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Abstract

Co-oxidation reaction of hydrogen peroxide with phenol, 4-aminoantipyrine catalysed by metal tetrasulfophthalocyanines (MPcTs) has be
studied by UV-vis spectroscopy in the presence and absence of microheterogeneous media. The rate of antipyrilquinoneimine dye forma
depends on the nature of metal ion, pH, and microheterogeneous medium. Hence, the activation of hydrogen peroxide is in the following or
MnPcTs>FePcTs >ZnPcTs > CuPcTs > NiPcTs. In basic pH, the rate of dye formation is greater than the acidic pH and maximum rate is obser
at pH 9.0. The role of microheterogeneous medium on the activation of MPcTs complexes towards higher rate value is found to be increasing
stability of metaloxo cationic radical and free radical species of 4-aminoantipyrine and phenol in the following order: SDS >TX-100> CTAB. Th
enzyme mimic models also quantitatively sense th@4+tompositional variations.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction [11-14] Incidentally such reactions act as models of enzymatic
oxidation by peroxidased 0]. In many instances metallopor-
Applications of transition metal ion as a catalyst for oxida- phyrin catalysed hydrogen peroxide decompositions have been
tion of organic substrates in basic aqueous medium face majaoupled with organic substrates that require one pot oxidation
limitations like precipitation of catalytically active metals and producing single produg¢i.5,16]
competitive substrate coordination to active metal center, etc. For this purpose, oxidative coupling reactions of phenolic
[1,2]. Regarding the nature of oxidants from the environmentatompounds in the presence of hydrogen peroxide have been
concern, the replacement of toxic oxidants with hydrogen perwidely used with 4-aminoantipyrine (AmN#Hi[15,17] In the
oxide in agueous medium forms the primary goal due to the lovsame oxidation states, the central metal phthalocyanines are
cost and water being the by prodyi8t5]. Co-oxidation reac- expected to be efficient oxidants than their porphyrin coun-
tions of hydrogen peroxide with chromogenic hydrogen donoterparts. Hence, phthalocyanine ligands tend to stabilize lower
in the presence of peroxidases are widely used in the analysixidation states of the metal ions compared to porphyffiBs
of biological sample$6,7]. However, the instability and high This property has been utilised in reactions involving hyperva-
cost of the peroxidase enzyme has stimulated people to seartdnt central metal ion of metal tetrasulfophthalocyanine (MPcTS)
for suitable alternativel8]. In peroxidase enzyme the prosthetic for oxidation catalysts enabling easier conversion to lower oxi-
centre is constituted by metalloporphy{$10], and synthetic dation states.
metallo derivatives of porphyrins, have been demonstrated to The present investigation has been under-taken to develop
be catalysts for oxidation reactions using hydrogen peroxidea precise quantitative detection of lower amounts o
in basic agueous medium, which mimics enzyme like reac-
tions and find utility in the oxidative removal of phenol
* Corresponding author. Tel.: +91 44 22351137; fax: +91 44 22352494, (PhOH) containing pollutants in wastewaters of cellulose, oil-
E-mail address: nrajendiar@yahoo.com (N. Rajendiran). processing and dye-fine chemical manufacturing industries. The
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co-oxidation reactions of PhOH and AmNKvith H,O2 pro-  alumina, soaking in dilute nitric acid and rinsed repeatedly in
duce a antipyrilquinoneimine dye with the characteristic absorptriple distilled water.

tion at Amax=505nm which is catalysed by metalloporphyrin

[18]. Thus, in par with metalloporphyrins, which are treated as2.3. Kinetic measurements

enzyme mimics, metallophthalocyanines could serve as enzyme

mimic models possessing enhanced water solubility and cat- UV-vis spectra were recorded on Shimadzu UV-1601 spec-
alytic activity. UV-vis spectrophotometry is a popular and easytrometer containing double beam inidentical compartments each
tool for the kinetic study of the evaluation of rate and rate confor reference and test solution fitted with 1 cm path length quartz
stants of such reactions in aqueous medium. Inspired by theseyvettes. pH measurements were done with an Elico-India digi-
effects of oxidant, pH, metal ion substitutions in catalyst, varioudal pH meter. Preparation ofd®, (0.2 M) stock solutions were
microheterogeneous medium are under taken in this work. Tmade by adding 10 ml of 30%4@®, to 490 ml of purified water.
assess the performance of the catalyst, various MPcTs contaiBubsequent dilutions were made from this stock solution. All
ing Mn(l11), Fe(ll1), Ni(ll), Cu(ll) and Zn(ll) as central metal kinetic data were obtained with fresh solutions only. The ini-
ions are examined. The dye was characterised using FT-IR spetiation of the reaction was considered as the time of addition

tra. of H20, into the reaction mixture containing PhOH, AmiH
and catalyst. In the absence of the MPcTs catalyst, when the

2. Experimental reaction was studied only with PhOH, AmNtdnd HO; reac-
tants under all compositions, there was no dye formation, which

2.1. Materials will be indicated by the appearance of pink color, even after

the reaction 24 h of reaction time. However, when the MPcTs

H20, (30% wt./vol.) was used after iodometric titration to was included light pink coloration was developed immediately.
verify its concentratio{19]. Phenol (Merck) was used after Increasingabsorbance values at 505 nm indicates the dye forma-
distillation in an inert atmosphere. 4-Aminoantipyrine was usedion and the difference in the absorbance of spectrum recorded
as received from Aldrich. KN@ for supporting electrolyte at various time intervals indicate the progress of the reaction.
in cyclic voltammetry, acetic acid—sodium acetate, disodiunirhe kinetic parameters lggwhereS = (OD,/ODy, — OD;) are
hydrogen phosphate—monosodium hydrogen phosphate awdlculated from absorbance values versus time measurements.
sodium carbonate—sodium bicarbonate as pH buffers were of Inorderto optimise the reaction conditions the maximum rate
analytical grade and purchased from Fluka. Sodiumdodecybr different stoichiometric mole ratio of 0, and the MPcTs
sulfate (SDS), Triton X100 (TX-100) and cetyltrimethylam- catalysts were also investigated. Here 1:1 mole ratio gdH
moniumbromide (CTAB) were purchased from Sigma. Triply and MPcTs produced the maximum rate. Thus, effects of PhOH,
distilled water was used for solution preparations. MetalAmNH>, pH and microheterogeneous media are carried out at
tetrasulfophthalocyanines as dihydrates were synthesized frononstant composition of #D, and catalyst.
sodium salt of 4-sulfophthalic acid, ammonium chloride, urea,
ammonium molybdate and metal (ll) sulfate according to3. Results and discussion
the procedure described by Weber and Buf2®]. MPcTs
containing Mn(ll), Fe(lll), Co(ll) and Ni(ll) metal ions are also 3.1. Activation of hydrogen peroxide by metal
prepared according to this procedure and the yields were foundrrasulfophthalocyanines
to be slightly lower. The starting chemicals were the sulfate salts
of metals[21,22] The initial product was treated successively The inception of the dye formation only in the presence
with NaCl, 0.1N NaOH, and 80% aqueous ethanol in theof MPcTs shows that catalyst activity of MPcTs is necessary
prescribed manner. Pure catalyst was obtained by extractirfgr the activation of HO,. The UV—-vis spectrum of MnPcTs
the solid with absolute ethanol for 4h in a Soxhlet apparatus(1 x 10~°>M) in aqueous solution exhibits monomer/dimer
The blue crystalline complex was then dried in vacuo overequilibrium. The dimer peak corresponds to 630nm and the
P,Os prior to analysis. The structure of the complexes weremonomeric peak being observed near 716 nm is shown in
characterised by UV-vis and FT-IR spectra. The MnPcTs anérig. 1(a). On addition of HO, the blue color solution of MnPcTs
FePcTs system exists in +3 oxidation state, which is confirmedomplex turns to green color indicating the formation of the
from UV-vis, and FT-IR techniques with published dataMnPcTs—HO, adduct. The dimeric peak of the MnPcTs sys-

[23,24] tem is suppressed completely while the intensity of monomeric
peak increases along with longer wavelength shift as shown in
2.2. Cyclic voltammetry Fig. 1(b). The splitting of the S band in the UV region and

shifting of monomer peak at 720 nm confirms the axial coor-
Cyclic voltammogramms were obtained from a CHI modeldination of hydroperoxide anion (MnPcTs-OOH). Also, a hew
600 voltammetric analyser using a disk type glassy carbopeak appears at 620 nm, which is attributed to the formation
working electrode (2 mm diameter) and platinum wire as theof MnPcTs = O addud5]. Fig. 1(c) shows the dye formation
counter electrode. The supporting electrolyte is KNaque-  reaction of solution containing phenol, AmNtnd MnPcTs
ous medium. The reference electrode was Ag/AgCl wire dippedh the presence of $D,. The presence of new peak at 505 nm
in 0.01 M AgNGs in aqueous solvent. GCE was polished with confirms the antipyriloquinoneiminium dye formation.
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Fig. 1. Electronic absorption spectra in aqueous solution, at pH 7.0 Time (min)

and 25°C, containing MnPcTs with (a) no additive (b) .8, (c)

PhOH+AmMNH +H20,.  [MNPcTs]=1x 10°°M; [H202]=1x 1073 M; Fig. 3. Kinetic plots of dye fomation from PhOH and AmMh presence of

[PhOH] =[AmNH] =2 x 103 M. different[MPcTs] = 1x 10~°> Mand [H;02] = 0.1 Min neutral pH. A) MnPcTs;
(0) FePcTs; ) ZnPcTs [0) NiPcTs; (x) CuPcTs.

in pH 7.0 are shown inFig. 3. The overall rate constant

is obtained from the plot being equal to slope/2.303. By
doing so for different MPcTs systems, the results are given
in Table 1 The catalytic activity of MPcTs follows the trend
MnPcTs >FePcTs >ZnPcTs > CuPcTs > NiPcTs. The observed
trend indicates the possibility of difference in®, activation

by various MPcTs and the stability of the resulting oxo radical
formation.

0.40

Absorbance

3.2. Effect of hydrogen peroxide concentration

The spectra of dye formation from PhOH, AmEnd 0.1 M
H,>0, catalysed by MnPcTs at regular time intervals in neutral
Wavelength (nm) pH are shown irFig. 4 The OD versus time plots of MnPcTs
_ , _ o catalysed reaction at different hydrogen peroxide concentrations
Fig. 2. Stacked UV-vis spectra of dye formation at 2min time inter- . . .
vals in the agueous solution at pH 7.0 containing [MnPCTSKEID 5 M: are presepted iRig. 5. The logs versus tl_me plots d_erlved from
[PhOH] = [AMNH;] =2 x 10-3M and [H02] = 0.1 M at 25°C. the OD—time dependences are showhiign 6. The linear plots
passing through the origin confirms that the overall reaction is
The stacked UV-vis spectra of dye formation in PhOH,first order. From the effect of ¥, concentration studies, the
AmNH> and KO, solutions catalysed by MnPcTs at two min- Sensitivity of the reaction for the®, detection falls within the
utes time intervals are shown iig. 2 The dye formation range (0.1-1.0 mM)when M(I)PcTs ¢210~° M) is utilized as
is inferred from the green color change to pink color whichthe catalystScheme Yepresents the overall peroxidase mimic
is responsible for the peak appearance.atx=505nm[18].  model reaction of AmMNH and PhOH with HO; in the pres-
At the same time the intensity of the peakatax=720nm  €nce of MPcTs yielding the antipyrilquinoneimine dye. In this
decreases due to consumptions of the MnPcE©sHadduct as  reaction thgu-oxo radical species formed initially triggers the
reaction proceeds. The kinetic plots for different MPcTs systadical generation in successive steps, which may be assumed
tems at constant compositions of AmMHPhOH and HO,  to be cascadif26,27]

Table 1

Rate constant values of dye formation from PhOH and Amldbtalysed by different tetrasulfometalphthalocyanine in presence of various reaction mediums at
25°C

MPcTs  pH9.0 sDS TX-100 pH 11 CTAB pH 7.0 pH 6.0 pH 4.0
kx 100 (sY)  kx100(sY)  kx100%(sh)  kx108(s))  kx10%(sh)  kx100(sl)  kx10M(sY)  kx10% (s
MnPcTs  3.87 3.69 1.76 1.87 1.52 1.03 6.14 4.22
FePcTs  3.27 2.51 1.58 1.36 1.26 0.98 5.72 412
ZnPcTs  2.15 1.12 0.92 0.52 0.72 0.28 0.20 0.09
CuPcTs 091 0.50 0.40 0.34 0.05 0.03 0.02 0.01

NiPcTs 0.32 0.23 0.21 0.12 0.04 0.01 0.005 0.001
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3.3. Effect of pH

In agueous solution the dissociation constant gDblis sen-
sitive to pH variations. However, dependence of the rate of dye
formation on the pH of the medium is studied for different
MPcTs systems. The rate constant-pH profiles for corresponding
reactions are shown Fig. 7. An enzyme like catalytic behaviour
Fig. 4. Stacked visible spectra of dye formation in aqueous mediumof MPcTSs is also detected with pH variation. In acidic pH, the
B;: 079?:?;;,\'”':2”] :t'sz 1('?38,\7 "’:; § fg;‘éaz']”i”(g L E\';I"Zg;] gn(r M with observedrate constant values are low due to existence of low pro-

portion of hydroperoxide anion. It increases significantly when
pH is raised and the maximum rate constant is attained at pH
9.0 (listed inTable 9. This may be due to thekp value of
0o O PhOH, which falls at 9.8. In a more alkaline region, (pH>11)
the rate constant decreases remarkably due to the possibility
o of dimerisation of MPcTs through-oxo bridge. The MPcTs
dimeric species are catalytically inactive because of its inability
to activate HOo.

Wavelength (nm)

0.9 A A

Absorbance

3.4. Effect of microheterogeneous medium
0.6 A [u]

>

4 ¢ ° The dimeric and other aggregated forms of MPcTs are trans-
o © ferred to larger proportions of monomeric forms in the presence

0.3
31a
95@0 of surfactant micellef28]. This effect is attributed to the pos-
)

0

10 2 30 40 50 60 sibility of hydrophobic and hydrophilic interactions of MPcTs
with SDS (anionic), CTAB (cationic) and TX-100 (nonionic)
Time {min) micelles. In the CTAB micelle system, the negatively charged
Fig. 5. Optical density—time dependence plots of dye formation in presence gfulfonated group of the phthalocyanine part of MPcTs inter-
MnPcTs = 1x 10~ M at various hydrogen peroxide concentrations, containingacts strongly with the positively charged micel[@9]. In the
[PhOH]=[AmNH;] =2 x 10~*M at pH=7.0. [(£OzJM=(0) 0.2; () 0.18;  SDS micelles system, the central metal part of MPcTs interacts
(0.15,0)0.1. strongly via columbic forces most probably in the axial direc-
tion, which results in the monomerisation of aggregated MPcTs

(
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Fig. 6. Kinetic plot of dye formation from [PhOH]=[AmN{=0.002 M, in

presence of MnPcTs =5t 10-> M catalyst for various hydrogen peroxide con- Fig. 7. Overall rate constant—pH profile of dye formation from PhOH and
centration, at neutral pHmax=405nm. [HO2] M=((O) 0.2; (A) 0.18; (O) AmNH, in presence of different MPcTs=410°M at neutral pH. ¢)
0.15; ) 0.1. MnPcTs; () FePcTs; (O) ZnPcTs; &) NiPcTs; (A) CuPcTs.
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Fig. 8. (a) Effect of SDS concentration on the kinetic plots of dye formation from PhOH, Apal [MnPcTs] = 1x 10~° M in presence of [HO,] =0.1 M and at
neutral pH. [SDS]: k) 0 M; (¢) 0.003 M; (A) 0.005 M; (1) 0.008 M; (O) 0.01 M. (b) Effect of CTAB concentration on the kinetic plots of the dye formation from
PhOH and AmNH and [MnPcTs] = Ix 10-> M in presence of [[HO,] 0.1 M at neutral pH. [CTAB]: &) 0.001 M; () 0.003 M; (J) 0.005 M; (A) 0.008 M.

moleculeg30]. Additionally, the phthalocyanine part of MPcTs phthalocyanine ligands tend to stabilize lower oxidation states.

interacts with the micelle cores via the hydrophobic force, whichThe electrophilic’ MPcTs = O complex was proposed to be the

also enhances the monomerisation effect on the aggregated foamtive species which involved in homogeneous oxidation of elec-

of MPcTs. In TX-100 micelles, the interaction forces of MPcTstron donor compounds. The possible mechanism of peroxidase

aggregates with the micelles lies in between the extent of effeciike reaction is exemplified itscheme 2for the MnPcTs and

of SDS and CTAB micelles and in this system also monomerifePcTs system in the presence of an electron donor species such

sation of MPcTs occurs. as PhOH and AmNBI As proposed earlier by Metelitza etal., in
The process of enhanced monomerisation of MPcTs is evithe first step a two electron oxidation YMPcTs = O complex

dent from the significant increase in the intensity of the charproceeds by the reaction 0B, with MnPcTs or FePcTs which

acteristic monomeric peaks in the UV-vis spectrum for eaclis in equilibrium with"V MPcTs = O cationic radical species. In

of the MPcTs. That is, in the MnPcTs system the intensitythe second step the electrophilic charactel BfPcTs=0 or

of Amax=720nm peak and in the of CoPcTs, the intensity of'¥ MPcTs = O cationic radical complex react with PhOH, result-

Amax= 670 nm significantly increases. This effect is reflected ining in the formation of phenoxy radial (Ph{andV MPcTs =0

the increased rate of dye formation in the presence of micellspecies. In the following step aminyl radical (AmRHs formed

medium and more dominant with increase in the compositiondy the reaction of AmNHwith 'V MPcTs = O and consequently

of micelles. That is, the peroxidase like activity of MPcTs still

prevails in the presence of micelles and due to the increase in

the proportion of the monomeric forms, the catalytic activity H

seems enhanced in the microheterogeneous medium. Also, the ) OH Heterolyric

microheterogeneous medium increases the stability of metal oxo My + H,0, — 3w Tspemlll  ———=

cationic radical. The kinetic plots of dye formation at various

v
TsPeM=—0+ H,O
Base/Base H*

concentration of SDS and CTAB micelles (TX-100 not shown) IR
catalysed by the MnPcTs systems are showkigng(a) and (b). OH _H [TSPCM:O
The effect of microheterogeneous media on the rate of forma- i sV

tion of the dye is observed to be SDS > TX-100 > CTAB micellar @ M0 -H,0 M=o

system (shown iffable J).

R>_£Hz R
3.5. Proposed reaction mechanism NS0 /lz—L

+ TNPLM_U D . +TsI’LMf()H
The peroxidase mimic catalytic activities of MnPcTs and @ ©

FePcTs have been revealed in the presence PhOH and AmNH R NH

using B0, as oxidant. Recently, Sorokin and co-workers _H 72& Ry
reported that the high valent metal oXdPcTs = O) complex 4 R/N‘N ()—"/mo
is formed by heterolytic cleavage of MPcTs-O(84,32] Simi- R

lar observations were also reported by Meunier for water soluble 0

monomeric porphyrin with KO [33]. The hyper valent state of
metallophthalocyanine is less accessible than porphyrin. Hence, Scheme 2.
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02" 4. Conclusion
25 mV / sec
\ The peroxidase mimic activity of water soluble anionic
MPcTs has been found to be a promising alternative to the
HRP for co-oxidation reaction of PhOH and AmMNkh the
presence of blO,. The difference in catalytic activity of
MPcTs depends on the activation ob® and stability of
metal oxo adduct formed in the axial positions. The trend
in the metal ion activity of different MPcTs is as follows:
MnPcTs >FePcTs > ZnPcTs > CuPcTs >NiPcTs. In acidic pH,
the lower rate constant values are observed than at pH 9.0 for
\ all the MPcTs systems. In the presence of microheterogeneous
media the overall rate constant values increase. The catalytic
08 effects are found to be more in SDS micelles, when compared
to the TX-100 and CTAB micelles. The effect of microhetero-
] ) ) geneous media is SDS>TX-100>CTAB. The change in the
;'r?]'NHi' igfé'l'l‘; Ze‘:f"s;“mgfgs] gfk fé’fs lvfl_o"z;?“c"\;l‘npfgl JSSH(b)and oxidation potential of MnPcTs and oxidized product of dye is
CoPCTs +HO, + PhOH + AmNH; supporting electrolyte is 0.1M KNgand ~ confirmed by cyclic voltammetry. Hence, the rate constant val-
scan rate 25 mv's, ues of dye formation showing peroxidase like activity gives the
overall trend pH 9.0>SDS>TX-100>pH 11.0>CTAB>pH

the MPcTs returns to its native state. Finally, the recombinatior{-0>PH 6.0>pH 4.0.
of these two radical species produces co-oxidised product of red

colored antipyrilquinoneimine dye. The redox voltammogram o
MnPcTs in the presence obB; is shown inFig. Ya). The peak
at—0.15V repr_esents the reduction potential of Mn(III)/Mn_(II) The author N.R. gratefully acknowledges CSIR, New Delhi,
and the potential-0.72 V corresponds to Mn(ll)/Mn(l) species India, for award of fellowship.
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