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In	 this	 paper,	 the	HYDRAVH2	 ligand	as	 an	 asymmetric	 fluorescence	Schiff	base	 	 ligand	 	was	used	to	 	 pro-	
duce	a	series	of	new	lanthanide	complexes	(HYDRAV-Ln(III),	Ln:	Yb,	Er,	Gd	and	Dy). The	structures	of	the	
Schiff	base	complexes	are	characterized	using	Fourier	transform	infrared	spectroscopy	(FT-IR),	MALDI-TOF	
mass	spectrometry,	CHN	elemental	analysis,	Ultraviolet-Visible	(UV–Vis),	fluorescence,	near-infrared	(NIR)	
and	 thermogravimetric	 analysis	 (TGA).	 The	 photoluminescence	 properties	 show	 that	 the	 energy	 transfer	
from	HYDRAVH2	 	 to	 Ln(III)	 ions	 is	 effective	 and	 the	 energy	 levels	 of	 HYDRAVH2	 	 and	 Ln(III)	 ions	match				
well,	therefore	the	Ln-compounds	exhibit	emission	in		the		visible		region.		The		result		of		the		photophysi-	
cal	 properties	 of	 HYDRAV-Ln(III)	 also	 indicates	 that	 strong	 and	 characteristic	 Near-IR	 luminescence	 for	
HYDRAV-Yb	 and	 HYDRAV-Er	 are	 observed,	 which	 are	 attributed	 to	 the	 antenna	 effect	 of	 the	 HYDRAVH2	
ligands	 that	 harvest	 the	 light	 and	 transfer	 it	 to	 the	 metal	 centers.	 Based	 on	 the	 above	 results,	 the	 lig-											
and	and	 its	complexes	(HYDRAV-Ln(III))	have	remarkable	optical	features	that	could	be	of	great	utility	in	
optoelectronic	 devices.	

©	2020	Elsevier	B.V.	All	rights	reserved.	

	
	

1. Introduction 
 

Schiff	bases	are	very	popular	ligand	that	include	an	azomethine	
(-CH	 =N-)	 or	 an	 imine	 (-C	 = N-)	 group	 that	 generally	 formed	 by			
the	condensation	of	active	carbonyl	groups	and	amino	compounds	
in	which	the	nitrogen	atom	is	bonded	to	an	aryl	or	alkyl	group	[1-	
3].	Schiff	bases	ligands	as	polydentate	ligands	form	a	unique	class	
of	organic	compounds	due	to	their	exclusive	properties	such	as	sta-	
bility	 in	 different	 conditions,	 the	 multiplicity	 of	 donor	 sites,	 syn-	
thesis	flexibility	and	formation	of	a	wide	range	of	complexes	with	
various	coordination	geometries,	which	can	play	an	essential	role	
in	the	development	of	coordination	chemistry.	A	broad	spectrum	of	
applications	of	 Schiff	bases	 ligands	 tagged	 them	as	versatile	mul-	
tifunctional	materials	[4-7].	They	are	 classified	as	 symmetric	 and	
asymmetric	 ligand	 based	 on	 the	 contracture.	 Symmetrical	 Schiff	
bases	 are	 thoroughly	 studied	 but	 asymmetrical	 ligands	 are	much	
less	studied,	because	of	the	difficulty	associated	with	their	synthe-	
sis	[8].	The	achievement	of	the	Schiff-base	ligands	derived	from	o-	
vanillin	(2-Hydroxy-3-methoxybenzaldehyde)	brought	attention	to-	
wards	this	molecule	as	an	interesting	ligand	by	itself.	O-vanillin	 is	
the	main	phytochemical	 existing	 in	vanilla,	 the	agent	 in	 food	and	
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cosmetic	 products,	 and	 its	metal	 complexes	 showed	considerable	
bioactivity	 [9].	 The	 methoxy	 group	 in	 o-vanillin	 plays	 an	 impor-	
tant	role	in	the	coordination	abilities	of	these	molecules.	O-vanillin	
derived	ligands	have	been	utilized	to	generate	multi-metallic	com-	
plexes	with	a	rich	structural	variety	and	also	chemical	and	physical	
properties	[10].	

Lanthanide(III)	 ions	 are	 the	 best	 ions	 with	 the	 largest	 size	 that		
are	 able	 to	 form	 stable	 complexes	 	 with	 	 high	 	 coordination	 	 num-		
bers	 [11].	 In	 between,	 lanthanide	 (III)	 complexes	 containing	 Schiff	
base	 provide	 a	 highly	 organized	 class	 of	 compounds	 with	 interest-		
ing	 properties	 such	 as	 antifungal	 [12],	 antibacterial	 [13],	 anticancer	
[14],	catalytic	[15],	electroluminescence	and	fluorescence,	sensing	[16-
18]	biological	activities	[19],	and	unique		magnetic		properties	[20].	

Since	 the	 f-f	 transitions	 in	 the	 Ln(III)	 ions	 are	 parity	 forbidden,	
absorption	 coefficient	 in	 Ln(III)-compounds	 is	 very	 low,	 thus	 the	
photophysical	 properties	of	Ln(III)	 ions	 are	very	 dependent	 on	 their	
ligands	which	can	 act	 	 as	 	 antennas	 	 or	 	 sensitizers	 	 and	 	 even	 	 pro-		
tect		the		metal		center		from		quenching		effect		of		solvent		molecules	
[21,22].	The	π -conjugated	ligands	are	usually	used	as	antennas,	be-	
cause	 of	 their	 greater	 efficiency	 in	 absorbing	 incident	 light	 with	
consequent	 energy	 transfer	 to	 lanthanide	 ions’	 excited	 states	 [23].	
Therefore,	 stronger	 photoluminescence	 emission	 	with	 	 color	 	 purity	
of		the		emitted		light		occurs		for		luminescent		lanthanide	 compounds	

	

.	



2	 S. Gholizadeh Dogaheh, J. Soleimannejad and E.C. Sanudo / Journal of Molecular Structure 1219 (2020) 129060 
	
	

which	 can	 be	 used	 for	 applications	 such	 as	 imaging	 agents,	 lighting	
systems	 and	 lasers	 [24-26]	 where	 the	 electronic	 structure	 of	 lan-	
thanide	 ions	 such	 as	 Er3+,	 Ho3+ and	 Yb3+ act	 as	 the	 active	 material					
for	 optical	 amplification	 of	 near-IR	 (NIR)	 signals	 [27-28].	 Addition-	
ally,	 	 in	 the	 design	 of	 lanthanide	 complexes	 for	 achieving	 the	 effec-	
tive	 energy	 transfer	 from	 the	 chromophores	 to	 the	 Ln(III)	 ions,	 it	 is	
necessary	 to	 avoid	 non-radiative	 processes	 (luminescent	 quenching	
effect)	 in	 close	 proximity	 to	 the	 metal	 center	 such	 as	 the	 presence					
of	 -OH,	 -CH	 and	 -NH	 bonds	 oscillators	 [29].	

Following	 our	 previous	 studies	 on	 asymmetric	 Schiff	 base	 lig-	
ands	 [30-32],	 here	 we	 report	 the	 synthesis	 and	 characterization			
of	 a	 series	 of	 new	 fluorescent	 lanthanide(III)	 complexes	 (Ln:	 Yb,		
Er,	Gd	and	Dy)	based	on	1-[(2–hydroxy-3–methoxy–benzylidene)-	
hydrazonomethyl]-naphthalen-2-ol	 (HYDRAVH2)	 ligand.	 Inclusion	
of	HYDRAVH2	in	the	Ln(III)-complexes	(Ln:	Yb,	Er,	Gd	and	Dy)	re-	
sulted	 in	 the	 fluorescence	 enhancement	 due	 to	 the	 chelation	 en-	
hanced	 fluorescence	 effect	 (CHEF)	with	 the	 fluorescent	 naphthyl	
group	 in	 the	HYDRAVH2	ligand	being	 the	main	 contributor	 to	 the	
observed	emission	spectra.	The	HYDRAVH2	ligand	support	the	for-	
mation	 of	 unique	 assemblies	 for	 ytterbium	 and	 erbium,	 that	 dis-	
play	particularly	enhanced	emission	properties	 in	NIR.	
	

2. Experimental 
 

2.1. Materials 
 

All	 	 	 chemicals	 	 	were	 	 	 purchased	 	 	 from	 	 	 commercial	 	 	 sources			
and	 used	 as	 received.	 HYDRAVH2	 (1-[(2–hydroxy-3–methoxy–	
benzylidene)-hydrazonomethyl]-naphthalen-2-ol)	 was	 synthesized	
according	 to	 our	 literature	methods	 [30].	
	

2.2. Instrumentation 
 

The	 infra-red	 spectra	 were	 carried	 out	 as	 pressed	 KBr	 discs,	 us-	
ing	 Bruker	 Enquinox	 55	 spectrophotometer	 in	 the	 region	 of	 400–	
4000	 cm−1.	 Melting	 points	 were	 measured	 on	 an	 	 Electrothermal		
9100	 apparatus.	 Thermogravimetric	 analyses	 (TGA)	 were	 carried	
out	 under	 air	 atmosphere	 on	 a	 SDT	 Q600	 V20.9	 Build	 20	 	 instru-		
ment	 at	 the	 heating	 rate	 of	 20	 °C	 min−1.	 Fluorescence	 and	 near-IR	
measurements	 were	 taken	 using	 a	 NanoLogTM-Horiba	 JobinYvon	
iHR320	 spectrophotometer	 and	 9,10-diphenylanthracene	 was	 	 used	
as	 a	 standard	 to	 calculate	 quantum	 yields.	 UV–Vis	 spectra	 were	 ac-	
quired	 using	 a	 Cary	 100	 Scan	 from	 Varian	 in	 	 the	 	 range	 	 of	 	 200–		
800	 nm.	 Elemental	 analyses	 for	 C,	 H,	 and	 N	 	 were	 	 obtained	 	 on	 	 a		
LECO	 Truspec	 instrument.	 Positive	 and	 negative	 ion	 	 ESI	 	 analyses		
and	 MALDI-TOF	 were	 collected	 at	 the	 Unitat	 d’Espectrometria	 de	
Masses	 (CCiTUB)	 of	 the	 University	 of	 Barcelona.	
	

2.3. Synthesis of ligand (HYDRAVH2) 
 

The	HYDRAVH2	ligand	synthesized	in	the	two	steps	[30].	Step 1)	
A	 solution	 of	 2–hydroxy-1-naphtlaldehyde	 (1.74	 g,	 10.2	 mmol)	 in	
methanol	was	added	dropwise	to	hydrazine	hydrate	(98%)	(2.5	ml,	
50.6	 mmol)	 at	 room	 temperature	 	 for	 	 an	 	 hour.	 A	 yellow	 precipi-		
tate	 formed	 and	 was	 collected	 by	 filtration	 and	 washed	 with	 ether.	
Yield	67%;	m.p.	150–151	°C.	

Step   2)				1-(hydrazineylidenemethyl)-naphthalen-2-ol				(0.558		g,	
2.99	 mmol)	 is	 dissolved	 in	 20	 mL	 methanol.	 To	 	 this,	 a	 solution					
of	 0.456	 g	 (2.99	mmol)	 of	 2–hydroxy-3-methoxybenzaldehyde	 in	
20	mL	methanol	was	added.	The	resulting	solution	was	refluxed	for	
3	 h.	The	 obtained	 yellow	 precipitate	was	 filtered	 off	 and	washed	
three	 times	 with	 methanol	 and	 then	 dried	 with	 anhydrous	 di-		
ethyl	 ether.	 Yield:	 70%;	 m.p.	 222–223	 °C.	 Selected	 IR	 data	 (KBr,	
cm−1):	 3425	 (w),	 2966	 (w),	 2846	 (w),	 1616	 	 (s),	 1545	 	 (w),	 1465			
(s),	1316	(m),	1256	(s),	1185	(m),	1085	(w),	971	(w),	781	(m),	737	
(s).	1H	NMR	(DMSO–d6,	300	MHz,	ppm):	δ  9.88(s,1H),	9.08(s,1H),	

8.64		(d,		1H,		J  =  8.61		Hz),		8.04		(d,		1H,		J  =  9		Hz),		7.92			(d,	 1H,	
J  =  7.75			Hz),7.63		(t,		1H,		J  =  8.25		Hz),		7.45			(t,		1H,		J  =   7.17			Hz),	
7.33		(d,		1H,		J  =  7.9		Hz),		7.27		(d,		1H,		J  =  8.98		Hz),		7.16			(d,	 1H,	
J  =  8.00		Hz),		 6.96		 (t,		 1H,		J  = 7.91			Hz),		 3.86(s,		 3H).		λmax		(nm)	
(ɛ(M	− 1	cm−1)):	229	(66,637.8),	276	(22,804.8),	332	(22,510.3)	and	
387	(28,139.3)	in	CH3CN.	ESI-MS:	MW	(C19H16N2O3)	= 320.12,	m/z 

(M		+ 1H±)		= 321.12.	 C19H16N2O3:		N,		8.79;		C,		70.44;		H,		5.32.	 Ex-	
perimental:	N:	8.74;	C	71.24;	H:	5.03%.	
	

2.4. Synthesis of Ln-complexes (Ln: Yb, Er, DY and GD) 
 

A	 solution	 of	 Ln(NO3)3·xH2O	 (0.465	mmol)	 in	 CH3CN	 (5	ml)	 was	
added	 to	a	 solution	of	ligand	(0.15		g,	 	0.468	 	mmol)	 	and	 	Et3N		 (195	
μL)	 in	CH3CN		 (15		ml)	 	 and		 the		mixture		was	 	heated		under		 reflux		
for	 4	 h.	 Afterwards,	 the	 obtained	 precipitate	 was	 filtered	 off	 and	
washed	 three	 times	 with	 hot	 CH3CN	 and	 dried	 with	 anhydrous	 di-	
ethyl	 ether.	
	

2.4.1. HYDRAV-Yb 
Yield:	 67%.	 m.p.	 ˃ 400	 	 °C.	 	 Selected	 	 IR	 	 data	 	 (KBr,	 	 cm−1);		

3424(s),		3056(w),		2926(w),		2850(w),		1607(s),		1536(m),		1464(s),	
1385(m),		1313(w),			1242(w),		1221(w),			1221(w),			1186(w),			830(w),	
742(m).	λmax	(nm)	(ɛ(M − 1	cm−1)):	242	(96,315),	273	(34,998),	
326		(13,120)		and		418			(23,647)		in	 	CH3CN.	 	Elemental	 	 	anal.	 	 	calc.	
for	 	[(C19H14N2O3)4Yb3][Yb(NO3)4(H2O)]·(H2O)4·(CH3CN)5:	 	 	N	 	 	9.49;	
C	 41.17;	H	 3.25.	 Found:	N	 9.13;	 C	 40.68;	 H	 4.00.	
	

2.4.2. HYDRAV-Er 
Yield:	 60%.	 m.p.˃ 400	 °C.	 Selected	 IR	 data	 (KBr,	 cm−1);	

3425(s),3056(w),			2931(w),			2847(w),			1607(s),			1535(m),		 1463(s),	
1385(m),					1311(w),					1221(w),					1186(w),					858(w),					742(m).		λmax	
(nm)	(ɛ(M	− 1	cm−1)):	245	(73,723),	313	(7204),	349	
(4359)	 and	 429	 (17,146)	 in	 CH3CN.	 Elemental	 anal.	 calc.	 for	
[(C19H14N2O3)4Er3][Er(NO3)4(H2O)]·(H2O)·(CH3CN):	 	 N	 	 7.79;	 	 	 C	
42.33;	H	 2.76%.	 Found:	N	 8.03;	 C	 41.31;	H	 2.80%.	
	

2.4.3. HYDRAV-Dy 
Yield:	 71%.	 m.p.˃  400	 	 °C.	 	 Selected	 	 IR	 	 data	 	 (KBr,	 	 cm−1);		

3427(s),		 3055(w),		 2927(w),		 2850(w),		 1605(s),		 1534(m),		 1461(s),	
1385(m),				1307(w),				1220(w),				1180(w),					828(w),				742(m).				λmax	
(nm)	(ɛ(M	− 1	cm−1)):	241	(78,111),	273	(31,374.5),	324	
(13,982)		 	and			411			(20,447)			 in			 	CH3CN.			 	Elemental				anal.		 		calc.	
for	 [(C19H14N2O3)4Dy3][Dy(NO3)4(H2O)]·(H2O)2·(CH3CN):	 N	 7.91,	 C	
40.98,	H	 2.76%.	 Found:	N	 8.03;	 C	 41.33;	H:	 2.89%.	
	

2.4.4. HYDRAV-Gd 
Yield:	 65%.	 m.p.	 ˃ 400	 	 °C.	 	 Selected	 	 IR	 	 data	 	 (KBr,	 	 cm−1);		

3424(s),		3054(w),		2938(w),		2842(w),		1605(s),			 1534(m),			1460(s),	
1387(m),			1305(w),			1185(w),				1086(w),			971(w),			829(w),		 741(m).	
λmax	(nm)	(ɛ(M	− 1	cm−1)):	232	(66,088),	276	(26,977),	329	
(15,051)		 and		 400		 (18,422)		 	 in	 	 	CH3CN.	 	 	 	Elemental	 	 	 	anal.	 	 	 	calc.	
for	 [(C19H14N2O3)4Gd3][Gd(NO3)4(H2O)]·(H2O)2·(CH3CN)2:	 N	 8.58;	
C42.02;	 H3.00.	 Found:	 N	 7.85;	 C	 41.80;	 H	 2.70.	
	

3. Results and discussion 
 

3.1. Synthesis and preliminary characterization 
 

Following	our	 	research	 	carried	 	on	 	 the	 	design	 	and	 	synthe-		
sis	of	 asymmetric	 Schiff	base	 ligands	 	 and	 	 their	 	complexes	 	[30-
32],	 	we	 	now		use	 	fluorescent	 	 ligand	 	HYDRAVH2		to	 	 	 pre-	pare		
optically		active		lanthanide		(III)		complexes			(Ln:			Yb,			Er,	Dy		and		
Gd).	 	HYDRAVH2		was	 		prepared	 	 	through	 	 	the	 	 	reac-	 		 tion	of	1-
(hydrazonomethyl)naphthalene-2-ol	 with	 2–hydroxy-3-	
methoxybenzaldehyde	in	 two	 steps	and	was	characterized	by	FT-	
IR,	EA,	Proton	nuclear	magnetic	resonance	(1H	NMR),	UV–Vis,	Elec-	
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Fig 1. FT-IR	spectra	of	the	HYDRAVH2	ligand	and	HYDRAV-Ln(III)	complexes.	

	
trospray	 ionization	 mass	 spectrometry	 (ESI	 mass)	 and	 single	 crys-		
tal	 	 X-ray	 diffraction	 (Scheme	 1).	 	 HYDRAVH2	 	 can	 	 be	 	 used	 	 with-		
out	 further	 purification.	 The	 ligand	 	 is	 	 expected	 	 to	 	 be	 	 pentaden-		
tate	 and	 the	 possible	 coordination	 sites	 are	 phenol-oxygen	 (two),	
hydrazine-nitrogen	 (two)	 and	 methoxy	 group	 	 (one)	 	 which	 	 make		
this	ligand	a	good	candidate	for	synthesis	of	lanthanide		coordina-	tion	
compounds.	Treatment	of	 the	ligand	with	Ln(NO3)3.xH2O	(Ln:	 Yb,	Er,	
Dy	and	Gd)	in	acetonitrile	afforded	HYDRAV-Ln(III)	com-	plexes.	In	all	
cases,	 triethylamine	was	 used	 to	 deprotonate	 the	 two	 	 OH	 groups	 of	
the	ligand	and	the		product		was		precipitated.		Differ-	ent	attempts	to		
obtain	 	 single	 	 crystals,	 	 directly	 	 from	 	 the	 	 reaction	 	 or	 through	
recrystallization	 of	 the	 precipitate,	 were	 not	 successful	 and	 we	 only	
managed	 to	 get	 very	 poor	 quality	 crystals	 from	 the	 HYDRAV-Er	
compound.	Therefore,	 the	obtained	crystal	 structure	of	the	HYDRAV-
Er	compound	was	not	good		enough		to		be		reported,	 	but	it	provides	
an	 insight	 into	 the	 formula	 of	 the	 metal	 compound	
[(HYDRAV)4Er3].Er(NO3)4.H2O,	 and	 of	 course	 mode	 of	 chelation	 	 of	
the	ligand	(fig.	S1).	

HYDRAV-Ln(III)	compounds	(Ln:	Yb,	Er,	Dy	and	Gd)	were	care-	
fully	characterized	by	FT-IR,	MALDI-TOF	mass	spectrometry,	EA,	UV–
Vis	 and	 thermogravimetric	 analysis	 (TGA).	 The	 FT-IR	 spectrum	 	 	 of	
the	 HYDRAV-Ln(III)	 (Ln:	 Yb,	 Er,	 Dy	 and	 Gd)	 displays	 similar	 char-	
acteristics	 bands	 compared	 with	 the	 pure	 ligand	 (Fig.	 1).	 A	 con-	
siderable	 red-shift	 of	 the	 ν(C	 = N)	 frequency	 is	 observed	 in	 the	
spectra	 of	 all	 the	 complexes,	 indicating	 a	 decrease	 in	 the	 stretching	
force	constant	of	 the	C	=  N	 	bond	 	because	 	of	 	 the		 coordination	 	of		
the	 nitrogen	 atom	 of	 the	 azomethine	 moiety	 to	 the	metal	 ions.	 This	
stretching	band	appears	at	 	ca.	 	1616		 cm−1	 for	 the		 free		 ligand,	 	 and	

in	 the	 region	 of	 1605–1607	 cm−1	 in	 the	 spectra	 of	 all	 the	 HYDRAV-	
Ln(III)	 (Ln:	 Yb,	 Er,	 Dy	 and	 Gd)	 compounds.	 The	 sharp	 band	 at	 1256	
cm−1	 corresponding	 to	 C–O	 in	 free	 ligand	 disappears	 in	 HYDRAV-	
Ln(III)	 (Ln:	 Yb,	 Er,	 Dy	 and	 Gd)	 which	 indicates	 that	 the	 ligand	 has	
coordinated	 to	 Ln3+ ions.	 The	 HYDRAV-Ln(III)	 complexes	 show	 a	

broad	 band	 in	 the	 3680–3150	 cm−1	 range	 due	 	 to	 	ν(OH)	 	 vibration	
and	lattice	water	[33].	

The	 infrared	 spectra	 of	 lanthanide	 complexes	 contain	 informa-	
tion	 regarding	 the	 bonding	 mode	 of	 NO3¯ groups.	 A	 nitrate	 ion	 can		
be	coordinated	 to	metal	 ions	 as	 	monodentate,	 	 bidentate	 	 (symmet-	
ric	 and	 asymmetric	 chelating)	 and	 bridging	 bidentate	 ligand	 in	 var-	
ious	 compounds	 [34].	 Even	 thought,	 characterization	 of	 these	 com-	
pounds	by	vibrational	spectroscopy	is	very	difficult,	but	this	 tech-	

nique	 is	 still	 useful	 in	 distinguishing	 between	 monodentate	 and	
bidentate	ligands.	

The	 bidentate	 NO3¯ ligand	 exhibits	 three	 NO	 stretching	 bands	
(υ(N		=  O),		υa(NO2)		and		υs(NO2))		and		the		separation		of		the		 two	
highest	 frequency	 bands	 of	 the	 bidentate	 is	 larger	 than	 	 monoden-	
tate.	 This	 rule	 does	 not	 apply	 if	 the	 complexes	 are	 significantly	 dif-	
ferent	 [35].	 However,	 the	 intensities	 of	 bands	 were	 shown	 to	 de-	
crease		in		the		order		monodentate	to		bidentate		[36].	The	NO	stretch-	
ing	frequencies	and	the	magnitude	of	this	splitting,	�ν= ν1-ν5,	
for	 a	 number	 of	 lanthanide	 complexes	 contain	 bidentate	 nitrate	
groups	 are	 listed	 and	 amounts	 of	 the	 separation	 	 are	 	 between	 	 116	
and		159		cm−1		as		seen		in		Table.		S1		[37].		In		our		cases,		the		bands	

at	ca.	1535	cm−1	and	1386	cm−1	are	related	to	ν(N	= O)	(ν1)	
and			νas(NO2)		(ν5)			of			the			coordinated			nitrate			ions,	 respectively.	
The	 magnitude	 of	 this	 separation	 is	 about	 149	 cm−1	 for	 our	 Ln-	
complexes	and	it	suggests	 	that	 	the		nitrate	 	anions		are	 	coordinated	
to	 the	metal	 ions	 in	 a	 bidentate	 fashion	 in	 all	 HYDRAV-Ln(III)	 com-	
plexes	(Ln:	Yb,	Er,	Gd	and	Dy).	

In	 order	 to	 determine	 the	 molecular	 formula	 of	 the	 HYDRAV-	
Ln(III)	 compounds,	 MALDI-TOF	 mass	 analyses	 were	 carried	 out	 in	
positive	 modes.	 Fig.	 S2	 (see	 supplementary	 data)	 	 illustrates	 	 the		
mass	 fragmentation	 patterns	 	 of	 	 HYDRAV-Ln(III)	 	 compounds.	 	 For		
all	 compounds,	 the	 spectrogram	 	 showed	 	 the	 	 moiety	 	 correspond-		
ing	 to	 the	 isotopic	 distribution	 of	 the	 [Ln3(HYDRAV)4]+ for	 	 Ln:		
Yb(III),	 Er(III),	 Dy(III),	 Gd(III),	 and	 other	 fragmentation	 peaks	 of	
[Gd3(HYDRAV)4(H2O)]2+ (m/z:1762),	 thus	 confirming	 the	 proposed	
formulae	 and	 present	 strong	 witness	 for	 the	 formation	 of	 the	
HYDRAV-Ln(III)	 complexes.	

In	 order	 to	 confirm	 the	 thermal	 stability	 and	 composition	 of	
HYDRAV-Ln(III)	 complexes,	 TGA	 was	 performed	 in	 a	 range	 of	 tem-	
peratures	 between	 23	 and	 606	 °C	 at	 a	 heating	 rate	 of	 20	 °C	 min−1	
under	 air	 flow.	 The	 TGA	 plots	 are	 shown	 in	 Fig.	 2	 and	 the	 corre-	
sponding	 TGA	 data	 are	 listed	 in	 Table	 1.	 	 The	 	 thermal	 	 decomposi-	
tion	 processes	of	HYDRAV-Ln(III)	 	 complexes	 	 are	 	mainly	 	occurred		
in	 two	 steps:	 i)	 removal	 of	 lattice	 solvent	 molecules,	 ii)	 decompo-	
sition	 of	 the	 Ln(III)-complexes	 and	 ligand	 loss.	

TGA	 curve	 for	 HYDRAV-Gd	 show	 the	 first	 weight	 loss	 in	 ap-	
proximately	 5.68%	 (calcd.5.95%)	 before	 200	 °C	 which	 	 is	 	 associ-		
ated	 with	 the	 removal	 of	 the	 	 lattice	 	 solvent	 	 molecules	 	 i.e.  water		
and	 acetonitrile.	 The	 second	 weight	 loss	 of	 61.17%	 (calcd.	 62.22%)	
occurs	 in	 the	 range	 of	 200–605	 °C	 and	 it	 is	 related	 to	 the	 de-	
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Fig. 2. TGA	curves	of	(a) HYDRAV-Gd	(b) HYDRAV-Yb,	(c) HYDRAV-Dy	and	(d) HYDRAV-Er.	

	
Table 1 
The	TGA	data	for	HYDRAV-Ln(III).	

	
	

Complexes	 Loss	 of	 weigh	 (%)	 found	 (calculated)	
	

 Solvent	molecules	 Ligands	 Residue	  

HYDRAV-Gd	 5.68	(5.94)	 61.17	(62.25)	 33.16	(31.81)	  
HYDRAV-Yb	 11.05	(11.75)	 56.61	(56.71)	 32.34	(31.53)	  

HYDRAV-Dy	 4.51	(4.18)	 59.73	(62.71)	 35.76	(33.11)	  

HYDRAV-Er	 3.50	(3.41)	 61.13	(62.99)	 35.37	(33.60)	  
	
	
	
	
composition	 of	 the	 Ln(III)-complexes	 and	 ligand	 loss.	 The	 total	
weight	 loss	 is	 around	 66.84%	 (calcd.	 68.17%)	 giving	 ultimately	 solid	
Gd2O3.	 Elemental	 analysis	 was	 performed	 to	 study	 the	 chemical	
composition	 of	 the	 HYDRAV-Gd	 compound	 and	 the	 results	 are	 in	
agreement	with	 the	TGA		results.	 	Therefore,	 	 the		empirical	 	 formula	
of	 [(HYDRAV)4Gd3][Gd(NO3)4(H2O)]·(H2O)2·(CH3CN)2	 is	 considered	
for	this	compound.	

As	 depicted	 in	 Fig.	 2,	 the	 TGA	 	 curve	 for	 HYDRAV-Yb	 	 has	 a	 first	
step	 between	 50	 °C	 and	 195	 °C	 with	 the	 weight	 	 loss	 	 of	 	 11.05%,		
which	 is	 related	 to	 the	 removal	 of	 five	 water	 and	 five	 acetonitriles	
molecules	 (the	 theoretical	value	 is	 11.75%).	 	The	 second	weight	 loss		
of	 56.61%	 in	 the	 range	 of	 200–606	 °C	 is	 56.61%	 (calcd.	 56.71%)	
which	 is	 attributed	 to	 the	 detachment	 of	 the	 	 organic	 	 ligand.	 	 The		
total	 weight	 loss	 is	 about	 67.66%	 emanate	 from	 the	 formation	 of	
Yb2O3	 (calcd.	 68.48%).	 According	 to	 the	 TGA	 results	 as	 well	 as	 the	
element	 analysis	 results,	 the	 empirical	 formula	 for	 HYDRAV-Yb	 is	
worked	out	as	 [(HYDRAV)4Yb3][Yb(NO3)4(H2O)]·(H2O)4·(CH3CN)5.	

The	 thermal	 stability	 of	 HYDRAV-Dy	 was	 also	 examined	 via TGA	
in	 the	 range	 of	 23–605	 °C.	 The	 results	 show	 that	 HYDRAV-Dy	 	 is		
stable	 up	 to	 200	 °C	 and	 decomposition	 	 takes	 	 place	 	 between	 	 200		
and	 600	 °C.	 The	 total	 weight	 loss	 is	 around	 64.24%	 resulting	 in	 the	
formation		of		Dy2O3			(calculated		66.86%).		Combining		the		EA	results	

and	TGA	analysis,	the	empirical		formula		of		the		HYDRAV-Dy		could	
be	proposed	as	 [(HYDRAV)4Dy3][Dy(NO3)4(H2O)]·(H2O)2·(CH3CN).	

For	 HYDRAV-Er,	 the	 results	 show	 	 that	 	 the	 	 compound	 	 is	 	 sta-		
ble	 up	 to	 200	 °C	 and	 	 its	 	 decomposition	 	 occurs	 	 in	 	 two	 	 steps	
between			200			and			600			°C,			which			are			close			to			the				theoreti-	
cal	 value	 for	 lattice	 solvent	 molecules	 (two	 water	 and	 	 one		
acetonitrile	 molecules)	 and	 burnout	 of	 the	 organic	 molecules,	
respectively.		 According		 	 to	 		 the			 	above		 		TGA		 		results,	 	 		as	 	 		well		
as	 the	 element	 analysis	 results,	 the	 HYDRAV-Er	 formula	 is	
[(HYDRAV)4Er3][Er(NO3)4(H2O)]·(H2O)·(CH3CN).			The			total			 weight	
loss		 is		 around		 64.63%		 originating		 from		 the		 formation		 of		 Er2O3	
where	the	expected	theoretical	value	is	66.4%.	
	

3.2. UV–Vis and fluorescent properties 
 

The	 photophysical	 properties	 of	 ligand	 and	 HYDRAV-Ln(III)	 (Ln:	
Yb,	 Er,	 Dy	 and	 Gd)	 complexes	 were	 recorded	 in	 dilute	 MeCN	 	 so-		
lution	 (10−5	 M)	 at	 room	 temperature.	 The	 electronic	 spectra	 of	
HYDRAV-Ln(III)	 are	 shown	 in	 Fig.	 3	 and	 their	 data	 	 are	 	 listed	 	 in		
Table	 2.	The	 ligand	 absorption	 spectrum	 consists	 of	 four	 bands.	The	
UV–Vis	 spectrum	 of	 the	 free	 ligand	 showed	 the	 typical	 absorption	
bands	 at	 229	 and	 276	 nm	 attributed	 to	 the	π –π ∗ transition	 of	 the	
aromatic	 rings	 and	 azomethine	 chromophores.	 While	 the	 bands	 at	
332	 nm	 and	 387	 nm	 were	 assigned	 to	 n–π ∗,	 the	 forbidden	 transi-	
tion	 bands	 of	 azomethine	 and	 phenol	 groups.	 Coordination	 of	 the	
lanthanide	 ions	 to	 the	 imine,	 methoxide	 and	 phenoxide	 groups	 of	
ligands	 and	 the	 deprotonation	 	 of	 	 the	 	OH	 	 groups	 	with	 	 change	 	 at		
the	 corresponding	 molecular	 structures	 are	 clearly	 observed	 in	 the	
UV–Vis	 spectra	 of	 HYDRAV-Ln(III)	 with	 a	 red-shift	 in	 respect	 to	 the	
free	 ligands.	

The	 emission	 spectra	 of	 ligand	 and	 its	 complexes	 were	 collected			
at	room	temperature	in	acetonitrile	solutions	(10−5	M)	and	 are	 shown	
in	 Fig.	 3.	 Upon	 irradiation	 at	 330	 nm	 a	 strong	 emission	
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Fig 3. Electronic	and	emission	spectra	of	10−5	M	CH3CN	solutions	of	HYDRAVH2	and	HYDRAV–Ln	complexes	(Ln:	Dy,	Er,	Gd	and	Yb)		at		room		temperature.		Excitation	

wavelength:	330	nm.	

	
Table 2 
The	UV–Vis	data	of	HYDRAV-Ln(III).	

Table 3 
Fluorescence	data	and	quantum	yield	for	HYDRAVH2	and	HYDRAV-Ln(III)	com-	
pounds.	

Compound	 max	 (nm)λ ε (L		mol−1cm−1)	 		 	
Compound	 ex	 (nm)λ em		(nm)λ Assignment	 Quantum	 yields	

HYDRAVH2	 229	 66,637	 		 	
279	 22,804	
332	 22,510	
387	 28,139	

HYDRAVH2	 330	 495	 π →π ∗ 0.03	
HYDRAV-Yb	 330	 510	 π →π ∗ 0.11	
HYDRAV-Er	 330	 512	 π →π ∗ 0.24	

HYDRAV-	
Yb	

242	 96,315	
273	 34,998	
326	 13,120	

HYDRAV-	
Dy	

330	 512	 π →π ∗ 0.09	
4	F9/2	→6	H15/2	
4	F9/2	→6	H13/2	

	
	

	
	
	
	
	
	
	
	
	
	
	

band	 at	 494	 nm	 is	 observed	which	 can	 be	 attributed	 to	π →π ∗ 

transition.	Upon	coordination	of	ligand	to	Yb(III),	Er(III),	Dy(III)	and	
Gd(III),	 the	emission	 spectra	are	broadened	and	enhanced.	 In	the	
emission	 spectra	 of	 the	 Gd3+ and	 Yb3+ complexes,	 the	 fluores-	
cence	enhancement	is	more	than	the	other	Ln-complexes.	This	has	
been	 reported	 earlier	 for	 complexes	 with	 suitable	 metal	 ion	 and	
fluorescent	ligands	which	is	referred	to	as	the	chelation-enhanced	
fluorescence	effect	(CHEF)	and	leads	to	‘turn-on’	fluorescence	[38-	
41].	Intermolecular	energy	transfer	between	the	fluorescent	ligands	
and	lanthanide	ions	is	one	of	the	most	significant	processes,	which	
can	 influence	 the	 fluorescent	 properties.	 In	 fact,	 the	 organic	 lig-	
and	 act	 as	 the	 sensitizer	 to	 enhance	 the	 lanthanide	 fluorescent	
through	 harvesting	 the	 light	 and	 transferring	 it	 to	 the	 lanthanide	
ions.	These	compounds	are	dual	emitting	as	they	can	absorb	 light	
in	 the	 UV–Vis	 region	 of	 the	 spectrum	 and	 then	 emit	 in	 both	 the	
UV–Vis	region	(due	to	the	ligand)	and	visible/near-IR	(due	to	lan-	
thanide	 ions).	 The	 photophysical	 properties	 of	 compounds	 with	
several	aromatic	groups	are	unique,	as	energy	can	be	transfer	from	
π -conjugated	organic	chromophores	to	the	lanthanide	centers	and	

complexes	 would	 induce	 a	 fluorescence	 enhancement.	 As	 a	 result,	
significant	betterment	 in	 the	 	fluorescence	 	 intensity	 	of	 	 the	 	 system		
at	 about	 500	 nm	 occurs,	 which	 is	 attributed	 to	 a	 selective	 CHEF	 ef-	
fect.	 Noticeably,	 sometimes	 lanthanide	 ions’	 emission	 is	 extremely	
low,	 which	 might	 be	 explained	 that	 energy	 transfer	 between	 lig-	
ands	 and	 metal	 centers	 is	 rather	 difficult	 and	 such	 	 effect	 could	 be		
due	 to	 the	 poor	 ability	of	 	 the	 	 ligand	 	 to	 	 shield	 	 the	 	 metal	 	 center		
from	non-radiative	 processes	 [42].	 The	HYDRAV–Ln(III)	 	 (Ln	 	=  Yb,	
Er,	 Dy	 and	 Gd)	 compounds	 reported	 here	 have	 different	 lanthanide	
ions	 with	 different	 coordination	 spheres.	 In	 each	 structure,	 three	
lanthanide	 ions	 are	 connected	 to	 	 each	 	other	 	 by	 	 four	 	 ligands	 	 and		
the	 4th	 Ln(III)	 ion	 is	 coordinated	 to	 a	 molecule	 of	 water	 and	 four	
nitrate	 ions	 and	 it	 is	 known	 that	 this	 lanthanide	 ion	 does	 not	 affect	
the	fluorescence	properties.	

More	detailed	 studies	of	fluorescence	properties	 revealed	that	
in	addition	to	the	π →π ∗ transition,	some	Ln(III)	transitions	might	
occur		in	 	this	 	 region		e.g.  HYDRAV-Dy(III)	 	 show		4F9/2→6H15/2				and	
4F9/2→6H13/2			transitions		in		the		same		region		to		that		of		π →π ∗  [43].	
As	 the	 result,	 these	 peaks	 overlaps	 and	 the	 peak	 loses	 	 its	 	 sym-		
metry.	 The	 details	 of	 the	 fluorescence	 characteristic	 and	 quantum	
yield	 measurements	 [44]	 of	 the	 HYDRAVH2	 and	 its	 Ln(III)	 com-	
pounds	 are	 listed	 in	 Table	 3.	

 418	 23,647	 HYDRAV-Gd	 330	 522	 π →π ∗ 0.09	
HYDRAV-	 245	 73,723	    

Er	 313	 7204	    

 349	 4359	    
 429	 17,146	    

HYDRAV-	 241	 78,111	    

Dy	 273	 31,374	 in	this	way,	the	low	molar	absorptivity	of	the	lanthanide	4f	lev-	
 324	 13,982	 els	will	be	overcome	and	increases	the	ligand-centered	emission	
 411	 20,447	 (CHEF	effect).	
HYDRAV-	 232	 66,088	 Obviously,	upon	complexation	between	Ln(III)	ions	and	the	
Gd	 276	 26,977	  

 329	 15,051	 HYDRAVH2	ligand	through	imine	(−CH=N),	the	benzoic	–OH	and	–	
 400	 18,422	 OMe	groups,	an	increase	of	the	electron-withdrawing	ability	in	the	
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Fig 4. Solid	state	NIR	emission	of	(a) HYDRAV-Er	upon	excitation	at	590	nm	and	(b) HYDRAV-Yb	upon	excitation	at	480	nm.	

	

	
Scheme 1. Synthesis	of	asymmetric	Schiff	base	ligand	HYDRAVH2.	

	
NIR	 photoluminescence	 experiments	 on	 HYDRAV-Yb	 and	

HYDRAV-Er	 were	 performed	 at	 room	 temperature	 in	 the	 solid	
state.	For	HYDRAV-Er	complex,	 irradiation	at	590	nm	results	 in	 a	
broad	NIR	emission	peak	centered	at	1562	nm,	which	is	the	char-	
acteristic	of	Er(III)	(see	Fig.	4a).	The	free	 ligand	does	not	display	
NIR	 luminescence	 under	 similar	 conditions.	 Considering	 that	 the	
process	of	emission	includes	three	steps	of	the	energy	absorption	
by	 ligand;	 transferring	 it	 to	 lanthanide	 ions,	 and	 fluorescence	
emission	 by	 lanthanide	 ions,	matching	 the	 triplet	 energy	 level	 of	
the	 ligand	 with	 the	 excited	 state	 energy	 level	 of	 the	 lanthanide		
ions	 is	 a	 precondition	 for	 the	 synthesis	 of	 a	 lanthanide	 complex	
having	 the	 strongest	 luminescent	 intensity	 [45].	 Upon	 	 excitation	
at	 480	 nm,	 a	 signal	 at	 979	 nm	 is	 observed	 in	 the	 NIR	 emission	
spectra	of	HYDRAV-Yb	which	corresponds	to	the	2F5/2	−2F7/2	elec-	
tronic	 transition,	characteristic	 emission	band	of	Yb(III)	(Fig.	4b).	
The	light	 absorption	of	 this	band	 is	 very	 low	 in	biological	tissues	
and	blood.	For	this	reason,	deep	tissues	and	organs	can	be	imaged	
and	detected	using	a	near-IR	fluorescent	probe	containing	Yb(III)	
ions	 [46].	 Both	 HYDRAV-Er	 and	 HYDRAV-Yb	 show	 characteristic	
emission	peaks	of	Er(III)	and	Yb(III)	ions,	respectively,	that	indicate	
the	energy	transfer	from	ligand	to	Ln(III)	ions	is	effective,	and	the	
energy	levels	of	ligand	and	Ln(III)	 ions	are	matched	well.	
	

4. Conclusions 
 

The	 HYDRAVH2	 ligand	 as	 	 an	 	 asymmetric	 	 fluorescence	 	 Schiff		
base	 ligand	 was	 used	 to	 synthesis	 of	 a	 series	 of	 new	 Er(III),	 Yb(III),	
Gd(III)	 and	 Dy(III)	 complexes.	 The	 HYDRAVH2	 ligand	 has	 five	 pos-	
sible	coordination	sites	in	its	constructer	and	it	is	a	proper	choice			 for	
the	 formation	 of	 hetero-	 and	 homo-metallic	 Ln-complexes.	 The	
HYDRAVH2	 ligand	 is	 especially	 interesting	 as	 i)	 it	 acts	 as	 a	 good	
sensitizer	 that	 transfers	 the	 absorbed	 energy	 to	 the	 central	 lan-	
thanide	 ions	 via antenna	 effect	 followed	 by	 the	 characteristic	 emis-	
sion	of	 the	Ln(III)	 ions.	 ii)	 it	 shields	 the	central	Ln(III)	 ions	 from	the	
inactive	 process	 such	 as	 coordination	 of	 solvent,	 therefore	 prevents	
quenching	 of	 their	 luminescence.	 In	 summary,	 the	 lanthanide	 com-	
plexes	 reported	 here	 are	 especially	 interesting	 due	 to	 this	 fact	 that,	
HYDRAV-Ln(III)	(Ln:	Yb(III),	Er(III),	Dy(III)	and	Gd(III))	enhanced	the	
fluorescence	 intensity	 by	 the	 CHEF	 mechanism	 and	 show	 strong	
emission	properties	in	both	the	UV–Vis	region,	due	to	asymmet-	

ric	 Schiff	 base	 ligands	 and	 in	 the	 near-IR	 region,	 due	 to	 lanthanide	
ions.	 Both	 HYDRAV-Yb	 and	 HYDRAV-Er	 show	 	 characteristic	 	 emis-	
sion	 peaks	 of	 Yb(III)	 and	 Er(III)	 ions,	 indicating	 that	 the	 energy	
transfer	 from	 the	 organic	 ligands	 	 to	 	 lanthanide	 	 ions	 	 is	 	 effective,		
and	 the	 energy	 levels	 of	 organic	 ligands	 and	 lanthanide	 ions	 are	
matched	 well.	
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