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Ammonium	 functionalized	 MoS2	 was	 electrostatically	 coupled	
with	 carbon	 dots	 (CDs)	 bearing	 carboxylate	 moieties,	 forming	
MoS2/CDs	 ensembles.	 Based	 on	 absorption	 and	
photoluminescence	 titration	 assays,	 electronic	 interactions	
between	 the	 two	 species	 within	 MoS2/CDs	 were	 identified.	
Efficient	fluorescence	quenching	of	CDs	by	MoS2	was	observed	and	
attributed	to	photoinduced	electron/energy	transfer	as	the	decay	
mechanism	for	the	transduction	of	the	singlet	excited	state	of	CDs.	

One	 of	 the	 most	 actively	 investigated	 2D	 materials	 beyond	
graphene	 is	 arguably	MoS2,	 which	 belongs	 to	 the	 larger	 family	 of	
layered	 transition	 metal	 dichalcogenides	 (LTMDCs).1	 A	 single	
layered	MoS2	is	a	semiconducting	pseudo-2D	crystal	consisting	of	a	
metal	 network	 sandwiched	within	 two	 chalcogenide	 layers,	where	
each	 metal	 cation	 is	 connected	 with	 four	 chalcogenide	 anions	
forming	 a	 honeycomb	 lattice.	 Bulk	 LTMDCs	 can	 be	 exfoliated	 to	
semiconducting	 or	 metallic	 sheets	 depending	 on	 the	 exfoliating	
agents	employed.	Notably,	we	recently	developed	a	facile	approach	
leading	 to	 exfoliated	 semiconducting	 LTMDCs	 via	 treatment	 with	
chlorosulfonic	 acid,2	 contrasting	 the	 BuLi	 treatment	 exfoliation	
process	 that	 gives	 access	 predominantly	 to	 the	 metallic	 polytype	
structure.3	
	 A	major	drawback	of	LTMDCs	materials	is	associated	with	poor	
solubility,	 since	multiple	 van	 der	Waals	 forces	 between	 the	 layers	
keep	them	tightly	together.	Those	forces,	preventing	the	separation	
and	individualization	of	sheets	within	the	LTMDCs,	can	be	overcome	
by	chemical	functionalization	and	the	incorporation	of	species	that	
due	to	steric	and/or	electronic	reasons	may	keep	apart,	by	avoiding	
re-stacking,	 the	 sheets	 of	 LTMDCs.	 Hence,	 functionalization	 of	
LTMDCs	 is	 imperative	 for	 fully	 harnessing	 their	 capabilities	 and	
broaden	 their	 application	 in	 a	 variety	 of	 fields.	 However,	 LTMDCs	
tend	 to	 be	 rather	 inert	 –	 chalcogen	 atoms	 in	 the	 basal	 plane	 are	
saturated	 and	 not	 highly	 reactive,	 while	 the	 metal	 atoms	 are	
embedded	 beneath	 the	 chalcogen	 layer,	 thus	 not	 susceptible	 to	
functionalization.	 Nevertheless,	 reactions	 of	 metallic	 MoS2	 with	
organoiodides	 or	 diazonium	 salts	 yielded	 MoS2-based	 materials	
carrying	 organic	 addends	 at	 the	 basal	 plane.4	 Moreover,	 ligand	
conjugation	 of	 thiols	 to	Mo	 atoms	 of	 metallic	 MoS2,

5	 as	 a	 rather	
debatable	route	of	functionalization,	since	thiols	can	convert	to	the	
corresponding	 disulfides	 in	 a	 catalytic	 reaction	 activated	 by	 the	
presence	of	MoS2,	which	eventually	physisorb	onto	the	basal	plane	
of	MoS2,

6	was	also	reported.	In	addition,	we	recently	succeeded	the	
covalent	 functionalization	 of	 exfoliated	 semiconducting	 MoS2,	 by	
exploiting	the	high	binding	affinity	of	1,2-dithiolanes	for	Mo	atoms,	
particularly	those	located	at	the	edges	of	exfoliated	semiconducting	
MoS2,	 where	 S	 vacancy	 sites	 are	 naturally	 introduced	 during	 the	
chemical	exfoliation	from	the	bulk.7	
	 Carbon	 dots	 (CDs),	 since	 their	 serendipitously	 discovery	 in	
2004,8	proved	to	be	a	valuable	new	entry	in	the	horizon	of	carbon-
based	nanomaterials.	 In	general,	CDs	are	nanosized	particles,	with	

diameter	 in	 the	 order	 of	 10	 nm	 or	 less,	 showing	 solubility	 in	
aqueous	and	organic	media,9	biocompatibility10	and	photochemical	
stability.11	 Among	 the	 novel	 physicochemical	 properties	 of	 CDs	 is	
their	 intrinsic	 photoluminescence,12	 which	 can	 be	 exploited	 in	
energy	 conversion	 schemes.13	 In	 particular,	 photoinduced	 energy	
and/or	electron	transfer	processes	in	CDs	have	been	identified,	for	
example,	 when	 combined	 with	 carbon	 nanotubes,14	 graphene	
oxide,15	perylene	diimides,16	and	porphyrins.17	

	 Considering	all	 the	above,	 the	aim	of	 the	current	study	 is	 two-
fold,	 namely	 to	 (i)	 integrate,	 by	 employing	 electrostatic	 attractive	
forces,	MoS2	and	CDs	possessing	opposite	charges,	into	an	electron	
donor-acceptor	MoS2/CDs	system,	and	(ii)	scrutinize	intra-ensemble	
electronic	 interactions	between	 the	 two	 species.	 To	achieve	 these	
goals,	 semiconducting	 MoS2	 sheets,	 as	 obtained	 upon	 wet-
exfoliation	 from	 the	 bulk,	 were	 functionalized	 such	 as	 to	 carry	
positively	 charged	 ammonium	 moieties,	 and	 combined	 with	 CDs	
bearing	 carboxylate	 anions.	 Electronic	 absorption	 spectroscopy	 as	
well	as	steady-state	and	time-resolved	photoluminescence	titration	
assays	 were	 employed	 to	 shed	 light	 on	 the	 electronic	
communication	 and	 the	 dynamics	 of	 the	 photoinduced	 processes	
developed	within	the	MoS2/CDs	ensembles.	
	 Bulk	 MoS2	 was	 exfoliated	 to	 semiconducting	 nanosheets	
following	 the	 chlorosulfonic	 acid	 assisted	 strategy.2	 The	 exfoliated	
MoS2	was	spectroscopically	evaluated	and	found	to	be	around	340	
nm	 in	 lateral	size	and	oligolayered	thick.18	Treatment	of	exfoliated	
MoS2	with	the	1,2-dithiolane	tert-butyl	carbamate	(BOC)	derivative	
1,	 furnished	 material	 2,	 according	 to	 Fig.	 1a.	 This	 involves	 the	
recently	 established	 methodology	 for	 the	 functionalization	 of	
chemically-exfoliated	LTMDCs,	based	on	the	high	binding	affinity	of	
1,2-dithiolanes	for	the	Mo	atoms,7	particularly	those	located	at	the	
edges	of	exfoliated	MoS2.	Filtration	of	the	reaction	mixture	through	
a	 PTFE	membrane	 with	 0.2	 μm	 pore	 size	 and	 successive	 washing	
with	 dichloromethane	 guaranteed	 that	 modified	 MoS2	 material	 2	
was	free	of	non-covalently	associated	organic	species.	The	presence	
of	 the	 ethylene	 glycol	 side	 chain	 in	 2	 allowed	 solubility	
enhancement,	 tolerating	 easier	 handling	 and	manipulation	 in	 wet	
media.	Furthermore,	 the	BOC	 terminating	group	 in	2,	masking	 the	
introduced	 amino-functions,	 can	 be	 easily	 removed	 under	 acidic	
conditions,	yielding	ammonium	functionalized	MoS2	material	3.	

Fig.	1	(a)	Functionalization	of	MoS2	leading	to	the	formation	of	
ammonium	modified	MoS2-based	material	3.	 (b)	Formation	of	
MoS2/CDs	ensembles	based	on	electrostatic	interactions.	
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	 The	 chemical	 transformation	 was	 spectroscopically	 proved	 by	
observing	 alterations	 in	 the	 ATR-IR	 spectra	 of	 materials	 2	 and	 3.	
While	 stretching	vibration	bands	due	 to	C-H	units	are	 identified	 in	
the	region	2800-3000	cm-1	for	both	2	and	3,	two	discrete	bands	at	
1650	 and	 1710	 cm-1	 owed	 to	 carbonyl	 amide	 and	 BOC	 units,	
respectively,	 are	 present	 in	 the	 IR	 spectrum	 of	 2,	 with	 the	 latter	
band	being	absent	in	the	spectrum	of	3	(ESI,	Fig.	S1),	thus	justifying	
the	 effective	 BOC-deprotection.	 Raman	 spectroscopy	 revealed	 the	
presence	 of	 characteristic	 A1g	 and	 E

1
2g	 modes	 located	 at	 406	 and	

382	cm-1,	respectively,	 in	materials	2	and	3.	Moreover,	the	A1g	and	
E12g	 modes	 were	 found	 unaltered	 as	 compared	 with	 the	 ones	
present	 in	exfoliated	MoS2	 (ESI,	 Fig.	 S2).	 Since	 for	exfoliated	MoS2	
the	calculated	frequency	difference	between	A1g	and	E

1
2g	is	24	cm

-1,	
corresponding	to	the	presence	of	3-4	MoS2	layers	in	average,

19	it	is	
reasonable	to	claim	that	the	same	number	of	layers	exists	in	2	and	
3.	Additionally,	no	other	Raman	bands	were	observed	in	the	region	
500-1000	 cm-1,	 indicating	 the	 absence	 of	 oxidation	 during	 the	
exfoliation	 and	 functionalization	 process,	 hence,	 proving	 the	
preservation	 of	 the	 electronic	 properties	 of	 the	 semiconducting	
MoS2	polytype.	In	addition,	the	ζ-potential	value	changed	from	-24	
mV	for	exfoliated	MoS2	to	+2.6	mV	for	3,	being	consistent	with	the	
presence	 of	 ammonium	 functionalities.	 Moreover,	 Kaiser	 test	
revealed	a	value	of	50	µmol/g	for	free	amine	units	in	3.	Then,	based	
on	TGA	analysis,	the	4.5%	mass	loss	observed	during	heating	of	3	in	
the	temperature	range	200-500	oC	under	nitrogen	atmosphere	(ESI,	
Fig.	 S3),	 related	 to	 the	 decomposition	 of	 the	 organic	 part	
incorporated	 on	 MoS2,	 is	 consistent	 with	 the	 presence	 of	 one	
functional	group	 for	every	49	units	of	MoS2.	As	 far	as	morphology	
concerns,	the	MoS2	material	3	was	examined	by	field-emission	SEM.	
Briefly,	 a	 few	drops	of	a	methanol	dispersion	of	3	were	deposited	
onto	 the	sample	holder	and	 imaged	after	 the	solvent	was	allowed	
to	 slowly	 evaporate.	 Polygonal	 overlapping	 sheets	 of	 MoS2	 with	
sizes	 varied	 between	 hundreds	 of	 nanometers	 to	 several	
micrometers	 in	a	random	distribution	were	observed	(ESI,	Fig.	S4).	
Amplification	 of	 several	 areas	 of	 the	 material	 reveals	 semi-
transparent	 sheets	 associated	 to	 few	 layers	 of	MoS2,	with	 regular	

and	 linear	 edges.	 It	 should	 be	 pointed	 out	 that	 due	 to	 the	 drying	
process	for	imaging,	re-staking	of	the	MoS2	layers	occurs	explaining	
not	 only	 the	 deviation	 observed	 from	 the	 spectroscopically	
calculated	 layer	 size	 as	 in	 solution	 but	 also	 the	 avoidance	 of	
identifying	single-layered	MoS2	in	the	modified	material	3.		
	 In	 parallel,	 CDs	 were	 synthesized	 from	 citric	 acid	 and	
ethylenediamine	 following	a	microwave-assisted	polycondensation	
method.	 The	 microwave	 irradiation	 conditions	 employed	
guaranteed	 fast	 and	 easy	 production	 of	 1-2	 nm	 sized	 fluorescent	
CDs	 as	 revealed	 by	 DLS	 and	 AFM	 measurements	 (ESI,	 Fig.	 S5),	
possessing	a	polyamidic	structure	with	a	periphery	rich	in	carboxylic	
acid	moieties	as	verified	by	NMR	(ESI,	Fig.	S6)	and	IR	assays	(ESI,	Fig.	
S7).	 The	 plethora	 of	 –COOH	 units	 decorating	 the	 surface	 of	 the	
water-soluble	CDs	 can	be	easily	 ionized	upon	addition	of	 aqueous	
NaOH,	 giving	 access	 to	 negatively	 charged	 CDs–	 4,	 which	 were	
further	 purified	 to	 remove	 the	 excess	 of	 NaOH	 by	 dialysis	
(molecular	 weight	 cut-off	 0.5-1.0	 kDa).	 As	 far	 as	 the	 optical	
properties	 of	 4	 concerns,	 they	 were	 screened	 by	 electronic	
absorption	and	photoluminescence	 spectroscopy.	 In	brief,	 the	UV-
Vis	 spectrum	of	4	 is	governed	by	 two	characteristic	bands	centred	
at	350	and	230	nm	(ESI,	Fig.	S8),	while	upon	370	nm	excitation	an	
emission	at	460	nm	 is	 identified	 (ESI,	Fig.	S9).Next,	having	 in	hand	

Fig.	 2	 UV-Vis	 absorption	 spectra	 of	 CDs–	 4	 upon	 incremental	
additions	of	ammonium	modified	MoS2-based	material	3.	 Inset:	
Enlargement	 of	 the	 300-320	 nm	 region	 where	 the	 isosbestic	
point	is	developed.	

Fig.	 3	 (a)	 Photoluminescence	 titration	 assays	 of	 CDs–	 4	 (20	
μg/mL)	upon	 incremental	additions	of	positively	charged	MoS2-
based	material	3.	(b)	Decay	profiles	of	CDs–	4	upon	incremental	
additions	of	positively	charged	MoS2-based	material	3.	(c)	Stern-
Volmer	plot	 for	 the	additions	of	positively	charged	MoS2-based	
material	 3	 (red)	 and	 neutral	 MoS2-based	 material	 2	 (blue)	 in	
CDs–	4.	
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modified	MoS2	with	 positive	 charges	 in	material	3,	 and	negatively	
charged	 CDs	 in	 material	 4,	 electrostatic	 attractive	 interactions	
between	 the	 two	 species	 were	 exploited	 (Fig.	 1b)	 en	 route	 the	
realization	 of	 MoS2/CDs	 ensembles.	 In	 this	 direction,	 a	 series	 of	
aqueous	 titration	 assays	 were	 conducted.	 Fig.	 2	 shows	 the	
electronic	 absorption	 spectra	 of	 CDs–	 4	 upon	 addition	 of	
incremental	 amounts	 of	 ammonium	modified	MoS2	3.	 Subtraction	
of	the	MoS2	absorption	background	allowed	a	clear	observation	of	
the	 titration	 effects	 (please	 note	 that	 MoS2	 only	 shows	
characteristics	 bands	 beyond	 490	 nm,	 i.e.	 beyond	 the	 absorption	
bands	of	CDs–	4)	and	particularly	the	effect	of	MoS2	addition	on	the	
CDs	 spectrum	 –	 in	 UV-Vis	 titration	 assays	 without	 extracting	 the	
MoS2	 bands,	 the	 characteristic	 absorptions	 of	 the	 semiconducting	
phase	 of	 MoS2	 appear	 at	 690,	 630	 and	 490	 nm	 (ESI,	 Fig.	 S10).	
Evidently,	 a	 progressive	 red-shift	 for	 the	 absorption	 of	 CDs–	 4	 is	
observed,	namely	from	350	to	355	nm	after	the	addition	of	320	μL	
of	 3.	 Moreover,	 an	 isosbestic	 point	 at	 310	 nm,	 consistent	 with	
strong	 electronic	 communication	 between	 the	 two	 species	 in	 the	
ground	state,	was	developed.	Notably,	when	blank	titration	assays	
were	conducted,	by	employing	the	neutral	MoS2-based	derivative	2	
instead	 of	 3,	 none	 of	 the	 aforementioned	 results	 were	 observed	
(ESI,	 Fig.	 S11a),	 thus,	 proving	 the	 beneficial	 role	 of	 attractive	
Coulombic	 forces	 not	 only	 in	 the	 establishment	 of	 the	 MoS2/CDs	
ensembles	 but	 also	 on	 the	 progression	 of	 effective	 interactions	
between	MoS2	and	CDs.	

	 Meaningful	 insight	 on	 photoinduced	 electronic	 interactions	
between	 MoS2	 and	 CDs	 at	 the	 excited	 states	 was	 derived	 from	
photoluminescence	 measurements.	 Steady-state	 assays	 revealed	
that	the	460	nm	fluorescence	emission	of	CDs–	4,	upon	excitation	at	
370	 nm,	 was	 progressively	 quenched	 upon	 addition	 of	 the	
ammonium	modified	MoS2-based	material	3	 (Fig.	 3a),	 for	 samples	
possessing	 equal	 absorbance	 at	 the	 excitation	 wavelength.	 The	
latter	 result	 suggests	 strong	 electronic	 interactions	 at	 the	 excited	
states	 between	 the	 positive	 and	 negative	 species	 within	 the	
MoS2/CDs	 ensemble.	 The	 photoluminescence	 quenching	 is	
supportive	of	photoinduced	electron	and/or	energy	transfer	as	the	
decay	mechanism	for	the	transduction	of	the	singlet	excited	state	of	
CDs.	 Quantitative	 electronic	 interplay	 on	 the	 photoexcited	
MoS2/CDs	 was	 evaluated	 by	 time-resolved	 photoluminescence.	
Based	 on	 the	 time-correlated-single-photon-counting	method,	 the	
fluorescence	emission	decay	profiles	for	CDs–	4	were	acquired	(Fig.	
3b).	The	analysis	of	the	decay	profiles	at	460	nm	(excitation	at	376	
nm)	 for	 the	 singlet	 excited	 state	 of	 CDs–	 4	 was	 exclusively	
monoexponentially	fitted	with	a	lifetime	of	14.0	ns.	Addition	of	the	
positively	charged	MoS2-based	material	3	to	the	negatively	charged	
CDs–	 4	 resulted	 in	 biexponential	 fitting,	 giving	 rise	 to	 the	
identification	 of	 two	 components,	 namely,	 one	 with	 the	 same	
lifetime,	 attributed	 to	 non-interacting	 CDs	 and	 a	 faster	 new	 one	
with	 3.0	 ns	 lifetime,	 corresponding	 to	 the	 fluorescence	quenching	
of	 the	emission	 intensity	of	 the	singlet	excited	state	of	CDs	within	
the	 MoS2/CDs	 ensembles.	 By	 comparing	 the	 lifetime	 of	 unbound	
CDs	 with	 the	 one	 attributed	 to	 the	 MoS2/CDs	 ensembles,	 the	
quenching	 rate	constant	kSq	and	 the	quenching	quantum	yield	ΦS

q	
were	 estimated	 to	be	2.67x108	 s-1	 and	0.79,	 respectively.	Notably,	
when	 blank	 assays	 were	 conducted,	 by	 incorporating	 the	 neutral	
MoS2-based	derivative	2	instead	of	the	positively	charged	3,	a	lower	
quenching	 rate	 for	 the	 emission	 of	 CDs–	4	 was	 observed	 (ESI,	 Fig.	
S11b	 and	 c),	 ascribed	 to	 the	 inner	 filter	 effect	 of	 MoS2.	 As	 a	
consequence,	the	ratio	I0/I	shows	a	linear	trend	for	the	addition	of	

2,	but	a	 faster	and	non-linear	 trend	 for	 the	addition	of	3	 (Fig.	3c),	
implying	 that	 in	 the	 latter	 an	 additional	 process	 takes	 place,	 i.e.	
formation	 of	 the	 electrostatic	 ensemble.	 This	 is	 further	 confirmed	
upon	 examination	 of	 the	 fluorescence	 decay	 profile	 of	 the	 blank	
measurement,	which	remained	monoexponentially	fitted,	following	
the	lifetime	of	intact	CDs–	4.	
	 In	 conclusion,	 we	 developed	 stable	 aqueous	 MoS2/CDs	
ensembles,	 in	which	the	two	components	are	tightly	held	together	
in	 a	 controlled	 fashion	 by	 electrostatic	 interactions.	 Electronic	
absorption	and	photoluminescence	titration	assays,	complemented	
by	 time-resolved	 fluorescence	 emission,	 proved	 the	 formation	 of	
the	ensembles	and	the	electronic	interplay	within	them.	Without	a	
doubt,	 such	 MoS2/CDs	 ensembles	 performing	 in	 electron	 donor-
acceptor	 schemes	 can	 be	 further	 exploited	 for	 managing	 charge-
transfer	 processes	 and	 may	 be	 useful	 for	 advancing	 the	 field	 of	
energy	conversion	in	a	wide	range	of	biological,	environmental	and	
technological	applications.	
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