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	 The	 electronic	 properties	 of	 α‐chlorocurcumin	 and	 α‐methylcurcumin	 was	 theoretically
investigated	 at	 the	 B3LYP/6‐311++G(d,p)	 level	 of	 theory.	 The	 thermodynamics	 quantities
were	 estimated	 by	 calculating	 the	 frequencies	 of	 the	 molecules.	 Three	main	 isomers	 were
predicted	after	full	geometry	optimization	of	various	suggested	isomers	within	the	tautomeric
mixture	of	each	molecule;	the	cis‐enol,	trans‐enol	and	the	trans‐diketo	isomers.	Their	stability
was	in	the	sequence:	cis‐enol	>	trans‐diketo	>	trans‐enol.	The	stabilization	energy	for	the	cis‐
enol	with	respect	to	trans‐diketo	and	trans‐enol	in	chlorocurcumin	is	8.44	and	12.59	kcal/mol,
respectively,	 while	 in	 methylcurcumin,	 it	 is	 4.80	 and	 10.79	 kcal/mol,	 respectively.	 The
fluorescence	 spectra	 were	 recorded	 for	 the	 investigated	 compounds	 in	 several	 protic	 and
aprotic	 solvent	 with	 different	 dielectric	 constants	 and	 H‐bonding	 abilities.	 The	 emission
maxima	are	within	the	range	487	to	571	nm	in	ethylene	glycol,	while	they	are	within	the	range
475	to	557	nm	in	n‐hexane.	The	fluorescence	quantum	yields	of	both	compounds	are	low	and
lower	than	those	of	curcumin.	The	quantum	yield	of	chlorocurcumin	ranges	from	ΦFl	=	0.008
in	MeOH	to	ΦFl	=	0.058	in	toluene,	while	for	methylcurcumin	it	ranges	from	ΦFl	=	0.007	in	DMF
to	ΦFl	 =	0.0524	 in	 ethylene	glycol.	The	 fluorescence	of	 both	 compounds	quenched	by	water
and	 their	 fluorescence	 life	 times	 are	 estimated	 from	 the	 slopes	 of	 the	 linear	 curves	 that
obtained	 from	 Stern‐Volmer	 relationship	 to	 be	 1.44	 and	 1.40	 psec	 for	 chlorocurcumin	 and
methylcurcumin,	respectively.	
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1.	Introduction	
	

Curcumin	is	a	natural	pigment	with	low	toxicity	and	good	
stability	 obtained	 from	 the	 rhizomes	 of	 turmeric.	 It	 exhibits	
good	 optical	 and	 electrical	 properties	 owing	 to	 highly	 π‐
electron	 delocalized	 system	 and	 symmetric	 structure	 [1‐3].	
Combination	with	light	induces	additional	biological	activities	
in	 curcumin.	 Upon	 excitation	 to	 the	 S1‐state	 it	 becomes	
phototoxic	 to	 bacteria	 [4‐6]	 and	 mammalian	 cells	 both	
cancerous	and	healthy	[7,8].	Curcumin	as	a	β‐diketone	exhibits	
keto‐enol	tautomerism.	The	closed	cis‐enol	tautomer	which,	is	
characterized	 by	 an	 intramolecular	 hydrogen	 bond	 between	
the	keto	and	the	enol	moieties	is	the	most	stable	tautomer	[9].	
Curcumin	 absorbs	 light	 in	 the	 visible	 region	 and	 fluoresces	
with	 low	 quantum	 yield	 [10]	 and	 its	 emission	 properties	
depend	 highly	 on	 the	 polarity	 of	 the	 environment.	 Curcumin	
has	significant	potential	as	an	effective	photodynamic	therapy	
agent	 [10‐18].	 The	 presence	 of	 light	 has	 been	 shown	 to	
enhance	 the	 distraction	 of	 tumor	 cells	 [13‐15].	 It	 has	 been	
established	 that	 stable	 photoproducts	 are	 not	 the	 source	 of	
medical	effect	of	curcumin	but	photolitically	produced	reactive	
oxygen	 species	 including	 singlet	 oxygen,	 hydroxyl	 radical,	
superoxide	 or	 hydrogen	 peroxide	 may	 be	 responsible	 for	
photoinduced	activity	[11,19,20].	Curcumin	exhibits	a	marked	
solvent	dependence	of	the	electronic	absorption	and	emission	

spectra	as	well	as	of	the	photolysis	and	photochemistry.	Both	
solvent‐dependent	 keto/enol	 tautomerism	 of	 the	 central	
intrahydrogen	 bonded	 ring	 and	 cis/trans	 isomerism	 might	
responsible	 for	 this	 behavior	 [21].	 Despite	 several	 excellent	
papers	that	deal	with	the	fluorescence	properties	of	curcumin	
and	 some	 of	 its	 analogs	 in	 different	 solvents	 [22‐25],	 and	 in	
different	 media	 [26‐32],	 curcumin	 analogs	 [33‐39],	 and	
curcumin	complexes	[40,41],	 to	our	knowledge,	no	study	was	
concerned	 with	 fluorescence	 properties	 of	 curcumin	
substituted	at	the	central	carbon	atom.	The	aim	of	this	work	is	
to	 investigate	 the	 photo	 properties	 of	 the	 curcuminoids	 α‐
chlorocurcumin	 and	 α‐methyl	 curcumin	 in	 connection	 with	
their	structural	properties.	
	
2.	Experimental	
	

α‐Chlorocurcumin	 and	 α‐methylcurcumin	 were	 prepared	
according	 to	Al‐Salim	[42]	and	Siwak	et	al.	 [18],	 respectively.	
The	UV‐Vis	absorption	spectra	were	measured	by	CECIL	2700	
spectrophotometer.	 Steady‐state	 fluorescence	 measurements	
were	done	using	Agilent	supplied	with	the	Agilent	Cary	Eclipse	
WinFLR	Version	1.2	software.	The	entrance	and	exit	slits	were	
adjusted	to	2	nm.	The	measurements	were	undertaken	under	
thermostated	environment	at	25.0±0.1	°C.	
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Cis‐enol Trans‐enol 
α‐chlorocurcumin,	X	=	Cl
α‐methylcurcumin,	X	=	CH3 

 

Trans‐diketo		
 

1A,	X	=	Cl	
1B,	X	=	CH3 

  
2A,	X	=	Cl	
2B,	X	=	CH3 

3A,	X	=	Cl	
3B,	X	=	CH3 

Figure	1.	Structures	of	some	important	candidates	of	the	studied	curcuminoids.
	
	
The	 excitation	 wavelengths	 used	 were	 the	 respective	

absorption	peaks	of	the	solutions.	
The	 fluorescence	 quantum	 yields	 of	 the	 studied	

compounds	 in	 various	 solvents	 were	 determined	 from	 their	
integrated	fluorescence	relative	to	quinine	sulphate	in	0.05	M	
H2SO4	as	a	standard	with	reference	value	ΦRef	=	0.51	[43].	The	
reference	was	exited	at	its	344	nm	absorption	maximum.	The	
quantum	yields	were	 systematically	 corrected	 for	differences	
in	the	refractive	index	of	the	solvents	and	in	absorption	band	
absorbance.	 The	 software	 Spikwin32	 Version	 1.71.6.1	 was	
used	 for	 the	 processing	 of	 some	 absorption	 and	 emission	
spectra.	

All	 theoretical	 calculations	 were	 done	 using	 GAUSSIAN	
09W	[44]	using	the	Density	Functional	Theory	(DFT)	[45].	The	
density	 functional	 theory	 approach	 utilizes	 the	Becke’s	 three	
parameter	 hybrid	 functional	 B3LYP	 [46].	 The	 basis	 set	 6‐
311++G(d,p)	 was	 used	 to	 fully	 optimize	 the	 ground	 state	
geometry	 of	 studied	 structures	 in	 the	 gaseous	 phase.	 The	
vibrational	spectra	of	the	cis‐enol,	trans‐enol	and	trans‐diketo	
have	 been	 determined	 to	 estimate	 their	 thermodynamics	
quantities	 and	 to	 check	 that	 all	 vibrational	 frequencies	 are	
real.		

TD‐DFT	approach	[47]	was	used	to	compute	the	electronic	
spectra	 at	 the	 theory	 level	 B3LYP/6‐311++G(2d,p).	 The	 bulk	
solvent	 effects	 were	 evaluated	 via	 the	 Integral	 Equation	
Formalism	Polarizable	Continuum	Model	(IEFPCM)	[48].	
	
3.	Results	and	discussion	
	
3.1.	Structure	and	energies	
	

As	is	the	case	with	curcumin	both	α‐chlorocurcumin	and	α‐
methylcurcumin	 should	 exist	 as	 a	 balanced	 tautomeric	
equilibrium	of	the	diketo	and	the	enol	forms	[9,49]	where	the	
enol	is	the	more	stable	form.	In	general,	the	enol	form	means	
the	 cis‐enol	 form	 possessing	 the	 intrahydrogen	 bonded	
chelated	 ring	 (Figure	 1),	 but	 on	 the	 basis	 of	 its	 photo	
properties	 the	 trans‐enol	with	 no	H‐bond	was	 considered	 as	
an	associated	candidate	within	the	overall	tautomeric	mixture	

of	 curcumin	 [20,22].	 In	 addition,	 the	 cis‐	 and	 trans‐confor‐
mations	are	also	suggested	for	the	diketo	tautomer.		

Despite	 that	 the	 only	 resulting	 structures	 after	 the	 full	
geometry	optimization	of	the	studied	molecules	are	the	trans‐
diketo,	 the	 cis‐enol	 and	 the	 trans‐enol	 forms.	 The	 calculated	
thermodynamics	 energies	 at	 the	 B3LYP/6‐311++G(d,p)	 level	
of	theory	are	gathered	in	Table	1.	

From	Table	1,	the	most	stable	isomer	is	the	cis‐enol.	This	is	
in	 accordance	with	 results	 reported	 for	 curcumin	 [49]	 and	 is	
attributed	to	both	the	intrahydrogen	bonding	and	the	through	
system	 π‐conjugation.	 In	 chlorocurcumin,	 the	 cis‐enol	
stabilization	energies	(ΔH°)	with	respect	to	the	diketo	and	the	
trans‐enol	are	6.91	and	12.92	kcal/mol,	respectively,	while	 in	
methylcurcumin	 the	 stabilizing	 energies	 are	 2.79	 and	 9.38	
kcal/mol,	respectively.	Stabilization	energy	of	6.7‐7.5	kcal/mol	
was	 reported	 for	 curcumin	 depending	 on	 the	 level	 of	 theory	
used	 for	 the	 calculations	 [50].	 This	 indicates	 that	 the	
equilibrium	balance	for	the	enol‐diketo	tautomerism	is	slightly	
corrupted	towards	the	enol	tautomer	in	chlorocurcumin,	while	
the	 opposite	 is	 shown	 in	 the	 case	 of	methylcurcumin.	 In	 this	
case,	the	Cl	substituent	tends	to	stabilize	the	cis‐enol	while	the	
methyl	 substituent	 tends	 to	 stabilize	 the	 diketo	 form.	 It	 is	
known	 that	 in	 β‐diketones	 alkyl	 groups	 attached	 to	 the	 α‐
position	(central	carbon	atom)	produces	a	decrease	of	the	enol	
percent	meanwhile	stabilizing	the	enol	form	[51].	On	the	other	
hand,	 the	 electron	withdrawing	 nature	 of	 the	 Cl	 group	 in	 β‐
diketones	 leads	 to	 the	 favor	 of	 the	 enol	 form	 due	 to	 the	
stabilization	 of	 the	 conjugate	 base	 enolate	 anion	 by	 the	
presence	 of	 the	 Cl,	 while	 in	 contrary	 the	 electron	 donating	
nature	of	 the	methyl	group	 leads	to	favor	 the	keto	 form	[52].	
Table	1	shows	the	trans‐enol	is	less	stable	even	than	the	diketo	
form.	This	is	due	to	the	lack	to	the	intrahydrogen	bonding	that	
is	responsible	for	the	higher	stability	of	the	cis‐enol	and	to	the	
planar	 shape	 of	 the	 molecule	 which	 leads	 to	 strong	
electrostatic	 repulsions	 at	 several	 pairs	 of	 electronic	 centers	
which	is	nearly	absent	in	the	diketo	form	(Figure	1).	
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Table	1.	B3LYP/6‐311++G(d,p)	calculated	relative	energies	corrected	for	zero‐point	energy,	enthalpy	and	Gibbs	 free	energy	for	the	cis‐enol,	trans‐enol	and	
trans‐diketo	forms.		
Parameter	 Chlorocurcumin	 Methylcurcumin

Cis‐enol	 Trans‐enol diketo Cis‐enol Trans‐enol	 diketo
Total	energy	(Hartree)	 ‐1723.199303	 ‐1723.179244	 ‐1723.185852	 ‐1302.865153	 ‐1302.847667	 ‐1302.857500	
Enthalpy	(Hartree)	 ‐1723.260658	 ‐1723.241851 ‐1723.249639 ‐1302.924664 ‐1302.909723	 ‐1302.920218
Free	energy	(Hartree)	 ‐1723.171450	 ‐1723.150868 ‐1723.157428 ‐1302.837717 ‐1302.818895	 ‐1302.828785
ΔE		(kcal/mol)	 0.00	 12.587 8.44 0.00 10.79	 4.80	
ΔH	(kcal/mol)	 0.00	 12.92	 6.91 0.00 9.38 2.79	
ΔG	(kcal/mol)	 0.00	 11.80	 8.80 0.00 11.81	 5.60	
	
	
Table	2.	UV‐Vis	spectra	of	α‐	chlorocurcumin	and	α‐methylcurcumin	in	different	solvents.	
Solvent	 Chlorocurcumin	 Methylcurcumin	

λmax	(nm)	 ε	×	104 (M‐1·cm‐1)	 λmax (nm) ε	×	104	(M‐1·cm‐1)	
n‐Hexane	 440	 1.498	 360	

428	
1.500	
1.120	

Toluene	 452	 4.140	 441
367	

1.920	
1.920	

Chloroform	 450	 4.100	 364
	442	

2.500	
1.320	

Ethyl	acetate	 448	 3.820	 436
361	

1.380	
1.980	

Acetone	 451	 3.255	 440	
355

1.500	
1.835	

Acetonitrile	 358	sh	
450	

‐	
3.640	

439	
352	

1.260	
1.980	

DMFA	 370	
458	

2.085	
1.815	

429
377	

2.125	
2.070	

DMSO	 359	
457	

2.020	
4.460	

369
450	

2.220	
1.080	

Isopropanol	 454	 1.910	 442
373	

1.410	
1.940	

Ethanol	 451	 3.800	 440	
367	

1.700	
2.100	

Methanol	 335	
449	

1.440	
2.940	

439	
366	

1.440	
2.560	

Ethylene	glycol	 458	 4.100	 452	
363	

1.580	
1.820	

	
	
3.2.	The	electronic	spectra	of	the	studied	compounds	
	

The	 absorption	 maxima	 (λmax)	 and	 the	 molecular	
absorptivities	(εmax)	of	chlorocurcumin	and	methylcurcuminin	
the	 different	 solvents	 are	 gathered	 in	 Table	 2	 while	 some	
representative	spectra	are	shown	in	Figure	2	and	3.	The	main	
character	 in	 the	absorption	spectra	 is	a	broad	and	composite	
band	 occurs	 within	 the	 ranges	 440‐458	 and	 428‐445	 nm	 in	
chlorocurcumin	 and	 methylcurcumin,	 respectively.	 The	
position	 of	 the	 band	 is	 in	 accordance	with	 that	 reported	 for	
curcumin	 within	 the	 range	 408‐438	 nm	 depending	 on	 the	
solvent	[35].		

	

	
Figure	 2.	 Absorption	 spectra	 of	 chlorocurcumin	 in	 DMSO,	 toluene	 and	
MeOH.	

	
Figure	 2	 shows	 the	 spectra	 of	 α‐chlorocurcumin	 in	

different	solvents.	It	could	be	seen	that	in	more	polar	solvents	
(DMSO	and	MeOH)	a	low	intensity	band	appears	at	about	350	

nm.	 In	 less	 polar	 solvents	 like	 toluene,	 it	 appears	 as	 a	weak	
shoulder.	 This	 band	 is	 attributed	 to	 the	 diketo	 tautomer.	
Indeed,	 the	 compound	 half	 curcumin	 which	 is	 isoelectronic	
with	any	part	of	 the	diketo	 form	has	 absorption	band	at	340	
nm	 [53].	 In	 addition,	 this	 is	 consistent	with	 the	 fact	 that	 the	
diketo	 isomer	 is	 more	 polar	 than	 the	 enol	 isomer	 which	
illustrates	its	appearance	in	more	polar	solvents.	
	

	
Figure	 3.	 Absorption	 spectra	 of	 methylcurcumin	 in	 DMSO,	 toluene	 and	
MeOH.	

	
The	absorption	spectra	of	methylcurcumin	(Figure	3)	have	

the	same	characteristics	as	with	those	of	chlorocurcumin	with	
some	 difference	 represented	 by	 the	 more	 intense	 band	
attributed	to	the	diketo	 isomer	appears	at	the	range	352‐372	
nm.	In	all	solvents	this	band	is	more	intense	(ε	=	18200‐25000	
M‐1·cm‐1)	than	the	long	wavelength	band	that	attributed	to	the	
cis‐enol	(ε	=	10800‐19200	M‐1·cm‐1).		
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Table	3.	Comparison	between	theoretical	and	deconvoluted	experimental	main	absorption	bands	in	α‐chlorocurcumin	and	α‐methylcurcumin	and	theoretical	
λmax	(in	nm)	of	some	of	their	isomers	and	structural	functionalities.	
Molecule	 α‐Chlorocurcumin	 α‐Methylcurcumin

Theory	 Deconvoluted Theory Deconvoluted	
Cis‐enol	 474	(1.609)	 481 462	(1.597) 473	
Trans‐enol	 468	(1.152)	 454 452	(1.046) 446	
Diketo	 421	(0.503)	 ‐ 388	(0.073) ‐	
1*	 434	(1.139)	 432 421	(1.183) 420	
2*	 404	(1.042)	 427 391	(1.095) 417	
3*	 367	(0.631)	 379 360	(0.652) 363	
*	1,	2	and	3:	structures	related	to	both	α‐chlorocurcumin	and	α‐methylcurcumin	as	shown	in	Figure	1.	
	
	

This	 indicates	 a	 higher	 content	 of	 the	 diketo	 tautomer	 in	
the	 tautomeric	equilibrium	 in	 this	compound	 that	will	affects	
its	 fluorescence.	 This	 is	 consistent	 with	 that	 the	 alkyl	
substituents	 at	 the	 central	 carbon	 atom	 in	 β‐diketones	
increase	the	diketo	content	[52].	

From	Figure	2	and	3,	 it	appears	 that	 the	 long	wavelength	
bands	 which	 are	 responsible	 for	 the	 yellow	 colors	 of	 the	
studied	compounds	are	composite	of	several	components	with	
different	intensities.	

The	deconvolution	of	these	bands	in	toluene	(Figure	4	and	
5)	shows	that	each	one	consists	of	five	peaks	at	481,	454,	432,	
427	and	379	nm	in	chlorocurcumin	and	at	473,	447,	420,	417	
and	 363	 nm	 in	 α‐methylcurcumin.	 The	 most	 intense	
component	 in	 each	 case	 corresponds	 to	 the	 excitation	
wavelength	 for	 the	 fluorescence	 in	 the	 compounds.	 These	
bands	can	be	appearing	due	to	electronic	transitions	at	various	
isomeric	forms	and	various	functionalities	in	each	isomer.	

In	order	to	shed	some	light	on	the	origin	of	the	absorption	
bands	 a	 computational	 study	 of	 the	 absorption	 spectra	 of	
several	possible	candidates	was	done.	

	

	
Figure	4.	The	absorption	peak	of	chlorocurcumin	after	deconvolution.

	
	

	
Figure	5.	The	absorption	peak	of	methylcurcumin	after	deconvolution.
	

Since	apart	from	the	diketo,	the	cis‐enol	and	the	trans‐enol	
isomers,	 all	 other	 rotamer	 isomers	 do	 not	 significantly	
different	 in	 their	 electronic	 structures	 and	 accordingly	 their	
spectra	do	not	significantly	different,	the	computations	include	
only	 these	 isomers	 as	well	 as	 some	 structural	 functionalities	
shown	 in	 Figure	 1	 and	 the	 results	 are	 gathered	 in	 Table	 3.	
Table	 3	 includes	 the	 calculated	 spectra	 in	 solution	 at	 the	
B3LYP/6‐311++G(2d,p)	level	of	theory.	Using	higher	level	such	
as	 B3LYP/6‐311++G(2df,p)	 did	 not	 improve	 the	 results	 over	
the	 previous	 level	 and	 the	 difference	 is	 only	 a	 fraction	 of	
nanometer.	 The	 calculations	 in	 the	 gas	 phase	 failed	 to	
reproduce	 the	 experimentally	 observed	 bands	 correctly.	 For	
example,	 the	 estimated	 bands	 in	 the	 gas	 phase	 for	
chlorocurcumin	 and	 methylcurcumin	 are	 446	 and	 436	 nm,	
respectively,	 while	 in	 the	 observed	 spectra	 there	 are	 bands	
(after	deconvolution)	at	481	and	473	nm,	respectively.		

The	 calculated	 spectra	 in	 the	 solution	 for	 the	 cis‐enol	
forms	 are	 at	 471	 and	 460	 nm,	 respectively,	 which	 is	 more	
consistent	 with	 the	 observed	 bands.	 The	 estimated	 spectra	
showed	 that	 the	 enol	 isomers	 have	 absorptions	 at	 higher	
wavelengths	 and	higher	 intensities	 than	 the	diketo	 isomer	 in	
both	molecules	 (Table	 3).	 For	 chlorocurcumin	 the	 estimated	
peaks	for	cis‐enol	and	the	trans‐enol	at	471	and	468	nm	while,	
in	methylcurcumin,	they	are	at	462	and	452	nm,	respectively.	
For	 the	diketo	 isomers	 the	estimated	peaks	are	419	and	386	
nm,	 respectively.	 This	 is	 interpreted	 as	 the	 previous	 isomers	
have	longer	conjugated	π‐systems	and	more	planar	structures.	
The	presence	of	the	intrahydrogen	bonded	ring	in	the	cis‐enol	
is	responsible	for	its	higher	maxima	than	the	trans‐enol.	

It	 is	 worth	 to	 note	 that	 the	 estimated	 spectra	 of	 some	
structural	 functionalities	 have	 λmax	 fairly	match	 the	 positions	
of	some	of	the	deconvoluted	bands	components.	For	example,	
the	estimated	peaks	of	the	molecules	1a	(434	nm)	and	1b	(419	
nm)	(Figure	1)	are	in	good	agreement	with	the	components	at	
436	and	420	nm	in	α‐chlorocurcumin	and	α‐methylcurcumin,	
respectively.	This	is	also	the	case	with	the	peaks	estimated	for	
molecules	2a	(402	nm)	and	2b	(389	nm)	which	may	correlate	
with	the	components	at	426	and	411	nm,	respectively.	

The	 calculation	 protocol	 overestimates	 the	 absorption	
peaks	of	the	diketo	isomer	for	both	compounds	in	comparison	
with	 the	observed	peaks.	This	 is	may	be	due	 a	problem	with	
the	computational	algorithm.	On	the	other	hand	the	molecules	
3a	 and	3b	 which	 are	 isoelectronic	with	 the	 half	molecule	 of	
chlorocurcumin	and	methylcurcumin	have	estimated	peaks	at	
367	 and	 360	 nm,	 respectively,	 which	 are	 closer	 to	 the	
observed	peaks	of	the	diketo	isomers	(Table	3).	

From	Table	3,	it	could	be	seen	that	the	species	which	may	
be	important	for	the	fluorescence	properties	are	the	trans‐enol	
isomer	and	the	molecule	1a	and	1b	molecules	since	they	have	
absorption	maxima	at	the	same	regions	of	the	excitation	peaks	
of	 the	 fluorescence	of	 the	 studied	 compounds.	The	excitation	
maxima	of	molecule	1a	and	1b	are	within	the	ranges	440‐458	
and	418‐458	nm,	respectively.	If	this	is	true,	it	may	rationalize	
for	 the	 low	 quantum	 yields	 of	 curcuminoids	 since	 the	 two	
species	are	of	low	probability.	
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Table	4.	Spectral	and	photochemical	properties	of	chlorocurcumin	and	methylcurcumin	in	different	solvents.	
Solvent	 Chlorocurcumin	 Methylcurcumin	

λFl	(nm)	 Stokes	Shift	(nm)	 ΦFl λFl (nm) Stokes	Shift	(nm)	 ΦFl	
n‐Hexane	 487,	514	 47	 ‐	 475,	504	 47	 ‐	
Toluene	 497,	529	 45	 0.0583	(±0.001)	 478,	515	 41	 0.0047	(±0.002)	
Chloroform	 511	 55	 0.0575	(±0.001) 497 59 0.0084	(±0.002)
Ethyl	acetate	 505	 60	 0.0286	(±0.002) 484,	515 66 0.0071	(±0.0008)
Acetone	 537	 92	 0.0557	(±0.001) 503 63 0.0103	(±0.0001)
Acetonitrile	 529	 71	 0.0241	(±0.001) 522 88 0.0084	(±0.0003)
DMFA	 549	 91	 0.0161	(±0.002) 533 88 0.0076	(±0.001)
DMSO	 547	 90	 ‐ 537 89 ‐	
Isopropanol	 551	 93	 0.0380	(±0.0007)	 541	 95	 0.0082	(±0.0003)	
Ethanol	 559	 101	 0.0365	(±0.003)	 543	 98	 0.0121	(±0.0004)	
Methanol	 563	 105	 0.0083	(±0.0008)	 545	 105	 0.0052	(±0.0001)	
Ethylene	glycol	 571	 113	 0.0496	(±0.0008) 557 112 0.0524	(±0.005)
	
	
3.3.	The	fluorescence	spectra	
	

The	 fluorescence	 spectra	 of	 chlorocurcumin	 and	
methylcurcumin	 are	 shown	 in	 Figure	 6	 and	 7	 while	 the	
emission	maxima,	Stokes	shifts	and	the	quantum	yields	ΦFl	are	
listed	 in	 Table	 4.	 The	 fluorescence	 bands	 of	 the	 two	
compounds	are	broad	and	structure	less	in	all	solvents,	except	
in	n‐hexane	and	toluene	where	two	emission	maxima	could	be	
seen.	 This	 is	 similar	 to	 the	 emission	 spectra	 of	 curcumin	
[20,22].	 The	 emission	 maxima	 λFl	 of	 chlorocurcumin	 in	 all	
solvents	 are	 higher	 than	 those	 of	 methylcurcumin.	 This	 is	
consistent	with	 the	 higher	 absorption	maxima	 of	 the	 former	
compound	(Table	4).	

	

	
Figure	6.	Normalized	 fluorescence	spectra	of	chlorocurcumin	 in	n‐hexane,	
chloroform	and	MeOH.	
	
	

	
Figure	7.	Normalized	fluorescence	spectra	of	methylcurcumin	in	n‐hexane,	
chloroform	and	MeOH.	

	
The	 emission	 maxima	 in	 both	 compounds	 generally	

undergo	 red	 shift	 when	 going	 from	 a	 solvent	 with	 low	
dielectric	constant	to	a	solvent	with	higher	dielectric	constant.	

The	 red	 shift	 is	 60	 and	 33	 nm	when	 going	 from	n‐hexane	 to	
DMSO	 in	 chlorocurcumin	 and	 methylcurcumin,	 respectively,	
and	 becomes	 about	 80	 nm	 in	 alcohols	 (strong	 H‐bonding	
ability)	in	both	compounds.	

It	 has	 been	 stated	 [20,22]	 that	 due	 to	 interhydrogen	
bonding	 with	 solvents	 molecules	 and	 perturbation	 by	 polar	
non‐protic	 solvents,	 both	 cis‐enol,	 trans‐enol	 and	 anti‐diketo	
isomers	 are	 present	 in	 the	 tautomeric	 mixture	 which	 may	
correlate	with	shoulders	that	appear	in	the	absorption	spectra.	
In	 this	case	 the	red	shift	observed	 in	 the	emission	maxima	of	
the	 studied	 compounds	 is	 an	 indication	 that	 in	 less	 polar	
(Aprotic	 or	 protic)	 solvents	 the	 species	 who	 dominates	 the	
fluorescence	activity	 is	the	species	1a	and	1b	while	at	higher	
polarity	and	higher	H‐bonding	ability	 the	 trans‐enol	becomes	
of	 importance	 since	 it	 is	more	 polar	 than	 the	 former	 species	
and	has	higher	ability	for	interhydrogen	bonding	with	solvent	
molecules.	This	 is	 correlated	with	 the	change	of	Stokes	shifts	
which,	 increase	 in	 the	 same	 direction	 (Table	 4).	 Since	 the	
structures	 of	 the	 molecules	 become	 less	 rigid	 with	 the	
weakening	 of	 the	 intramolecular	 hydrogen	 bonding	 (at	
increasing	 polarity	 and	 H‐bond	 ability	 of	 the	 solvent)	 and	
more	 liable	 to	 out‐of‐plane	 vibration	higher	 Stokes	 shifts	 are	
expected	[22].	

We	validate	our	measurement	for	the	quantum	yields	and	
analyses	 by	measuring	 quantum	 yields	 of	 curcumin	 in	 EtOH	
and	 acetonitrile	which,	 have	 been	 reported	 in	 literature.	Our	
results	 are	 0.063±0.001	 and	 0.107±0.003	 in	 EtOH	 and	
acetonitrile,	 respectively.	 The	 results	 are	 in	 fair	 agreement	
with	the	values	reported	by	Chignell	et	al.	[20]	those	are	0.063	
and	0.104	in	EtOH	and	acetonitrile,	respectively.	

Table	4	shows	that	the	quantum	yields	of	the	both	studied	
compounds	 are	 low	 and	 lower	 than	 that	 of	 curcumin	 in	 the	
same	 solvent	 [20,22].	 The	 quantum	 yield	 of	 chlorocurcumin	
range	from	0.0083	in	MeOH	to	0.0583	in	toluene,	while	that	of	
methylcurcumin	 is	 ranged	 from	0.0047	 to	0.0520	 in	ethylene	
glycol.	The	low	values	are	due	to	the	presence	of	the	Cl	and	the	
methyl	 substituents	 which	 are	 reduce	 the	 planarity	 of	 the	
molecules.	On	the	other	hand	the	higher	content	of	the	diketo	
isomer	 in	 the	methylcurcumin	 is	 a	 crucial	 effect	 for	 reducing	
the	 quantum	 yield	 in	 this	 compound	 because	 of	 its	 expected	
very	low	fluorescence.	This	may	illustrated	on	the	basis	of	the	
fact	 that	 half	 curcumin	 isoelectronic	 compound	 with	 diketo	
isomer	have	very	low	fluorescence	at	450	nm	(Quantum	yield	
<	0.0006)	[20].		

It	 is	 clear	 that	 the	quantum	yields	of	 the	 two	compounds	
are	lower	than	that	of	curcumin.	This	could	be	as	a	result	of	the	
presence	 of	 the	 Cl	 and	 the	 methyl	 substituents	 at	 the	 α‐
position	which	lead	to	reduce	the	planarity	of	the	molecules	in	
addition	the	Cl	substituent	reduces	the	intrahydrogen	bonding	
in	the	cis‐enol	isomer	while	the	methyl	substituent	reduces	the	
enol	content	which	is	responsible	for	the	fluorescence	activity	
of	 curcuminoids.	 Also,	 it	 had	 been	 concluded	 that	 electron	
withdrawing	substituents	like	Cl	at	the	α‐position	reduces	the	
intrahydrogen	 bonding	 within	 the	 chelated	 ring	 [54]	 which	
may	lead	to	reduce	the	rigidity	of	the	molecule.	
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3.4.	The	temperature	dependence	of	the	fluorescence	
spectra	
	

The	 emission	 spectra	 of	 the	 chlorocurcumin	 and	
methylcurcumin	 at	 different	 temperatures	 (10‐50	 °C)	 are	
presented	 in	Figure	8	and	9.	The	emission	curves	 indicate	no	
changes	with	temperature	within	the	range	used.	This	implies	
that	 the	 compounds	 do	 not	 suffer	 important	 structural	
changes	and	that	the	relative	concentrations	of	the	diketo	and	
the	enol	forms	remain	essentially	unchanged.	
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Figure	8.	Fluorescence	emission	of	chlorocurcumin	in	methanol	at	different	
temperatures.	1:	10,	2:	25,	3:	40	and	4:	50	°C.	
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Figure	9.	Fluorescence	emission	of	methylcurcumin	in	methanol	at	different	
temperatures.	1:	10,	2:	25,	3:	40	and	4:	50	°C.	
	

	
The	 same	 thing	 could	 be	 concluded	 from	 the	 relation	

between	 the	emission	spectra	and	concentration	as	shown	 in	
Figure	10	and	11	which	display	the	fluorescence	spectra	of	the	
molecules	at	different	concentrations	 in	methanol.	No	change	
detected	 in	 both	 the	 shape	 and	 the	 position	 of	 the	 emission	
bands	 as	 the	 concentration	 of	 the	 compounds	 varied.	
Meanwhile	 the	 intensity	 of	 the	 spectra	 changes	 at	 certain	
concentrations	above	which	 it	decreases	as	 the	concentration	
increases.	 In	 Figure	 10,	 the	 intensity	 of	 the	 emission	 of	
chlorocurcumin	increases	as	the	concentration	increases	from	
1×10‐6	 to	 1×10‐4	 M	 while	 it	 decreases	 at	 the	 concentration	
2.5×10‐4	M.	This	 is	 also	 the	 case	with	Figure	11	 in	which	 the	
emission	 of	 methylcurcumin	 increases	 as	 the	 concentration	
increases	 from	 1×10‐5	 to	 5×10‐5	 M	while	 it	 decreases	 as	 the	
concentration	changes	from	1×10‐4	to	3×10‐4	M.	This	change	in	
intensity	 is	 due	 some	 kind	 of	 aggregation	 of	 the	 molecules	
leading	to	fluorescence	non‐reactive	combinations.	
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Figure	 10.	 Fluorescence	 emission	 of	 chlorocurcumin	 in	 methanol	 at	
different	concentrations:	1:	3×10‐5;	2:	4×10‐5;	3:	1×10‐5;	4:	5×10‐5;	5:	5×10‐6;	
6:	2.5×10‐6	M.	
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Figure	 11.	 Fluorescence	 emission	 of	 methylcurcumin	 in	 methanol	 at	
different	concentrations:	1:	5×10‐5;	2:	1×10‐4;	3:	3×10‐4,	4:	3×10‐5;	5:2×10‐5;	
6:1×10‐5	M.	
	

Even	though	methylcurcumin	clearly	shows	distinct	bands	
due	 to	 its	 diketo	 and	 enol	 tautomers	 no	 wavelength	
dependence	 was	 recorded	 in	 its	 fluorescence	 excitation	
spectra.	The	excitation	 spectra	of	 this	 compound	 recorded	 in	
toluene	at	several	different	emission	wavelengths	(Figure	12)	
and	were	 identical	and	matched	 fairly	 the	absorption	peak	at	
visible	region.		
	

	
Figure	 12.	 Fluorescence	 emission	 of	 methylcurcumin	 at	 different	
excitations.	 The	 excitation	wavelengths	 from	 top	 to	 bottom	 are	 520,	 530,	
540,	550,	560,	570,	580	and	590	nm.	

	
The	absence	of	 the	peak	of	 the	diketo	at	about	350	nm	is	

an	 indication	 for	 the	 assignment	 of	 this	 peak	 and	 that	 the	
diketo	 isomer	 has	 no	 role	 in	 the	 fluorescence	 activity	 of	 this	
compound.		
	
3.5.	The	fluorescence	quenching	by	water	of	α‐chloro‐	and	
α‐methylcurcumin	
	

It	has	been	reported	that	water	quenches	curcumin	[39]	as	
a	 result	 of	 formation	 of	 a	 non‐fluorescent	 complex	 between	
curcumin	and	water.	Due	to	the	solvent	effect,	linear	plot	was	
only	 obtained	 when	 using	 the	 modified	 Stern‐Volmer	
relationship	 (1)	 to	 describe	 the	 quenching	 of	 curcumin	 by	
water	[55],	
	
IFl°/IFl	=	(1	+	kq.τ.[H2O])/W	 	 	 	 (1)	
	
where	IFl°	and	IFl	are	the	fluorescence	intensity	in	the	absence	
and	 in	 the	 presence	 of	 water,	 respectively.	 kq	 is	 the	 rate	
constant	 for	 quenching	 and	 τ	 is	 the	 life	 time	 of	 the	 excited	
singlet	 state.	 The	 fluorescence	 life	 time	 of	 curcumin	 was	
estimated	 to	 be	 1.44	 psec	 assuming	 that	 the	 quenching	 rate	
constant	 is	 equal	 to	 the	 rate	 constant	 of	 diffusion	 (kdiff)	 in	
MeOH.	

In	order	to	investigate	the	quenching	effect	of	water	on	the	
fluorescence	of	α‐chlorocurcumin	 and	α‐methylcurcumin,	 the	
fluorescence	intensity	of	solutions	of	the	compounds	in	MeOH	
containing	 different	 concentrations	 of	 water	 was	 measured.	
The	results	are	gathered	in	Table	5.	
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Table	5.	Effect	of	various	concentrations	for	water	(%v:v)	on	the	fluorescence	of	α‐chlorocurcumin	and	α‐methylcurcumin.	
[H2O]	(%v:v)	 η°/η	 α‐chlorocurcumin	 α‐Methylcurcumin	

IFl	 IFlο/IFl IFlο/IFl ×	η°/η IFl IFlο/IFl	 IFlο/IFl	×	η°/η
0	 1.00	 121.325	 1.000	 1.000	 140.602	 1.000	 1.000	
3	 0.99	 96.223	 1.261	 1.248	 111.819	 1.257	 1.244	
5	 0.96	 80.493	 1.487 1.427 94.569 1.487	 1.428	
7	 0.95	 72.514	 1.673 1.589 85.903 1.637	 1.555	
10	 0.92	 62.237	 1.933 1.778 71.347 1.971	 1.813	
20	 0.85	 41.468	 2.926 2.487 45.806 3.069	 2.609	
30	 0.79	 28.368	 4.277 3.379 34.547 4.070	 3.215	
	
	

Linear	plots	with	slopes	1.39×10‐2	and	1.34×10‐2	M‐1	for	α‐
chlorocurcumin	 and	 α‐methylcurcumin,	 respectively,	 were	
obtained	using	Equation	1	(Figure	13	and	14).	Assuming	that	
kq	≈	kdiff	=	9.6×109	M‐1·s‐1	 for	MeOH	[40],	 the	 fluorescence	 life	
times	τ	is	1.45	and	1.40	psec.	The	life	times	are	comparable	to	
the	value	reported	previously	for	curcumin.	
	

	
Figure	13.	 Stern‐Volmer	 plot	 for	 the	 fluorescence	 quenching	 by	water	 of	
chlorocurcumin	in	methanol.	
	
	

	
Figure	14.	 Stern‐Volmer	 plot	 for	 the	 fluorescence	 quenching	 by	water	 of	
methylcurcumin	in	methanol.	
	
4.	Conclusion	
	

From	 the	 absorption	 spectra	 of	 the	 studied	 compounds	
and	 their	 calculated	 thermodynamics	 quantities	 it	 could	 be	
concluded	 that	 α‐methylcurcumin	 has	 higher	 diketo	 content	
than	α‐chlorocurcumin.	The	maxima	of	the	fluorescence	bands	
are	 sensitive	 to	 both	 the	 polarity	 of	 the	 solvent	 and	 its	 H‐
bonding	 ability	 as	 an	 indication	 to	 the	 presence	 of	 several	
species	responsible	 for	emission	activity.	The	quantum	yields	
of	 the	 fluorescence	 are	 lower	 than	 those	 of	 curcumin	 in	 all	
solvents	 which,	 implies	 that	 the	 chloro	 and	 the	 methyl	
substituents	reduce	the	quantum	yield.	The	methyl	substituent	
has	 greater	 effect	 in	 reducing	 the	 quantum	 yield	 than	 the	
chloro	due	its	role	in	increasing	the	diketo	content.	

References	
	
[1]. Liu,	K.;	Guo,	T.	L.;	Lee,	H.	G.;	Chojnacki,	J.;	Lee,	H.	G.;	Wang,	X.;	Siedlak,	

S.	I.;	Rao,	W.;	Zhu,	X.;	Zhang,	Sh.	ACS	Chem.	Neurosci	2012,	3,	141‐146.		
[2]. Chen,	Z.	G.;	Zhu,	L.;	Chen,	J.	H.;	Guo,	Z.	M.	Spectrochim.	Acta	A	2009,	

72,	518‐522.		
[3]. Esatbeyouglu,	T.;	Huebbe,	 P.;	 Emst,	 I.	M.	A.;	 Chin,	D.;	Wanger,	A.	E.;	

Rimbach,	G.	Angew.	Chem.	Int.	Ed.	2012,	51,	5308‐5332.		
[4]. Dahl,	 T.	 A.;	 McGowan,	 W.	 M.;	 Shand,	 M.	 A.;	 Srinivasan,	 V.	 S.	 Arch.	

Microbiol.	1989,	151,	183‐185.		
[5]. Haukvik,	 T.;	 Bruzell,	 E.;	 Kristensen,	 S.;	 Tonnesen,	 H.	 H.	 Pharmazie	

2010,	65,	600‐606.		
[6]. Haukvik,	 T.;	 Bruzell,	 E.;	 Kristensen,	 S.;	 Tonnesen,	 H.	 H.	 Pharmazie	

2011,	66,	69‐74.		
[7]. Dahl,	T.	A.;	Bilski,	P.;	Reszka,	K.	J.;	Chignell,	C.	F.	Photochem.	Photobiol.	

1994,	59,	290‐294.		
[8]. Hegge,	A.	B.;	Nielsen,	T.	T.;	Larsen,	K.	L.;	Bruzell,	E.;	Tonnesen,	H.	H.	

Photochem.	Photobiol.	2012,	101,	1524‐1537.		
[9]. Gilli,	G.;	Bertolasi,	V.	 In:	Rappoport,	Z.	 (Ed.)	The	chemistry	of	enols.	

Wiley,	New	York,	1990.		
[10]. Patra,	D.;	Malaeb,	N.	N.	Luminescence	2012,	27,	11‐15.		
[11]. Tonnesen,	H.	H.;	Vries,	H.;	Karlsen,	J.;	Vanhenegouwen,	J.	B.	J.	Pharm.	

Sci.	1987,	76,	371‐373.		
[12]. Gorman,	A.	A.;	Hamblett,	I.;	Srinivasan,	V.	S.;	Wood,	P.	D.	Photochem.	

Photobiol.	1994,	59,	389‐398.		
[13]. Chan,	W.	H.;	Wu,	H.	J.	J.	Cell.	Biochem.	2004,	92,	200‐212.		
[14]. Koon,	H.;	Leung,	A.	W.	N.;	Yue,	K.	K.	M.;	Mak,	N.	K.	 J.	Environ.	Pathol.	

Toxicol.	Oncol.	2006,	25,	205‐216.		
[15]. Park,	K.;	Lee,	J.	H.	Oncol.	Rep.	2007,	17,	537‐540.		
[16]. Lao,	 C.	D.;	 Demierre,	M.	 F.;	 Sondok,	 V.	 K.	Exp.	Rev.	Anticancer	Ther.	

2006,	6,	1559‐1568.		
[17]. Odot,	J.;	Albert,	P.;	Carlier,	A.;	Tarpin,	M.;	Devy,	J.;	Madoulet,	C.	Int.	J.	

Cancer	2004,	111,	381‐387.		
[18]. Siwak,	D.	R.;	Shishodia,	S.;	Aggarwal,	B.	B.;	Kurzrock,	R.	Cancer	2005,	

104,	879‐890.		
[19]. Khopde,	 S.	 M.;	 Priyadarsini,	 K.	 I.;	 Palit,	 D.	 K.;	 Mukherjee,	 T.	

Photochem.	Photobiol.	2000,	72,	625‐631.		
[20]. Chignell,	C.	F.;	Bilskj,	P.;	Reszka,	K.	J.;	Motten,	A.	G.;	Sik,	R.	H.;	Dahl,	T.	

A.	Photochem.	Photobiol.	1994,	59,	295‐302.		
[21]. Iwunze,	M.	O.	Monats.	Chem.	2004,	135,	231‐240.		
[22]. Nardo,	 L.;	 Paderno,	 R.;	 Andreoni,	 A.;	 Masson,	 M.;	 Haukvik,	 T.;	

Tonnesen,	H.	H.	Spectroscopy	2008,	22,	187‐198.		
[23]. Kee,	 T.	W.;	 Adhikary,	 P.;	 Carlson,	 P.	 J.;	 Mukherjee,	 P.;	 Petrich,	 J.	W.	

Aust.	J.	Chem.	2011,	64,	23‐30.		
[24]. Khodpe,	S.	M.;	Priyadarsini,	K.	I.;	Venkatesan,	P.;	Rao,	M.	N.	A.	Biophys.	

Chem.	1999,	80,	85‐91.		
[25]. Priyadarsini,	K.	I.	Free	Radic.	Biol.	Med.	1997,	23,	838‐845.		
[26]. Patra,	D.;	Malaeb,	N.	N.	Luminescence	2012,	27,	11‐15.		
[27]. Khumsupan,	 P.;	 Ramires,	 R.;	 Khumsupan,	 D.;	 Narayanaswami,	 V.	

Biochim.	Biophys.	Acta	2011,	1808,	352‐359.		
[28]. Priyadarsini,	 K.	 I.	 J.	Photochem.	Photobiol.	C:	Photochem.	Rev.	2009,	

10,	81‐95.		
[29]. Sahu,	A.;	Kasoju,	N.;	Bora,	U.	Biomicromolecules	2008,	9,	2905‐2912.		
[30]. Wang,	F.;	Yang,	J.;	Wu,	X.;	Wang,	F.;	Liu,	Sh.	Anal.	Bioanal.	Chem.	2006,	

385,	139‐145.		
[31]. Baglole,	K.	N.;	Boland,	P.	G.;	Wagner,	B.	D.	J.	Photochem.	Photobiol.	A:	

Chem.	2005,	173,	230‐237.		
[32]. Rankin,	M.	A.;	Wagner,	B.	D.	Supramol.	Chem.	2004,	16,	513‐519.		
[33]. Xu,	G.;	Wa,	D.;	Wang,	J.;	 Jiang,	B.;	Wang,	M.;	Xue,	X.;	Zhou,	S.;	Wu,	B.;	

Jiang,	M.	Dyes	Pigm.	2014,	101,	312‐317.		
[34]. Seltzer,	 M.	 D.;	 Fallis,	 S.;	 Hollins,	 R.	 A;	 Prokopuk,	 N.;	 Bui,	 R.	 N.	 J.	

Flouresc.	2005,	15,	597‐603.		
[35]. Nardo,	 L.;	Andreoni,	 A.;	 Bondani,	M.;	Masson,	M.;	Tonnesen,	H.	H.	 J.	

Photochem.	Photobiol.	B:	Biology	2009,	97,	77‐88.		
[36]. Caselli,	 M.;	 Ferrari,	 E.;	 Imbriano,	 C.;	 Pignedoli,	 F.	 J.	 Photochem.	

Photobiol.	A:	Chem.	2010,	210,	115‐124.		
[37]. Nardo,	 L.;	 Andreoni,	 A.;	Masson,	M.;	Haukvik,	 T.;	 Tonnesen,	 H.	H.	 J.	

Fluoresc.	2011,	21,	627‐635.		
[38]. Nardo,	 L.;	 Andreoni,	 A.;	 Bodani,	 M.;	 Masson,	 M.;	 Haukvik,	 T.;	

Tonnesen,	H.	H.	J.	Fluoresc.	2012,	22,	597‐608.		
[39]. Bong,	P.	H.	Bull.	Korean	Chem.	Soc.	2000,	2,	81‐86.		



286	 Saeed	/	European	Journal	of	Chemistry	6	(3)	(2015)	279‐286	
	
[40]. Menelaou,	 M.;	 Ouharrou,	 F.;	 Rodriguez,	 L.;	 Roubeau,	 O.;	 Teat,	 S.	 J.;	

Aliaga‐Alcalde,	N.	Chem.	Eur.	J.	2012,	18,	11545‐11549.		
[41]. Wang,	F.;	Huang,	W.;	Wang,	Y.	J.	Luminescence	2008,	128,	110‐116.		
[42]. Al‐Salim,	T.,	Ph.D.	Thesis,	University	of	Basrah,	2013.		
[43]. Velapoldi,	R.;	Tonnesen,	H.	H.	J.	Fluoresc.	2004,	14,	465‐472.		
[44]. Frisch,	M.	J.;	Trucks,	G.	W.;	Schlegel,	H.	B.;	Scuseria,	G.	E.;	Robb,	M.	A.;	

Cheeseman,	J.	R.;	Scalmani,	G.;	Barone,	V.;	Mennucci,	B.;	Petersson,	G.	
A.;	Nakatsuji,	H.;	Caricato,	M.;	Li,	X.;	Hratchian,	H.	P.;	Izmaylov,	A.	F.;	
Bloino,	J.;	Zheng,	G.;	Sonnenberg,	J.	L.;	Hada,	M.;	Ehara,	M.;	Toyota,	K.;	
Fukuda,	R.;	Hasegawa,	J.;	Ishida,	M.;	Nakajima,	T.;	Honda,	Y.;	Kitao,	O.;	
Nakai,	H.;	Vreven,	T.;	Montgomery,	J.	A.	,	Jr.;	Peralta,	J.	E.;	Ogliaro,	F.;	
Bearpark,	M.;	Heyd,	J.	 J.;	Brothers,	E.;	Kudin,	K.	N.;	Staroverov,	V.	N.;	
Kobayashi,	R.;	Normand,	J.;	Raghavachari,	K.;	Rendell,	A.;	Burant,	J.	C.;	
Iyengar,	S.	S.;	Tomasi,	 J.;	Cossi,	M.;	Rega,	N.;	Millam,	 J.	M.;	Klene,	M.;	
Knox,	J.	E.;	Cross,	J.	B.;	Bakken,	V.;	Adamo,	C.;	Jaramillo,	J.;	Gomperts,	
R.;	 Stratmann,	R.	E.;	 Yazyev,	O.;	Austin,	A.	 J.;	Cammi,	R.;	 Pomelli,	 C.;	
Ochterski,	J.	W.;	Martin,	R.	L.;	Morokuma,	K.;	Zakrzewski,	V.	G.;	Voth,	
G.	 A.;	 Salvador,	 P.;	 Dannenberg,	 J.	 J.;	 Dapprich,	 S.;	 Daniels,	 A.	 D.;	
Farkas,	 Ö.;	 Foresman,	 J.	 B.;	 Ortiz,	 J.	 V.;	 Cioslowski,	 J.;	 Fox,	 D.	 J.	
Gaussian	09,	Revision	D.	01,	Gaussian,	Inc.	,	Wallingford	CT,	2009.		

[45]. Parr,	 R.	 G.;	 Wang,	 W.	 Density	 Functional	 Theory	 of	 Atoms	 and	
Molecules;	Oxford	University	Press,	New	York,	1989.		

[46]. Becke,	A.	D.	J.	Chem.	Phys.	1993,	98,	5648‐5652.		
[47]. Runge,	E.;	Gross,	E.	K.	U.	Phys.	Rev.	Lett.	1984,	52,	997‐1000.		
[48]. Scalmani,	G.;	Frisch,	M.	J.	J.	Chem.	Phys.	2010,	132,	114110‐114116.		
[49]. Balasubramanian,	K.	J.	Agric.	Food.	Chem.	2006,	54,	3512‐3520.		
[50]. Shen.	L.;	Ji,	H.	F.	Spectrochim.	Acta	A	2007,	67,	619‐623.		
[51]. Bassetti,	 M.;	 Gerichelli,	 G.;	 Floris,	 B.	 Tetrahedron	 1988,	 44,	 2997‐

3004.		
[52]. Manbeck,	K.	A.;	Boaz,	N.	C.;	Bair,	N.	C.	,	Sanders,	A.	M.	S.;	Marsh,	A.	L.	J.	

Chem.	Educ.	2011,	88,	1444‐1445.		
[53]. Zsila,	F.;	Bikadi,	Z.;	Simony,	M.	Tetrahedron:	Asymm.	2003,	14,	2433‐

2444.		
[54]. Belova,	 N.	 V.;	 Oberhammer,	 H.;	 Girichev,	 G.	 V.;	 Shylkov,	 A.	 J.	 Phys.	

Chem.	A	2008,	112,	3209‐3214.		
[55]. Moriya,	T.	Bull.	Chem.	Soc.	Jpn.	1984,	57,	1723‐1730.		
	




