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Abstract A series of zeolite-Y encapsulated hybrid cata-
lysts, [M(STCH)-xH,O]-Y have been prepared by encapsu-
lating Schiff base complexes [where M = Mn(Il), Fe(Il),
Co(II), Ni(Il); (x = 3) and Cu(I); (x = 1); H,STCH =
salicylaldehyde thiophene-2-carboxylic hydrazone] in zeo-
lite-Y matrix by flexible ligand method. These hybrid
materials have been characterized by various physico-
chemical techniques such as ICP-OES, elemental analyses,
(FT-IR and electronic) spectral studies, BET, scanning
electron micrographs, thermal analysis and X-ray powder
diffraction patterns. X-ray powder diffraction analysis
reveals that the structural integrity of the mother zeolite
in the hybrid material remained intact upon immobilization
of the complex. Density functional theory is employed to
calculate the relaxed structure, bond angle, bond distance,
dihedral angle, difference of highest occupied molecular
orbital and lowest unoccupied molecular orbital energies gap
and electronic density of states of ligand and their neat
transition metal complexes. The hybrid materials are active
catalysts for the hydroxylation of phenol using hydrogen
peroxide (30% H,0,) as an oxidant in order to selectively
synthesize catechol or hydroquinone, amongst them
[Cu(STCH)-H,0]-Y shown the highest % of selectivity
towards catechol (81.3%).
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Introduction

In recent years, to design transition metal active centers on
molecular sieves have attracted considerable attentions as
the novel catalysts, owing to which possess the advantages
of both homogeneous catalysis as the metal ion in the
solution and heterogeneous catalysis as the molecular sieve
in the polyphase system. These nanoporous molecular
sieves possess suitable surface area and uniform nanopor-
ous channels, which are advantageous characteristics of a
catalytic support.

Nanopores encapsulated hybrid materials are widely
used as heterogeneous catalysts in various industrially
important reactions. They form the basis of new eco-
friendly techniques, involving inexpensive, most effective
and environmentally greener ways for carrying out various
oxidative transformation reactions such as oxidation of
phenol, cyclohexane, cyclohexene, benzyl alcohol, ethyl-
benzene, epoxidation of styrene and hydroxylation of
benzene [1-8]. Hydroxylation of phenol to catechol and
hydroquinone is an industrially important reaction. Several
research groups have developed different catalytic methods
for hydroxylation of phenol to catechol and hydroquinone,
in which TS-1 and TS-2 was commercially employed
for this purpose [9, 10]. Maurya et al. have synthesized
encapsulated oxovanadium (IV) and copper (II) complexes
with amino acid as well as Schiff base ligands in the
zeolite-Y and studied their catalytic properties for the
oxidation of unsaturated hydrocarbons [1, 11]. Neves et al.
have presented in situ encapsulation of selected transition
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metal complexes [Ni(Il), Cu(IT) and Zn(II)] as a guest with
1-(2-pyridylazo)-2-naphthol (PAN) ligand in supercages of
zeolite-Y (host) using FLM and their results indicated that
complexes were encapsulated in the supercages of zeolite-
Y. The choice of any specific method is being dictated by
the size of ligands relative to the free diameter of zeolite-Y
channels. Complexes or ligands that are smaller than the
channels can be adsorbed from a solution phase into the
zeolite-Y, or they can be synthesized via diffusion of
the ligand by the flexible ligand method into a metal-
exchanged zeolite-Y [12]. Further some studied on the
zeolite-encaged metal complexes extent to the enzymes,
where the catalytic center might be a transition metal ion
and the protein provides the stability and steric constraints.
Vishwanathan and co-workers [13] reported density func-
tional calculations (DFT) studies and evaluated redox
properties of neat and encapsulated Mn—Qn complexes by
cyclic voltammetery. The structural elucidation of Schiff
base ligand (H,STCH) and their metal complexes is fun-
damental to understand host—guest interaction. Sawabe
et al. [14] have performed density functional calculation
and observed that hydrogen promotion effect for the
selective catalytic reduction of NO, over Ag-MFI zeolite
and nature of bond between Ag and MFI is ionic. Density
functional calculation can play a crucial role to clarify
fundamental aspects concerning the chemistry of structural
parameter, complex formation, host—guest interaction and
different allied properties like highest occupied molecular
orbital (HOMO), lowest unoccupied molecular orbital
(LUMO) and formation energy. The scattered study such as
Mgller—Plesset perturbation theory (MP2, MP3 or MP4),
molecular dynamics (MD) [15], semi-empirical quantum
mechanics (QM) [16] methods and Hartree—Fock method
[17] were performed to study the complex formation.
However, due to large size in molecule, few study reported
using first principles with appropriated plane wave basis set
and ultrasoft pseudopotential method [18, 19].

The objective of the present investigation is to develop a
catalytic system for liquid-phase hydroxylation of phenol
with 30% H,0, to give catechol as a major product and
hydroquinone as minor product. Considering the effect of
solvent, amount of catalyst and effect of temperature, an
optimal reaction condition has been optimized to get
maximum hydroxylation. With this view herein we report
the preparation, characterization and catalytic activity of
novel zeolite-Y encapsulated hybrid materials containing
salicylaldehyde thiophene-2-carboxylic hydrazone ligand
(H,STCH) in combination with DFT. Results of DFT
for Schiff base ligand (H,STCH), [Cu(STCH)-H,O] and
[Mn(STCH)-3H,0] were used to explore the energetics of
the metal-ligand interactions and the possibility for the
compound to adopt different conformations. The Schiff
base ligand is shown in Scheme 1.
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Scheme 1 The Schiff base ligand (H,STCH) under study

Experimental
Materials and methods

All chemicals and solvents used were of AR grade and
used without further purification. Salicylaldehyde was
purchased from Loba Chemie (India). Thiophene-2-car-
boxylic acid was obtained from spectrochem (India). 30%
H,O, purchased from Rankem (India). The Schiff base
ligand (H,STCH) was synthesized by the condensation of
salicylaldehyde with thiophene-2-carboxylic acid hydra-
zide according to reported procedure [20]. Sodium form of
zeolite-Y (Si/Al = 2.60) was procured from Hi-media,
India. It was dried at 400 °C for 6 h before being used as
host material for encapsulation of complexes.

Instrumentation

The Si, Al, Na and transition metal ions in the encapsulated
hybrid materials were determined by ICP-OES (Model:
PerkinElmer optima 2000 DV). Carbon, hydrogen and nitro-
gen were analyzed with a Perkin Elmer, USA 2400-I CHN
analyzer. IR spectra of encapsulated hybrid materials were
recorded on a Thermo Nicolet IR200 FT-IR spectrometer in
KBr. UV-Visible spectra were recorded on Spectrophotom-
eter Make/model Varian Cary 500, Shimadzu. The crystal-
linity of compounds was ensured by XRD using a Bruker AXS
Dg Advance X-ray powder diffractometer with a Cu Ko target.
The surface area of encapsulated hybrid materials was mea-
sured by multipoint BET method using ASAP 2010, micro-
metrics surface area analyzer. A simultaneous TGA/DTA of
the encapsulated hybrid materials has been obtained by Perkin
Elmer Diamond TG-DTA Instrument. The experiments were
performed in N, atmosphere at a heating rate 10 °C min™" in
the temperature range 50-800 °C, using Al,O5 crucible. The
scanning electron micrographs of encapsulated hybrid mate-
rials were recorded using a SEM instrument (Model: LEO
1430 VP). The compounds were coated with a thin film of gold
before recording the SEM to protect surface material from
thermal damage by the electron beam.

Preparation of M"-Y (metal exchanged zeolite-Y)

A series of zeolite-encapsulated hybrid catalysts have been
prepared by flexible ligand method (FLM) as shown in
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Scheme 2 Synthesis of zeolite-Y encapsulated hybrid catalysts

Scheme 2. An amount of 5.0 g of zeolite-Y was suspended
in 300 mL of deionized water containing 12 m mol metal
salt (MH(CH;COO)z“-HQO, FCSO4'7H20, CO(CH';COO)Q
4H,0, Ni(CH3;C00),-4H,0 and Cu(CH;COO),-H,0,
respectively) with constant stirring. The reaction mixture
was then heated at 90 °C for 24 h. The solid was filtered,
washed with hot deionized water until the filtrate was free
from any metal ion content, and dried for 15 h at 150 °C
in air.

Preparation of zeolite encapsulated hybrid catalysts

In the next step, 1.0 g of M™-Y (calcinated at 450 °C in a
muffle furnace for 4 h prior to use) was uniformly mixed
with an excessive amount of H,STCH ligand (mgand/
Nmetal = 3) in ethanol, and sealed into a round bottom flask.
The reaction mixture was refluxed (~24 h) in an oil-bath
with stirring. The resulting material was taken out, fol-
lowed by Soxhlet extraction with ethanol, acetone and
finally with acetonitrile (6 h) to remove uncomplexed
ligand and the complex adsorbed on the exterior surface of
zeolite-Y. The extracted sample was ion-exchanged with
0.01 M NaCl aqueous solution for 24 h to remove unco-
ordinated M" ions, followed by washing with deionized
water until no Cl” ion could be detected with AgNO;
solution. The final product was collected and dried at
120 °C.

Computational discussion

The electronic structures of the atoms are as follows:
C[He]2522p2; N[He]2522p3; O[He]2522p4; S[Ne]3sz3p4;
Mn[Ar]3d°4s' and Cu[Ar]3d'%4s’. The geometry of all the
structures considered in this work has been optimized using
plane wave pseudopotential implemented in QUANTUM
ESPRESSO [21-24]. The exchange and correlation effects
were treated using Perdew—Burke—Ernzerhof generalized
gradient potential approximation (PBE-GGA) [25]. The
energy cutoff was set to 40 Ryd, and the self consistent
calculation were considered to be converged using the
conjugate-gradient algorithm until the absolute value of the
forces on unconstrained atoms was less than 0.03 eV A”
and up to a precision of 10™* eV in total energy difference.
The Brillouin zone sampling was restricted to the gamma

point [26]. Marzari—Vanderbilt [27] Gaussian smearing
with a width of 0.05 Ryd was used to accelerate conver-
gence of the total-energy calculations. For density of states
calculations we increased the sampling of the Brillouin
zone.

Catalytic hydroxylation of phenol

The catalytic hydroxylation of phenol was undertaken in
a two-necked 50 mL round bottomed flask. In a typical
reaction, 30 m mol of the substrate was taken in 2 mL of
acetonitrile, add 45 mg of the catalyst to it and equilibrated
at 80 °C in an oil-bath. 45 m mol of 30% H,O, solution
(phenol/H,0, molar ratio, 1:1.5) was added to this with
continuous stirring for 6 h. The products were collected at
different time intervals and were identified and quantified
by GC.

Results and discussion

The analytical data of host zeolites and zeolite-Y encap-
sulated hybrid materials are given in Table 1. The neat
zeolite-Y has a Si—Al ratio is 2.60, indicating no dealu-
mination during the encapsulation by FLM. Surface area
and pore volume values estimated by nitrogen adsorption
isotherms at relative pressures (p/pp) given in Table 2. The
results evaluated drastic reduction of surface area and pore
volume of zeolite on encapsulation of metal complexes,
which indicate the presence of complexes inside the
nanocavity of zeolite-Y [28, 29].

Scanning electron micrographs (SEMs) of [Cu(STCH)-
H,0]-Y recorded before and after Soxhlet extraction are
shown in Fig. 1, which shows well defined crystals after
Soxhlet extraction, no surface complexes are seen and the
particle boundaries on the external surface of zeolite are
clearly distinguishable. During the process of encapsula-
tion and Soxhlet extraction, the framework of the zeolite-Y
was not damaged. These micrographs reveal the efficiency
of purification procedure to effect complete removal of
extraneous complexes, leading to the presence of well-
defined encapsulation in the cavity.

X-ray powder diffraction measurements have been done
for encapsulated hybrid materials, metal exchanged zeo-
lite-Y and neat Na-Y. Comparison of XRD patterns of
encapsulated hybrid materials and metal exchanged zeo-
lite-Y with the standard patterns of Na-Y showed almost no
significant changes in peak positions of the diffraction lines
(Fig. 2). However, a little change occurred in the relative
peak intensities of (3 3 1), (3 1 1) and (2 2 0) upon
introducing the metal ions or complexes. In neat Na-Y
intensity values were found in the order I33; > Iy0 > I31;.
Upon exchanging the metal or after the encapsulation
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Table 1 Analytical and physical data of compounds

Sr. no. Compound Color Elements % found

%C %H %N %M %Si %Al %Na Si/Al
1 Na-Y White - - - - 17.16 6.60 9.86 2.60
2 Mn'-Y Dull white - - - 2.40 17.08 6.56 5.68 2.60
3 [Mn(STCH)-3H,01-Y Yellow 0.95 0.38 0.19 2.15 16.91 6.50 7.45 2.60
4 Fe'l-y Beige - - - 5.33 16.85 6.48 6.25 2.60
5 [Fe(STCH)-3H,01-Y Light orange 1.34 0.82 0.26 2.89 16.39 6.30 6.85 2.60
6 Co'-y Light pink - - - 3.53 16.80 6.46 487 2.60
7 [Co(STCH)-3H,0]-Y Yellow 1.22 0.53 0.24 1.75 16.57 6.37 5.30 2.60
8 Nilly Light green - - - 3.62 16.98 6.53 3.92 2.60
9 [Ni(STCH)-3H,0]-Y Light yellow 1.15 0.49 0.23 1.83 16.64 6.40 534 2.60
10 Cu'-y Pale blue-green - - - 471 16.90 6.50 7.01 2.60
11 [Cu(STCH)-H,0]-Y Dull green 1.10 0.64 0.23 1.30 16.77 6.45 6.90 2.60

Table 2 Surface area and pore volume data of compounds

Compound Surface area Pore volume
(m*/g) (ce/g)”
Na-Y 548 0.32
Mn™Y 538 0.29
[Mn(STCH)-3H,0]-Y 385 0.20
Fe'l-y 530 0.28
[Fe(STCH)-3H,0]-Y 380 0.19
Co'-y 530 0.30
[Co(STCH)-3H,0]-Y 372 0.21
Ni'hy 527 0.30
[Ni(STCH)-3H,0]-Y 376 0.20
Cu'-y 534 0.31
[Cu(STCH)-H,0]-Y 397 0.23

# Calculated by the BJH-method

process affects the relative peak intensities of (3 1 1) and (2
2 0) peaks, the intensity being in the order I33; > I3 >
Io0. This indicates that the crystallinity of the zeolitic
matrix remained intact upon encapsulation of the metal
complex. The analysis of SEMs image also supports the
assertion that all the modified zeolite has retained the
crystallinity of the zeolite-Y.

The IR spectral data of ligand H,STCH and their encap-
sulated hybrid materials are shown in Table 3. On comparing
the main IR frequencies of encapsulated hybrid materials
with that of H,STCH ligand, the following results were
found. The vy (C-O) of the ligand shifted from 1266 to
~1271 cm™" in all the encapsulated hybrid materials. The
H,STCH ligand exhibits a strong band at 1596 cm ™" due to
azomethine (C=N) group. This band is shifted to lower fre-
quency region upon complexation with the metal by
15-30 cm™" [30, 31], suggesting coordination via the
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Fig. 1 SEM images of [Cu(STCH)-H,O]-Y a before and b after
soxhlet extraction
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Fig. 2 XRD patterns of Na-Y and its modified zeolites

azomethine group in the encapsulated hybrid materials
(M«N). In the investigated encapsulated hybrid materials,
the broad band observed at ~3400 cm™" and other very
weak bands 830-860, 690-710 cm ™! are attributed to -OH
stretching, rocking and wagging vibrations, respectively,
due to the presence of water molecules [32]. Itis evident that
framework vibration bands of Na-Y dominate the spectra
below 1200 cm ™' for all encapsulated hybrid materials. The
bands at 572, 730 and 1029 cm™' are attributed to T-O
(structure-sensitive band) double ring, symmetric stretching
and asymmetric stretching vibrations, respectively [33]. No

shift was observed upon encapsulation of transition metal
complexes; further substantiating that zeolite framework
remains unchanged.

The electronic spectral bands of H,STCH Schiff base
ligand and their encapsulated hybrid materials are discussed.
The H,STCH ligand exhibits three bands at 210, 349 and
389 nm due to ILCT (intra ligand charge transfer transition),
n—n and n—7 transitions, respectively. In the electronic
spectrum of encapsulated hybrid material [Mn(STCH)-
3H,0]-Y, the characteristic bands appear at 658, 448 and
321 nm are assignable to (’Alg—>4T1g (vy), 6A1g—>4T2g (vp)
and °A 1 g—>4A 1g> 4Eg (v3) transitions, of a distorted octahedral
geometry around the metal ion respectively [34]. The elec-
tronic spectrum of [Fe(STCH)-3H,O]-Y exhibits band at
294 nm may be assignable to MLCT transition. [Co(ST-
CH)-3H,0]-Y displays four bands at 713, 323, 255 and
211 nm are attributed to “T),(F)—>*Ag,(F), *T o (F)—
4T1g(P), MLCT and ILCT transitions of an octahedral
geometry around the metal ion, respectively. The absorption
spectrum of [Ni(STCH)-3H,0]-Y exhibits two bands at 676
and 238 nm may be attributed to 3A2g—>3T1g(P) (v3) and
3A2g—>3T1g(F) (v,) transitions, respectively [35]. The elec-
tronic spectra of [Cu(STCH)-H,O]-Y consists of shoulders at
~ 353 nm and a broad shoulder around 460 nm, which can be
assigned tothe d,, ,.—d,,andd,>_,» — d,, transitions, while
other ligand bands appear at 253 and 210 nm, which may be
assignable for tetrahedrally distorted (D,,) mononuclear
copper(Il) complexes [36].

The thermogravimetric analysis data along with the
percentage weight loss at different steps and their possible
assignments are presented in Table 4. The TG-DTA curves
of one of the representative catalyst, [Mn(STCH)-3H,0]-Y
is given in Fig. 3. The thermal decomposition of the cat-
alyst [Mn(STCH)-3H,0]-Y undergoes in two stages. The
weight loss (16.6%) in the first step starts shortly after
increasing the temperature and continues until the loss of
intrazeolite water and coordinated water molecules from
the species. This dehydration process is accompanied by
endothermic effect at 101 °C in DTA curve [37]. The
exothermic process in the second step, as expected, occurs
in a wide temperature range (290-550 °C) and is due to the

Table 3 FT-IR assignments of ligand (H,STCH) and their encapsulated complexes in cm ™!

Compound Internal vibrations External vibrations V(c=N) V(o-H) Vic-0)
Vasym I-O Veym T-O VsymT-O Vasym [-O D-R
H,STCH - - - - - 1596 3371 1266
[Mn(STCH)-3H,0]-Y 1022 718 784 1119 578 1612 3420 1276
[Fe(STCH)-3H,0]-Y 1018 733 775 1127 565 1619 3447 1273
[Co(STCH)-3H,0]-Y 1025 725 760 1132 575 1625 3430 1270
[Ni(STCH)-3H,0]-Y 1020 710 780 1122 560 1616 3440 1275
[Cu(STCH)-H,0]-Y 1029 730 788 1125 572 1610 3426 1271
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Table 4 Thermogravimetric
analysis data of selected
catalysts

Compound

Temperature
range (°C)

Weight
loss (%)

Group loss

[Mn(STCH)-3H,0]-Y

260490 17.6
40-290 14.9

[Cu(STCH)-H,0]-Y

290-560 16.4

40-260 16.6

Loss of intrazeolite +
coordinated water molecules

Loss of ligand

Loss of intrazeolite 4+ coordinated
water molecules

Loss of ligand

101

T
=

T
|

\
(=]

751

T
g
=

Weight loss %
Microvolt Endo Down (UV)

o
S

50 T T T
200 400 600 800

Temperature C

Fig. 3 TG and DTA thermogram of [Mn(STCH)-3H,0]-Y

slow decomposition of the chelating ligand. A very small
weight percentage loss (17.6%) indicates the presence of
only small amount of metal complex insertion in the cavity
of the zeolite-Y.

As a first step in our calculations, the constructed model
structures for the ligand, and neat transition metal com-
plexes were allowed to relax. This was done by using
Broyden—Fletcher—Goldfarb—Shanno (BFGS) method. In
the Mn(Il) complex, the central metal has an octahedral
environment, and the Cu(Il) complex has the coordi-
nation number 4. The optimized structure of the
[Mn(STCH)-3H,0] type complex show a distorted octa-
hedral geometry, made by the three water molecules, two
oxygen and azomethine nitrogen of ligand, whereas in case
of [Cu(STCH)-H,0] show tetrahedrally distorted geometry
along with one water molecule, two oxygen and azome-
thine nitrogen of ligand, which were summarized in
Table 5 and Fig. 4. However, the [Mn(STCH)-3H,O]
structure has shown some distortion in the relaxed structure
which were confirmed by the dihedral angles O(8)-N(9)—
O(17)-Mn and O(20)-0(19)-0(21)-0O(8) were 34.154 and
104.45° respectively. Further, the dihedral angle O(8)-
0(19)-0O(17)-N(9) and C(11)-C(12)-O(17)-Mn were
57.048 and 40.013° respectively, also confirmed a distor-
tion of the Mn(II) complex. In the case of Cu(II) complex,
only a very small distortion was observed for azomethine

@ Springer

nitrogen of ligand; the dihedral angle C(11)-C(12)-N(9)—
Cu was 65.006°.

The bond distance of Mn—O(19) is shorter than that of
Cu—0O(18), while Mn—-N(9) distance is longer than Cu—O(9)
complex, which might be due to the distorted octahedral
Mn(II) complex. The calculated Mn-N(9) and Mn-0O(20)
bond length (~2.0 A) are consistent with the typical
lengths in the octahedral coordinated Mn(II) complex,
while the length of corresponding bonds for the tetrahe-
drally coordinated Cu(II) complexes are 1.6—1.7 A [12].
Furthermore, the corresponding bond angles of the donor
atoms of H,STCH and Cu(Il) ion are more acute for the
tetrahedral geometry. The dihedral angles N(7)-C(6)-
0O(8)-Mn, 0(20)-0(19)-O(8)-Mn and O(8)-N(9)-O(17)-
Mn shows deviation from the regular octahedral geometry.
The aperture of zeolite-Y is defined by a 12 member
oxygen ring, having a larger cavity of diameter 12 A and
their unit is cubic (a = 24.7 A), whereas the size of the
neat Mn(Il) and Cu(Il) complexes are 12.043 and 12.039 A
respectively, smaller than the zeolite-Y cavity. This pre-
vents complexes to come out of the zeolite cavity into the
reaction medium.

The electronic density of states for ligand and transition
metal complexes were presented in Fig. 5. It is clear that
Cu(Il) complex band structure were continuous valance
and conduction bands, whereas Mn(II) has clearly more
localized states in valence and conduction bands, which
also confirms our prediction. Further, comparing the dif-
ferent DOS, we noticed that in the case of transition metal
complex lead to a very small shift of the Fermi level
towards higher energy. This can be explained by the
electronic density of states of the ligand, which is free from
transition metal. The HOMO-LUMO energy difference as
presented in Table 6, for [Cu(STCH)-H,0] is —4.164 eV
which is more than —2.371 eV of [Mn(STCH)-3H,0].
Similarly, the distortion of the metal complex upon
encapsulation in various zeolites might change the position
of HOMO and LUMO level of metal complexes.

Table 7 shows Fermi energy for ligand and neat com-
plexes, is more for ligand and less in the case of Mn(II)
complexes might be due to structural changes in relaxation.
The shift in HOMO and LUMO energy difference from
ligand H,STCH may also due to the columbic effects,
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angles and dindral angles for  IMISTCH3H:0) [CuSTCH) 0]

neat complexes are calculated Distance (A)

from relaxed structure
Mn-0(19) 1.443 Cu-0O(18) 1.745
Mn-N(9) 1.978 Cu-N(9) 1.450
Mn-0(21) 1.656 Cu-0(16) 2.438
Mn-0O(8) 1.553 Cu-0O(8) 1.657
Mn-0(20) 2.041
Mn-0O(17) 2.292

Angle (°)
0(20)-Mn-N(9) 53.214 0(16)-Cu-0O(18) 123.355
0(20)-Mn-0O(19) 101.003 0(16)-Cu-N(9) 80.341
0(19)-Mn-0O(21) 67.200 0(18)-Cu-0O(8) 109.081
0O(21)-Mn-N(9) 104.147 N(9)-Cu-0(8) 101.332
0O(19)-Mn-N(9) 171.012
0(20)-Mn-O(21) 89.611
O(17)-Mn-O(8) 108.080
Dihedral angle (°)

0(20)-0(19)-0(21)-0(8) 104.451 0(16)-0(18)-0(8)-N(9) 53.243
0O(8)-0(19)-O(17)-N(9) 57.048 C(11)-C(12)-0(16)—Cu 10.528
C(11)-C(12)-0(17)-Mn 40.013 N(7)-C(6)-0O(8)—Cu 4421
N(7)-C(6)-O(8)-Mn 0.577 C(11)-C(10)-N(9)—Cu 65.006
0(20)-0O(19)- O(8)-Mn 0.582 C(6)-N(7)-N(9)—Cu 57.698
O(8)-N(9)-O(17)-Mn 34.154

coordination effects and vanderwaals interactions, whereas
the columbic effects were produced by the charge distri-
bution which might alter the energy level of metal complex
shown in Table 7. The octahedral geometry for Mn(II)
complex was also tested for the energy relaxation and
found that Mn(II) octahedral is more stable than Cu(II)
complex.

The catalytic hydroxylation of phenol was undertaken in
a two-necked 50 mL round bottomed flask. In a typical
reaction, 30 m mol of the substrate was taken in 2 mL of
acetonitrile, add 45 mg of the catalyst to it and equilibrated
at 80 °C in an oil-bath. 45 m mol of 30% H,O, solution
(phenol/H,O, molar ratio, 1:1.5) was added to this with
continuous stirring for 6 h and their results are given in
Table 8. Blank experiments were performed without cata-
lyst or with Na-Y zeolite show a lesser amount of %
conversion. The products were collected at different time
intervals and were identified and quantified by GC. The
absence of metal ions in filtrate indicates that no leaching
of complexes has occurred during reaction, as they are too
intact in the nanopores [38].

Figure 6 summarizes the percentage conversion of phenol
along with catechol and hydroquinone formations. It is clear
from the results that the selectivity of catechol formation
found to be varied (51-81%) from catalyst to catalyst.
Interestingly all these catalysts are highly selective towards

the catechol formation and the selectivity is maintained even
after 24 h of reaction time. The conversion (%) of phenol
increases in the order: [Cu(STCH)-H,0]-Y > [Co(STCH)-
3H,0]-Y > [Fe(STCH)-3H,0]-Y > [Ni(STCH)-3H,0]-Y >
[Mn(STCH)-3H,0]-Y towards the formation of catechol
selectively. In order to achieve suitable reaction conditions
for the maximum hydroxylation, the parameters such as
(D Effect of solvent (I) Effect of amount of catalyst and (III)
Effect of temperature were studied using [Cu(STCH)-H,0]-
Y as a representative catalyst. The results of these effects
along with their possible explanations are summarized
below:

The effect of various solvents over the hydroxylation
of phenol with [Cu(STCH)-H,O]-Y was studied. Five
different solvents viz. chloroform, methanol, n-hexane,
ethyl acetate and acetonitrile were taken to study their
effect on the conversion. Though it is difficult to explain
that which characteristic property of the solvent affects
most to the % of phenol conversion, acetonitrile gives the
best performance as the solvent (Fig. 7). The increasing
order of % conversion can be given as: chloroform
(9.5%) < methanol (20.1%) < n-hexane (32.8%) < ethyl
acetate (38.5%) < acetonitrile (42.9%).

The amount of catalyst has a significant effect on
the hydroxylation of phenol. Five different amounts of
[Cu(STCH)-H,0]-Y catalyst viz., 15, 25, 35, 45 and 50 mg
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Fig. 4 Representative
structures for H,STCH ligand (a)
(a), neat distorted octahedral
[Mn(STCH)-3H,0] (b),
tetrahedrally distorted
[Cu(STCH)-H,O0] (c¢), zeolite-Y
nanocavity (d), encapsulated
[Mn(STCH)-3H,0]-Y (e) and
[Cu(STCH)-H,01-Y (f)

(c)

NEVAVA!
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Fig. 5 Electronic density of states of ligand (a) and neat transition
metal complexes (b, ¢), the Fermi level is set to be 0 eV
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(d)

Table 6 The HOMO and LUMO energy difference (eV) for Schiff
base ligand H,STCH and neat complexes

Compound HOMO-LUMO (eV)
H,STCH —2.011
[Mn(STCH)-3H,0] —2.371
[Cu(STCH)-H,0] —4.164

were used, keeping with all other reaction parameters fixed:
namely temperature (80 °C), phenol (30 m mol), 30%
H,0; (45 m mol) in acetonitrile (2 mL) and reaction time
(6 h). The results are shown in Fig. 8, indicating 30.5, 33.7,
39.8, 42.9 and 42.9% conversion corresponding to 15, 25,
35, 45 and 50 mg catalyst, respectively. Lower conversion
of phenol with 15 and 25 mg catalyst may be due to fewer
catalytic sites. The greater conversion percentage was
observed with 45 mg catalyst but there was no remarkable
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Table 7 Relaxed parameters of ligand and neat metal complexes using density functional calculation

Compound Total energy (eV)* Fermi energy (eV) One electron contribution (eV) Ewald contribution (eV)
H,STCH —3696.266 3.572 —2662.567 —1765.770
[Mn(STCH)-3H,0] —7901.203 2.472 —7889.336 —2809.541
[Cu(STCH)-H,0] —5776.925 3.351 —3429.296 —3001.547
? Harris-Foulkes estimate
Table 8 Hydroxylation of - .
phenol to catechol and Sr. no. Compound Conversion (%) Selectivity (%)
hydroquinone with 30% H,0, Catechol Hydroquinone
catalyzed by encapsulated
complexes (temperature 80 °C; 1 [Mn(STCH)-3H,0]-Y 17.7 57.8 42.2
Rhenoglzzoz ?Olarigﬂov LLS o [Fe(STCH)-3H,0]-Y 279 72.9 27.1
time, ; catalyst,
ime, 6 b; catalyst, 45 mg) 3 [Co(STCH)V3H,0]-Y 34.1 775 25
4 [Ni(STCH)-3H,0]-Y 21.2 63.7 36.3
5 [Cu(STCH)-H,0]-Y 429 81.3 18.7
6 [Cu(STCH)-H,0]-Y* 41.6 80.2 19.8
- 7 [Cu(STCH)-H,0]-Y" 38.8 78.9 21.1
t
L reme 8 cu'y 163 514 48.6
Second reuse
1=[Mn(STCH).3H01Y 5 = [Cu(STCH).HyOFY [ JConversion (%) 50 1 = Cholorform
2 =N\
100 4| 2= [Fe(STCH)3H01Y 6= [Cu(STCH).HpOl-Y2 I Catechol < Methanol
» B b I 11y droquinone 3 =n-Hexane
3—[Co.(STCH).3H20J-Y 7—[CuI(ISTCI-[).H20J-Y 4=TBihyl acetate
4=[Ni(STCH).3H01Y  8=Cully 40 5= Acetonitrile
80 -
o
(=}
60 4 5 30
° g
= =
10 3 20
X
20 4 10 |
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Fig. 6 Conversion % of phenol hydroxylation

difference in the progress of reaction when more than
45 mg of catalyst was employed. Therefore, 45 mg amount
of catalyst was taken to be optimal.

Similarly, for four different temperatures viz. 60, 70, 75,
and 80 °C, the effect of temperature on the hydroxylation
of phenol (Fig. 9) was examined at under the above reac-
tion conditions, phenol (30 m mol), 30% H,0; (45 m mol),
catalyst (45 mg) in acetonitrile (2 mL) for 6 h. The result
reveals that on increasing the temperature from 60 to
80 °C, the improvements was observed and further no
change in % conversion of hydroxylation of phenol.

Fig. 7 Effect of solvent on the hydroxylation of phenol

Consequently at 80 °C for 6 h time is considered to be the
optimum.

The representative catalyst [Cu(STCH)-H,O]-Y was
recycled for the oxidation of phenol with a view to establish
the effect of encapsulation on stability. The initial run shows
a conversion of 42.9% and it just marginally reduced to 41.6
and 38.8% after first and second recycling the catalyst,
respectively. These results indicate that [Cu(STCH)-H,O]-Y
catalyst is almost stable to be recycled for the oxidation of
phenol without much loss in activity. Consequently, the
encapsulation of metal complexes inside the nanocavity of
zeolite-Y is found to increase the life of catalyst by reducing

@ Springer
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Fig. 8 Effect of amount of catalyst on the hydroxylation of phenol
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Fig. 9 Effect of temperature on the hydroxylation of phenol

dimerization due to restriction of internal framework
structure.

Concluding remarks

In summary, a series of zeolite-encapsulated hybrid catalysts
have been prepared by FLM, as evidenced by ICP-OES,
elemental analyses, spectral studies, BET, SEMs, X-ray
diffraction patterns and TG-DTA studies. Furthermore, the
spectroscopic data suggest that the crystallinity of the zeolite
has not undergone any significant change during the process
of encapsulation. HOMO and LUMO energy difference gap
were calculated from first-principles. The relaxed total
energy indicates that Mn(II) is more stable than that of Cu(II)
complexes. The encapsulated hybrid materials exhibit cata-
Iytic activity for the hydroxylation of phenol using hydrogen

@ Springer

peroxide affording catechol and hydroquinone, with good
catechol selectivity in the order: [Cu(STCH)-H,O]-Y >
[Co(STCH)-3H,0]-Y > [Fe(STCH)-3H,0]-Y > [Ni(STCH)-
3H,0]-Y > [Mn(STCH)-3H,0]-Y. This shows that [Cu
(STCH)-H,O]-Y catalyst has the highest % of catechol
selectivity (81.3%).
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