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4.1. INTRODUCTION

The selective oxidation of thio-ethers is a significant reaction in organic synthesis,' since the
product sulfoxides is the important intermediate of various biological advances in natural
compounds.” * These products also have versatile applications in agrochemical,® 5
pharmaceutical,’ polymer’ industries and also can be used as ligands in asymmetric
catalysis,® oxo-transfer reagents and solvents.® They often play an important role as
therapeutic agents such as anti—ulcer,g’ 10 antibacterial, antifungal, anti—atherosclerotic,”’ 12
anthelmintic,"” antihypertensive, " and vasodilators.”> As a result, there are substantial
amount of work has been done to develop varieties of competent catalysts for the

. . 16-27
sulfoxidation process.

Most of conventional synthetic routes for sulfoxidation process are
quite efficient but they require the use of lots of organic and inorganic oxidants, solvents
which obviously leads to produce a large amount of toxic waste.” * Consequentially, it is
essential to develop the ‘greener approach’ to get the desired sulfoxidation products. In order
to adopt the environment benign methodology there should be some modification in
traditional the procedures like uses of environment friendly oxidants, solvent free reaction
medium and eco-friendly catalysts. Aqueous hydrogen peroxide is most popular oxidant for
the sulfoxidation process because of easy handling, greater availability, and eco friendly
approach for the reaction due to formation of water as the only by-product.”® Schiff base
transition metal complexes have played vital role for the progress of catalytic processes with
greater utility in biological and industrial applications.’®* However the homogeneous
catalysts generally have some disadvantages in the catalytic processes like, their instability,

h.>*3®. The modern

difficulty in the separation, lack of reusability and lack of greener approac
catalytic science favors those catalysts, which can conquer the limitation of these
homogeneous catalysts without loss of reactivity. In this direction, heterogenisation of
conventional homogeneous catalyst is a suitable route to couple the reactivity of the complex
with the additional shape and size-selectivity and site isolation properties appended by the
host materials. Encapsulation of transition metal complexes in different host like microporus,
mesoporous materials is an alternative contemporary approach to accomplish the synthesis of

designer catalyst.”*

In this order, zeolites are found as competent hosts for the synthesis of
so-called biomimetic systems by encapsulating those transition metal complexes which are

having comparable molecular dimension with that of cavity of the host zeolites.™ ** Among
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those, employment of zeolite encapsulated metal complexes in the field of oxidation or
epoxidation of alkanes, alkenes, alcohols and aromatic compounds by zeolite encapsulated

38, 40, 44-51

metal complexes have been extensively studied and reported , but comparatively

lesser reports are available on sulfoxidation process.’*>°

Maurya and co-workers have
investigated different vanadium complexes entrapped in zeolite Y and explored their catalytic
activities for the oxidation and sulfoxidation reaction.’>>> The authors have stated that the
encapsulated complexes in zeolite Y have shown almost similar reactivity for the
sulfoxidation reaction when compared with their free states. However, higher turnover
frequencies and reusability make the zeolite-encapsulated complexes more suitable than their

free state analogues.

In present work, we have synthesized some novel palladium Schiff-base complexes in
encapsulated state in zeolite Y as well as in free states. The molecular dimensions of
complexes followed the order as PdL1<PdL3<PdLA<PAL5<PdL6. These systems are
employed as catalysts for the sulfoxidation of methyl phenyl sulfide to study the steric and
electronic effect of different substituent’s groups which are attached on the complexes, and
their consequences on the reactivity upon encapsulation. These systems are well
characterized by powder XRD, XPS, SEM-EDS, IR and UV-Visible spectroscopy. It is quite
fascinating to observe that as compared to the neat complexes, encapsulated complexes are
much better catalysts for the conversion of methyl phenyl sulfide to corresponding sulfoxide
and interestingly, reactivity of encapsulated systems are largely controlled by the extent of

space constraint imposed by the host framework of zeolite Y.
4.2. RESULTS AND DICUSSION

The synthesis of Schiff-base ligands (L1, L3, L4, L5 and L6) and free state palladium Schiff-
base complex (PdL1, PdL3, PdL4, Pd L5 and PdL6) have already been discussed in chapter 2

(experimental section).
4.2.1. Elemental Analysis

The pure Na-zeolite Y has the unit cell formula as NasgAlssSij3603s5°yH2O and Si/Al ratio is
2.34. The elemental analysis (EDS spectra) of encapsulated complexes PdL1, PdL3, PdlL4,
PdL5, and PdL6, have suggested that Si/Al ratio remains unaffected even after the

encapsulation for all the cases (Appendix A18-A23) indicating that the dealumination doesn’t
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take place during the process of encapsulation. The concentration of palladium metal ion in
the Pd-exchanged zeolite and encapsulated metal complexes in wt% given in table 4.1
indicates the concentration of palladium metal ions in Pd-exchanged zeolite Y is greater than
that of the all the zeolite encapsulated complexes. It is quite reasonable because in the process
of encapsulation slight leaching of metal ions may occur which eventually leads to the

reduction of the wt% of palladium in encapsulated metal complexes.

Table 4.1: Concentration of palladium (wt %) content in the different samples.

S.No Samples Palladium (wt %) Si/Al ratio
1. Parent Y - 2.90
2. Pd-Y 0.65 2.79
3. PdL1-Y 0.51 2.85
4. PdL3-Y 0.27 2.89
5. PdLA4-Y 0.27 1.28
6. PdL5-Y 0.26 2.78
7. PdL6-Y 0.22 2.79

4.2.2. Scanning Electron Microscopy

Scanning electron microscopic studies of pure zeolite Y and the Soxhlet extracted hybrid
PdL1-Y, PdL3-Y, PdL4-Y, PdL5-Y, and PdL6-Y systems are carried out (SEM images are
shown in Figure 4.1). Complex formation is required only inside the cavities but practically
it is not viable, because some of the metal complexes can always be adsorbed on surface or
some ligands may remain uncoordinated. To investigate surface morphology of zeolite Y
specifically after encapsulation SEM images before or after Soxhlet extraction are taken,
After Soxhlet extraction, zeolite boundaries are evidently observable in the SEM images of
zeolite entrapped complexes and also comparable with that of the pure zeolite Y. This

manifests the absence of unreacted species or impurities on the surface of host lattice in the
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final host-guest products.57’ %% The color of Soxhlet extracted final product definitely is a sign

of successful encapsulation of the complex inside the cavities of zeolite.

Figure 4.1: SEM images (a) zeolite Y, (b) Pd-Y, (¢) PdL3-Y (before Soxhlet extraction) (d) PdL3-Y
(after Soxhlet extraction), (e) PdL4-Y, (f) PAL6-Y.

4.2.3. Powder X-ray Diffraction Analysis

Powder X-ray diffraction patterns of parent zeolite Y, Pd-zeolite-Y and palladium salen
complexes encapsulated in zeolite Y have been recorded (Given in Figure 4.2). The
complexes are systhesized within the supercage of zeolite Y via flexible ligand synthesis
method and the unreacted ligands and complexes are completely removed by Soxhlet
extraction however during the whole process the host framework is remained intact. The X-
ray diffractograms of PdL1-Y, PdL3-Y, PdL4-Y, PdL5-Y and PdL6-Y samples and that of
the pure zeolite Y, exhibit no shift in peak positions when compared. This observation is
indeed a significant one as it specifies the preservation of host lattice intigrity even after the
encapsulation of a large complex into it. However, XRD patterns of PdL1-Y, PdL3-Y, PdL4-
Y, PAL5-Y and PdL6-Y evidently illustrate a substantial reversal in the intensity of the peaks
at 26=10° and 12° i.e., (Inx< I311) in comparison to that in the XRD patterns of pure and Pd-
exchanged zeolite Y. This intensity reversal has already been empirically correlated with the

59, 60

existence of the large complex inside the cavity of zeolite Y. Interestingly, tethered

complex on the host surface doesn’t show such type of intensity reversal in XRD patterns.
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Moreover, the absence of new peaks in XRD patterns of palladium encapsulated complexes is

a signature of formation of the complexes in low concentrations inside the host lattice.
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Figure 4.2: XRD pattern of (a) Pure zeolite-Y, (b) Pd-exchanged zeolite -Y, (c) PdL1-Y, (d) PdL3-
Y, (e) PdL4-Y, (f) PAL5-Y, and (g) PdL6-Y.

4.2.4. X-Ray Photoelectron Spectroscopy (XPS)

X-ray photoelectron spectroscopy (XPS) is an important technique which provides the
indirect proof of the complex formation in free as well as encapsulated state. All core
constituent elements of the complexes like C (1s), N (1s), O (1s) and Pd (3d) of PdLL1, PdL1-
Y, PAL3-Y and PdL6-Y complexes are presented in the form of survey spectra and high
resolution spectra in Figure 4.3-4.6 and corresponding binding energy data are tabulated in
Table 4.2. The obsrved data evidently indicate the presence of C, N, O, Na, Si, Al and Pd in

40, 61-65
’ Intense and

their respective chemical states, which are in accordance to the literature.
broad carbon (1s) XPS spectra have been observed for palladium salen complexes in both
states and are further deconvoluted into two peaks and confirmed the presence of sp3 and sp2
carbon atoms in those complexes. Similarly these complexes have shown the XPS signals for
nitrogen (1s), oxygen (1s), and validated for the (M-N), (N=C) and (C-0O), (M-O) elemental

state respectively. All the encapsulated complexes show very weak signal for palladium
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metal because of its low loading level within the host lattice. High resolution XPS spectra of
palladium in PdL1 complex has shown two signals at the binding energies 335.96 and 340.96
eV which are attributed to 3ds, and 3ds;, respectively. However, when the complex is
encapsulated in zeolite Y, 3ds, and 3ds, XPS signals are broader and appear on the almost
same binding energies (335.13, 340.49 eV), additionally a new signal originates at relatively
higher binding energy of 347.87 eV. This additional XPS signal at higher binding energy has
been observed for all the encapsulated complexes (PdL1-Y, PdL3-Yand PdL6-Y) but not for
the free state complex (PdL1). Higher shift in binding energy is definitely a consequence of

the removal of electron density from the metal center.** ©

In this context, it could have
relevant significance as the geometry which the metal complex adopts under encapsulation,
might play the major role in the depletion of electron density from the metal center.
Furthermore, Na (1s), Si (2p) and Al (2p) elements XPS signals are also observed at their

expected position in the XPS spectra of all encapsulated complexes.
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Figure 4.3: High resolution XPS signals of (A) Pd (3d), (B) C (1s), (C) N (1s) and (D) O (1s) for
PdL1 Complex. (Black colored graphs are experimental data and green and blue colored peaks are

peak fitted data)
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Figure 4.4: High resolution XPS signals of (A) Pd (3d), (B) C (1s), (C) N (1s) and (D) O (1s) for
PdL1-Y Complex. (Black colored graphs are experimental data and green and blue colored peaks are

peak fitted data)
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Figure 4.5; High resolution XPS signals of (a) Pd (3d), (b) C (1s), (c) N (1s) and (d) O (1s) for PdL3-
Y Complex. (Black colored graphs are experimental data and green and blue colored peaks are peak

fitted data)
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Figure 4.6:. High resolution XPS signals of (A) Pd (3d), (B) C (1s), (C) N (1s) and (D) O (1s) for
PdL6-Y Complex. (Black colored graphs are experimental data and green and blue colored peaks are

peak fitted data)

Table 4.2: The binding energy data of the free state or encapsulated complexes.

S. | Sample Si Al (2p) C (1s) N(1s) O (1s) Pd Pd (3dip»)

No 2p) (3dsp)

1. PdL1 - - 284.04, 399.11, 532.84, | 335.92, 340.96.

282.82 396.54

2. PdL1- | 101.52 75.15 285.23, 398.88, 530.96 | 335.13, 340.49,
Y 283.65 397.72 347 .87

3. PdL3- | 101.55 72.94, 285.23, 398.81, 530.95 | 335.39, 340.21.
Y 73.79 283.65 397.76 346.72

4. PdL6- | 102.72 73.16. 285.60, 39993, 532.63, | 337.11, 343.34,
Y 75.47 283.64 397.88 530.69 346.64
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4.2.5. IR Spectroscopy

FT-IR spectral data of ligands, palladium Schiff base complexes in neat as well as
encapsulated state along with the pure zeolite Y have been recorded (Figure 4.7, Table 4.3).
IR spectroscopic data has provided information about the retention of integrity of zeolite Y
framework and also indicated the successful complex formation within the supercage of
zeolite Y. The four major zeolitic IR bands are observed in the region of (450-1200) cm™ and
two additional peaks have appeared at 1643 em™ and 3500 cm™. The IR bands at 560, 717,
786, and 1018 cm™ are attributed as (Si/Al-0)4 bending mode, double ring, symmetric
stretching and asymmetric stretching vibration respectively,’® whereas IR bands at 3500 cm’'
and 1643 cm™' are assigned to surface hydroxylic group and lattice water molecules
respec‘[ively.57 All these bands mostly remain unaffected for all these encapsulated systems
(PdL1-Y, PdL3-Y, PdL4-Y, PdL5-Y and PdL6-Y), since the host framework doesn’t

experience any structural modifications during the encapsulation process.
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Figure 4.7: (A) FTIR spectra of free state palladium salen complexes (a) PdL1, (b) PdL3, (c) PdL4,
(d) PdL5, and (e) PdL6. (B) FTIR spectra of encapsulated palladium salen complexes in zeolite Y (a)
Pure zeolite Y, (b) PAL1-Y, (¢) PdL3-Y, (d) PdL4-Y, (e) PAL5-Y and (f) PdL6-Y.

However, the salen ligands and corresponding complexes are primarily identified by the IR
studies as C=N stretching, C=C stretching and C-O stretching vibrations of the salen ligands
appear at the expected positions. Upon complexation these FTIR bands show essentially

identical vibration with shifts to lower energies as a outcome of the coordination with the
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metal ion. IR peaks of the encapsulated complexes are mostly difficult to identify, because of
the appearance of the strong zeolitic bands in the (450-3500) cm™ region. Advantageously,
some characteristic IR peaks of relatively low intensities are observed in the range of (1600-
1200) cm™ which is mainly due to the guest complex and suitable to study, because zeolitic
IR bands are silent particularly in this region. These bands in encapsulated complexes have
appeared with little shifts with respect to that of the free state complex, which definitely
could be attributed to presence in the different environment. Furthermore, shift in C-H
deformation bands has already identified as an indication of encapsulation of the complex

inside the zeolite Y.%’

Table 4.3: FTIR spectral data (in cm™") for neat and encapsulated state complexes.

S.No | Samples C=N C=C ven C-O stretching
stretching stretching deformation

1. L1 1633 1557, 1488 1374 1286

2. PdL1 1632 1531,1447 1346 1219

3. | PdL1-Y 1639 1456 1393 Merged with zeolite
band

4. L3 1639 1508,1454 1385 1257

5. PdL3 1636 1543, 1439 1393 1219

6. | PdL3-Y 1647 1493, 1458 1396 Merged with zeolite
band

7. L4 1633 1572, 1481 1390 1361

8. PdL4 1630 1524,1454 1366 1308

9. | PdL4-Y 1640 1537, 1482 1369 1304

10. L5 1639 1582,1489 1366 1284

11. PdL5 1634 1531, 1470 1377 1215

12. | PdL5-Y 1634 1506, 1465 1396 Merged with zeolite
band

13. L6 1639 1589,1494 1325 1272

14. PdL6 1632 1535, 1466 1396 1219

15. | PdL6-Y 1639 1539,1468 1398 1271
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4.2.6. Solid state UV-Visible Spectroscopy

Electronic spectra of the ligands and corresponding complexes in solution or solid states have
been studied for the justification of complex formation. In addition to that, comparative
optical spectra of palladium schiff-base complexes in both states have been studied
thoroughly to understand the nature of the geometry they adopt under encapsulation. (Given
in Figure 4.8-4.10, Table 4.4). Electronic transition of the Schiff base ligands are appearing
in the range of (240-260) nm is assigned as the n—n* transition and in the range of ( 320-350)
nm as the n—m* transition. However, in the free state transition metal complexes these
transitions are shifted relatively towards lower energy; n—m* transition have been observed in
the range of (224-235) nm and the n—xt* transition in the range of (255-366) nm. The strong
evidence of free state complex formation is the appearance of charge transfer (CT) and d-d
transitions bands, which are clearly observed in the solid state electronic spectrum in the
range of (335-450) nm for different palladium Schiff-base complexes. However, the
appearance of d-d bands in square planar palladium complexes is indistinguishable in
comparison with that of nickel salen complexes. In palladium salen complexes these bands
appear in (335-450) nm region whereas in nickel complexes these are identified in (510-570)
nm region. According to ligand field theory, for 4d series element, d orbital splitting is higher
quite a large extent as compared to the corresponding 3d series element and due to so, d-d
bands in palladium salen complexes have shifted towards high energy region and emerged
with charge transfer bands. After encapsulation, palladium salen complexes have shown
comparable pattern, however the charge transfer (CT) and d-d bands which are instigated
from the metal center are primarily affected i.e., intensified® and blue shifted on
encapsulation (Similar behavior of nickel Schiff-base complexes are also discussed in chapter
3A, 3B and 3C). Exceptionally different behavior is observed for palladium complexes as
PdLA-Y and PdL6-Y have shown additional weak bands in the region of 465 nm and 470 nm
respectively. Such behavior of the guest complexes eventually signifies the alteration of the
geometry of the complexes especially around the metal center under encapsulation.
Interestingly, PAL3-Y, PdLA4-Y, PAL5-Y and PdL6-Y complexes have shown the blue shift in
greater extent as compared to that observed for PAL1-Y, since these complexes have larger
molecular dimension and might experience more space constraint imposed by the topology of

the supercage which in turn causes more distortion in the geometry of the complexes.
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Figure 4.8: (A) UV-Vis spectra of free state complexes in chloroform, (a) PdL3, (b) PdL5, (¢) PdL6
(d) PdL1 and (e) PdL4. (B).Solid state UV-Vis spectra of (a) PdL1 and (b) PdL1-Y.
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Figure 4.9: (C) Solid state UV-Vis spectra of (a) PAL3 and (b) PdL3-Y. (D) Solid state UV-Vis
spectra of (a) PdL4 and (b) PdL4-Y.

b

Absorbance(a.u.)
Absorbance(a.u.)
o

E
a
200 300 400 500 600 700 800 200 300 400 500 600 700 800
Wavelength(nm) Wavelength(nm)

Figure 4.10: (E) Solid state UV-Vis spectra of (a) PdL5 and (b) PdL5-Y. (F) Solid state UV-Vis
spectra of (a) PdL6 and (b) PdL6-Y.
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Table 4.4: Solid state UV-Visible data (in nm) of palladium Schiff-base complexes in both

states.
S.No samples —m n—m CT/d-d
transitions transitions transitions

1 PdL1 224 255 380-415

2 PdL1-Y 222 262 350-370

3 PdL3 231 261, 296 424-447

4 PdL3-Y 225 255 364, 479

5 PdL4 235 261 404-433
6 PdLA4-Y 220 247 323-364, 465

7 PdL5 231 288 372-415

8 PdL5-Y 217 278 335-357

9 PdL6 235 288, 366 435-445
10 PdL6-Y 224 259, 299 346-366, 470

4.2.7. Catalytic Study

Sulfoxidation reaction is effectively catalyzed by transition metal complexes using aqueous
hydrogen peroxide.”” To investigate the effect of geometry of the complexes on their
catalytic activity, sulfoxidation reaction has been explored by using H,O; as oxidant under
the aerobic condition where both in free and encapsulated states of palladium Schiff-base
complexes are employed as catalysts. For all cases methyl phenyl sulfide is converted into
corresponding sulfoxide selectively (scheme for sulfoxidation reaction is given in chapter 2
under section 2.2.9). Zeolite encapsulated palladium Schiff-base complexes are
comparatively less investigated catalysts for sulfoxidation than the other transition metal-
complexes and it is quite interesting to note that the catalytic activities of these encapsulated
complexes for the oxidation of methyl phenyl sulfide, in terms of percentage conversion as
well as turn over number (TON) are significantly higher than their corresponding free state

(Table 4.5, GC chromatograms are shown in Appendix A24-A34).

The modified reactivity of the encapsulated complexes is indeed a consequence of the

distorted geometry of the complexes, which they adopt under encapsulation in zeolite Y. It is
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quite apparent that these complexes suffer significant distortion due to rigid spherical walls of
rigid host zeolite supercage. Distortion in geometry of complex majorly affects the metal
center of the complex which is visible in the comparative XPS and optical spectra of the
complexes in both the states. Observed relative shifts towards higher value of binding energy
in XPS signals for the zeolite encapsulated complexes indicate the enhancement of the
electropositive character of the metal center after encapsulation. Such lowering of electron
density makes metal center more receptive for the nucleophilic attack. It has been already
reported that an electron withdrawing group (CI)) makes the copper salen complex distorted
from square planar geome‘[ry,70 whereas an electron donating group (-OCH3) on the same
position tries to maintain the planarity of the complex. Distortion makes the complex more
susceptible for nucleophilic attack by removing electron density from the metal center, on
contrary; the metal center of planar conjugated system is electron rich and less efficient for
the nucleophilic attacks. We have observed similar effect for the nickel salen complexes,

which are having different molecular dimensions.

In the present work, palladium salen complexes have shown similar behavior for the
sulfoxidation reaction of methyl phenyl sulfide. Electron withdrawing (-Br groups) in PdL4
makes the complex distorted even in the free state and more reactive for the catalytic process.
Electron releasing groups (-OH, and —OCH3) make the palladium salen (PdL3 and PdL6) less
reactive for the sulfoxidation process. PdLL1 and even PdL5 complexes have exhibited
intermediate reactivity as they do not have noteworthy push-pull effect of substituent. As
expected, PAL6-Y complex has shown enhanced modified reactivity after encapsulation, the
complex is most distorted due to largest molecular dimensions. Theoretical study also
supports this fact that after encapsulation the central metal atom of complex may have the
more electropositive characters in comparison to its free state. The transition state, as a result
becomes more stable, so that electron rich nucleophile is bonded through the axial position.”
In conclusion it can be stated that the reactivity of free state complexes is mainly governed by
the electronic factor and the palladium complexes follow the order as
PdLA4>PdL1=PdL5>PdL3>PdL6, whereas after encapsulation the catalytic activity order of
complexes is in accordance with the molecular dimensions or extent of distortion

(PdL6>PdL5>PdLA>PAL3>PdL1).
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Table 4.5: Oxidation of methyl phenyl sulfide after 4 hours reaction time with H>O, as

oxidant.

S. No | Samples | % Conversion | TON | Selectivity for Sulf | Selectivity for sulfone
1 PdL1 39 30 98.66 1.33
2 PdL1-Y 48 201 97.25 2.74
3 PdL3 30 25 99.51 0.49
4 PdL3-Y 60 477 98.95 1.04
5 PdL4 63 67 98.98 1.01
6 PdLA4-Y 71 564 95.45 4.54
7 PdL5 36 30 98.31 1.68
8 PdL5-Y 76 623 92.01 7.98
9 PdL6 26 23 98.18 1.81

10 | PdL6-Y 86 835 92.23 7.76

4.3. CONCLUSION

Zeolite encapsulated complexes are indeed better heterogeneous catalysts with enhanced
adapted reactivity for the oxidation process. The comparative studies of palladium Schiff-
base complexes in free as well as in encapsulated states provide a clear insight about the
modified reactivity for the catalytic oxidation processes of such systems after encapsulation.
Observed blue shift in d-d bands in the electronic spectra of encapsulated complexes has
demonstrated the interference of the space restrictions imposed by rigid host frameworks on
the co-ordination environment around the metal because space restrictions compel the
encapsulated guest complex to adopt unusual geometry for the accommodation inside the
supercage cavity. XPS high resolution spectra of Pd (3d) of encapsulated complexes showing

the additional signal towards higher binding energy also confirms the change in the electronic
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environment around the metal upon encapsulation. Comparative catalytic studies of these

hybrid systems provide a fascinating co-relation between modified structural aspects with

adapted functionality of complexes and can be concluded as the degree of distortion in the

structure of the encapsulated complex is the key point for the remarkable modified catalytic

activity of the systems.
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