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a b s t r a c t

Three synthetic copper(II) complexes exhibited remarkable catalytic activity for 4-chlorophenol (4-CP)
oxidation by H2O2 in neutral and weak alkaline solution at 25 ◦C. The decomposition of H2O2 catalyzed
by copper(II) complexes was investigated. The studies by fluorescence and UV–vis measurements proved
that free hydroxyl radical was not the primary reactive species for the oxidation of 4-CP. “Associative
radical” LCuI-•OOH was suggested as the possible predominant reactive species in this work. The reaction
kinetics of 4-CP oxidation catalyzed by copper(II) complexes was studied in detail. The pH effect was
explicated by the catalytic kinetics model proposed in this paper. The catalysis involved not only the
4-Chlorophenol
Copper complex
R
H
A

activation of H2O2 by copper(II) complex to yield more reactive species LCuI-•OOH, but also the formation
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. Introduction

Chlorophenols are found widely in pesticides, disinfectants and
ood preservatives. They are also substantial by-products of wood
ulp bleaching [1]. Due to chlorophenols’ toxicity and the diffi-
ulty of microbial degradation in nature, it is a urgent demand to
emove chlorophenols [2–4]. Recently, many chemical methods for
he oxidation of chlorophenol have been developed [5–8]. Unfor-
unately, the most of reported catalysts exhibited high catalytic
ctivity for the oxidation of chlorophenol only in acidic or strong
lkaline solution [9–13]. Effective catalysts for chlorophenol oxida-
ion in neutral or weak alkaline solution at room temperature were
eldom reported.

Masarwa et al. pointed out that copper(II) complex/H2O2 system
n aqueous solution could be considered as “Fenton-like” reagent
14]. H2O2 could be activated by copper(II) complexes to generate
ctive oxygen species [15], but the exact active oxygen species and
heir catalytic mechanisms were not clear yet [16]. The catalytic

echanism involved many factors including substrates, catalysts,
H of solution, solvent and temperature. A commonly acceptable
echanism for this kind of catalysis was originally proposed by
arb et al. [17], which involved a series of radical species including
OH and O2

•−/•OOH. Haber–Weiss Fenton reaction indicated that
2O2 could be activated by metal ions to reactive radical species

hrough one-electron redox reactions [18]. Passoni et al. [19] con-
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ossible catalytic reaction mechanism of 4-CP oxidation was proposed.
© 2008 Elsevier B.V. All rights reserved.

idered metal peroxo complexes (MOOH) as the early intermediates
nd no radical species formed in his reaction system. Hydroxyl radi-
al was commonly recognized as the predominant reactive species
n “Fenton reagent” reaction. However, was hydroxyl radical the
redominant reactive species in copper(II) complex/H2O2 system?

f it was not, what kinds of reactive species could generate when
2O2 was added into copper(II) complex solution? Was reactive

pecies free in solution? For these questions, there are no clear
nswers in literatures. In previous reports [20,21], reaction kinetics
or the catalytic oxidation of chlorophenol was discussed and some
inetic constants were calculated. However, the further investiga-
ions of reaction kinetics and catalytic reaction mechanism were
eldom reported.

We previously reported the efficient oxidation of phenols by
2O2 catalyzed by several copper(II) complexes in neutral aqueous

olution [22,23]. In this work, three different copper(II) complexes
ere synthesized as catalysts to catalyze the oxidation of 4-CP by

nvironmentally friendly hydrogen peroxide in neutral or weak
lkaline solution under mild conditions. The goal of this study is
o investigate the exact reactive species formed by mixing cata-
yst with H2O2, and to deeply understand the catalytic reaction

echanism of 4-CP oxidation.

. Experimental
.1. Materials and synthesis

4-Chlorophenol, 30% hydrogen peroxide, hydroquinone, maleic
cid, fumaric acid, malonic acid, propiolic acid, oxalic acid, acetic

http://www.sciencedirect.com/science/journal/13811169
http://www.elsevier.com/locate/molcata
mailto:mengxgchem@163.com
dx.doi.org/10.1016/j.molcata.2008.10.026
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Based on all of these experimental results, we concluded that some
active oxygen species must generate by mixing H2O2 with LCu. And
it was favorable for the formation of active oxygen species in neutral
or weak alkaline solution.
J.-M. Li et al. / Journal of Molecular C

cid and formic acid were used from commercial sources without
urther purification. All reagents, unless otherwise indicated, were
nalytical or HPLC pure grade.

The complex N,N’-bis(2-pyridinecarboxamide)-1,2-ethane cop-
er(II) (L1Cu) was prepared according to the method in literature
24]. Anal. Calcd. for C14H14O2N4Cu: C, 50.37; H, 4.20; N, 16.79%;
ound: C, 50.21; H, 4.23; N, 16.52%. The Cu loading was determined
o be 3.06 mmol/g by inductively coupled plasma-atomic emission
pectrometry (ICP-AES).

The ligand L2 (4,9-di-methyl-2,11-dioxy-5,8-diazacycl-dode-
,4,8,10-tetraene) C12H20N2O2 and complex of copper(II) (L2Cu)
ere synthesized according to the literature procedures[25]. Anal.
alcd. for C12H20N2O2Cu: C, 50.09; H, 6.95; N,9.74%. Found: C, 49.98;
, 6.62; N, 9.78%. The Cu loading was determined to be 3.53 mmol/g
y ICP-AES.

The complex 5,7,12,14-tetramethyl-1,4,8,11-tetraazacyclotetra-
eca-4,7,11,14-tetrae-ne copper(II) (L3Cu) was synthesized accord-

ng to Chandra [26]. Anal. Calcd. for C14H24N4CuCl2: C, 43.92; H,
.28; N,14.64; Cl, 18.56%. Found: C, 43.80; H, 6.19; N, 14.50; Cl,
9.01%. The Cu loading was determined to be 2.61 mmol/g by ICP-
ES.

.2. Methods

Ultraviolet–visible absorbance measurements were imple-
ented with a TU-1901 UV–vis spectrophotometer (Beijing

urkinje General Instrument Co., Ltd.). Fluorescence measurements
ere performed with a Hitachi F-4500 fluorescence spectropho-

ometer (Tokyo, Japan) equipped with a plotter unit and a 1-cm
uartz cell.

The concentration of 4-CP was determined by means of 4-AAP
ethod which was based on the measurement of the developed

olor resulting from the reaction of phenol with 4-aminoantipyrine
t 510 nm [27]. Preliminary experiment involving the detection of
-CP concentration was also carried out with HPLC method. Two
ethods were proved to be in accord for the measurement of 4-CP

oncentration under this work’s conditions. The concentration of
ydrogen peroxide was examined by titrating a standardized ceric
ulfate solution to pale blue endpoint with a ferroin indicator. All
uffer solutions were prepared with 50 mM NaH2PO4-NaOH. Inter-
ediates and ultimate products were analyzed by HPLC (Waters

54 Inc., Waters 1525 system) and GC–MS (Agllent Technologies
8900 GC System) [28].

The typical reaction solution, containing 5.0 × 10−5 M catalyst,
.02 M hydrogen peroxide and desired concentration of 4-CP, was
ept at constant 25 ◦C in a closed glass reactor. Reaction sample was
eriodically drawn from the reactor. The initial rate r0 was calcu-

ated from the oxidation of 4-CP during the initial 30 min. Kinetic
uns carried out in triplicate gave r0 with uncertainty of less than
%.

. Results and discussions

.1. Oxidation of 4-CP at pH 7.0

Reaction of 4-CP with H2O2 catalyzed by LCu (L1Cu, L2Cu or

3Cu) was conducted at pH 7.0 and 25 ◦C. Result was shown in Fig. 1.
rom Fig. 1, it could be seen that three complexes all exhibited
utstanding catalytic activity for the oxidation of 4-CP in neutral
olution at 25 ◦C, and L3Cu exhibited the best catalytic efficient,
ollowed by L2Cu and L1Cu, respectively. From Fig. 1, it could be
lso observed that the oxidation of 4-CP catalyzed by LCu was very
ast during the initial 2 h, then declined gradually.

F
�

ig. 1. Oxidation of 4-CP catalyzed by �L1Cu, �L2Cu, �L3Cu, © without catalyst at
H 7.0 and 25 ◦C; [4-CP]0 = 1.0 mM, [H2O2]0 = 0.02 M, [catalyst] = 0.05 mM.

.2. Investigation of reactive species

In order to clarify the active oxygen species formed in this work,
he effect of H2O2 concentration on the catalytic oxidation of 4-CP
y LCu was studied. Results indicated that the reaction rate of 4-
P oxidation was very slow at a low concentration of H2O2. With

ncreasing concentration of H2O2, the reaction rate increased grad-
ally and attained saturation at a high concentration of H2O2 about
.02 M. This implied that H2O2 played an important role in 4-CP oxi-
ation. In addition, the decomposition of H2O2 catalyzed by LCu in
uffer solution was studied at pH 7.0 and 25 ◦C, and results were
hown in Fig. 2. From Fig. 2, it could be found that the decomposi-
ion of H2O2 was faster in the presence of catalyst than that in the
bsence of it, and the order of catalytic activity of three copper(II)
omplexes to decompose H2O2 was in accordance with that to oxi-
ize 4-CP, i.e. L3Cu > L2Cu > L1Cu. When the pH of buffer solution
aried from 6.0 to 8.0, the decomposition rate of H2O2 catalyzed
y LCu increased with increasing pH (which was not shown here).
ig. 2. Decomposition of H2O2 catalyzed by LCu at pH 7.0 and 25 ◦C, �L1Cu, �L2Cu,
L3Cu, �buffer without catalyst; [H2O2]0 = 0.02 M, [catalyst] = 0.05 mM.
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Fig. 3. Excitation and emission spectra of reaction solution, 1a: excitation spectra
of solution including NaTA, copper(II) complex and H2O2; 2a: emission spectra of
solution including NaTA, copper(II) complex and H2O2; 1b: excitation spectra of
s
s
a

t
•

b
f
c
w
a
h
fl
e
r
s
fl
t
t
i
o
N
g
o
s
h
“
c
s
s
b

i
w
c
o
t
w
m
t
w
e
h
o
w
t

w
c
a
h
a
a
c
H
e

H

O

L

L

L

•

•

L

•

•

L
c
i
d
t
s
t
i
p
p

3

o
H
k
i
c
t

o
o
r
k
r
f
r
r
r

olution including NaTA, copper(II) complex, H2O2 and tert-butyl alcohol; 2b: emis-
ion spectra of solution including NaTA, copper(II) complex, H2O2 and tert-butyl
lcohol.

Barb et al. [17] considered •OH, O2
•−/•OOH and superoxide as

he reactive species in “Fenton-like” system. Similarly, a mixture of
OH and O2

•−/•OOH in Cu(II)/H2O2 system at pH 7.4 was observed
y Kadiiska et al. [29]. In order to identify the reactive species
ormed in this work, fluorescence and UV–vis measurements were
arried out. The probe selected for the fluorescence experiment
as disodium salt of terephthalic acid (NaTA). According to Sahni

nd Locke [30], NaTA could react with •OH or O2
•−/•OOH to give 2-

ydroxyterephthalic acid (HTA). HTA could produce a bright stable
uorescence (�analyzing = 425 nm, �excitation = 315 nm). The similar
xperimental condition as Sahni’s [30] was used in this work, and
esult was shown in Fig. 3. When NaTA was added into the buffer
olution containing H2O2 and LCu, the solution exhibited high
uorescence intensity. Further, when the same concentration of

ert-butyl alcohol [31] and NaTA were simultaneously added into
his solution, fluorescence intensity of solution decreased dramat-
cally from 3000 to 75. This result implied that the most of active
xygen species reacted rapidly with tert-butyl alcohol other than
aTA. Shah et al. [32] pointed out that •OH and O2

•−/•OOH were
enerated simultaneously in copper(II)/organic acid/hydrogen per-
xide system and these radicals could not only diffuse into the
olution but also associate with the ligand to form peroxo or
ydroperoxide complex. Thus, we proposed a new concept called
associative radical” in this paper, i.e., radicals •OH or O2

•−/•OOH
ould associate with copper(II) complex to form steady reactive
pecies- “associative radical” which had bigger volume. Due to the
teric effect, the most of active oxygen species reacted with tert-
utyl alcohol other than NaTA.

Methylene blue dye test, which could quantify hydroxyl rad-
cal [33], was also performed. In this test, addition of a sample

ith hydroxyl radicals into methylene blue dye would result in a
hange of color from dark blue to colorless. Thus, the concentration
f methylene blue could be detected by UV–vis spectrophotome-
er at � = 660 nm. When copper(II) complex and hydrogen peroxide
ere added into the methylene blue solution, the absorbance of
ethylene blue at � = 660 nm had no change. Ethanol, an effec-

ive scavenger of •OH [34], was widely used to discern reactions
ith •OH and O2

•−/•OOH when both species were present. When
thanol was added, the absorbance of methylene blue at � = 660 nm

ad still no change. This indicated that ethanol had no effect on
ur system, and there was little hydroxyl radical formed in this
ork. All these experimental results suggested that •OH was not

he predominant oxidant for the catalytic oxidation of 4-CP.
is A: Chemical 299 (2009) 102–107

Lin and Wu [35] pointed out that the association of peroxide
ith Cu(II) could change the oxidation state of Cu(II) to yield Cu(I) in

opper(II)/amino acid/H2O2 system. Though the amount of O2
•− in

lkaline solution was much larger than that of •OOH, •OOH showed
igher redox potential than O2

•− [18]. Based on the discussions
bove-mentioned, “associative radical” LCuI-•OOH was suggested
s the possible reactive species to oxidize 4-CP under this work’s
onditions. The possible interaction pathway between LCu and
2O2 was proposed as follows: first, H2O2 exhibited a dissociated
quilibrium in neutral or weak alkaline solution [36].

2O2 � HO2
− + H+ (1)

Then, the association of anion HO2
− with LCu yielded LCuII-

OH− [35].

Cu + HO2
− � LCuII-OOH− ⇀ LCuI-•OOH (2)

CuI-•OOH � LCuI + •O2H (3)

CuI + H2O2 � LCuII + •OH + OH− (4)

O2H + •O2H � H2O2 + O2 (5)

O2H + •OH � H2O + O2 (6)

CuI-•OOH + 4-CP ⇀ LCuII + P (7)

OH + 4-CP ⇀ P (8)

O2H + 4-CP ⇀ P (9)

Further, electron transfer from HO2
− to LCu would lead to form

CuI-•OOH [37]. LCuI-•OOH reacted rapidly with substrate 4-CP,
onsequently, the decomposition of H2O2 (Eqs. (5) and (6)) was
nhibited. This was proved by the experimental result that the
ecomposition rate of H2O2 in the presence of 4-CP was lower than
hat of absence of it. If substrate was absent, LCuI-•OOH would dis-
ociate to LCuI and •O2H, then reactions (Eqs. (5) and (6)) would
ake place, resulting in the rapid decomposition of H2O2. Accord-
ng to discussions above-mentioned, •OH and •O2H were not the
redominant reactive species. Therefore, the amount of oxidation
roducts in Eqs. (8) and (9) was very low.

.3. pH effect and kinetic analyses

From Fig. 1, it could be found that the oxidation of 4-CP did not
bey the first-order kinetics during the whole oxidation process.
owever, when the concentration of H2O2 in reaction solution was
ept constant, the oxidation of 4-CP obeyed the first-order kinet-
cs indeed. Thus, for the following kinetic experiments, the desired
oncentration of H2O2 was added periodically into reaction solu-
ion to keep its concentration constant.

The pH of solution could affect the reaction mechanism and rate
f 4-CP oxidation [5–8]. In this work, the initial processes of 4-CP
xidation at various concentrations of 4-CP were studied in the pH
ange of 6.0–8.0. Experimental results indicated that the reaction
inetics of 4-CP oxidation was similar to that of enzyme–catalysis
eaction. Michaelis–Menten (M-M) kinetics model was often used
or the enzyme–catalysis reaction, which was characterized in the
eversible formation of a catalyst–substrate complex prior to the
ate-determining step. In this paper, we suggest a similar catalytic
eaction mechanism shown as Eq. (10).
(10)
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Table 1
The initial rate r0 (10−6 M s−1) of the catalytic oxidation of 4-CP at various initial concentrations of 4-CP in the pH range of 6.0–8.0 at 25 ◦C.

[S]0 (mM) L1Cu L2Cu L3Cu

6.0 6.5 7.0 7.5 8.0 6.0 6.5 7.0 7.5 8.0 6.0 6.5 7.0 7.5 8.0

0.2 0.24 0.45 0.73 0.94 1.01 0.585 0.897 1.47 2.38 4.48 2.09 4.50 6.38 8.54 10.5
0.4 0.32 0.71 1.22 1.56 1.79 0.811 1.42 2.44 4.48 6.86 2.36 5.59 8.83 12.1 15.5
0.6 0.38 0.80 1.60 2.07 2.40 0.934 1.80 3.09 5.10 8.36 2.52 6.10 10.2 14.3 19.3
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for solvated Cu(II) was very fast (4.4 × 10 s ), and the lifetime of
the complex was in the picosecond’s time scale with an activa-
tion energy of 3.5 kJ mol−1. Therefore, the reversible dissociation
of a water molecule from a distorted octahedral Cu(II) complex
was reasonably easy. Once one water molecule dissociated from
.8 0.42 0.91 1.68 2.45 2.68 0.981 1.88
0.43 0.95 1.84 2.58 2.87 1.03 2.09

here M* represents the possible reactive species LCuI-•OOH. Once
2O2 was added into copper(II) complex solution, M* produced.
his was a very fast process. M* could associate with substrate S
4-CP) reversibly to form an active intermediate complex M*S with
ate constants of k1 and k−1. Then, an irreversible oxidation of sub-
trate gave free catalyst M and product P. k2 is the rate constant of
xidation reaction, which is regarded as the rate-limiting step.

The Michaelis constant Km could be expressed as

m = k−1 + k2

k1
(11)

n this work, the concentration of H2O2 is far excessive over that of
atalyst, so we think that M can be almost oxidized into active state

*. Thus, Eq. (12) can be obtained:

1
r0

= 1
k2[M]T

+ Km

k2[M]T[S]0
(12)

here r0 is the initial rate of 4-CP oxidation. [M]T is the total con-
entration of catalyst, and [S]0 is the initial concentration of 4-CP.

Values of r0 for the catalytic oxidation of 4-CP by LCu at vari-
us initial concentration of 4-CP in the pH range of 6.0–8.0 were
isted in Table 1. From Table 1, we found that r0 increased with
ncreasing initial concentration of 4-CP at the same pH, and for the
ame initial concentration of 4-CP, r0 increased with increasing pH.
ccording to Eq. (12), the plot of 1/r0 vs. 1/[S]0 should be a straight

ine, and values of k2 and Km could be evaluated from the slopes
nd intercepts. According to the data in Table 1, 1/r0 vs. 1/[4-CP]0
isplayed good linear relationship indeed and all linear correla-
ion coefficients were no less than 0.99, which indicated that the
roposed kinetic model for the catalytic oxidation of 4-CP was rea-
onable. The calculated values of k2 and Km were listed in Table 2.
rom Table 2, it was observed that the catalytic rate constant k2
as far greater than the uncatalyzed value 1.95 × 10−6 s−1. From

able 2, it could be also found that k2 (10.5 × 10−4 s−1, pH 8.0) of
-CP oxidation catalyzed by L3Cu was the greatest.

.4. Catalytic reaction mechanism

From Table 2, it could be found that the pH of solution could
reatly influence the catalytic oxidation of 4-CP, and k2 increased
ith increasing pH. From the pH effects on the 4-CP oxidation and

n the decomposition of H2O2, we consider that the pH of solution
nfluences not only the formation of reactive species but also the
ubstrate 4-CP. Here, we assume that 4-CP associating with reac-
ive species can dissociate to chlorophenolate anion complex, as
ollows:

∗S
Ka�M∗S− + H+ (13)
a = [M∗S−][H+]
[M∗S]

(14)

here M*S− is the dissociated 4-chlorophenolate anion complex,
hich has lower redox potential by around 0.5 V than that of 4-
3.42 5.89 9.18 2.61 6.58 11.6 16.9 20.9
4.03 6.40 9.40 2.65 6.74 12.1 18.0 22.6

P [38]. Ka the acidic dissociate constant of M*S. According to the
aterial balance, we have

M∗S]T = [M∗S] + [M∗S−] (15)

here [M*S]T is the total concentration of M*S. Therefore, the rate
quation can be rewritten as

0 = k2[M∗S]T = k′
2[M∗S−] (16)

ombination of Eqs. (14)–(16) and arrangement yield

1
k2

= 1
k′

2
+ [H+]

k′
2Ka

(17)

here k′
2 is the real catalytic reaction rate constant, which is pH

ndependent.
The plot of 1/k2 vs. [H+], illustrated in Fig. 4, yielded a straight

ine. All linear correlation coefficients were no less than 0.98, which
ndicated that the proposed kinetic model for the catalytic oxida-
ion of 4-CP was reasonable. Values of k′

2 and Ka can be evaluated
rom the slope and intercept of line, which were listed in Table 3.

Based on the above-mentioned discussions, a possible catalytic
eaction mechanism of 4-CP oxidation was proposed as shown in
cheme 1. Cu(II) ion in complex was found to coordinate with four

or O atoms and two water molecules as axial ligands, which
xhibited a distorted octahedral structure. Due to the dynamic
ahn–Teller effect [39,40], the copper(II) complex associating with
u(II) ion was unstable. Normally, the water exchange rate constant

9 −1
Fig. 4. Plots of 1/k2 vs. [H+], �L1Cu, �L2Cu, � L3Cu.



106 J.-M. Li et al. / Journal of Molecular Catalysis A: Chemical 299 (2009) 102–107

Table 2
The calculated values of k2 and Km of the catalytic oxidation of 4-CP at 25 ◦C.

pH L1Cu L2Cu L3Cu

104 k2 (s−1) 104 Km (M) 104 k2 (s−1) 104 Km (M) 104 k2 (s−1) 104 Km (M)

6.0 0.159 2.18 0.371 2.06 0.977 0.735
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.5 0.445 3.91 0.809

.0 1.01 6.35 2.22

.5 1.64 8.40 3.83

.0 2.08 10.2 4.54

opper(II) complex, hydrogen peroxide could directly associate
ith Cu(II) complex, consequently electron transfer from hydro-

en peroxide to Cu(II) might happen. Thus, the possible reactive
pecies LCuI-•OOH (M*) formed. Then, the other water molecule on

* could be replaced by substrate 4-CP to give M*S. The association
f S with M* resulted in O–H bond of 4-CP weakening, so that H atom
ould dissociate from 4-CP easily. In weak alkaline solution, OH−

ould attack H atom of hydroxyl in 4-CP to yield 4-chlorophenolate
nion. Finally, associative radical might attack the ortho, para car-
on atoms of 4-chlorophenolate anion to give products, which was
rate-limiting step [41].

In order to better understand the reaction paths, the reaction
ntermediates and final products in whole reaction process were
etected by HPLC and GC–MS analyses. After 1 h, a large quantity
f hydroquinone was detected, which indicated that the most of Cl
tom had left off from 4-CP. During the oxidation process, it could
e observed that the color of reaction solution became light yellow-

sh initially, which was possibly owed to the formation of aromatic
ntermediates, then turned a little brown because of the forma-
ion of p-benzoquinone, and finally became colorless resulting from
he oxidation of p-benzoquinone. After 8 h, reaction products were
etected again and many short-chain acids including maleic acid,

umaric acid, malonic acid, propiolic acid, oxalic acid, acetic acid
nd formic acid were found. The dimeric intermediate was not
ound, which also indicated that free •OH was not the predominant
eactive species [18].

able 3
he calculated values of k′

2 and pKa of the catalytic oxidation of 4-CP at 25 ◦C.

omplex 104 k′
2 (s−1) pKa

1Cu 2.44 7.16
2Cu 4.17 7.02
3Cu 9.42 6.94

Scheme 1. Possible catalytic mechanism for the oxidation of 4-CP.
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3.86 2.31 1.28
7.08 4.84 2.67
7.54 7.94 3.64
4.08 10.5 4.03

.5. Comparison of the catalytic activity of three copper(II)
omplexes

From Table 3, it could be seen that the value of k′
2 of L3Cu was

.42 × 10−4 s−1, which was far greater than those of L1Cu and L2Cu.
t was known that the pKa of 4-CP in aqueous solution at 25 ◦C was
bout 9.4 [42], however, the pKa of 4-CP associating with copper
omplex at 25 ◦C were evaluated as 7.16, 7.02 and 6.94 for L1Cu, L2Cu
nd L3Cu, respectively. This indicated that LCu could remarkably
ecrease the pKa of 4-CP, especially for L3Cu. The different catalytic
ctivities of catalysts for 4-CP oxidation can be attributed to their
istinct abilities to activate both H2O2 and 4-CP. According to the
hemical structure of copper(II) complexes, we know that L3Cu has
closed-ring Ligand (L) structure, where a special conjugated �

onding can form. This structure may be favorable for the electron
ransfer between the copper ion and ligand L, hence favorable for
he formation of reactive species.

To test the stability of catalyst in reaction solution, another por-
ion of substrate was added into the reaction solution after 24 h.
he initial oxidation rate of 4-CP was nearly unchanged, which indi-
ated that LCu still kept active for 24 h. Therefore, we consider that
hree copper complexes remain the catalytic activity during the
xidation process.

. Conclusions

Three synthetic copper(II) complexes all exhibited outstand-
ng catalytic activities for the oxidation of 4-CP in neutral or

eak alkaline solution at 25 ◦C. The order of catalytic activity
as L3Cu > L2Cu > L1Cu. LCuI-•OOH was the possible predomi-
ant reactive species to oxidize 4-CP. The function of copper(II)
omplex could be concluded as two aspects: activating H2O2 to
roduce reactive species and decreasing the pKa of 4-CP to give
-chlorophenolate anion which could be oxidized easily.
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