
A

b
b
(
o
b
u
m
f
n
a
c
b
o
o
s
t
o
©

K

1

w
d
i
h
p
c
a

1
d

Journal of Molecular Catalysis A: Chemical 272 (2007) 64–74

Polymer anchored Schiff base complexes of transition metal
ions and their catalytic activities in oxidation of phenol

K.C. Gupta ∗, A.K. Sutar
Polymer Research Laboratory, Department of Chemistry, Indian Institute of Technology, Roorkee 247667, India

Received 2 March 2007; accepted 8 March 2007
Available online 14 March 2007

bstract

The polymer anchored transition metal complexes of N,N′-bis(o-hydroxy acetophenone)ethylene diamine (HPED) Schiff base were prepared
y reacting N,N′-bis(4-amino-o-hydroxy acetophenone)ethylene diamine (AHPED) Schiff base with cross-linked chloromethylated polystyrene
eads and then loading of iron(III), cobalt(II) and nickel(II) ions in methanol. The N,N′-bis (4-amino-o-hydroxy acetophenone)ethylene diamine
AHPED) Schiff base was prepared by nitrosation and reduction of nitrosated HPED Schiff base in presence of Fe/HCl catalyst. The loading
f AHPED Schiff base on chloromethylated polystyrene beads was 86% (2.58 mmol g−1 of beads). The AHPED Schiff base anchored polymer
eads have shown 85%, 86% and 89% comlexation for iron(III), cobalt(II) and nickel(II) ions from solution of metal salts (2.6 mmol), whereas
nsupported HPED Schiff base shown 80%, 88% and 77% comlexation for iron(III), cobalt(II) and nickel(II) ions. The free and polymer supported
etal complexes were analyzed for molecular weight (Mw) and composition by elemental analysis. The UV, IR and magnetic measurements of

ree and polymer supported metal complexes have confirmed the octahedral geometry for iron(III) and square planar geometry for cobalt(II) and
ickel(II) ions complexes. The thermogravimetric analysis (TGA) of Schiff base has shown 55% weight loss at 500 ◦C but iron(III), cobalt(II)
nd nickel(II) ions complexes have shown 30%, 40% and 48% weight loss at same temperature. The iron(III), cobalt(II) and nickel(II) ions
omplexes have shown temperature of maximum decomposition rate (Tmax) as 325, 319 and 281 ◦C, respectively. The unsupported HPED Schiff
ase complexes of metal ions were found to be less stable although the trend in their thermal stability was almost same. The catalytic activity
f free and polymer anchored HPED Schiff base complexes was evaluated by studying the oxidation of phenol at 70 ◦C. The percent conversion
f phenol and turn over number (TON) was found to be optimum at 1:1:1 molar ratio of phenol, H O and metal ions in both free and polymer
2 2

upported metal complexes. The activation energy for oxidation of phenol by polymer supported HPED Schiff base complex of iron(III) was found
o be low (25 kJ mol−1) in comparison to HPED Schiff base complexes of cobalt(II) (57 kJ mol−1) and nickel(II) ions (31 kJ mol−1). On the basis
f literature report, a mechanism for oxidation of phenol has been proposed.

2007 Elsevier B.V. All rights reserved.
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. Introduction

Various metal ions and their complexes have been used
idely in homogeneous catalyzed reactions but inherent
isadvantages associated with homogeneous catalysis were min-
mized by using supported metal complexes, which sometime
ave shown high catalytic activities in comparison to unsup-

orted analogues [1–3]. The high chemoselectivity of supported
atalysts was due to stereospecific control on interactions of
ctive sites with reactants in comparison to free and unsup-

∗ Corresponding author. Tel.: +91 1332 285325; fax: +91 1332 273560.
E-mail address: kcgptfcy@iitr.ernet.in (K.C. Gupta).
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orted complexes. The supported catalysts are easily recovered
ithout any substantial loss in their catalytic activity [3,4] but
omogeneous catalysts are not recovered easily. The selective
xidation of phenol to catechol and hydroquinones is an indus-
rially useful process and has been carried out using transition

etals [5] and their complexes [6–9]. The Schiff base com-
lexes of transition metals are efficient in loading of oxygen and
n mimicking the enzyme activity [10], hence used successfully
n oxidation of phenol [11,12]. The oxidation of phenol has also
een reported using molecular sieves [13–15] and hydrotalcite

16]. The oxidation of phenol in presence of hydrogen peroxide
s normally an activation process but accomplished in pres-
nce of transition metal catalysts [17]. The unsupported metal
omplexes proved to be more efficient catalyst in oxidation of

mailto:kcgptfcy@iitr.ernet.in
dx.doi.org/10.1016/j.molcata.2007.03.025
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henols with a maximum yield of 40% [18,19] but silica gel sup-
orted manganese and cobalt(II) salts have shown a maximum
ield of 64% for oxidation of phenol. Although metal complexes
n various supports have been used in selective oxidation of
henols but oxidation of phenol using metal salen complexes
n polymer supports found to be more efficient and selective
n comparison to homogeneous systems [20]. In these investi-
ations, the homogeneous cobalt salen complexes have shown
oor catalytic activity in comparison to polymer bound cobalt(II)
alen complexes. On doubling the concentration of polymer
ound catalyst, the conversion of phenol was doubled, whereas
n case of homogeneous conditions, the phenol conversion was
ncreased to 1.7-fold. The activity of metal complexes on poly-

er supports has normally found to be more in comparison to
etal complexes on inorganic supports [21–26]. Amongst the

arious polymer supports, the naturally occurring polymers such
s chitosan have been used for anchoring the Schiff base com-
lexes of palladium(II) to catalyze the Heck arylation of acrylic
cid [27]. The polymer supported metal complexes found to be
ore catalytic in selective epoxidation of dienes [28], oligomer-

zation of ethylene [29], decomposition of hydrogen peroxide
30], oxidation of alcohol [31,32] and selective oxidation of
liphatic and aromatic hydrocarbons [31,33] in comparison to
omogeneous metal complexes. The length of Schiff base lig-
nds and their types has influenced the loading of metal ions
34] as well as the catalytic activity of metal complexes on
olymer supports [35]. The most commonly used ligands on
olymer supports are aminomethylpyridine [3,36], phosphines
37,38], diketones [39], multidentate amines [20], salen [40] and
ydrazine [41]. In order to develop new catalyst for selective oxi-
ation of phenol, attempt has been made to synthesize polymer
upported N,N′-bis(o-hydroxy acetophenone)ethylene diamine
chiff base complexes of iron(II), cobalt(II) and nickel(II) ions
P-HPED-M) and to characterize their catalytic activities in
xidation of phenol under different experimental conditions in
omparison to unsupported metal complexes of HPED Schiff
ase.

. Experimental

.1. Materials

The cross-linked chloromethylated polystyrene beads were
eceived from ion exchange India Ltd., Mumbai, India and used
or supporting Schiff base complexes of metal ions. The anhy-
rous chloro salts of iron, cobalt and nickel were obtained
rom Ranbaxy, Mumbai, India. The phenol, hydrogen perox-
de (30%), o-hydroxyacetophenone and ethylenediamine were
rocured form E. Merck, India and used without further purifica-
ions. All other chemicals and solvents were of analytical grade
>99%) and used after purification using standard methods [42].

.2. Spectral, thermal, elemental and magnetic

haracterization

The IR spectra of Schiff base and its metal complexes were
ecorded on KBr pellet using Perkin-Elmer 1600 FTIR Spec-

N
w
r
h

Catalysis A: Chemical 272 (2007) 64–74 65

rophotometer. The electronic spectra of Schiff base and their
etal complexes were recorded with Shimadzu 1601 PC UV–vis
pectrophotometer by keeping sample mull in a cuvette. Ther-
ogravimetric analysis (TGA) of Schiff base and its metal

omplexes was carried out using Perkin-Elmer Pyris, Diamond
hermal Analyzer under nitrogen atmosphere at a heating rate of
0 ◦C/min. The metal ions comlexation on free and polymer sup-
orted Schiff base was determined by using the amount of metal
ons loaded and the amount of Schiff base used for loading. The
mount of metal ions loaded on Schiff base was estimated by
nalyzing the loading solution with Perkin-Elmer 3100 Atomic
bsorption Spectrometer at λmax of metal ions. The amount of
chiff base loaded on polymer beads and composition of Schiff
ase complexes was estimated using Haraeus Carlo Ebra 1108
lemental Analyzer. 1H NMR spectra of HPED Schiff base and

ts metal complexes were recorded on Brucker-300 MHz using
etramethylsilane as internal standard. The magnetic moment
μ) of metal complexes was measured using Vibrating Sample

agnetometer-155.

.3. Synthesis of N,N′-bis(o-hydroxy
cetophenone)ethylene diamine Schiff base and its metal
omplexes

N,N′-bis(o-hydroxy acetophenone)ethylene diamine Schiff
ase (HPED) was prepared by modifying the procedure reported
n the literature [42]. The reaction mixture containing o-
ydroxyacetophenone (20 mmol, 2.22 g) and ethylene diamine
10 mmol, 0.6 g) in methanol was refluxed at 60 ◦C for about
5 min. The reaction mixture after cooling at low tempera-
ure produced yellow colored crystals, which were filtered and
ecrystallized in methanol. To prepare the metal complexes of
PED Schiff base, the 100 mL methanolic mixture of Schiff base

10 mmol, 2.96 g) and metal salt containing 10 mmol of metal
ons was refluxed at 70 ◦C. After 8 h, the solution was cooled,
hich produced crystallize metal complexes in mother liquor.
inally, the metal complexes were recrystallized in methanol
nd dried in vacuum desiccator.

.4. Synthesis of polymer anchored
,N′-bis(o-hydroxyacetophenone)ethylene diamine Schiff
ase and its metal complexes

To prepare polymer anchored metal complexes of N,N′-bis(o-
ydroxy acetophenone)ethylene diamine Schiff base (HPED),
he N,N′-bis(4-amino-o-hydroxy acetophenone)ethylene-
iamine (AHPED) Schiff base was prepared by carrying
ut nitrosation and reduction reactions on HPED Schiff
ase and then reacting the prepared AHPED Schiff base
ith chloromethylated polystyrene beads. The nitrosation of
PED Schiff base was carried out using 10 mmol (2.96 g)
f HPED Schiff base with sodium nitrite (10 mmol) in 1N
ydrochloric acid (10 mL) at low temperature. The resultant

,N′-bis(4-nitroso-o-hydroxy acetophenone)ethylene diamine
as filtered and washed with hot and cold water to remove

eaction impurities. The reduction of N,N′-bis(4-nitroso-o-
ydroxyacetophenone)ethylene diamine was carried out using
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acetophenone)ethylene diamine Schiff base

The N,N′-bis(o-hydroxy acetophenone)ethylene diamine
Schiff base (HPED) was obtained by refluxing ethylene diamine
6 K.C. Gupta, A.K. Sutar / Journal of Molec

0 mmol of nitrosated HPED Schiff base in 1N hydrochloric
cid (20 mL) in presence of metallic iron, which produced
,N′-bis(4-amino-o-hydroxy acetophenone)ethylene diamine

AHPED) Schiff base. To immobilize the prepared AHPED
chiff base on chloromethylated polystyrene, the methanol
wollen polymer beads (5 g) were refluxed in 50 mL methanol
ontaining 15 mmol (4.89 g) of AHPED Schiff base. After
h, the HPED Schiff base anchored polymer beads were

eparated and dried in vacuum desiccator. The HPED Schiff
ase anchored polymer beads were subsequently used for
etal ions loading by keeping 5 g polymer beads in 50 mL

queous solution of metal ions (13 mmol). To ensure the
oading of metal ions, HPED Schiff base anchored polymer
eads were kept for 10 h in solution of metal salt. Finally,
he polymer beads were separated and washed with hot
nd cold water and dried at 70 ◦C in vacuum oven. The
etal ions loading on free and polymer supported HPED
chiff base was calculated as efficiency of comlexation (EC)
f Schiff base using the amount of Schiff base taken for
oading and amount of metal ions loaded on Schiff base

C(%) = Metal ions loaded

Schiff base taken
× 100

.5. Evaluation of catalytic activity of metal complexes in
xidation of phenol

To evaluate the catalytic activity of free and polymer sup-
orted metal complexes of HPED Schiff base, the oxidation of
henol was carried out in presence of hydrogen peroxide as oxi-
ant at pH 7 and fixed ionic strength (0.1 M). The oxidation of
henol was carried out by taking a calculated amount of metal
nchored polymer beads in a two-necked round-bottomed flask
ontaining 0.05 M phenol (4.7 g) along with 2 mL acetonitrile
nd then calculated volume of hydrogen peroxide (30%) was
dded to maintain 0.05 M (5.67 g) concentration of hydrogen
eroxide in the reaction mixture. The acetonitrile in the reac-
ion mixture was used as internal standard. Before starting, the
tirring and heating of reaction mixture at 70 ◦C, the reaction
ask was attached with water condenser and inlet for nitro-
en. At fixed time intervals, the aliquots of reaction mixture
ere withdrawn and analyzed by gas chromatography for oxi-
ation products of phenol. The oxidation of phenol was also
tudied taking different molar ratios of phenol to hydrogen per-
xide and phenol to catalyst in reaction mixture at 70 ◦C. To
etermine the effect of temperature on oxidation of phenol, the
eaction was studied by varying the reaction temperature from
0 to 80 ◦C taking constant molar ratio of phenol to H2O2 and
atalyst. To analyze the effect of catalyst on oxidation of phe-
ol, the oxidation of phenol was studied without using catalyst
n the reaction mixture. The retention time was used to iden-
ify the oxidation products of phenol by using the retention

ime of the standards. The peak areas in the chromatograms
ere used to determine the amount of reaction products

nd phenol oxidized in presence of hydrogen peroxide and
atalyst.
Catalysis A: Chemical 272 (2007) 64–74

. Results and discussion

Investigations have revealed that polymer supported metal
omplexes are more efficient catalyst [20] in comparison to
ree and unsupported metal complexes and activity of supported
atalysts found to be dependant on properties of polymer sup-
orts. The activity of the catalyst found to vary significantly
ith the amount of catalyst loaded on polymer supports [43,44]

han the amount of unsupported catalysts. The activity of cata-
ysts in temperature controlled reactions showed dependence on
hermal stability of supported complexes and their interactions
ith reactants. The thermal analysis of polymer-supported com-
lexes is useful to evaluate their applications in high temperature
eactions and to provide a proof for the comlexation of metal
ons with Schiff base ligands. The thermogravimetric analysis
TGA) of pure Schiff base has shown a weight loss of 55% at
00 ◦C but its iron(III), cobalt(II) and nickel(II) ions complexes
ave shown a weight loss of 30%, 40% and 48% at same tem-
erature, which clearly indicated that iron(III) complexes were
ore stable in comparison to cobalt(II) and nickel(II) ions com-

lexes. The weight loss in metal complexes at 500 ◦C was due to
he decomposition of HPED Schiff base of the complexes. The
emperature of maximum rate of decomposition (Tmax) of poly-

er anchored Schiff base (P-HPED) has increased from 225 to
25 ◦C on complexation with iron(III) ions and increased to 319
nd 281 ◦C on complexation with cobalt(II) and nickel(II) ions,
espectively (Fig. 1) and after Tmax, the rate of decomposition
f metal complexes was slowed. In addition to thermal analysis,
he free and polymer supported HPED Schiff base metal com-
lexes were also characterized by IR and UV spectra to predict
he comlexation of metal ions as well as to predict the struc-
ures and geometry of metal complexes considering the observed

agnetic moment of the metal complexes.

.1. Characterization of N,N′-bis(o-hydroxy
Fig. 1. Thermal stability of polymer supported complexes.
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cheme 1. Synthesis of N,N′-bis(o-hydroxy acetophenone)ethylene diamine
chiff base (HPED).

ED) and o-hydroxy acetophenone (HP) for 45 min at 60 ◦C
n methanol, which produced a substantial yield (77.67%) of
PED Schiff base (Scheme 1). The IR spectrum of HPED Schiff
ase has shown absorption at 1634 cm−1 ( C N), 1290 cm−1

C–O) phenolic (Fig. 2A) and a broad band between 3300 and
950 cm−1 was also observed, which was assigned to pheno-
ic OH. The elemental analysis of Schiff base has shown (%):

= 72.64, N = 8.99 and H = 6.07, Caltd. (%): C = 72.97, N = 9.46
nd H = 6.76, which corresponds to C18H20N2O2 empirical for-
ula of HPED Schiff base. The molecular weight of Schiff base
as found to be 296.4 g mol−1 (Caltd. 297 g mol−1). The elec-

ronic spectra of HPED Schiff base (Fig. 3) showed bands at
51 and 320 nm, which were assigned to � → �* and n → �*

ransitions. The 1H NMR spectrum of HPED Schiff base has
hown signals at δ (ppm) = 1.05 (3H), 4.08 (2H), 6.91 (1H), 7.0
1H), 7.27 (1H) and 7.60 (1H), which correspond to structure of
PED Schiff base as shown in Scheme 1.

.2. Synthesis and characterization of
,N′-bis(4-amino-o-hydroxy acetophenone)ethylene
iamine Schiff base and its anchoring on polymer beads

The nitrosation of N,N′-bis(o-hydroxy acetophenone)
thylene diamine Schiff base was carried out in presence of

aNO2/HCl, which produced a significant yield (88.18%) of
,N′-bis(4-nitroso-o-hydroxyacetophenone)ethylene diamine
chiff base (Scheme 2). The elemental analysis of prepared
,N′-bis(4-nitroso-o-hydroxy acetophenone)ethylene diamine

h
5
c
a

Scheme 2. Synthesis of N,N′-bis(4-amino-o-hydroxy acet
ig. 2. FTIR spectra of free HPED Schiff base (A), polymer beads (B) and
olymer anchored Schiff base (C).

chiff base has revealed (%): C = 60.97, N = 15.6 and H = 5.60,
altd. (%): C = 61.71, N = 16.0 and H = 5.71, which was corre-

pond to C18H18N4O4 empirical formula of nitrososated Schiff
ase. The molecular weight of N,N′-bis(4-nitroso-o-hydroxy
cetophenone)ethylene diamine Schiff base was found to
e 353.6 g mol−1 (Caldt. 354 g mol−1). The IR spectrum of
,N′-bis(4-nitroso-o-hydroxy acetophenone)ethylene diamine
chiff base has revealed absorption bands at 1630 cm−1

C N), 1280 cm−1 ( C–O) phenolic and 1550 and 1335 cm−1

or N–O group. The nitrosation of HPED Schiff base has shown
shift in NMR signals in comparison to NMR signals observed

n pure HPED Schiff base. The nitrosated HPED Schiff base

as shown proton signals at δ (ppm) = 1.05 (3H), 4.07 (2H),
.15 (1H), 7.20 (1H), 7.82 (1H) and 8.15 (1H), which were
orresponding to the structure of nitrosated HPED Schiff base
s shown in Scheme 2. The proton signals ortho to nitroso group

ophenone)ethylene diamine Schiff base (AHPED).
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Fig. 3. Electronic spectra of Schiff base (HPED) and its metal complexes.
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Scheme 3. Synthesis of polymer anchored Schiff base (P-HPED).

n HPED Schiff base were deshielded, hence appeared at 7.82
nd at 8.15 ppm in place of 7.27 and 7.60 ppm of pure HPED
chiff base and proton signal at 7.0 ppm was missing due to
itroso substitution in the benzene. The N,N′-bis(4-nitroso-
-hydroxy acetophenone)ethylene diamine was subsequently
educed with iron metal in presence of hydrochloric acid,
hich produced 83.77% yield of N,N′-bis(4-amino-o-hydroxy

cetophenone)ethylene diamine (AHPED) Schiff base as
hown in Scheme 2. The m.p. of AHPED Schiff base was
86 ◦C and its elemental analysis (%): C = 86.08, N = 21.42
nd H = 8.96, Caltd. (%): C = 87.09, N = 22.58 and H = 9.67
as corresponding to an empirical formula of C18H22N4O2.

he molecular weight of AHPED Schiff base was found to
e 325.7 g mol−1 (Caltd. 326 g mol−1). The IR spectrum of
,N′-bis (4-amino-o-hydroxy acetophenone)ethylene diamine
chiff base has shown absorption bands at 1633 cm−1 ( C N),

a
c
n
H

Scheme 4. Loading of metal ions on uns
Catalysis A: Chemical 272 (2007) 64–74

286 cm−1 ( C–O) phenolic and a band between 1633 and
650 cm−1 corresponding to C–N group. The NMR spec-
rum of AHPED has shown proton signals at δ (ppm) = 1.05
3H), 4.07 (2H), 5.15 (1H), 6.47 (1H), 6.66 (1H), 6.80 (1H),
hich correspond to AHPED Schiff base structure as shown

n Scheme 2. The synthesized N,N′-bis(4-amino-o-hydroxy
cetophenone)ethylene diamine Schiff base (AHPED) was
nchored on chloromethylated divinyl benzene cross-linked
olystyrene beads by refluxing AHPED Schiff base (15 mmol)
ith polymer beads (5 g) in DMF for 8 h at 60 ◦C. The AHPED
chiff base has shown 86% loading on polymer beads, which
as corresponding to 2.58 mmol HPED Schiff base on 1 g of
olymer beads (Scheme 3). The comparison of IR spectrum of
PED Schiff base anchored polymer beads (Fig. 2C) with IR

pectrum (Fig. 2B) of pure polymer beads confirmed the loading
f HPED Schiff base. The IR spectrum of polymer-anchored
chiff base (Fig. 2C) has shown new absorption bands at
628 cm−1 ( C N), 1281 cm−1 ( C–O) phenolic and a broad
and between 1620 and 1643 cm−1 ( C–N), which were absent
n IR spectrum of pure polymer beads (Fig. 2B) but were present
n unsupported HPED Schiff base (Fig. 2A). The IR spectrum
f pure polymer beads has also shown absorption band at
262 cm−1 (Fig. 2B), which was attributed for the presence
f C–Cl bond of residual chloromethyl in polymer beads. The
ecrease in intensity of absorption band at 1262 cm−1 (C–Cl)
n spectrum of polymer beads on reacting with AHPED Schiff
ase (Fig. 2C) has confirmed the attachment of HPED Schiff
ase on polymer beads. The appearance of new absorption
ands and shift in other absorption bands of pure HPED Schiff
ase on anchoring with polymer beads has been used further
s evidence for anchoring the HPED Schiff base on polymer
eads.

.3. Characterization of free and polymer anchored metal
omplexes of N,N′-bis(o-hydroxy acetophenone)ethylene
iamine Schiff base

The loading of metal ions on free and polymer supported
PED Schiff base was carried out by keeping known amount
f free HPED Schiff base and polymer anchored HPED Schiff
ase separately in aqueous solution of metal salt at 60 ◦C and
fter 10 h, the metal loaded free (Scheme 4) and supported Schiff
ase (Scheme 5) was separated. The comlexation of metal ions
n free and polymer anchored Schiff base was calculated by

nalyzing the solution with AAS after metal ions loading. The
omplexation of free HPED Schiff for iron(III), cobalt(II) and
ickel(II) ions was 80%, 88% and 77% and polymer anchored
PED Schiff has shown 86%, 89% and 85% comlexation for

upported Schiff base (HPED-M).
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Scheme 5. Loading of metal ions on polymer supported Schiff base (P-HPED-
M).

Table 1
Comlexation of metal ions (M) on free (HPED) and supported Schiff base (P-
HPED)

Schiff base Fe(III) ions (wt.%) Ni(II) ions (wt.%) Co(II) ions (wt.%)
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PED 80 88 77
-HPED 86 89 85

ron(III), cobalt(II) and nickel(II) ions, respectively (Table 1),
hich clearly indicated that the comlexation of metal ions was
ore on polymer supported HPED Schiff base than free HPED
chiff base. The nickel(II) ions have shown more affinity for
omlexation with HPED Schiff base in comparison to iron(III)
ons cobalt(II) ions. The metal anchored Schiff base (HPED-

) and metal anchored polymer Schiff base (P-HPED-M) after
eparation and purification were characterized by various tech-
iques to ascertain their structures and metal ions complexation.
he IR spectra of metal ions loaded Schiff base have shown
ariations in absorption bands corresponding to C N and
C–O groups and shown new absorptions bands, which were
ttributed for the formation of M–O and M–N bonds in HPED
chiff base complexes of metal ions (Fig. 4). The disappear-
nce of absorption band corresponding to (–C–OH) phenolic
n HPED Schiff base on reacting with metal ions has also pro-
ided an evidence for the complexation of metal ions with HPED
chiff base. The polymer supported HPED Schiff base (Fig. 4A)
as shown absorption bands at low frequency in comparison
o unsupported Schiff base (Fig. 2A). On complexation with
ron(III) ions, the C N bond frequency in free HPED Schiff
ase was decreased to 1630 cm−1 from its original frequency
f 1634 cm−1, whereas polymer supported HPED Schiff base
as shown frequency variation from 1630 to 1626 cm−1 for
C N bond on complexation with iron(III) ions (Fig. 4A and B).
he complexation of cobalt(II) ions with free and polymer sup-
orted HPED Schiff base has shown absorption bands at 1617
nd 1613 cm−1 (Fig. 4C), whereas nickel(II) ions has shown
ands at 1621 and 1617 cm−1 with free and supported HPED
chiff base (Fig. 4D). These variations in absorption band cor-
esponding to C N group of HPED Schiff base on reaction
ith metal ions were considered as evidence for the interactions
f metal ions with azomethyne nitrogen of HPED Schiff base.

he interactions of iron(III) ions have shown new absorption
and at 435 cm−1 with free Schiff base and at 430 cm−1 with
olymer anchored Schiff base, which is due to the formation
f M–N bond between iron(III) ions and Schiff base (Fig. 4B).

S
r
t
i

ig. 4. FT-IR spectra of polymer supported Schiff base (A) and its metal com-
lexes (B–D).

he complexation of cobalt(II) ions has shown absorption band
t 426 and 421 cm−1 for M–N bond with free and polymer
upported Schiff base (Fig. 4C), whereas nickel(II) ions com-
lexation with free and polymer supported Schiff base (Fig. 4D)
as produced absorption bands at 434 and 430 cm−1 for M–N
ond. The appearance of these absorption bands has provided a
lear indication that metal ions were involved in the formation of
ond with nitrogen of Schiff base. The complexation of iron(III),
obalt(II) and nickel(II) ions has also produced absorption band
ue to the formation of metal bond with oxygen (–O–M) pheno-
ic. The iron(III), cobalt(II) and nickel(II) ions on complexation
ith polymer supported Schiff base have produced absorption
ands at 547, 565 and 534 cm−1 as shown in Fig. 4. The fur-
her evidences for metal ions complexation with Schiff base
ere obtained from electronic spectra of pure Schiff base and

ts metal complexes (Fig. 2). The complexation of iron(III) ions
ith Schiff base has shown a shift in � → �* transition from 251

o 221 nm and on complexation with cobalt(II) ions, the � → �*

ransition was observed at 210 nm but in case of nickel(II) ions,
he � → �* transition was observed at 243 nm. On complex-
tion with iron(III) ions, the n → �* transition of Schiff base
as changed from 320 to 284 nm, whereas it has been observed

t 273 and 268 nm with cobalt(II) and nickel(II) ions, respec-
ively. The observed CT and d → d transitions have also provided
vidence for the complexation of metal ions with Schiff base.
he complexation of cobalt(II) and nickel(II) ions with Schiff
ase has shown CT transitions at 383 and 325 nm, respectively,
hereas the complexation of iron(III) and nickel(II) ions with
chiff base has shown d → d transitions at 454 and 410 nm,

espectively, which correspond to t52ge0

g, t62ge1
g and t62ge2

g elec-
ronic configurations for iron(III), cobalt(II) and nickel(II) ions
n these complexes. The magnetic moment (μ) of Schiff base
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cheme 6. Geometry and structures of Schiff base complexes of metal ions.

omplexes of iron(III), cobalt(II) and nickel(II) ions was found
o be 1.71, 1.74 and 0.01 BM, respectively, which has indicated
hat iron(III) and cobalt(II) complexes were paramagnetic in
ature with one unpaired electron in each and nickel(II) com-
lexes were diamagnetic in nature as all electrons were paired.
he magnetic and electronic configurations of metal complexes
ave suggested for octahedral geometry with d2sp3 hybridiza-
ion for iron(III) complexes and dsp2 hybridization with square
lanar geometry for cobalt(II) and nickel(II) ions complexes
Scheme 6).

.4. Oxidation of phenol

The catalytic activity of free and polymer supported metal
omplexes has been evaluated by studying the oxidation of phe-
ol in presence of hydrogen peroxide. The oxidation products
f phenol were determined by analyzing reaction mixture with
as chromatograph. The peaks in chromatograms were con-
rmed to catechol and hydroquinone by comparing the retention

imes with retention time of pure catechol and hydoquinone. The
ormation of these reaction products has been attributed to enzy-
atic behavior of metal complexes (Scheme 7). The free and

olymer supported Schiff base complexes (HPED-M) produced
ctive species (HPED-M-OOH−) through fast interactions of
chiff base complexes (HPED-M) with H2O2 forming a tem-
orary bond between dissociated species (OOH−) and central
etal ions of the complex and hydrogen bonding with oxygen

f Schiff base. The interactions of active species (HPED-M-
OH−) with phenol through rapid equilibrium (K) produced
n intermediate species (HPED-M-Ph-OOH−) like metal por-
hyrins and metal thiocyanins systems [45], which facilitated the
ucleophilic attack of OOH− species on ortho and para posi-
ion on phenol to produce hydroxy substituted phenols. The

able 2
omparison of catalytic activity of supported (P-HPED-M) and unsupported metal c

ime (min) % Conversion of phenol

P-HPED-Fe HPED-Fe P-HPED

0 0.0 0.0 0.0
15 21.5 18.3 6.5
30 40.4 28.6 25.4
45 52.0 38.0 37.0
60 57.2 45.6 42.2
90 63.2 50.8 49.0

240 68.8 57.0 53.8
720 69.4 58.0 54.4
440 70.0 58.2 55.0

H2O2]/[phenol]/[catalyst] = 0.05 M, temp. = 70 ◦C, CH3CN = 2.0 mL.

T
a
n
T

Scheme 7. Oxidation products of phenol.

ntramolecular oxidation–reduction reaction between phenol
Ph) and active species (HPED-M-OOH−) in the intermedi-
te (HPED-M-Ph-OOH−) and decomposition of intermediate
hrough a rate-determining step (k) has ultimately produced cat-
chol and hydroxy phenol (Scheme 7). The fast intramolecular
lectron transfer process might be responsible for high conver-
ion of phenol by polymer supported Schiff base complexes than
ree metal complexes. The coordination sphere of intermediate
HPED-M-Ph-OOH−) was responsible for selective oxidation
f phenol to catechol and hydroquinone. The oxidation of phenol
y studied polymer supported metal complexes has varied from
5% to 70%, whereas with unsupported metal complexes, the
xidation of phenol was varied from 41.5% to 58.2% (Table 2).
omplexes (HPED-M) in oxidation of phenol

-Co HPED-Co P-HPED-Ni HPED-Ni

0.0 0.0 0.0
4.4 13.5 5.6

19.5 32.4 18.7
24.9 44.0 29.0
30.0 49.2 37.1
33.6 56.0 43.3
39.9 60.8 49.6
41.1 61.4 50.0
41.5 62.0 50.4

he high catalytic activity of polymer supported catalysts was
ttributed to the better control of catalyst interactions with phe-
ol in comparison to homogeneous metal complexes in solution.
he metal complexes in solution phase have likely formed dim-
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ig. 5. Effect of reaction time on oxidation of phenol in presence of polymer
upported metal complexes. [Phenol]:[catalyst]:[H2O2] = 1:1:1 at 0.5 M, temp.:
0 ◦C.

ers or multimers; hence, the activity of catalysts in solution
hase was low than that on polymer support. The amount of phe-
ol oxidized was almost equal to the sum of amount of catechol
nd hydroquinone produced, which discarded the formation of
ther reaction products including polymeric phenols. The oxi-
ation of phenol was increased on increasing the reaction time
ut after 6 h, the oxidation of phenol was almost constant. The
arginal increase in oxidation of phenol after 6 h was due to

he decrease in active mass of phenol and hydrogen peroxide
n the reaction mixture; hence, the increase in phenol oxidation
fter six hrs was insignificant (Fig. 5). The same trend in oxida-
ion of phenol was also observed with unsupported catalysts on
ncreasing the reaction time but the magnitude was low in com-
arison to supported catalysts (Table 2). The oxidation of phenol
aried with type of catalyst and concentration of the reactants;
ence, the oxidation of phenol was studied varying the molar
atio of phenol, metal complexes and hydrogen peroxide at con-
tant pH and ionic strength of medium to identify the conditions
or optimum activity of the catalysts. The energy of activation
as determined by studying the oxidation of phenol at different

emperatures.

.4.1. Effect of H2O2 concentration on oxidation of phenol
The effect of H2O2 concentration on oxidation of phenol was
tudied by varying the molar ratio of H2O2 to phenol from 0.5
o 2.0 in acetonitrile (2 mL) at 70 ◦C keeping constant molarity
0.05 M) of phenol and metal complex in the reaction mixture.
he oxidation of phenol was increased on increasing the molar

c
o
n
r

able 3
xidation of phenol and selectivity for catechol and hydroquinone

etal complexes Unsupported

Phenol (wt.%) Catechol (wt.%) Hydroquinone (w

PED-Fe 58.2 70.0 30.0
PED-Ni 50.4 65.0 35.0
PED-Co 41.5 60.0 40.0

H2O2]/[phenol]/[catalyst] = 0.05 M, temp. = 70 ◦C, time = 24 h.
ig. 6. Effect of H2O2 concentration on phenol conversion. [Phe-
ol]:[catalyst] = 1:1 at 0.05 M, temp.: 70 ◦C.

atio of H2O2 from 0.5 to 1.0 and was maximum at 1:1:1 molar
atio of H2O2 to phenol and Schiff base complexes of iron(III),
obalt(II) and nickel(II) ions (Fig. 6). But on further increasing
he molar ratio of H2O2 (>1) in the reaction mixture, the percent
onversion of phenol was decreased with Schiff base complexes
f iron(III), cobalt(II) and nickel(II) ions, which was due to the
ecrease in molar ratio of phenol and catalyst with respect to
olar ratio of H2O2. The oxidation of phenol at 1:1:1 molar

atios of H2O2 to phenol and supported catalyst was found to be
0%, 55% and 62% within a reaction time of 24 h in presence of
chiff base complexes of iron(III), cobalt(II) and nickel(II) ions,
espectively (Table 3; Fig. 6), whereas unsupported Schiff base
omplexes of iron(III), cobalt(II) and nickel(II) shown 58.2%,
1.5% and 50.4% oxidation of phenol (Table 3). The selectiv-
ty for catechol and o-hydroquinone in oxidation of phenol was
lso influenced by molar ratio of hydrogen peroxide and selec-
ivity for catechol was found to be maximum at 1:1:1 molar ratio

2O2 to phenol and catalyst with both free and supported com-
lexes of iron(III), cobalt(II) and nickel(II) ions (Table 3). The
electivity for catechol found to be high with supported cata-
ysts than unsupported catalysts. The Schiff base complexes of
ron(III) ions were more selective for catechol than cobalt(II)
nd nickel(II) ions. The rate of phenol conversion was found to
e high (2.39 × 10−6 mol dm−3 s−1) in presence of Schiff base
omplex of iron(III) ions in comparison to Schiff base complexes

f nickel(II) and cobalt(II) ions, in which the rate of phe-
ol oxidation was 2.11 × 10−6 and 1.87 × 10−6 mol dm−3 s−1,
espectively. The turn over number (TON) for the oxidation of

Polymer supported

t.%) Phenol (wt.%) Catechol (wt.%) Hydroquinone (wt.%)

70.0 80.0 20.0
62.0 76.0 24.0
55.0 70.0 30.0
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adding a calculated amount of free and polymer supported metal
complexes in reaction mixture. The oxidation of phenol was
increased on increasing the molar ratio of catalyst from 0.5 to
1.0 in the reaction mixture and was maximum at a molar ratio of

Table 4
Effect of reaction temperature on oxidation of phenol

Metal
complexes

% Conversion of phenol

Unsupported Polymer supported

60 ◦C 70 ◦C 80 ◦C 60 ◦C 70 ◦C 80 ◦C
ig. 7. Effect of concentration of phenol on its oxidation [H2O2]:[catalyst] = 1:1
t 0.05 M, temp.: 70 ◦C.

henol has been found to be high (16.17 g mol−1 (Fe) h−1) in
resence of iron(III) complex in comparison to Schiff base com-
lexes of nickel(II) (14.28 g mol−1 (Ni) h−1) and cobalt(II) ions
12.64 g mol−1 (Co) h−1).

.4.2. Effect of phenol concentration on oxidation of phenol
To determine the effect of phenol concentration on oxidation

f phenol, the oxidation of phenol was also studied by varying its
olar ratio from 0.5 to 2.0 with respect to molar ratio of H2O2

nd catalyst in the reaction mixture at 70 ◦C using 2 mL ace-
onitrile. During molar ratio variation of phenol, the molarity of

2O2 and catalyst was kept constant (0.05 M). The oxidation of
henol was maximum at a molar ratio of 1:1:1 of phenol to H2O2
nd catalyst and a decreasing trend in oxidation of phenol was
bserved on further increasing the molar ratio of phenol (>1) in
he reaction mixture (Fig. 7). The decreasing trend in oxidation
f phenol at high molar ratio (2:1:1) of phenol to H2O2 and cat-
lyst was attributed to the decrease in concentration of hydrogen
eroxide and catalyst in the reaction mixture. The oxidation of
henol was also low at a molar ratio 0.5:1:1 of phenol to H2O2
nd catalyst (Fig. 7), which was due to the low concentration of
henol (0.025 M) in comparison to H2O2 and catalyst (0.05M).
he oxidation of phenol at 1:1:1 molar ratio of phenol to hydro-
en peroxide and catalyst was 70%, 55% and 62% in presence
f Schiff base complex of iron(III), cobalt(II) and nickel(II) ions
Fig. 7). The variation in molar ratio of phenol did not influence
he oxidation trend of phenol observed with metal complexes.
he catalytic activity of Schiff base complexes of iron(III) ions

n oxidation of phenol was more in comparison to Schiff base
omplexes of cobalt(II) and nickel(II) ions. The oxidation of phe-
ol was also studied using unsupported Schiff base complexes of
ron(III), cobalt(II) and nickel(II) ions by varying the molar ratio
f phenol from 0.5 to 2.0, which showed almost similar trends
s observed with supported complexes except the oxidation of

henol was low. This confirmed that polymer supported catalysts
ere able to provide microenvironment to enhance the activity
f catalyst in comparison to unsupported Schiff base complexes.
he rate of phenol oxidation with supported iron(III) complexes

H
H
H

[

ig. 8. Effect of supported catalyst concentration on oxidation of phenol.
Phenol]:[H2O2] = 1:1 at 0.05 M, temp.: 70 ◦C.

aried from 0.62 × 10−6 to 32 × 10−6 mol dm−3 s−1 and from
.41 × 10−6 to 2.65 × 10−6 mol dm−3 s−1 with supported com-
lexes of cobalt(II) ions. The rate of oxidation of phenol with
ickel(II) ions complexes was intermediate to rate of oxidation
f phenol with Schiff base complexes of iron(III) and cobalt(II)
ons. The turn over number (TON) for oxidation of phenol during
henol ratio variation in presence of cobalt(II) complexes was
aried from 5.58 to 8.98 g mol−1 (Co) h−1 but in presence of
chiff base complexes of iron(III) ions, the TON varied from 12

o 63 g mol−1 (Fe) h−1. The high activity of iron(III) complexes
n oxidation of phenol may be attributed to octahedral geometry
nd high oxidation state of metal ions in the complex. The TON
ith Schiff base complexes of nickel(II) ions was intermediate

o TON observed with Schiff base complexes of iron(III) and
obalt(II) ions.

.4.3. Effect of catalyst concentration on oxidation of
henol

The catalytic activity of polymer supported metal complexes
n oxidation of phenol was also studied using different molar
atios of metal complexes at constant molarity (0.05 M) of
henol and hydrogen peroxide in acetonitrile at 70 ◦C. The
olar ratio of catalyst to phenol was varied from 0.5 to 2.0 by
PED-Fe 28.0 58.2 56.0 35.0 70.0 61.0
PED-Ni 19.6 50.4 42.0 29.5 62.0 50.5
PED-Co 16.8 41.5 24.3 24.5 55.0 37.2

H2O2]/[phenol]/[catalyst] = 0.05 M, temp. = 70 ◦C, time = 24 h.
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Table 5
Phenol oxidation parameters at optimized molar ratio of phenol to hydrogen peroxide and catalyst at 70 ◦C

Parameters P-HPED-M (supported) HPED-M (unsupported)

Fe(III) Ni(II) Co(II) Fe(III) Ni(II) Co(II)

Conversion (wt.%) 70.00 62.00 55.0 58.2 50.4 41.5
Rp (10−6 mol dm−3 s−1) 2.39 2.11 1.87 1.95 1.72 1.39
T −1 −1 12
E 57
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ON (g mol h ) 16.17 14.28

a (kJ mol−1) 25.00 31.00

H2O2]/[CAT]/[phenol] = 0.05 M, temp. = 70 ◦C, time = 24 h, CH3CN = 2.0 mL.

:1:1 of catalyst to H2O2 and phenol (Fig. 8). On further increas-
ng the molar ratio of catalyst (>1), the oxidation of phenol
as decreased significantly. The catalytic activity of Schiff base

omplexes of iron(III) ions in oxidation of phenol was more in
omparison to Schiff base complexes of cobalt(II) and nickel(II)
ons (Fig. 8). The oxidation of phenol with supported complexes
t a molar ratio of 1:1:1 of catalyst to phenol and H2O2 was found
o be 70%, 55% and 62% with Schiff base complexes of iron(III),
obalt(II) and nickel(II) ions, respectively. These variations in
olar ratio of catalyst to phenol and H2O2 have clearly indi-

ated that the activity of catalysts was optimum at 1:1:1 molar
atio of catalysts to phenol and H2O2 in comparison to other
olar ratio of catalysts in the reaction mixture. During molar

atio variation of catalyst, the selectivity of catechol has also
hown variation and was maximum at a molar ratio of 1:1:1 of
atalyst to H2O2 and phenol (Table 3). The rate of oxidation (Rp)
f phenol at 1:1:1 molar ratio of catalyst to H2O2 and phenol
as 2.39 × 10−6, 2.11 × 10−6 and 1.87 × 10−6 mol dm−3 s−1

n presence of Schiff base complexes of iron(III), nickel(II)
nd cobalt(II) ions but at high molar ratio of catalyst (>1), the
ate of oxidation (Rp) of phenol was decreased to 2.11 × 10−6,
.93 × 10−6 and 1.57 × 10−6 mol dm−3 s−1 in presence of
chiff base complexes of iron(III), nickel(II) and cobalt(II) ions.
he rate of oxidation of phenol was 1.84 × 10−6, 1.72 × 10−6

nd 1.38 × 10−6 mol dm−3 s−1, respectively, in presence of
nsupported Schiff base complexes of iron(III), cobalt(II) and
ickel(II) ions. The variation in rate of oxidation of phe-
ol and selectivity for catechol with iron(III), cobalt(II) and
ickel(II) ions was attributed to the difference in formation
f active species (HPED-M-OOH−) and difference in rate of
ntra molecular electron transfer [45] in intermediate species
HPED-M-Ph-OOH−) formed with phenol and active species
Scheme 7).

.4.4. Effect of reaction temperature on oxidation of phenol
The oxidation of phenol was studied at different temperatures

o determine the energy of activation for oxidation of phenol in
resence of supported and unsupported catalysts. The energy of
ctivation has shown dependence on type of catalysts and their
nteractions with reactants. To evaluate the energy of activation,
he oxidation of phenol was studied on varying the reaction tem-
erature from 60 to 80 ◦C using 1:1:1 molar ratio of phenol to

2O2 and catalysts at constant molarity (0.05 M) in the reaction
ixture. The oxidation of phenol was increased on increasing the

eaction temperature from 60 to 70 ◦C but the increase in oxida-
ion of phenol was more with Schiff base complexes of iron(III)

d
a
f

.64 13.20 11.65 9.38

.00 29.00 37.00 82.00

ons in comparison to Schiff base complexes of cobalt(II) and
ickel(II) ions. On further increasing the reaction temperature
>70 ◦C), the oxidation of phenol was decreased, which was
ue the decomposition of hydrogen peroxide without oxidizing
henol into catechol and hydroquinone (Table 4). The selec-
ivity for catechol in oxidation of phenol was also increased
ith the increase in reaction temperature from 60 to 70 ◦C but
n further increasing the reaction temperature beyond 70 ◦C, the
electivity for catechol was decreased. The effect of temperature
n oxidation of phenol by unsupported catalysts was also studied,
hich showed a similar trend for phenol oxidation and selectiv-

ty for catechol and hydroquinone as observed with supported
atalysts (Table 3). However, the percent conversion of phenol
ith unsupported catalysts was low, which has clearly indicated

hat polymer support has played a significant role in electron
ransfer process in intermediate species; hence, decreased the
nergy of activation for oxidation of phenol. Although increase
n reaction temperature has played a positive role in electron
ransfer process but at high temperature (>70 ◦C), the formation
f active (HPED-M-OOH−) and intermediate (HPED-M-Ph-
OH−) species (Scheme 7) was disturbed, which decreased the
xidation of phenol and selectivity for catechol significantly
Table 4). The activation energy for oxidation of phenol in
resence of polymer supported iron(III) ions complexes was
ow (25 kJ mol−1) in comparison to cobalt(II) (57 kJ mol−1)
nd nickel(II) ions complexes (31 kJ mol−1); whereas, with
nsupported Schiff base complexes of iron(III), cobalt(II) and
ickel(II) ions, the activation energy for oxidation of phenol
as high (Table 5). The oxidation of phenol with hydrogen
eroxide is an energy activated process but polymer support
as contributed significantly in reducing the energy of activa-
ion of hydrogen peroxide in oxidation of phenol due to the fast
lectron transfer process during decomposition of intermediate
Scheme 7) to form oxidation product in comparison to unsup-
orted catalyst. The microenvironment in polymer supported
ntermediate was more suitable in selective oxidation of phenol
o catechol than unsupported catalysts; hence, the selectivity
or catechol was more with supported catalyst than unsupported
atalysts.

. Conclusion
The N,N′-bis (4-amino-o-hydroxy acetophenone)ethylene
iamine (AHPED) Schiff base was synthesized successfully to
nchor on cross-linked chloromethylated polystyrene beads. The
ree and polymer supported HPED Schiff base was loaded with
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ron(III), copper(II) and zinc(II) ions and characterized for their
tructures by different techniques. The iron(III) complexes were
ctahedral in geometry, whereas copper(II) and nickel(II) ions
omplexes were square planar. The catalytic activity of metal
omplexes was evaluated by studying the selective oxidation
f phenol in presence of hydrogen peroxide in acetonitrile at
0 ◦C. The metal complexes on polymer support were more cat-
lytic than unsupported catalysts. The activity of Schiff base
omplexes of iron(III) was highest in comparison to Schiff base
omplexes of cobalt(II) and nickel(II) ions. The oxidation of phe-
ol was maximum at a molar ratio of 1:1:1 molar ratio of phenol
o hydrogen peroxide and catalyst. The energy of activation for
xidation of phenol was low with polymer supported catalysts.
he enzymatic action of catalysts found to be responsible for

he activity of metal complexes in oxidation of phenol.
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