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bstract

Zeolite Y-encapsulated ruthenium(III) complexes of Schiff bases derived from 3-hydroxyquinoxaline-2-carboxaldehyde and 1,2-
henylenediamine, 2-aminophenol, or 2-aminobenzimidazole (RuYqpd, RuYqap and RuYqab, respectively) and the Schiff bases derived from
alicylaldehyde and 1,2-phenylenediamine, 2-aminophenol, or 2-aminobenzimidazole (RuYsalpd, RuYsalap and RuYsalab, respectively) have
een prepared and characterized. These complexes, except RuYqpd, catalyze catechol oxidation by H O selectively to 1,2,4-trihydroxybenzene.
2 2

uYqpd is inactive. A comparative study of the initial rates and percentage conversion of the reaction was done in all cases. Turn over frequency
f the catalysts was also calculated. The catalytic activity of the complexes is in the order RuYqap > RuYqab for quinoxaline-based complexes and
uYsalap > RuYsalpd > RuYsalab for salicylidene-based complexes. The reaction is believed to proceed through the formation of a Ru(V) species.
2008 Elsevier B.V. All rights reserved.
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. Introduction

Metal complexes formed in zeolite cages can act as redox
atalysts and biomimetic catalysts [1,2]. This type of cat-
lysts possesses the advantages of both homogeneous and
eterogeneous catalytic systems. Since the catalyst is trapped
n zeolite cavity, products can be easily separated. Also the
ifetime of the catalyst can be increased by encapsulation.
uthenium is well known for its catalytic properties due to

he fascinating electron-transfer properties [3–6]. Change in
oordination environment around ruthenium plays an impor-
ant role in modulating its catalytic properties. Ligands having
itrogen and oxygen donor atoms tune the properties of the
omplexes to a great extent as effective and stereo-specific
atalysts for oxidation, reduction and hydrolysis [7–9]. But sim-
le complexes used as catalysts cannot be recovered from the

eaction system and may contaminate the products. The encap-
ulated copper and vanadium salen complexes in supercages
f zeolite are found to be effective catalysts for the oxidation
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f phenol and cyclohexane [10,11]. Encapsulated copper(II)
nd dioxovanadium(V) complexes of Schiff bases derived
rom salicylaldehyde and 2-aminomethylbenzimidazole in the
upercages of zeolite Y are found active for the oxidation of
henol and styrene with good conversion [12]. However, very
ew encapsulated complexes of ruthenium(III) are reported in
iterature. Considering the highly desirable attributes of zeolite-
ncapsulated complexes and of ruthenium(III), the present
tudy aims at encapsulating complexes of ruthenium(III) in
eolite cages and to study their catalytic properties. With
his view herein we report the preparation and characteriza-
ion of zeolite-encapsulated ruthenium complexes of Schiff
ases.

a) N,N′-bis(3-hydroxyquinoxaline-2-carboxalidene)-o-
phenylenediamine (qpd)

b) 3-Hydroxyquinoxaline-2-carboxalidene-o-aminophenol
(qap)
c) 3-Hydroxyquinoxaline-2-carboxalidene-2-
aminobenzimidazole (qab)

d) N,N′-bis(salicylidene)-o-phenylenediamine (salpd)
e) Salicylidene-o-aminophenol (salap)
f) Salicylidene-2-aminobenzimidazole (salab)

mailto:yusuff15@yahoo.com
dx.doi.org/10.1016/j.molcata.2008.02.002
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The catalytic potential of these complexes has been demon-
trated by studying the oxidation of catechol in the presence of
2O2.

. Experimental

.1. Materials

Synthetic Y-zeolite in Na+ form was obtained from Zeolyst
nternational, Netherlands and reexchanged with Na+ ions
o remove any unexchanged hydrogen ions in the Zeo-
ite matrix [13]. o-Phenylenediamine (Loba Chemie),
-aminobenzimidazole (Merck), 2-aminophenol (Merck),
uCl3.3H2O (Merck), sodium bicarbonate (Merck), catechol

Loba Chemie) and 30% H2O2 (Merck) were used as obtained.
olvents employed were either of 99% purity or purified by
nown laboratory procedures.

.2. Physical methods and analysis

CHN analyses of the ligands and complexes were done using
n elemental analyzer (Elementar model Vario EL III). The metal
ercentage present in the complexes were determined using
CP-AES spectrometer (Thermo Electron, IRIS Intrepid II XSP
UO). Surface area of the samples was measured by multipoint
ET method (Micromeritics, Gemini 2360). Nitrogen gas was
sed as the adsorbate at liquid nitrogen temperature. UV–vis
bsorption spectra of the encapsulated complexes were recorded
n Nujol by layering mull of the sample on the inside of one of
he cuvettes while keeping the other one layered with Nujol
s reference (Varian Cary 5000). IR spectra were recorded as
Br pellets (Schimadzu, 8000). The EPR spectra were recorded
ith 100 KHz field modulation at liquid nitrogen tempera-

ure (Bruker EMX X-band). Thermogravimetric analyses were
one at a heating rate of 10 ◦C min−1 in nitrogen atmosphere
rom ambient temperature up to 1200 ◦C (PerkinElmer, Dia-
ond TG/DTA). X-ray diffraction pattern of the parent zeolite

nd zeolite-encapsulated complexes were recorded by Bruker
XSD8 Advance diffractometer. The morphology of the sam-
les was examined by scanning electron microscopy (JEOL,
SM-840A). The samples were dusted on alumina, coated with

thin film of gold to prevent surface charging and to pro-
ect the surface material from thermal damage by the electron
eam.

.3. Synthesis

Synthesis of the ligands was done according to the reported
rocedures [14,15].

.3.1. Preparation of ruthenium exchanged zeolite (RuY)

NaY (5.0 g) was stirred with ruthenium(III) chloride solution

0.001 M, 250 mL) at 70 ◦C for 4 h. The slurry was filtered and
ashed with deionised water to make it free from anions. It was

hen dried at 120 ◦C for 1 h and then at 450 ◦C for 4 h.

3

r
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.3.2. Synthesis of Ru(III) zeolite-encapsulated complexes
f qpd, qap, qab, salpd, salap and salab

Ruthenium(III) exchanged zeolite, RuY (5.0 g) was added to
solution of the ligand in ethanol (50 mL), the concentration of

igand in the solution being at equal mole ratio to the metal ion.
he mixture was refluxed for 10 h to ensure complexation. The

esultant mass was filtered and soxhlet extracted with methanol
ntil the extracting solvent became colourless. It was further
oxhlet extracted with acetone to ensure complete removal of the
urface species. The uncomplexed metal ions in the zeolite and
onisable portions of the ligand were removed by ion exchange
ith NaCl solution (0.01 M, 250 mL) for 24 h. It was filtered,
ashed free of chloride ions and finally dried at 100 ◦C for 2 h

nd stored in vacuum over anhydrous calcium chloride.

.4. Catalytic oxidation of catechol

Catechol (1.0 × 10−2 mol dm−3) solution was prepared in
ethanol afresh before each kinetic run. The stock solution

f H2O2 was prepared before each set of kinetic runs by
iluting 10 mL of 30% H2O2 to 100 mL. It was standardized
ermanganometrically.

All kinetic runs were carried out at 28.0 ± 0.1 ◦C in 9:1
ethanol–water mixtures. To carry out the reaction catechol

olution (9 mL) was mixed with the catalyst (0.01 g) and the
eaction was initiated by adding H2O2 solution (1 mL). The
lank used was a mixture of methanol (9 mL) and water (1 mL).
n order to identify the products, the spectrum of the reac-
ion mixture was obtained after completion of the reaction. No
eak was observed at 390 nm corresponding to the formation of
-benzoquinone [16] while a new peak corresponding to 1,2,4-
rihydroxybenzene was noticed in the product spectrum showing
hat the reaction is selective towards the formation of 1,2,4-
rihydroxybenzene. The progress of the reaction was monitored
pectrophotometrically at an interval of 1 min by measuring the
bsorbance at 290 nm [17] and also at a second wavelength at
hich catechol and the product of the reaction do not absorb.
he absorbance measured at the later wavelength corresponds

o the scattering due to the catalyst particles. To get the actual
bsorbance of the product, the absorbance due to scattering was
educted from the absorbance at 290 nm [18]. The catalysis of
uY in the present reaction was verified at identical conditions
nd found to be absent.

The catalytic activities of the complexes were compared
sing initial rates of the reaction. Initial rates were obtained
y fitting the concentration–time data into the polynomial of the
orm [C] = a0 + a1t + a2t2 + · · · where C and t represent concen-
ration and time, respectively. a0, a1, a2, etc. are constants. The
oefficient of ‘t’ gives the initial rate [19]. This was done using
icrosoft Excel.

. Results and discussion
.1. Characterization of catalysts

Elemental analysis (Table 1) of NaY revealed a Si/Al
atio of 2.6 that corresponds to a unit cell formula
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Table 1
Analytical data of metal exchanged zeolites and encapsulated complexes

Sample Elements %found

%C %H %N %Ru %Si %Al %Na

NaY – – – – 20.9 7.9 9.6
RuY – – – 1.8 20.4 7.6 5.6
RuYqpd 0.98 2.63 0.05 0.3 20.1 7.4 7.8
RuYqap 0.82 1.51 0.03 0.4 19.9 7.7 8.2
RuYqab 1.10 2.58 0.23 0.9 19.6 7.4 3.9
RuYsalpd 0.85 2.61 0.05 0.3 20.3 7.5 8.1
RuYsalap 1.03 2.70 0.05 0.6 20.1 7.4 7.1
RuYsalab 1.80 2.54 0.27 0.5 20.2 7.6 6.1

Table 2
Surface area and pore volume data

Sample Surface area (m2/g) Pore volume (cc/g)

Zeolite 799 0.3978
NaY 692 0.3482
RuY 682 0.3458
RuYqpd 627 0.3195
RuYqap 482 0.2369
RuYqab 567 0.2920
RuYsalpd 662 0.3367
R
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uYsalap 627 0.3266
uYsalab 662 0.3520

a54(AlO2)54(SiO2)138·nH2O for NaY [20]. Almost constant
alue of Si/Al ratio was found even after the metal exchange
nd formation of complexes confirming the retention of the
eolite framework during complexation. The unit cell for-
ula of ruthenium exchanged zeolite was derived to be
a44.14Ru3.29(AlO2)54 (SiO2)138·nH2O from the metal percent-

ge of RuY. This correspond to18.3% as the degree of ion
xchange. The elemental analysis confirms the presence of metal
omplexes in the zeolite matrix.

Surface area analysis of the complexes indicated a small
eduction in surface area (Table 2) due to metal exchange and
omplex formation. Such a reduction in surface area and pore
olume due to complex formation is generally attributed to fill-
ng the pore [2].

TG/DTG curves show that the pattern of decomposition is

he same for all encapsulated complexes. DSC curve shows
ndothermic peak corresponding to the deaquation of the sample
round 100 ◦C which is followed by an exothermic maxima cor-
esponding to the decomposition of the encapsulated complex.

a
f

a

able 3
G/DTG data of encapsulated complexes

ompound I stage

Weight loss till 200 ◦C (%) Peak temperatu

uYqpd 28 106
uYqap 21 101
uYqab 25 115
uYsalpd 28 113
uYsalap 28 107
uYsalab 28 108
Catalysis A: Chemical 286 (2008) 92–97

he thermogravimetric data of the encapsulated complexes are
iven in Table 3.

IR spectra of the complexes after heating to 150 ◦C exhibited
imilar peaks as that of original complex, indicating that com-
lex is not decomposed till 150 ◦C. The decomposition stage
ound immediately after 200 ◦C in all complexes exhibited very
mall percentage of weight loss (∼7%) which might be due to
he decomposition of the complex within the zeolite cage.

Zeolite framework retains its crystallinity even after encap-
ulation, which is evidenced by the similar X-ray diffraction
atterns of the RuY and metal complex encapsulated zeolite.
his supports the fact that reduction in surface area observed is
ot due to collapse of crystalline structure but due to encapsu-
ation of complexes in the cages.

Scanning electron micrographs of encapsulated complexes
21] before and after Soxhlet extraction were taken which shows
hat surface species formed during complexation were com-
letely removed by Soxhlet extraction.

The infrared band around 1640 cm−1 in the ligand is shifted
o lower frequencies in all the zeolite-encapsulated complexes,
hich confirms complexation at nitrogen of the azomethine
roup (Table 4). Band at 3461 cm−1 in qab and at 3470 cm−1

n salab are due to N–H of imidazole ring. These experience
light shift towards lower frequencies in RuYqab and RuYsalab,
espectively which can be attributed to changes in environ-
ent due to coordination at other positions. IR spectra of

ll zeolite-encapsulated complexes show bands in the region
500–1570 cm−1. These are assigned to C–C stretching vibra-
ions of benzene ring. Since there are no zeolite bands at this
osition, νC–C of benzene ring suggests encapsulation of com-
lexes.

In the IR spectra of the free ligands, bands occur in the
egion 1270–1300 cm−1 due to νC–O of phenolic group. How-
ver, this is absent in encapsulated complexes. This might be due
o the masking by the broad zeolite band around 1000 cm−1.

sharp band is seen in all encapsulated complexes between
020 and 1030 cm−1which is not seen in the corresponding
igands. Hence, it can be assigned to the zeolite framework vibra-
ion. Other major zeolite framework bands appear around 1140,
25 cm−1 [22]. Also most of the bands due to ligands are masked
y the zeolite peaks in complexes. However the bands due to

zomethine group could be observed with shifts towards lower
requencies.

The electronic spectral data of the encapsulated complexes
re given in Table 5. It has been reported that in a number of

II stage

re (◦C) Temperature range (◦C) Weight loss (%)

200–800 8
200–600 6
200–550 7
200–550 6
200–550 9
200–550 8
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Table 4
IR spectral data of ligands and zeolite-encapsulated complexes

Compound νN–H νO–H νC–O of phenolic group νC N of azomethine group νC–C stretching νzeolitic peaks νzeolite peaks νcoord water

qpd 3474 1275 1651 1534
RuYqpd 3459 1640 1526 1021 579 789
qap 1280 1630 1525
RuYqap 3448 1621 1513 1026 580 782
qab 3461 1283 1642 1530
RuYqab 3452 1635 1507 1024 571 808
salpd 1275 1651 1561
RuYsalpd 3489 1644 1547 1023 579 792
salap 1273 1639 1526
R 1518 1023 579 785
s 1533
R 1520 1023 576 792
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Table 6
EPR spectral parameters of zeolite encapsulated complexes

Sample EPR parameters

RuYqab g|| = 2.12; g⊥ = 2.14
R
R

3
c

t
c
t
i
a
t

uYsalap 3439 1630
alab 3470 1278 1641
uYsalab 3459 1636

uthenium complexes charge transfer absorptions occur at rela-
ively low energies. In the present complexes the high intensity
ransitions above 30,000 cm−1 are assigned as charge transfer
ands [23,24]. The ground state for the low spin octahedral
omplexes is 2T2g and the excited states are 2A2g, 2T1g, 2Eg.
n RuYqpd, the absorption peak seen as shoulder on the high
ntensity charge transfer band at 28490 cm−1 is assigned to the
ransition 2T2g → 2A2g, 2T1g. As the crystal field parameters
re quite large, the expected electronic transition, 2T2g → 2Eg,
sually occur in the region of absorptions of the charge trans-
er bands and are frequently obscured in some complexes [25].
owever, the spin forbidden transition, 2T2g → 4T1g, is fre-
uently observed in some of the octahedral complexes. The
ands occurring in the region 17,000–17,600 cm−1 have been
ssigned to the spin forbidden transitions [25,26]. The values
uggest octahedral geometry for the complexes.

EPR spectrum of encapsulated complex RuYsalap gives three
values (Table 6) indicating rhombohedral distortion of octahe-

ral geometry. RuYqab and RuYsalab present an axial symmetry
iving two g values. A well-resolved EPR spectrum could not
e obtained for the other complexes.

able 5
lectronic spectral data of the encapsulated complexes of ruthenium

omplex Absorbance (cm−1) Tentative assignments

uYqpd 34,720 Charge transfer
28,490 (sh) 2T2g → 2A2g, 2T1g

17,540 2T2g → 4T1g

uYqap 20,620 2T2g → 2Eg

17,480 2T2g → 4T1g

uYqab 34,600 Charge transfer
29,470 (sh) 2T2g → 2A2g, 2T1g

20,700 2T2g → 2Eg

17,570 2T2g → 4T1g

uYsalpd 36,100 Charge transfer
33,350 (sh) 2T2g → 2A2g, 2T1g

uYsalap 36,630 Charge transfer
34,360 (sh) 2T2g → 2A2g, 2T1g

20,280 2T2g → 2Eg

uYsalab 36,000 Charge transfer
28,490 (sh) 2T2g → 2A2g, 2T1g

17,270 2T2g → 4T1g

c
S
f
m
w

F
a

uYsalap g1 = 2.17; g2 = 2.12; g3 = 2.00
uYsalab g|| = 2.16; g⊥ = 2.05

.2. Comparison of catalytic activity of the encapsulated
omplexes of ruthenium

The reaction was found to be selective towards the forma-
ion of 1,2,4-trihydroxybenzene in the presence of encapsulated
omplexes of ruthenium(III). The plots of absorbance versus
ime are shown in Figs. 1 and 2. The initial rates obtained dur-
ng the catalytic activity studies of the synthesized complexes
re presented in Table 7. The percentage conversion of catechol
o 1,2,4-trihydroxybenzene in 30 min and TOF (h−1) were also
alculated and are presented in Table 7. Of all the synthesized

chiff base complexes the one derived from o-aminophenol was
ound to be the most active. The oxidation of Ru(III) by H2O2
ight be proceeding through the formation of Ru(V) species,
hich is then reduced by catechol to Ru(III). IR studies of these

ig. 1. Kinetic plot of absorbance versus time for catechol–H2O2 reaction cat-
lyzed by (©) RuYqap and (�) RuYqab.
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Fig. 2. Kinetic plot of absorbance versus time for catechol–H2O2 reaction cat-
alyzed by (	) RuYsalab, (�) RuYsalap and (©) RuYsalpd.

Table 7
Initial rates and percent conversion of catechol–H2O2 reaction using encapsu-
lated complexes of ruthenium as catalyst

Catalyst Initial rate/unit weight of
ruthenium × 104

(mol dm−3 s−1)

Conversion% in
30 min

TOF (h−1)a

RuYqpd – – –
RuYqap 18.6 6.4 3232
RuYqab 3.0 2.8 628
RuYsalpd 9.1 2.2 1481
RuYsalap 12.4 9.2 3097
RuYsalab 8.6 2.1 848
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[

[16] A.L. Abuhijleh, C. Woods, E. Bogas, G.L. Guenniou, Inorg. Chim. Acta
Catechol] = 1 × 10−2 mol dm−3, [H2O2] = 1 × 10−2 mol dm−3.
a TOF (h−1) = no. of moles of substrate converted per mole of catalyst in 1 h.

omplexes showed that salap binds through one imino nitrogen,
alpd binds through two imino nitrogens and salab binds to the
etal atom through one imino nitrogen. The increase in activ-

ty of the RuYsalap complex might be due to the coordination
f the phenolato oxygen atoms which makes the metal centre
ore electron rich, hence can be oxidized more easily to the +5

tate than the complexes derived from 1,2-phenylenediamine
nd 2-aminobenzimidazole.

RuYqpd remained inactive for reasons unknown. In the
resence of RuYqap 6.4% conversion was achieved in 30 min
ith a TOF (h−1) of 3232. RuYqab complex shows activ-

ty with lesser percent conversion and TOF. The catalytic
ctivity of the salicylidene complexes are in the order
uYsalap > RuYsalpd > RuYsalab.

. Conclusion

New zeolite-encapsulated Ru(III) complexes of Schiff bases
ave been synthesized and characterized. The integrity of encap-

ulation was confirmed by spectroscopic studies as well as
hemical, surface area and thermal analysis. The similarity in
RD pattern of NaY, RuY and encapsulated complexes revealed

hat the framework retains its crystal structure even after com-

[

[
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lexation. The removal of surface species was ascertained by
EM analyses. The lower surface area and pore volume of
omplexes as compared to metal exchanged zeolite suggest
ncapsulation. The coordination of ligands with metal ion was
scertained in all cases by IR spectra. On the basis of magnetic
oment, electronic spectra and EPR, an octahedral geometry
as suggested for all the complexes. These complexes, except
pd complex, catalyze catechol oxidation by H2O2 selectively
o 1,2,4-trihydroxybenzene. Encapsulated complex of qpd is
nactive. A comparative study of the initial rates, percentage
onversion and turn over frequency of the reaction was done
n all cases. The catalytic activity of the complexes is in the
rder RuYqap > RuYqab for quinoxaline-based complexes and
uYsalap > RuYsalpd > RuYsalab for salicylaldene-based com-
lexes.
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