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titrant,	 and	 five	 replicate	 measurements	 were	 conducted	 in	
order	to	check	the	reproducibility	of	the	data.	The	calculation	
of	 the	 stability	 constants	 of	 the	 complexes	 were	 performed	
using	 our	 developed	 computer	 programme.	 Spectrophoto‐
metric	measurements	were	 done	with	 a	 UV‐Vis	 Specord	 210	
plus	with	a	GDU	computer	and	using	thermostated	matched	10	
mm	 quartz	 cells.	 IR	 spectra	 were	 acquired	 as	 KBr	 disc	 by	
Avatar,	USA	370	FT‐IR.	
	
2.2.	Calibration	of	the	glass	electrode		
	

All	 pH	 titrations	 were	 performed	 using	 a	 Metrohm	 794	
basic	 automatic	 titrator	 (Titrino),	 coupled	 with	 a	 thermo‐
stating	bath	Hero	(±0.1°C).	The	pH	meter	was	calibrated	using	
Merck	standard	buffer	solutions	with	pH	of	4.0,	7.0	and	9.0.	A	
combination	 of	 calomel	 and	 glass	 electrode	 was	 used.	 To	
compensate	for	acid	error	(pH	=	2‐4)	of	the	electrode,	30	mL	
solution	containing	KCl,	0.1	M	was	titrated	with	standardized	
perchloric	 acid,	 following	a	plot	 of	 calculated	pH	versus	 read	
pH,	and	producing	the	equation	for	pH	correction.	To	account	
for	alkaline	error	(pH	=	10‐12)	the	same	volume	of	KCl,	0.1	M	
solution	was	titrated	with	standardized	sodium	hydroxide	and	
the	pH	correction	equation	was	acquired	[36].	
	
2.3.	The	method	for	determination	of	stability	constant	
	

The	 method	 for	 determination	 of	 stability	 constant	 was	
established	 by	 J.	 Bjerrum	 [2].	 He	 measured	 the	 stability	 of	
metal	amines	using	the	concentration	of	metal	free	ligand	and	
the	total	ligand	concentration.	The	key	to	his	method	was	the	
use	 of	 the	 then	 recently	 developed	 glass	 electrode	 and	 pH	
meter.	 Later	 M.	 Calvin	 and	 K.W.	 Wilson	 [3]	 modified	 the	
method	 so	 that	 pH	measurements	made	during	 titration	of	 a	
solution	containing	chelating	agent	in	the	presence	and	in	the	
absence	of	a	metal	 ion,	with	a	base	could	be	used	to	calculate	
the	 amount	 of	 hydrogen	 ions	 released	 in	 the	 reaction	 vessel,	
the	 free	 ligand	 exponent,	 the	 degree	 of	 formation	 of	 the	
system,	 ത݊,	and	the	stability	of	the	metal‐ligand	complex.	 If	we	
assume	 the	 presence	 of	 the	 reacting	 species	 H2L+	 as	
protonated	amino	acid,	HL	as	the	amino	acid,	and	L‐	the	anion	
of	 amino	 acid,	 then	 the	 following	 reactions	may	 occur	 in	 the	
solution.	
	

HଶLା ⇌ HLሺୟ୯ሻ ൅ Hሺୟ୯ሻ
ା 		 	 	 	 (1)		

	

Kୟଵ ൌ 	
ሾୌ୐ሿሾୌశሿ

ሾୌమ	୐శሿ
		 	 	 	 	 (2)		

	
HLሺୟ୯ሻ 	⇌ 	Lሺୟ୯ሻ

ି ൅	Hሺୟ୯ሻ
ା 		 	 	 	 (3)		

	

Kୟଶ ൌ 	
ሾ୐షሿሾୌశሿ

ሾୌ୐ሿ
		 	 	 	 	 (4)		

	
Mଶା ൅ HL	 ⇌ 	MLା ൅	Hା		 	 	 	 (5)		
	

K୤ଵ ൌ 	
ൣ୑୐శ൧ሾୌశሿ

ሾ୑మశሿሾୌ୐ሿ
		 	 	 	 	 (6)		

	
MLା ൅	Lି	 ⇌ 	MLଶ			 	 	 	 (7)		
	
K୤ଶ	 ൌ 	

ሾ୑୐మሿ

ሾ୑୐శሿሾ୐షሿ
		 	 	 	 	 (8)		

	
Here	 Kf1	 and	 Kf2	 are	 the	 first	 and	 the	 second	 stability	

constants	of	the	complex.	We	define	 ത݊	as:	
		

nത ൌ
୘୭୲ୟ୪	ୡ୭୬ୡୣ୬୲୰ୟ୲୧୭୬	୭୤	୐	ୠ୭୬୲	୲୭	୑

୘୭୲ୟ୪	ୡ୭୬ୡୣ୬୲୰ୟ୲୧୭୬	୭୤	୑
ൌ

େైౘ౥౫౤ౚ
େ౉

ൌ
େై౪౥౪౗ౢିେై౜౨౛౛

େ౉
	 (9)	

	
The	 concentration	 of	 free	 ligand	 is	 the	 sum	 of	 concent‐

ration	of	contained	ligand	species	at	different	form,	i.e.	
	

ሾL୤୰ୣୣሿ ൌ ሾHଶLሿ ൅ ሾHLሿ ൅ ሾLିሿ		 	 																		(10)	
	

The	bound	ligand	concentration	is	then	estimated	as:		
	
C୐ౘ౥౫౤ౚ ൌ C୐౪౥౪౗ౢ െ C୐౜౨౛౛		 	 	 																		(11)	
	

After	rearrangement	and	substitutions	we	have:	
	

nത ൌ 	
୘ౄమైశ

ିൣୌమ୐శ൧ିሾୌ୐ሿିሾ୐షሿ

୘౉మశ
		 	 		 																		(12)	

	
where	TH2L+	is	the	total	concentration	of	H2L+.	Then:	
	

nത ൌ 	
ൣ୑୐శ൧ାଶሾ୑୐మሿ

ሾ୑మశሿାሾ୑୐శሿାሾ୑୐మሿ
		 	 	 																		(13)	

	
We	know	that:	

	
T୑మశ ൌ ሾMଶାሿ ൅ ሾMLାሿ ൅ ሾMLଶሿ		 	 																		(14)	
	
Tୌ୐ ൌ ሾHLሿ ൅ ሾିܮሿ ൅ ሾMLାሿ ൅ 2ሾMLଶሿ		 	 																		(15)	
	

Perchloric	acid	was	added	to	titrand	solution	 in	excess	to	
prevent	the	hydrolysis	of	metal	ion.		
	
ሾClOସ

ିሿ ൌ 	Tୌେ୪୓ర ൅ 2	T୑
ଶା		 	 	 																		(16)	

	
Tୌେ୪୓ర	 is	 total	 concentration	 of	 added	 perchloric	 acid	 to	

titrand.	
	

ሾMLାሿ ൅ 2ሾMLଶሿ ൌ ሾNaାሿ െ	Tୌେ୪୓ర	 ൅ ሾHାሿ		 																		(17)	
	

nത ൌ
ൣ୒ୟశ൧ିሾୌେ୪୓రሿାሾୌశሿ

୘౉మశ
	 		 	 																		(18)	

	
Finally,	we	will	have:	

	

ሾHLሿ ൌ
௄ೌሺ்ಹమಽశ

ି௡ത்ಾమశሻ

௄ೌାሾுశሿ
		 	 	 																		(19)	

	
From	plot	of	pHL	versus	 ത݊,	 the	stability	constant	could	be	

calculated.	
	
K୤ଵ ൌ 	

ଵ

ሾୌ୐ሿ
౤ഥస

భ
మ

		 	 		 	 																		(20)	

	
K୤ଶ ൌ 	

ଵ

ሾୌ୐ሿ
౤ഥస

య
మ

		 	 	 	 																		(21)		

		
All	our	calculations	in	this	work	were	executed	by	GRCβeta	

computer‐program	developed	in	our	 lab.	The	software	 inputs	
are		

a)	 Initial	 volume	 of	 solution	 containing	 the	 amino	 acid,	
metal	ion,	and	perchloric	acid,	

b)	The	concentration	of	perchloric	acid,	
c)	The	concentration	of	sodium	hydroxide,	
d)	The	concentration	of	amino	acid,	and	
e)	pKa1	and	pKa2	of	the	amino	acid	in	the	specified	medium	

and	at	desired	ionic	strength	which	was	found	in	the	literature	
[37].	

In	 water:dioxane	 mixture	 (50:50,	 v:v)	 and	 0.1	 M	 NaNO3,	
Trp	 has	 pKa1	 =	 3.47	 and	 pKa2	 =	 10.22.	 After	 insertion	 of	 the	
pertinent	 values,	 the	 software	 plots	 the	 corrected	 pH	 of	 the	
titrand	 solution	 versus	 the	 concentration	 of	 added	 standar‐
dized	NaOH,	plus	drawing	two	curves,	one	for	a	 ത݊	=	0.5	and	the	
other	 for	 ത݊	=	 1.5.	 The	 intersections	 of	 the	 potentiometric	
titration	 curve	 with	 these	 two	 curves	 produce	 two	 points	
(Figure	1)	whose	corresponding	pHs	will	be	used	to	evaluate	
the	respective	stability	 constants	of	 the	metal	 ion‐amino	acid	
complexes.		
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Table	5.	Activation	energy	(Ea)	and	the	rate	constant	(k)	values	for	the	pertinent	Trp	complexes	in	water:dioxane	mixture	(50:50,	v:v).	
Complex	 Ea	(J/mol)	 k	(1/s)

25	°C 30	°C 35	°C 40	°C	
Fe(III)‐Trp	 9.56×104	 2.84×10‐7 5.12×10‐7 9.15×10‐7 1.83×10‐6		
Co(II)‐Trp	 1.09×105	 1.76×10‐7 3.18×10‐7 7.05×10‐7 1.41×10‐6		
Ni(II)‐Trp	 1.08×105	 2.20×10‐7 4.24×10‐7 8.36×10‐7 1.79×10‐6		
Cu(II)‐Trp	 1.13×105	 2.41×10‐7 4.93×10‐7 9.75×10‐7 2.18×10‐6		
Zn(II)‐Trp	 9.52×104	 1.82×10‐7 3.40×10‐7 6.93×10‐7 1.11×10‐6		
Pb(II)‐Trp	 1.29×105	 2.00×10‐7 3.70×10‐7 8.11×10‐7 2.50×10‐6		
	

	
ΔH1°	values	are	positive	and	independent	of	temperature,	

also	 the	 temperature	 increase	 affects	 the	 complexation.	
Because	 M+2	 ions	 exert	 solvation	 effect	 and	 L‐	 and	 M+2	 ions	
with	 opposite	 charge	 could	 break,	 causing	 H°	 and	 S°	 to	
become	 positive.	 Although	 the	 process	 of	 Trp	 complex	
formation	 with	 a	 metal	 ion	 has	 an	 endothermic	 nature	 as	 a	
result	of	the	positive	ΔH°	value,	it	could	be	concluded	that	the	
second	 formation	 step	 of	 complex	 is	 highly	 spontaneous	
compared	 to	 the	 first	 formation	 step.	 Positive	 H°	 and	 S°	
means	 that	 the	 reactions	 become	 spontaneous	 at	 higher	
temperatures.	

Regarding	 using	 dioxane	 as	 a	 co‐solvent,	 1,4‐dioxane‐
water	 mixture	 is	 a	 well‐defined	 solvent.	 Changes	 in	 stability	
constants	upon	addition	of	1,4‐dioxane	to	aqueous	solution	is	
due	to	increase	in	ion‐ion	interactions	resulting	from	both	the	
decreasing	 dielectric	 constant	 and	 the	 change	 in	 solvent‐ion	
and	 solvent‐solvent	 interactions.	 As	 the	 dielectric	 constant	
decreases,	the	ion	interaction	involving	the	proton	and	anionic	
oxygen	on	 the	 amino	 acid	decreases	 to	 a	 greater	 extent	 than	
the	ion	dipole	interaction	between	the	proton	and	the	solvent	
molecules.	 Co‐solvent	 influences	 the	 protonation‐deproto‐
nation	 equilibria	 in	 solution	 by	 changing	 the	 dielectric	
constant	 of	 the	 medium,	 which	 varies	 the	 relative	 contri‐
butions	of	electrostatic	and	non‐electrostatic	interacttions.		

Our	 outcomes	 demonstrate	 that	 Cu(II)	 complexes	 are	
more	stable	than	the	other	metal	ion	complexes	as	a	result	of	
the	 larger	 ratio	 of	 valance/radius	 and	 the	 Jahn‐Teller	 effect.	
Figure	6	shows	a	potential	energy	diagram	for	an	endothermic	
reaction.	 The	 energy	 difference	 between	 the	 reactants	 and	
complex	 transition	 state	 is	 called	 activation	 energy.	 Higher	
activation	energy	translates	lower	rate	of	as	reaction	and	more	
dissimilarities	between	the	reactants	and	the	transition	states.	
More	 discrepancy	 between	 bonds	 in	 the	 two	 states	 leads	 to	
higher	activation	energy.	Table	5	shows	the	rate	constant	and	
activation	energy	values	for	the	aforementioned	complexes	in	
water‐dioxane	mixture.		

The	following	trend	was	acquired.	
	
Ea	Zn(II)‐trp	<	Ea	Fe(III)‐Trp	<	Ea	Ni(II)‐trp	<	Ea	Co(II)‐trp	<	…	

…	Ea	Cu(II)‐trp	<	Ea	Pb(II)‐trp	 	 	 																		(34)	
	

	

	
Figure	6.	Potential	energy	diagram	for	an	endothermic	reaction.	

 
4.	Conclusions 
	

In	this	study,	a	systematic	approach	was	made	to	examine	
the	interaction	of	some	transition	metals	ions	with	tryptophan	
in	 water	 and	 water:dioxane	 mixture	 (50:50,	 v:v)	 at	 various	

temperatures.	As	was	expected,	cobalt	and	zinc	complexes	had	
the	 lowest	 stability	 and	 copper	 and	 iron	 the	 highest.	 Our	
results	 show	 that	 as	 the	 temperature	 rises,	 or	 on	 addition	of	
dioxane	 to	water,	 the	 stability	 constant	 increases,	 The	 Gibbs	
free	 energy	 change	 is	negative	 correlating	 to	 the	 spontaneity	
of	 the	 complex	 formation.	 ΔH°	 and	 ΔS°	 values	 were	 positive	
The	variations	in	logarithm	of	stability	constants	versus	1/T	is	
linear	evidencing	that	ΔH°s	are	independent	of	temperature	in	
temperature	 range	 of	 the	 study,	 and	 increase	 in	 entropy	
enforces	 the	 formation	of	 these	complexes.	Regarding	kinetic	
studies,	 the	 obtained	 rate	 constants	were	 low,	 and	 evaluated	
activation	 energy	 for	 formation	 of	 each	 complex	 were	
reasonable.	
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