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Abstract

Activation of hydrogen peroxide by different Cu(II)–amino acid complexes is performed and compared, with quinaldine blue a
idation indicator. Parameters such as pH and concentrations of Cu(II), hydrogen peroxide, and amino acids (L= glycine, alanine, and
lysine) are examined to understand the activation mechanism of hydrogen peroxide. The experimental rate law determined is fir
Cu(II)–amino acid complexes and variable order in hydrogen peroxide, by Michaelis–Menten kinetics. It indicates that the form
ligand–Cu(II)–peroxide complex may be responsible for the activation of hydrogen peroxide. The oxidation rate is also substan
hanced in Cu(II)/amino acid/H2O2 systems with increasing pH from 6 to 9. The trend is consistent with the formation of hydroxyl ra
(•OH), whose formation is favored in alkaline solutions. A mechanistic pathway that includes the formation of ligand–Cu(II)–p
complex and•OH is proposed. For glycine, alanine, and lysine, the maximum activation efficiencies appear at a ligand/copper mola
1.5–2.0, regardless of the change in pH values or ligand concentrations. According to the stability constants for Cu(II)–amino acid c
it is predicted that CuL and not CuL2 is the dominant species forming the active copper complex catalyst.
 2005 Elsevier Inc. All rights reserved.
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1. Introduction

During the last decade activation of hydrogen perox
by transition-metal ions, UV irradiation, and TiO2 has re-
ceived great attention for various applications[1–7]. Hydro-
gen peroxide (H2O2) is a common oxidizing agent and
often converted to hydroxyl radical (•OH) along with the
redox reaction of transition-metal ions, that is, the Fen
or Fenton-like reaction. It has been reported that the a
vation of hydrogen peroxide in the presence of transiti
metal ions is effective only under acidic conditions[8,9].
At higher pH, a major limitation is precipitation of the ca
alytically active metal ions. Nevertheless, these metal
are relatively active when they are chelated as comple
in basic solutions[10,11]. The activation of hydrogen pe
* Corresponding author.
E-mail address: chwu@mx.nthu.edu.tw(C.-H. Wu).

0021-9517/$ – see front matter 2005 Elsevier Inc. All rights reserved.
doi:10.1016/j.jcat.2005.01.038
oxide by transition-metal complexes has been widely
plied to chemical synthesis, environmental control, efflu
treatment, sterilization, etc.[12–17]. During a number of
physiological processes, reactive oxygen species (ROS)
tributed by the activation of hydrogen peroxide by iron
copper species are thought to be responsible for the oxid
modification of proteins and involved in aging and carcin
genesis[18–22]. Therefore, a better understanding of t
reaction pathways in the activation of hydrogen peroxide
the oxidation of organic substrates is needed[23].

Recently, some studies have been carried out to inv
gate the Cu(II)/H2O2 reaction in the chemical mechanic
planarization (CMP) process of integrated circuit (IC)
dustry[24–30]. Systems containing hydrogen peroxide as
oxidizer and Cu(II)(EDTA) or Cu(II)(Glycine)x as a cata-
lyst have been successfully applied in the copper CMP

the IC industry. Fayolle and Romagna[24] reported that
the use of hydrogen peroxide in CMP slurry produced bet-
ter planarization results than Fe(NO3)3. Hariharaputhiran et

http://www.elsevier.com/locate/jcat
mailto:chwu@mx.nthu.edu.tw
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al. [27] investigated the rate of copper removal by hydrog
peroxide in the presence of Cu(II)–glycine complexes. T
results demonstrated that the Cu(II)–glycine complex is
extremely effective catalyst in decomposing hydrogen p
oxide to yield•OH, and, therefore, the dissolution and pol
rates of copper block can be substantially enhanced. Z
and Subramanian[28] found that the removal rates of co
per were much more sensitive to the concentration of gly
than to that of hydrogen peroxide. Robbins and Drago[31]
made a comparison of reaction rates with different comp
ing ligand systems and produced an experimental rate
However, the detailed kinetics associated with each spe
were not thoroughly clarified in the previous studies, and
tle attention has been paid to the coordination effect of Cu
complexes.

Although several reaction mechanisms of metal
species with hydrogen peroxide have been proposed, a
adigmatic mechanism has not been established. A me
nism, based on Haber–Weiss reaction or Fenton chem
assumed that metal ions were utilized through one-elec
redox reactions that convert peroxide into reactive rad
species[17,32,33]. It was claimed that the other mechanis
included the formation of metal peroxo complexes (MOO
as the early intermediates and no radical species were
duced[33]. In the mechanism, the peroxide coordinated
the metal without changing its oxidation state, and the s
strate might attack the coordinated and activated hydro
peroxide. In many instances, the oxidation reaction is a c
bination of several mechanisms. To understand the activa
mechanism of hydrogen peroxide followed by degrada
of target substrates, a number of assays of radical sp
have been developed to distinguish radical chain proce
from the others[34–36].

In this study, we attempt to characterize the effects of
composition of Cu(II)/amino acid/H2O2 reagent and pH on
the activation of hydrogen peroxide, using quinaldine b
as an oxidation indicator. Systematic investigations are
ried out to discuss the specific roles of Cu(II) speciation
the redox cycling of copper on the activation of hydrog
peroxide. A possible mechanism is proposed.

2. Experimental

2.1. Materials

All chemicals used were reagent grade or HPLC gra
L-Alanine (> 99.5%), L-glycine (> 99%), and L-lysine
(> 99.5%) were obtained from Fluka (heavy metal impu
ties< 0.0005% m/m). H3BO3 (> 99.8%),p-nitrosodimeth-
ylaniline (PNDA) (> 98%), CuCl2 · 2H2O (> 99.0%),
CuCl (> 99.0%), NaH2PO4 (> 99.5%), and hydroxylam-
monium chloride (> 99.0%) were obtained from Merc

′ ′
(Darmstadt, Germany). Quinaldine blue (1,1-diethyl-2,2-
trimethinequinocyanine chloride; pinacyanol chloride), a re-
dox indicator with a blue-purple color, was used as re-
talysis 232 (2005) 117–126
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ceived from Aldrich. Hydrogen peroxide (30%) was o
tained from Fluka and used after iodometric titration
verify its concentration. Other reagents used were N
(RDH, 99.8%), NaOH (J.T. Baker), HCl (J.T. Baker), ac
tonitrile (J.T. Baker), 2-nitrobenzaldehyde (98%, Aldric
and bathocuproine (sulfonated sodium salt, GFS). All
lutions were prepared with ultra-high-purity Milli-Q wate
exclusively (� 18.2 M� cm resistivity; Millipore, Bedford,
MA, USA). Solutions (or aliquots) were filtered through
0.2-µm syringe filter (13 mm Teflon, or 25 mm Tuffry
Acrodisc, Gelman). Glassware and quartzware were cle
with a 50/50 v/v mixture of methanol and aqueous 3.0
HCl and thoroughly rinsed with Milli-Q water. N2 purging
was used to remove O2 from solutions to ensure an accura
measurement of Cu(I).

2.2. Visible spectrophotometry

Ultraviolet–visible absorbance measurements were m
with a double-beam scanning spectrophotometer (Shim
UV-1601, Tokyo, Japan) and a custom-built constant-t
perature (25◦C, Fisher 910 recirculator) variable-pat
length aluminum cuvette holder (black-anodized). We
tained the oxidation rates of quinaldine blue by monit
ing the absorbance change at 600 nm. We determined
consumption rates of PNDA by monitoring the absorba
change at 440 nm. Spectrophotometric determination
Cu(I) formed in the aqueous solution was performed w
the bathocuproine method, which uses 2,9-dimethyl-
diphenyl-1,10-phenanthrolinedisulfonic acid as the C
ligand, and we measured the absorbance of Cu(I) com
at 484 nm.

2.3. Preparation and procedures for kinetic study

Quinaldine blue is a cationic, basic dye with the struct
shown inScheme 1. Its absorbance maximum at 600 nm
insensitive to pH above pH 4. Simple UV–vis spectrosco
experiments are frequently used to monitor the amoun
quinaldine blue decomposition, and investigations into
decomposing kinetics have been made to determine th
tivities of cytochrome c–crown ether complexes, mangan
oxide catalysts, and related model catalysts[31,37–39]. For
this study, we determined the oxidation rates of quinald
blue by monitoring the decrease in its maximum absorba
at 600 nm. As the model compound, 0.006 g of quinald
blue was dissolved in 100 ml of D.I. water as the stock
lution and stored in the dark. The concentration was app
Scheme 1.
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imately 1.6 × 10−4 M. The initial absorbance was check
before each experiment.

p-Nitrosodimethylaniline (PNDA) is a widely used•OH
trapping reagent with a strong characteristic absorption p
at 440 nm. Upon the addition of•OH to the nitroso group o
PNDA, the absorption at 440 nm is decreased significa
because the adduct of PNDA with•OH has a much weake
absorption at the same wavelength [Eq.(1)]. Since the re-
action molar ratio of PNDA to•OH is 1:1, the formation
of •OH can be determined by the consumption of PND
In each experiment, the initial concentration of PNDA w
fixed at around 42 µM. The decrease in the concentratio
PNDA is due solely to its consumption by the•OH gener-
ated in the solution, since the self-decomposition of PN
is not significant above pH 5.8[27,36,40].

+•OH

(1)→

The following conditions were chosen for almost all of t
kinetic studies for the oxidation experiment. A given sam
solution was prepared in a 40 ml beaker with the addition
an aliquot of the hydrogen peroxide stock solution (0.88
Cu(II) stock solution (10.0 mM), or amino acid stock so
tion (10.0 mM) to a pre-made aqueous solution of quinald
blue (2.0 ml stock solution) and 0.1 M borate buffer (10
ml). The mixture was diluted with D.I. water to a fixed vo
ume of 30.0 ml. In each experiment, 3 ml of sample solut
was withdrawn and then placed in a quartz cell (1.00-
path length) while the UV measurement was processed.
initial rates of reaction were determined from data collec
during the first 0.5 to 2.0 min of the reaction. The solut
pH was measured with a Radiometer analytical Ionchec
pH meter and combination glass electrode (Mettler Tol
Inlab 439/120). The pH of sample solutions was adjus
with the addition of aliquots of 1 or 0.1 M NaOH to the d
sired pH. The pH of the buffer was checked periodically a
readjusted when necessary. In the experiment with•OH trap-
ping, PNDA was added to each solution studied, with
same composition, except without quinaldine blue. To p
vent the interference of formed gases, the sample solu
(30 ml) was continuously stirred during the experiment. T
stirring rate had a negligible effect on the oxidation rate
quinaldine blue.

3. Results and discussion

3.1. Kinetics of quinaldine blue oxidation
Fig. 1 shows the changes in the absorption spectra for
quinaldine blue at different time intervals. These data clearly
show how quinaldine blue is oxidized or decomposed as a
talysis 232 (2005) 117–126 119

Fig. 1. UV/visible spectra of quinaldine blue for a solution contain
60 mM H2O2, 30 µM Cu(II), 0.24 mM glycine, and 0.033 M borate buff
at pH 7.5 as a function of time.

function of time. Glycine was chosen as a model ligand
Cu(II) complexes because of its wide application in the c
per CMP process. The result indicates that Cu(II), glyc
and H2O2 all together play important roles in quinaldin
blue oxidation. Neither H2O2 nor Cu(II) complexes alon
could oxidize quinaldine blue at the concentrations use
this work. Without ligand, only a small degree of quinaldi
blue oxidizes in the Cu(II)/H2O2 system. After a period o
incubation (10 min), the system color changed from pur
to blackish green or brown instead of becoming colorle
A similar behavior was observed by Robbins and Dra
who proposed that copper precipitate forms in the absen
complexing reagent and the reaction is incomplete[29,31].

Table 1 lists the initial rates of quinaldine blue oxid
tion under specified conditions. Since all rate calculati
involved initial rates at low conversions, the initial conce
trations of Cu(II), glycine, and H2O2 could be regarded

Table 1
Dependence of quinaldine blue oxidation rate on quinaldine blue, Cu
glycine, and H2O2 concentrationsa

[Quinaldine
blue]

[Cu(II)] [Glycine] [H2O2] Initial rateb

(M min−1)
R2

1.4× 10−5 3.0× 10−5 6.0× 10−5 3.2× 10−2 2.8× 10−6 1.00
9.0× 10−6 3.0× 10−5 6.0× 10−5 3.2× 10−2 2.8× 10−6 1.00
6.3× 10−6 3.0× 10−5 6.0× 10−5 3.2× 10−2 2.4× 10−6 1.00
9.0× 10−6 3.0× 10−5 1.6× 10−4 3.2× 10−2 8.1× 10−7 0.97
9.0× 10−6 3.2× 10−4 2.9× 10−3 4.5× 10−2 2.4× 10−6 1.00
9.0× 10−6 3.2× 10−4 2.9× 10−3 1.3× 10−2 1.1× 10−6 1.00
1.2× 10−5 3.2× 10−4 1.0× 10−3 4.5× 10−2 6.4× 10−6 0.99
a All concentrations are in M. All reaction solutions were in 0.033 M
borate buffer at pH 8.2.

b The initial rate is calculated within one half-life.



120 T.-Y. Lin, C.-H. Wu / Journal of Catalysis 232 (2005) 117–126
Fig. 2. Kinetic behavior of quinaldine blue oxidation versus time as a function of Cu(II) concentration in the presence of 40 mM H2O2, 5.0 mM glycine and
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0.033 M borate buffer at pH 8.2. Numbers indicate the total concentrati
on the total concentration of Cu(II).

as constant values. Typically, the initial concentrations
H2O2 were kept in great excess over the concentration
Cu(II) and quinaldine blue. Based on the data, the in
rates remained constant when the concentrations of qu
dine blue varied from 14 to 6.3 µM with 30 µM [Cu(II)
60 µM [glycine], and 32 mM [H2O2] at pH 8.2 (shown in
Table 1). Therefore, the reaction is zero order in quinald
blue.Fig. 2shows the kinetic plot of quinaldine blue oxid
tion in a Cu(II)/glycine/H2O2 system, where[C]t and[C]0
refer to the concentrations of quinaldine blue at timest and
zero, respectively. In the reaction of at least 50% convers
good linearities(R2 > 0.97) were obtained for the plots o
[C]t /[C]0 versus time. When the reaction time exceed
one half-life, a slight deviation from zero-order kinetics w
observed. This might result from the variation in hydrog
peroxide concentration. As shown in the inset ofFig. 2, the
reaction rate displays a good linearity with [Cu(II)] und
excess [glycine] and [H2O2]. This indicates that the reactio
is first order in [Cu(II)].

The dependence of the reaction on H2O2 concentration is
studied by measurement of the rate of the reaction at a d
ent initial concentration of H2O2. These results indicate th
the oxidation rate of quinaldine blue increases with incre
ing initial concentration of H2O2 but attains saturation at
high concentration of H2O2. The results are in contrast

the observations inFig. 2. An inference from this saturation
kinetics is that H2O2 binds to the catalyst, Cu(II)/glycine
complex, before the oxidation of quinaldine blue. This phe-
Cu(II) concentration in µM. Inset: dependence of rate of quinaldine bluexidation

-

nomenon is similar to the enzyme catalytic reaction. T
the kinetics of oxidation of quinaldine blue by the activati
of hydrogen peroxide with Cu(II)/glycine complex as a c
alyst can be analyzed in the form of the Michaelis–Men
equation[31,41–45]

(2)rate = −d[C]
dt

= Vmax[H2O2]
Km + [H2O2]

whererate (M/min) represents the velocity of oxidation
quinaldine blue, [C] (M) is the concentration of quinaldin
blue,Km (M) represents the affinity between the binding s
of catalyst and H2O2, andVmax (M/min) represents the max
imum catalytic reaction rate. From the inset ofFig. 2, Vmax
can be expressed as

(3)Vmax= kcat[Cu(II)]T
wherekcat (min−1) is the first-order rate constant. Invertin
Eq. (2) and substituting Eq.(3) gives the reciprocal of th
rate

(4)
[Cu(II)]T

rate
= Km

kcat[H2O2] + 1

kcat

Eq. (4) is called the Lineweaver–Burk equation. Pl
ting [Cu(II)]T /rate against 1/[H2O2] gives an intercept o
1/kcat on they axis as 1/[H2O2] tends toward zero, an
1/[H2O2] = −1/Km on thex axis. The slope of the line

is Km/kcat. Fig. 3 shows the plot of [Cu(II)]T /rate ver-
sus 1/[H2O2], which reveals a good linear relationship.
The results indicate that the activation of H2O2 catalyzed
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Fig. 3. [Cu(II)]/rate versus [H2O2]−1 for the Cu(II)/glycine/H2O2 system.
buffer at pH 8.2. Inset: raw kinetic data.

by Cu(II)/glycine complex follows the Michaelis–Mente
mechanism. When [H2O2] is much higher thanKm, the
rate reachesVmax, and the zero-order rate occurs. The
fore, when [H2O2] is in excess,kcat shows the oxidation rat
of quinaldine blue in unit concentration of Cu(II)/glycin
complex, which is also the catalytic activity per molecu
of the complex on the activation of H2O2 to more reactive
oxygen species. We proposed a more detailed mechanis
showing that the coordination of hydroperoxide anion w
copper complexes might produce the peroxo or hydrope
complexes and directly or indirectly induce the oxidation
organics[33].

3.2. pH effect

Fig. 4shows the plots of oxidation rate of quinaldine bl
and the formation rate of•OH versus pH. The oxidation rat
increased exponentially as the pH was varied from 6.0 to
As shown inFig. 4, the oxidation rate of quinaldine blu
correlates markedly with the formation rate of•OH. The
trend is consistent with the formation of•OH, the forma-
tion of which is favored under alkaline conditions[5,33,45].
Fig. 5 shows the formation of Cu(I) concentration vers
time in different Cu(II)/H2O2 systems. As can be seen, Cu
was detected and accumulated in the deaerated system
formation of Cu(I) depends on the concentration of H2O2

and that of alanine. The formation of Cu(I) leveled off at
higher concentration when the initial concentration of H2O2
was higher in the system without amino acids. Meanwhile,
mixtures consisted of 0.16 mM Cu(II), 2.86 mM glycine, and 0.033 M b

y

e

Fig. 4. Effect of pH on the reaction rate for quinaldine blue oxidation
hydroxyl radical formation in the condition of 0.32 mM Cu(II), 2.86 m
glycine, 43.4 mM H2O2, and 0.033 M borate buffer. The initial absorbanc
of quinaldine blue at 600 nm and PNDA at 440 nm were 0.60 and 0
respectively.

alanine, a strong complexing agent for Cu(II), could acc
erate the redox cycling of the Cu(II)/Cu(I) reaction beca

a higher Cu(I) concentration was measured in the alanine-
added system. Therefore, the reduction reaction of Cu(II)
complexes should be involved in the activation of hydrogen
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Fig. 5. Plot of formation of Cu(I) versus time at different concentrati
of H2O2 and alanine. The mixtures consisted of 0.20 mM Cu(II), 100
phosphate buffer, and 0.10 M NaCl at pH 7.4.

peroxide to form•OH. The results indicate that not only
the oxidation rate of quinaldine blue correlated with•OH,
but the formation pathway of•OH might also accompan
the redox cycling of copper. Based on the results of prev
studies, the system might produce•OH, according to the fol-
lowing Fenton or Fenton-like reactions:

L–Cu2+ + H2O2 → L–Cu · OOH+ + H+ (5)

L–Cu · OOH+ → L–Cu+ + HO•
2 (6)

L–Cu2+ + H2O2 → L–Cu+ + HO•
2 + H+ (7)

L–Cu+ + H2O2 → L–Cu2+ + OH− + •OH (8)

Shah et al. investigated the possibility that different ty
of radicals are simultaneously formed in the system[2].
From the ESR spectra of spin adducts of 5,5′-dimethyl-1-
pyrroline N-oxide (DMPO), they observed that the•OH be-
haved slightly differently in a magnetic field, which indicat
that the radicals could not only diffuse into the solutio
but also bind with the ligand to form ligand–Cu(II)–radic
complexes. As shown inFig. 4, which compares the oxida
tion rate of quinaldine blue (rQB) with the formation rate o
•OH (rPNDA), the ratio ofrQB to rPNDA is larger than 1.0
and changes with the variation in pH. This implies that
addition to•OH-dependent reactions, ligand–Cu(II)–radi
complexes may also be responsible for the oxidation
quinaldine blue[1,33,46]. This phenomenon is similar to th
case of aqueous phase photoformation of•OH in the cloud
waters, which is apportioned into two categories: H2O2-
dependent and H2O2-independent sources[47]. Ali et al.

[48] showed that the metal-catalyzed oxidation process with
Cu(II) under different oxidation conditions had a larger im-
pact than Cu(I). They suggested that the conversion of Cu(II)
talysis 232 (2005) 117–126

to Cu(I) could result in extra oxidative steps in addition to
Fenton reaction of Cu(I) with H2O2.

3.3. Effect of the molar ratio of glycine/Cu(II)

The effect of Cu(II)/amino acid complexes on the o
idation rate of quinaldine blue was investigated. For t
purpose, various ligands with different concentrations w
added to the system. Under the system conditions of 30
Cu(II) and 6.0 mM H2O2, the reaction rate reaches its ma
mum when the molar ratio of glycine to Cu(II) ions is arou
2.0. However, the reaction rate decreases dramatically w
the ratio is above 3.0. The trend shows no significant cha
even when the concentration of Cu(II) or H2O2 increases by
up to 10-fold. As shown inFig. 6, similar results were ob
served with the variation of pH values.

Although complexes with different ligand coordinatio
might have quite different catalytic abilities, the effe
of copper speciation has not been investigated in d
[2,27,31]. In this study, the distribution of Cu(II) specie
such as 1:1 or 1:2 Cu(II) to glycine complex (CuL, CuL2),
inorganic free copper ions (Cuin), etc. under each exper
mental condition was calculated with the WIN MINTE
computer program with critically reviewed thermodynam
equilibrium constants[49,50]. Table 2shows the molar frac
tion of copper–glycine complex and its relative oxidati
rate of quinaldine blue with different pH values and glyc
concentrations. The results show that Cu(II)–glycine co
plex is the major species correlated with the enhancem

Table 2
Distribution of copper species in different experimental conditions and
catalytic abilities relative to the oxidation of quinaldine bluea,b

[Glycine] f Cu,in f Cu(gly) f Cu(gly)2
c Rated

pH = 6.5

30 0.41 0.55 0.04 0.13
45 0.26 0.65 0.09 0.19
60 0.18 0.68 0.14 0.16
75 0.13 0.67 0.20 1.14
90 0.09 0.66 0.25 0.13

pH = 7.5

30 0.37 0.47 0.16 1.5
40 0.24 0.50 0.26 3.5
50 0.16 0.48 0.36 2.5
60 0.10 0.44 0.46 1.8
70 0.09 0.39 0.52 1.0
90 0.04 0.30 0.66 0.54

pH = 8.2

32 0.46 0.23 0.31 9.6
53 0.21 0.21 0.58 13.6
60 0.22 0.18 0.60 8.3
80 0.04 0.10 0.86 1.9
90 0.02 0.08 0.90 1.0

a All concentrations are in µM.
b [Cu(II)] = 30 µM, [H2O2] = 6.0 mM, borate buffer= 0.033 M.
c
 f , the equilibrium fraction of the total copper present as theith com-

plex. The subscript “in” represents all forms of inorganic Cu(II).
d The rate is expressed in µM min−1.
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Fig. 6. Effect of glycine concentration on the oxidation rate of quinaldine blue as a function of pH. The system was controlled under the condition of 30µM
orba entration
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Cu(II), 6.0 mM H2O2, and 0.033 M borate buffer solution. The initial abs
on the reaction rate of quinaldine blue oxidation at pH 6.5.

of reaction rate in the catalytic system. When the sys
achieved its maximum reaction rate, above 75% of Cu
formed complexes with ligands. Meanwhile, the level
major Cu(II)-complex species could not be inferred s
ply from the molar ratio of ligand to Cu(II) ions. Takin
the condition of pH 6.5, for example, when the molar ra
of glycine to Cu(II) is 2.0, the major species is 1:1 Cu(
to glycine complex (CuL∼ 68%), not 1:2 Cu(II) to glycine
complex (CuL2). Moreover, precipitation of Cu(II) specie
may form in the high-pH condition(> 6.5) when the sys-
tem molar ratio of glycine to Cu(II) is below 1.3, whic
indicates that the copper precipitates have a lower cata
activity than CuL.

In addition to glycine, two other amino acids (lysin
and alanine) were studied in the oxidation of quinald
blue. Fig. 7 shows that the maximum oxidation rate cou
be found at the ligand/Cu(II) molar ratio point of 1.5–2
Compared with the modeling data for species analysis,
trend of the reaction rate is consistent with the fract
of CuL. Among the copper complexing agents tested
the experiments, alanine exhibits the highest catalytic
tivity. The activities of catalyzing hydrogen peroxide a
followed in this order: alanine> lysine > glycine. Lig-
and structure influences the stability constants of cop
complexes and may result in different physiochemical pr

erties. It has been shown that the structure of organic
Cu(II) complexes, which correlates with the relative sta-
bility of the carbon-centered radicals and the efficiency of
nce of quinaldine blue at 600 nm was 0.80. Inset: effect of glycine conc

the initial photoinduced ligand-to-metal electron trans
has a strong impact on the quantum yield of photolysis
Cu(II)/dicarboxylate complexes[51,52]. The kinetics of the
photolysis of Cu(II)/amino acid complexes were investiga
under irradiation at 313 nm[53]. In the photochemical study
the Cu(I) quantum yield for the Cu(II)-β-alanine complex
was higher than those for amino acid systems, includ
aspartic acid, glutamic acid, glycine, and histidine. The p
tocatalyzed mineralization of amino acids at the titania/w
interface has been investigated[54]. The yield of ammonium
ion for alanine was higher than those for serine and phe
lalanine. These results are consistent with the observa
in the current study. To elucidate the effects of ligand str
ture on the activation of hydrogen peroxide, further stud
of the catalytic properties of Cu(II) complexes with differe
amino acids are needed.

3.4. Proposed mechanism

Based on the results of this work and on the literat
[2,18,19,23,31,33,42–46], a possible mechanistic pathwa
for the oxidation of quinaldine blue with hydrogen pero
ide as oxidant and copper complex as catalyst is depicte
Fig. 8. The Cu(II) ion is found to be sixfold coordinated wi
four equatorial and two axial ligands and exhibits a distor

octahedral structure. The high lability of hydrated Cu(II)
ion is attributed to the dynamic Jahn–Teller effect[55,56].
Normally, the water exchange rate constant(k) for solvated
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(a) (b)

(c)
Fig. 7. Dependence of oxidation rate of quinaldine blue on the molar ratio of amino acid to Cu(II). The system was controlled under the condition of 30 µM
e init ) lysine,

ac-
n
ule
bly

ox-
cies
ex-
II)
in-

th-

ox-

ria-
n,
blue
ause
for
er-
Cu(II), 6.0 mM H2O2, and 33 mM borate buffer solution at pH 7.5. Th
(c) alanine.

Cu(II) at 298 K is very fast (4.4× 109 s−1), and the lifetime
of the complex is in the picosecond time scale, with an
tivation energy of 3.5 kJ mol−1 [55]. Therefore, as show
in Fig. 8, the reversible dissociation of a water molec
from a distorted octahedral Cu(II) complex is reasona
easy. Then, coordination of the hydroperoxide anion (O2H−)
with Cu(II) complex may produce the peroxo or hydroper
ide complex. Once formed, the copper–hydroperoxo spe
or other ROS formed from the intermediates may react
tremely rapidly with quinaldine blue. Simultaneously, Cu(
complex may react directly with hydrogen peroxide and

duce electron transfer from hydrogen peroxide to Cu(II),
and subsequently redox cycling of copper proceeds. When
the back electron transfer of Cu(I) complexes occurs, hy-
ial absorbance of quinaldine blue at 600 nm was 0.80. (a) Glycine, (b

drogen peroxide may dissociate to•OH. As a result, the
active•OH reacts rapidly with the substrate. Therefore, pa
ways proposed for the formation of•OH and ligand–Cu(II)–
peroxide complexes may both be responsible for the
idation of quinaldine blue in the Cu(II)/amino acid/H2O2

system. Useful information can be provided by the va
tion of Cu(II), complexing ligands, pH, solvent compositio
and target substrates. The oxidation rate of quinaldine
can be greatly enhanced in alkaline environments bec
of the favorable formation of reactive species, especially
hydroperoxo complex. The formation of stable hydrop

oxo complex is necessary to have two equatorial coordi-
nation sites occupied by easily displaced solvent. In this
study, the hydroperoxo complex may form when one wa-
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Fig. 8. Proposed mechanism for

ter is dissociated from the axial positions of Cu(II) comp
followed by the attack and binding of HO2− at its equator-
ial positions[31]. Therefore, it is reasonable to expect th
the peak oxidation rate of quinaldine blue always occur
CuL complex is the main species in the system. When
CuL2 complex is formed, the oxidation rate decreases
predicted because there are no strongly binding equat
positions available to bind the HO2−. Furthermore, the ox
idation rate may be suppressed with excess noncoordin
glycine (glycine/Cu(II)> 5). Further studies on the analys
of •OH or other formed by-products could provide an e
planation for why the reaction rates are so sensitive to
variation in glycine concentration.

4. Conclusions

The catalytic activity of copper complexes on hydrog
peroxide has been evaluated by examination of the ox
tion rate of quinaldine blue. The formation of•OH and
ligand–Cu(II)–peroxide complex favors contribution to t
oxidation of quinaldine blue, implying that at least two pa
ways may be responsible for the activation of hydrog
peroxide. The observed kinetic data and speciation ana
show that 1:1 Cu(II)–ligand complex (CuL) is the domina
species forming the active copper complex catalyst. A p
sible mechanistic pathway for the activation of hydrog
peroxide is proposed.
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