figure	S31).	Surprisingly,	THTPnD	
shows	 zero-dimensional	 (0D)	 hollow	 sphere	morphology	
with	 0.5-1.5	 µm	 diameter	 in	 SEM	 (Figure	 4n).	 HRTEM	
micrograph	 reveals	 more	 information	 about	 the	 hollow	
spheres	of	0.4	to	1.4	µm	inner	diameter	with	100-150	nm	
thick	nanosheets-stacked	wall	(Figure	4o).	As	the	growth	of	
THTPrD	 nanosheets	 is	 small,	 the	 assembly	 of	 these	
nanosheets	 might	 result	 in	 hollow	 spheres	 rather	 than	
nanotubes.32	 Microscopic	 images	 reveal	 a	 correlation	
between	even	and	odd	numbers	of	carbon	atoms	of	diamine	
and	resultant	materials.	Diamines	with	even	carbon	atoms	
(THTED,	 THTBD,	 and	 THTHD)	 result	 in	 nanosheets	
material,	 while	 diamines	 with	 odd	 carbon	 atoms	 further	
transform	the	nanosheets	to	curved	material	like	nanotubes	
(THTPrD)	and	hollow	spheres	(THTPnD).	The	thickness	of	
the	nanosheets	decreases	with	 increasing	 chain	 length	 as	
the	enhancement	of	flexibility	render	stacking.	
To	 investigate	the	odd-even	effect	 in	more	detail,	we	syn-
thesized	 the	 corresponding	 repeating	 units	 of	 THTED,	
THTPrD,	THTBD,	THTPnD,	and	THTHD	CONs	by	reacting	4-
(thianthren-2-yl)benzaldehyde	with	ED,	PD,	BD,	PnD,	 and	
HD,	respectively	(Figure	5a,	Supplementary	section	S2).	The	
single	crystal	structure	of	the	THTED	monomer	shows	a	lin-
ear	connection	between	two	thianthrene	units	with	a		



 

	
Figure	4.	Odd-even	effect	on	the	flexible	two-dimensional	nanosheets:	(a-d)	The	schematic	representation,	SEM	image,	TEM	
micrograph,	and	AFM	image	of	THTED	CONs.	(e-h)	The	schematic	representation,	SEM	image,	TEM	micrograph,	and	AFM	image	of	
the	THTPrD	nanotubes.	(i-l)	The	schematic	representation,	SEM	image,	TEM	micrograph,	and	AFM	image	of	THTBD	nanosheets.	(m-
p)	The	schematic	representation,	SEM	image,	TEM	micrograph,	and	AFM	image	of	the	THTPnD	hollow	spheres.	(q-t)	The	schematic	
representation,	SEM	image,	TEM	micrograph,	and	AFM	image	of	THTHD	nanosheets.			
thianthrene-to-thianthrene	angle	of	171°.	 In	contrast,	 	 the	
odd	number	of	carbon	atoms	in	THTPrD	leads	to	in-plane	
curvature	 with	 an	 angle	 of	 130°,	 resulting	 in	 two	 trans-
imine	bonds	(-HC=N-)	with	two	thianthrene	units	(Figure	
5b).	The	two	thianthrene	cores	are	linked	again	via	a	linear	
trans-bisimine	(-HC=N-)	linkage	with	an	angle	of	170°	for	
the	THTBD	monomer	due	to	the	even	number	of	carbon	at-
oms	in	BD	diamine.	This	odd-even	effect	is	also	apparent	in	

the	unit	cell	of	THTED,	THTPrD,	and	THTBD	monomers.	The	
THTED	and	THTBD	monomers	(even)	adopt	a	centrosym-
metric	P21/C	and	P21/n	space	group,	respectively,	while	the	
THTPrD	(odd)	crystallizes	in	a	chiral	P21	space	group	(Sup-
plementary	section	S8).	
To	 explain	 the	 specific	 curling	 behavior	 of	 THTPrD	 and	
THTPnD,	 we	modeled	 the	 geometric	 behavior	 of	 the	 five	
flexible	CONs,	as	shown	in	Figure	S57.	To	fully	describe		



 

Figure	5.	Odd-even	effect	of	diamines	on	the	monomers	and	the	framework	material.	(a)	Synthetic	scheme	of	monomer	
preparation	with	varying	diamine	lengths	from	2	to	6.	(b)	Single	crystal	structure	of	THTED,	THTPrD,	and	THTBD	along	with	
unit	cell	parameters	(below	each	crystal	structure).	(c	&	d)	Geometry	and	energy-optimized	(by	SCC-DFTB	3	via	DFTB+	and	
AMS,	using	Slater-Koster	parameters	(3ob-3-1))	structure	of	THTED	and	THTPrD	nanosheets.	(e	&	f)	Detailed	SEM	studies	of	
different	phase	of	THTPrD	nanotubes	and	THTPnD	hollow	sphere	formation.	
the	 layer	 corrugation,	we	 used	 various	 unit	 cell	 sizes,	 in-
cluding 2x2,	4x4,	and	6x6,	as	larger	layers	allow	for	greater	
variation	 in	 the	 corrugation.	However,	we	 found	 that	 the	

2x2	supercell	was	sufficient	to	describe	the	corrugation	of	
the	 monolayer.	 The	 most	 significant	 structural	
characteristic	of	the	CONs	is	their	layer	corrugation	which	



 

 

allows	 for	 their	 classification	 into	 two	 groups.	 The	 first	
group	 includes	 structures	 with	 regular	 sinus-like	 waves,	
such	 as	 THTED	 and	 THTBD.	 The	 second	 group	 includes	
structures	with	 irregular	 double	waves,	 such	 as	 THTPrD,	
THTPnD,	 and	 THTHD.	 The	 irregular	 waves	 observed	 in	
THTHD	are	mainly	due	to	the	high	flexibility	of	the	hexane	
chain.	The	different	groups	exhibit	varying	degrees	of	cur-
vature	 (Figure	X3),	with	THTED	and	THTBD	displaying	 a	
curvature	of	approximately	140°	(Figure	5C),	while	THTPrD	
and	 THTPnD	 exhibit	 curvatures	 ranging	 between	 85°	 to	
125°	 (Figure	5d).	The	acute	angle	created	by	 these	varia-
tions	in	surface	constraints	may	impose	surface	constraints,	
which	 possibly	 cause	 THTPrD	 and	 THTPnD	 to	 roll,	
eventually	forming	nanotubes	and	hollow	spheres.	Detailed	
SEM	studies	of	different	phases	of	THTPrD	nanotubes	and	
THTPnD	hollow	sphere	formation	further	support	this	phe-
nomenon.	 The	 rolling	 of	 the	 THTED	 nanosheet	 results	 in	
nanotubes,	 whereas	 the	 THTPnD	 nanosheets	 assemble	
spherically	and	eventually	form	hollow	spheres	which	fur-
ther	squeezed	upon	drying.	
CONCLUSION	
In	conclusion,	we	have	developed	a	strategy	to	disrupt	the	
out-of-plane	 π-stacking	 in	 two-dimensional	 COFs	 by	
incorporating	 bent	 and	 flexible	 aliphatic	 chains	 in	 the	
building	blocks.	These	pre-designed	building	units	enable	
the	efficient	bulk	synthesis	of	few-layer	crystalline,	uniform,	
organic	nanosheets,	which	is	a	marked	improvement	over	
surface-assisted	growth	and	exfoliation	of	stacked	2D	COFs.	
To	generalize	this	design	strategy,	we	have	also	developed	
five	 isoreticular	 frameworks.	 Solid-state	 NMR	 studies,	
including	2D	13C-1H	double	CP	correlation	NMR	and	1H-1H	
DQ-SQ	NMR,	establish	the	atomic	level	connectivity	for	all	
five	 CONs.	 Microscopic	 imaging,	 including	 SEM,	 HRTEM,	
and	AFM,	reveals	 the	odd-even	effect	on	covalent	organic	
nanosheets,	 which	 has	 remained	 largely	 unexplored	 in	
polymeric	 materials.	 The	 THTPrD	 nanosheets	 exhibit	
rolling	 behaviour	 along	 their	 edges	 to	 form	 one-
dimensional	nanotubes,	similar	to	graphene	to	the	carbon	
nanotube,	 providing	 a	 bottom-up	 synthetic	 strategy	 to	
make	 one-dimensional	 nanotubes	 without	 any	 template.	
The	 structure-morphology	 relationship	 has	 been	
established	through	detailed	theoretical	calculations	of	all	
the	 materials	 and	 the	 single-crystal	 structure	 of	
corresponding	 repeating	 units.	 We	 believe	 this	 design	
strategy	 has	 the	 potential	 to	 enable	 the	 production	 of	
several	organic	nanosheets	and	nanotubes	in	bulk	without	
the	need	for	surface	or	template	support.	
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