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Abstract 

xiii 
 

The control of CO2 emissions is of utmost importance as major environmental problems such 

as global warming and ocean acidification are due to the rising CO2 concentrations in the 

atmosphere. CO2 has the potential to become a C1 source for various compounds, and the 100 % 

atom economic synthesis of cyclic carbonates from CO2 and epoxides has grabbed attention due 

to its numerous industrial applications. At the same time, the high thermodynamic stability of CO2 

makes the activation of CO2 difficult, which is overcome by using a catalyst. Numerous 

homogeneous and heterogeneous catalysts have been developed for the synthesis of cyclic 

carbonates from CO2 and epoxides, including metal-based complexes, ionic liquids, 

organocatalysts, silica-based catalysts, MOFs, COFs, and metal oxides. There are very few reports 

in the literature that utilize zeolites, and zeolite-encapsulated complexes as catalysts for the 

synthesis of cyclic carbonates. The encapsulation of a complex inside the supercage of zeolite-Y 

bestows site isolation and enforces it to undergo structural and geometrical modifications due to 

space constraints. These changes further lead to moderations in the electronic, magnetic, 

photophysical, and electrochemical properties, due to which the complex shows modified catalytic 

activity upon encapsulation.  

The main object of the present thesis is to develop various homogeneous and heterogeneous 

catalysts for the upcycling of CO2 to cyclic carbonates. The chapters in this thesis highlight the 

synthesis and application of various catalysts for cyclic carbonate synthesis. The current thesis is 

divided into seven chapters. Chapter 1 is the introduction of the thesis, which provides the 

background of the research work carried out. The chapter includes comprehensive literature about 

the existing salen and salophen-type homogeneous catalysts for the synthesis of cyclic carbonates 

from CO2. The various reports utilizing aluminosilicate-based heterogeneous catalysts, like zeolite, 

MCM-41, and ZSM-5, are also discussed. Chapter 2 deals with the synthesis strategies employed 

for the preparation of the catalysts, the details of the catalysis reactions carried out and the 

characterization techniques used. Chapter 3 explores the utility of zinc(II) salophen complexes as 

homogeneous catalysts for the synthesis of cyclic carbonates from epoxides and CO2. Seven Zn(II) 

complexes with different electron-donating and withdrawing substituents at 5, 5’ position are 

synthesized. Interestingly, the LC-MS studies of the complexes indicate that all the complexes are 

dimeric except ZnL4 (with –NO2 substituent) which is coordinated with two water molecules. DFT 

studies also show the presence of ZnL4 with two water molecules. The mechanism studied using 

DFT, indicated a different rate-determining step for monomeric ZnL4 compared to monomeric 

ZnL1 (with –H substituent) and ZnL3 (with –Br substituent). The best yield was achieved by 
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monomeric ZnL4 for the synthesis of cyclic carbonates from CO2. However, the comparative 

yields for the reaction with other complexes suggests that the dimeric complexes can also be 

efficient catalysts for this reaction and the use of the bulky tert-butyl (tBu) group may not be 

mandatory to prevent the dimerization. Chapter 4 shows the utilization of the inherent acidity of 

commercially available zeolites like zeolite-Na-Y, and NH4
+-ZSM-5, synthesized Al-MCM-41, 

and their applicability as catalysts for upcycling CO2 to cyclic carbonates. The NH3-TPD studies 

of these aluminosilicates indicate the increase in Lewis acidic sites with a decrease in the Si/Al 

ratio The yield of the cyclic carbonate obtained also directly correlates with the number of weak 

acidic sites and the Si/Al ratio. Interestingly, the drastic decrease in strong acidic sites as well as 

in the yield obtained with the calcined zeolite-Na-Y indicates that not only the weak Lewis acidic 

sites but also the strong Brønsted acidic sites appear to be crucial in the cycloaddition reaction. 

Chapter 5 discusses the utilization of zeolite-Y encapsulated complexes for the synthesis of cyclic 

carbonates from CO2 and epoxides. The homogeneous dimeric zinc(II) salophen complexes 

discussed in Chapter 3 are heterogenized by encapsulating them in the supercage of zeolite-Y. 

Upon encapsulation, the complex undergoes structural modifications from their dimeric to the 

monomeric form which lead to a change in the electronic environment around the metal. The red 

shift in the UV-vis spectrum compared to the “neat” analogues, and the shift in the XPS binding 

energy towards higher values point towards the changes around the metal center. The NH3-TPD 

also shows an increase in the Brønsted acidity of the complex upon encapsulation. The structural 

modifications, along with the modified acidity upon encapsulation, lead to the fascinating catalytic 

activity shown by the encapsulated complexes. In Chapter 6, the correlation of the end-to-end 

distance of the cobalt(II) complex and its effect upon encapsulation is studied. Two complexes 

with varying end-to-end distances have been studied and the results indicate that the complex with 

a larger end-to-end distance (with –OMe group) undergoes more distortion upon encapsulation, 

which leads to the alteration of the electron density around the metal, and consequently modifies 

the catalytic activity of the encapsulated complex in comparison to its “neat” analogue. The 

modification in the electronic environment around the metal is established using characterization 

techniques like XPS, and solid-state UV-vis spectroscopy. Theoretical studies point towards the 

change in the spin states of the encapsulated and “neat” complexes, which lead to the fascinating 

catalytic activity of the encapsulated complexes. Chapter 7 presents the overall conclusions and 

future scope from the work presented in this thesis. 
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1.1 Introduction 

To accomplish the goal towards a sustainable society, it is crucial to employ renewable energy 

resources. It can be argued that carbon dioxide, CO2, is one of the cheapest and the most abundant 

renewable resources. However, being a greenhouse gas, CO2 is also responsible for global climate 

change. According to the Intergovernmental Panel on Climate Change (IPCC), the atmospheric 

CO2 concentration, which was about 280 ppm in the early 1800s, reached 410 ppm in April 2018 

and has been predicted to almost double by 2100.1 Hence, reducing CO2 levels in the atmosphere 

has gained immense attention of the scientific community in the past few years. In this direction, 

researchers have developed three main ways to reduce atmospheric CO2: (i) controlled emissions 

of CO2, (ii) CO2 capture and storage, and (iii) chemical conversion and utilization of CO2. 

Although all the above-said methods are efficient ways of regulating atmospheric CO2, the 

chemical society is generally interested in the chemical conversion of CO2. CO2 is a non-toxic, 

cheap, and readily available synthon, which is used as a C1 source for the production of a large 

number of industrially important chemicals. One such chemical is cyclic carbonate, generally 

formed by the cycloaddition reaction of epoxide and CO2 in the presence of a catalyst and generally 

a nucleophilic co-catalyst. Apart from being a 100% atom economic reaction, the synthesis of 

organic cyclic carbonates is valuable because of their numerous industrial applications. Cyclic 

carbonates are the precursors for polycarbonates, which have optical transparency and outstanding 

impact resistance and are used to manufacture CDs, DVDs, aircraft windows,2 etc. Cyclic 

carbonates have significant relevance in the industrial sector as electrolyte solvents for lithium 

batteries, polar aprotic solvents, solvents in the production of pharmaceuticals, degreasers, and 

fuel additives.3 Therefore, it is necessary to design simple and efficient catalysts that activate the 

chemically inert and thermodynamically stable CO2 (∆Gf
° = -394.4 kJ/mol)4 and produce value-

added chemicals such as cyclic carbonates.  

Apart from the reaction conditions, the choice of catalyst is crucial for any reaction as it plays 

an important role in lowering the activation energy barrier. Likewise, the synthesis of cyclic 

carbonate from CO2 and epoxides requires the use of a catalyst. A co-catalyst, which plays a dual 

role as the nucleophile and the leaving group, is also used in most cases. A few broad categories 

of catalysts that have been previously used to achieve this transformation include homogeneous 

metal-based complexes,5 ionic liquid-based complexes,6 organocatalysts,7 heterogeneous silica-
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based catalysts,8 organic polymer-based catalysts, metal-organic framework (MOF),9 covalent 

organic framework (COF),10 metal oxides,11 and zeolite imidazolate framework (ZIF).12  

Prominently known for their exceptional catalytic activity, the N2O2 coordinated Schiff base 

metal complexes have the unique ability to stabilize different metals in various oxidation states 

and, hence, control the performance of the metal towards various catalytic transformations. A 

straightforward synthetic approach usually favours the Schiff base complexes as the ideal choice 

of catalysts. In the case of cycloaddition reactions, there is evidence of the metal complex 

activating the epoxide13 in some instances and the CO2
14 in others. Typically, the Lewis acidic 

metal complex activates the epoxide through M-O coordination, followed by the nucleophilic 

attack and the subsequent ring opening. On the other hand, for CO2 activation, the Lewis basicity 

of the terminal oxygen atom or the weak Lewis acidity of the central carbon is exploited by the 

catalyst. 

In the pursuit of sustainable catalysts, heterogeneous catalysts play a significant role in the field 

of catalysis. Simple catalyst separation and reusability are the prime advantages of a heterogeneous 

catalyst. The development of a heterogeneous catalyst can be categorized into three broad ways: 

(i) using solid material that has intrinsic catalytic activity, (ii) immobilizing a catalytically active 

unit onto a solid support, and (iii) immobilizing the solid with intrinsic catalytic activity onto 

catalytically active solid support. Silicon and aluminium-based microporous and mesoporous 

aluminosilicates like zeolite-Y, ZSM-5, and MCM-41 have potential applications as 

heterogeneous catalysts in many organic transformations. The variable Si/Al ratio of these 

aluminosilicates renders them with inherent acidity, making them an ideal candidate for the 

cycloaddition reaction. MCM and ZSM are also used as solid support for the heterogenization of 

a homogeneous catalyst. In contrast, the supercage of zeolite-Y has a suitable size (12.7 Å) that 

allows small organic molecules of appropriate dimensions to fit within it, leading to 

heterogenization. The process, known as encapsulation, leads to a change in the electronic and 

structural properties of the guest complex, providing the complex with unique catalytic activity. 

With the above background, the present thesis aims to explore various homogeneous and 

heterogeneous catalysts for the synthesis of cyclic carbonate from CO2 and epoxides. 

Homogeneous zinc(II) and cobalt(II) Schiff base complexes have been studied as catalysts for the 

cycloaddition reaction. The primary emphasis is on the role of the substituent at the 5, 5’ position 

of the complex. The reaction of the Schiff base ligand with the metal salt leads to complex 
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formation. The Schiff base ligands are synthesized using the simple condensation reaction of 

substituted hydroxybenzaldehyde and 1,2-phenylene diamine. The Schiff base ligands with the 

general names N, N’-bis(salicylidene)-1,2-phenylenediamine (L1), N, N’-bis(5-

methoxysalicylidene)-1,2-phenylenediamine (L2), N, N’-bis(5-bromosalicylidene)-1,2-

phenylenediamine (L3), N, N’-bis(5-nitrosalicylidene)-1,2-phenylenediamine (L4), N,  N’-bis(5-

methylsalicylidene)-1,2-phenylenediamine (L5), N, N’-bis(5-chlorosalicylidene)-1,2-

phenylenediamine (L6), and N, N’-bis(5-(trifluoromethoxy)salicylidene)-1,2-phenylenediamine 

(L7), are used. The successful synthesis of the complexes and their purity is investigated using 

different techniques such as NMR (Nuclear magnetic resonance), LC-MS (Liquid 

chromatography-mass spectrometry), FT-IR (Fourier transform infrared spectroscopy), XPS (X-

ray photoelectron spectroscopy), UV-vis (Ultraviolet-visible spectroscopy) and TGA 

(Thermogravimetric analysis).  

Further, heterogeneous aluminosilicates with different Si/Al ratios have been used as catalysts. 

The inherent acidity of the aluminosilicates, measured by NH3-TPD (Temperature programmed 

desorption), plays a vital role in the cycloaddition reaction along with the co-catalyst. The 

aluminosilicates include commercially available zeolite Na-Y, NH4
+-ZSM-5 and synthesized Al-

MCM-41. In addition, towards heterogenization, the zinc and cobalt complexes with the above-

mentioned ligands are encapsulated in the supercage of zeolite-Y. The encapsulation is carried out 

via the flexible ligand approach, wherein the metal-ions present in metal-exchanged zeolite-Y and 

the corresponding ligands react together. The encapsulation is confirmed by indirect methods, 

including PXRD (Powder X-ray diffraction), FESEM (Field emission scanning electron 

microscopy), BET (Brunauer-Emmett-Teller) surface analysis, XPS and solid-state UV-vis 

spectroscopy, in addition to FT-IR and TGA analysis. The encapsulation renders the complexes 

with different structural and electronic changes, which causes the difference in the activity of the 

complexes. The encapsulation also enforces the dimeric neat Zn-complexes to acquire the 

monomeric form, which leads to site isolation and, subsequently, different activity than the 

corresponding neat complexes. The following sections will focus on the details of the existing 

catalysts used for the synthesis of cyclic carbonates. Particular emphasis will be given to various 

categories of the catalysts used, including the Schiff base type complexes, aluminosilicates, and 

metal encapsulated complexes, to comprehend the mechanism in more detail. This acquired 

knowledge will pave the route to achieving the most efficient capture of CO2 and its conversion 

into cyclic carbonates. 
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1.1.1 Carbon Dioxide as a synthon 

CO2 is the fourth most abundant gas, constituting 0.04% of the Earth’s atmosphere. It plays a 

crucial role in regulating the Earth’s temperature by absorbing harmful infrared radiation. 

However, an imbalance in the natural levels of CO2 due to human-induced activities like 

deforestation, industrialization, and over-exploitation of fossil fuels has led to major environmental 

concerns like the greenhouse effect and ocean acidification.  Figure 1.1 clearly indicates that since 

the beginning of the industrial revolution in the 1950s, the increase in atmospheric CO2 (blue line) 

has been analogous with human emissions (grey line). Intergovernmental Panel on Climate Change 

(IPCC) has predicted that CO2 concentration might double by the 2100s. 

 

 

 

 

 

 

 

 

 

Figure 1.1: Global atmospheric CO2 compared to annual emissions (1751-2022).15 

 

While on the one hand, the greenhouse effect leads to an increase in the global temperature; on 

the other hand, ocean acidification affects the oceanic biosystems. CO2 is also considered an 

industrial waste released directly into the atmosphere along with other harmful compounds like 

SOx and NOx. Hence, using renewable energy resources such as wind, water and solar energy and 

reducing CO2 concentrations are the solutions towards sustainability. As mentioned earlier, for the 

chemical society, the most efficient way of upcycling CO2 is the valorisation of CO2 into more 

valuable chemicals and fuels. Being abundant and non-toxic, the applicability of CO2 in reactions 

which directly utilize it as a C1 source is significant.  
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1.1.1.1 Stability of CO2 

At room temperature, CO2 is an odourless and colourless gas with high thermodynamic stability, 

having a standard enthalpy of formation ∆Gf
°
 value of -394.4 kJ/mol. The carbon present in its 

most oxidised form results in its high stability. The bond dissociation energy of the C=O bond in  

CO2 is 750 kJ/mol.16 This value is higher than the dissociation energy for C=O, C=C and C-H, 

which are 743 kJ/mol (in formaldehyde), 721 kJ/mol (in ethene) and 432 kJ/mol (in methane), 

respectively.17 As a result of its high stability, CO2 is not very reactive, and a substantial amount 

of energy is required to transform it into useful chemicals.  

1.1.1.2 Reactions with CO2  
The high energy demand for the activation of CO2 has rendered the commercial production of 

only a few chemicals which utilize CO2 as a C1 source. To overcome this challenge, commercially 

produced chemicals such as urea, salicylic acid, methanol, dimethyl carbonate (DMC), and cyclic 

carbonates utilize CO2 at high temperatures and pressures. These harsh reaction conditions and 

subsequent energy consumption can be refrained by introducing a catalyst that can efficiently and 

effectively activate CO2. Presently, the synthesis of urea is carried out by the reaction of ammonia 

with CO2 at 12.5-25 MPa and 170-220 °C.18 The reaction of phenol and CO2 at 125 °C and 4-7 

atm in a strongly basic medium produces salicylic acid.19 DMC is produced by the reaction of 

methanol with CO2 at 190 °C and 40 bar.20 Bulk production of around 100 million tons of methanol 

takes place annually by utilizing 2 million tons of CO2. A few other reactions possible using CO2 

as a C1 source are shown in Figure 1.2.16 Amongst these reactions, the pivotal point of the present 

thesis is the focus on the development of homogeneous and heterogeneous catalysts for the 

synthesis of cyclic carbonates. 
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Figure 1.2: A few representative examples of a few reactions possible using CO2 as a 

synthon. 

1.1.2 Mechanisms of cyclic carbonate synthesis 

The conversion of CO2 to cyclic carbonates is of great interest due to its benefits in the 

upcycling of CO2 and the added value of the cyclic carbonate product. The present thesis 

emphasises on the different catalysts used in the cycloaddition reaction. To comprehend the impact 

of the catalyst, it is essential to gain a-cut-above understanding of the mechanism of the reaction. 

In general, the mechanism of the insertion of CO2 into epoxide falls into three broad categories. 

i. Activation of the epoxide: Requiring a Lewis/Brønsted acid to activate the epoxide, 

followed by the attack of a base/nucleophile for the ring opening of the epoxide and then 

CO2 insertion.21, 22 (Scheme 1.1) 

ii. Activation of the carbon dioxide: Requiring a base/nucleophile which is nucleophilic only 

to CO2 and not to epoxide, followed by ring opening of the inactive epoxide by the activated 

CO2.23, 24 (Scheme 1.2) 
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iii. Dual activation of both epoxide and CO2: Requiring acid and base, wherein CO2 and 

epoxide are activated by the acid and base, respectively, followed by the attack of the 

activated CO2 on the activated epoxide, leading to the ring opening.25, 26 (Scheme 1.3) 

A given reaction can be driven to any of the pathways with the choice of catalyst and the co-

catalyst (if present).3 A Lewis or Brønsted acid is required if the epoxide is to be activated, and to 

activate the CO2, the presence of a base becomes important. Metal-based catalysts generally act as 

Lewis acids. On the other hand, hydrogen bond donors (HBD), acting as Brønsted acid, bind with 

the oxygen atom through hydrogen bond, thus polarizing the C-O bond of the epoxide. HBD 

catalysts comprise the recently developed silica-based catalysts having -OH groups and the 

catalysts having -NH group or the -COOH group.27 On the other hand, there are two main types of 

bases or co-catalysts used for the cycloaddition reaction: (i) Carbene and nitrogen-based bases like 

DMAP, guanidines and amidines (Lewis base) and, (ii) Halide containing bases like quaternary 

ammonium halides (Bu4NX) and metal halides (MX) (Brønsted base). In general, DMAP is used 

as a co-catalyst for the dual activation mechanism; carbene, guanidines and amidines are used as 

catalysts for the CO2 activation pathway, while the ammonium salts and metal-based bases such 

as TBAB, TBAI and KI acts as a nucleophile/co-catalyst for the epoxide activation.  

1.1.2.1 Epoxide activation  

In the epoxide activation pathway, the epoxide is activated by the Lewis/Brønsted acid, and 

the nucleophile (from the co-catalyst or anionic part of the acid) attacks the less sterically hindered 

β-C of the epoxide to open the ring, forming the haloalkoxide intermediate, 17. The formed 

alkoxide reacts with CO2 to form the carbonate intermediate, 19, which undergoes intramolecular 

(5-exo-tet cyclisation) ring closing to form the cyclic carbonate, 20. (Scheme 1.1)  
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Scheme 1.1: Mechanism of formation of cyclic carbonate via the epoxide activation.8 

 

One important aspect of this mechanism is that the same carbon undergoes two substitution 

reactions (step I and step III). Generally, the first substitution follows the SN2 mechanism and, 

hence, takes place at the least-hindered carbon of the epoxide. The second is an intramolecular 

substitution. Both these reactions occur with the inversion of the stereochemistry, hence 

maintaining the retention of the stereochemistry of the epoxide. In this mechanism, metal-based 

catalysts act as the Lewis acid, while organocatalysts generally behave as the Brønsted acid. The 

nucleophile is most commonly a halide, which may be part of the Lewis/Brønsted acid catalyst or 

maybe from a tetraalkylammonium salt.  
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1.1.2.2 CO2 activation 

In the CO2 activation, the catalyst reversibly reacts with CO2, forming a carboxylate ion, 21, 

which acts as a nucleophile to the epoxide. This nucleophilic attack of the epoxide leads to the ring 

opening. Subsequent ring-closing produces the desired cyclic carbonate. (Scheme 1.2)  

 

Scheme 1.2: Mechanism of formation of cyclic carbonates via the CO2 activation.8 

 

In this mechanism, the most common catalysts are the organic bases, including DMAP, tertiary 

amines, guanidines and amidines. This mechanism differs from the epoxide activation by virtue of 

the stereochemistry of the product. This mechanism accompanies the inversion in the 

stereochemistry of the product.  

1.1.2.3 Dual activation  

In the dual activation pathway, the epoxide is activated by the Lewis/Brønsted acid, and the 

nucleophile activates the CO2, making it more nucleophilic. This nucleophile then attacks the 

epoxide to open the ring. Finally, the closing of the ring takes place to form the required product.28 
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The Lewis acid and the nucleophile can be part of the same catalyst25 or be distinct species.29 This 

mechanism generally leads to the inversion of the stereochemistry of the product. 

 

 

Scheme 1.3: Mechanism of formation of cyclic carbonates via dual activation.8 

 

1.1.3 Homogeneous Schiff base complexes as catalysts for cyclic 

carbonate synthesis 

Since their discovery, N2O2 coordinating Schiff base ligands and their complexes have 

exhibited utility as catalysts, dyes, polymer stabilizers, and organic synthesis intermediates. These 

“privileged” ligands and their complexes have been particularly explored in the fields of catalysis 

for organic transformations,30 analytical chemistry,31 and corrosion inhibitors,32 photo-

luminescence,33 microelectronics,34 optoelectronics35 and biological sensors.36 These complexes 

also show important applications in the field of biology as antibacterial,37 antitumor,38 antifungal,39 

antioxidant,40 anti-inflammatory,41 antimalarial,42 and antiviral agents.43 Hence, it can be surmised 

that with such prolific applications in various fields, these complexes can also be utilized as 

catalysts for the cycloaddition reaction of CO2 and epoxide.  
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1.1.3.1 Versatile nature and activity of Schiff base transition metal complexes  

Two of the most studied N2O2 coordinating Schiff base ligands, namely salen and salophen 

ligands, are formed by the simple condensation of salicylaldehyde (or its derivatives) with ethylene 

diamine (salen) or phenylene diamine (salophen). N2O2 Schiff base ligands, also called auxiliary 

ligands, generally have four free-coordinating sites and two axial sites open to ancillary ligands.44 

These are called auxiliary ligands because of their ability to control the structure and the reactivity 

of the metal ion while they themselves do not undergo irreversible transformations.45  The donor 

atoms, i.e., nitrogen and oxygen, can exert two opposite electronic effects. The phenolic oxygen, 

being a hard donor, stabilizes the metal present in higher oxidation. On the other hand, nitrogen, 

being a soft donor, stabilizes metals in the lower oxidation state.46 Complexation modifies the 

steric and electronic environment of the metal, leading to stabilization and regulation in the 

activity, especially of the metal ions at higher oxidation states. The structure of these complexes 

can also be tuned according to the accessibility of the catalytic sites based on the lability of the 

ligand system and the metal center.47 

These ligands and their complexes are known for their versatility and wide range of 

applicability. In fact, salophen has an inherent precedence over its salen analogues because of the 

extended π-conjugation provided by the phenyl ring. The π-conjugation enables salophen to have 

more tuneable photophysical properties and provides a rigid geometry around the metal center, 

which in turn leads to the enhancement of properties like Lewis acidity and hence, improved 

reactivity of the complex.48 This enhanced acidity plays a crucial role in cycloaddition reactions 

that are catalysed in the presence of a Lewis acid catalyst. 

1.1.3.2 Schiff base transition metal complexes as catalysts for upcycling CO2 

 Schiff base transition metal complexes have been explored as catalysts for polymerization 

reactions, oxidation and reduction reactions, aldol reactions, epoxidation reactions, and Henry 

reactions. In addition, these complexes have also been utilized for the production of various 

compounds that use CO2 as the C1 source. Upcycling of CO2 includes reactions like cycloaddition 

of CO2 to epoxide, oxazolidinones form aziridines, oxidative carboxylation of alkenes, reductive 

formylation of amines, and carboxylation of aryl halides, etc. (shown in Figure 1.3) Schiff base 

complexes including phthalocyanine, porphyrins, salen and salophen complexes have shown good 

catalytic activities for these reactions.  
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One of the earliest reports described for the formation of oxazolidinones using Schiff base metal 

complex in 2004 was by Nguyen et al.,49 wherein they utilized chromium (III) salen complex along 

with DMAP as an effective catalyst system. The same group developed another similar complex 

and studied the mechanism in detail.50 Other reports using salen-based complexes include the 

bifunctional aluminium complex developed by Lu et al.51 in 2014 and the bimetallic aluminium 

salophen complex designed by Whitewood et al. in 2019. 52 In the context of salen/salophen 

complexes as catalysts for the reductive formylation of amines, Ji et al. developed zinc 

phthalocyanine and salen systems and utilized them successfully as catalysts for the reaction.53, 

54,55 

Another reaction that has been investigated for CO2 valorisation is oxidative carboxylation. It 

is the formation of cyclic carbonates directly by the oxidation of alkenes. In 2009, Jing et al.56 

reported the formation of cyclic carbonates from alkenes at ambient temperature and low pressure 

using Ru porphyrin and O2 as the green oxidant. In 2011, Hu et al.57 reported the formation of 

cyclic carbonate using Mo(acac)2,  using TBHP as the oxidant. In 2015, Ghosh et al.58 developed 

an approach for cyclic carbonates using a N4 coordinating manganese complex. In 2023, Launay 

et al.59,60 developed a catalyst similar to the Jacobsen’s catalyst. Inspired by the Mukaiyama 

oxidation, they reported a route for the production of styrene carbonate from styrene. 

 

Figure 1.3: Application of Schiff base complex for various reaction using CO2 
as a C1 source. 
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Although these reports show that cyclic carbonates can be produced using the more stable 

alkenes compared to epoxides, this approach still suffers from the difficulty of obtaining low yield 

and low carbonate selectivity. Hence, this present thesis aims to improve the selectivity and yield 

of the carbonate product by using epoxide as the substrate. The thesis also endeavours to use milder 

conditions, including lower temperature and pressure, compared to the present literature.   

Since the discovery of CO2 activation using triphenylphosphine-based nickel(0) complexes in 

1973,61 the use of transition metal complexes as catalysts for cyclic carbonate production has 

witnessed an exceptional growth in the past two decades. In a pioneering work, Inoue et al., in 

1983, reported the cyclic carbonate synthesis using a homogeneous metalloporphyrin catalyst,62 

One of the initial works on the conversion of epoxides to carbonates using Schiff base as a metal 

complex was done by Nguyen et al.63 They reported an efficient and straightforward route for the 

cycloaddition of CO2 to epoxides using the Cr(III) salophen catalyst, 24 (shown in Figure 1.4) and 

dimethylaminopyridine (DMAP) as the co-catalyst. The catalyst could produce up to 100% yields 

with different epoxides under ambient conditions (6.8 bar, 100 °C, 1 h, 0.075 mol% catalyst, 5.72 

× 10-2 mol DMAP). They studied the reaction mechanism and reported it to follow the dual 

activation pathway. Since the discovery of the above-said chromium-based complex, many salen 

and salophen complexes have been reported for the synthesis of cyclic carbonates. The following 

section will discuss the application of environmentally benign Schiff base metal complexes used 

for the synthesis of cyclic carbonates.     

 

 

Figure 1.4: 1st Schiff base chromium complex used for the cyclic carbonate synthesis from 

epoxide and CO2.63 
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1.1.3.3 Schiff base metal complexes of zinc and cobalt as catalysts for the synthesis of 

cyclic carbonates  

There is plethora of reports catalyzed by various Schiff base metal complexes using metals 

including Nickel (Ni),64 Cobalt (Co),65 Iron (Fe),66 Tin (Sn),67 Zinc (Zn),68 Chromium (Cr),63 

Vanadium (V),69 Manganese (Mn),70 Aluminium (Al),71 Copper (Cu),72 Molybdenum (Mo),73 

Ruthenium (Ru),74 and Titanium (Ti).75 The complexes of Zn, Co, Al, and Fe are widely studied 

owing to their environmental compatibility. Apart from being bio-compatible, these metal 

complexes also show reasonable catalytic activity, mainly due to their variable oxidation state, 

tuneable properties, and unique d-electronic configurations.  

In the context of non-toxic, earth-abundant metals, zinc and cobalt-based salen and salophen-

type complexes have been explored as catalysts in the literature. The pioneering work using cobalt-

based salen complex was carried out by Nguyen et al., and Darensbourg et al.65 In 2004, Nguyen 

et al.76 developed the cobalt catalyst, 40. which showed promising activity towards several substrates, 

including aliphatic, aromatic, electron-withdrawing and donating epoxides with almost 100% yields. 

They used two equivalents of DMAP for its dual role. While one equivalent was for coordination with 

the Lewis acid, facilitating CO2 insertion, the other equivalent of DMAP acts as a nucleophile to ring 

open the epoxide. A lot of research has been carried out using cobalt complexes since the report by 

Nguyen. Zinc, on the other hand, is a metal with inherent Lewis acidity, which is essential in the 

cycloaddition reaction. The reported zinc Schiff base-type complexes used for the fixation of CO2 

are tabulated in Table 1.1. The cobalt-based salen/salophen and similar systems reported in the 

literature for the conversion of CO2 to cyclic carbonates are shown in Table 1.2.   
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Inspired by the above reports, we observe that there is scope to synthesize simple homogeneous 

salophen complexes of zinc and cobalt metals and to study them for their potential application for 

the valorization of CO2 by its cycloaddition with epoxides. There are limited reports which use 

mild conditions for the reaction.57, 93 Rather, there are reports using pressure as high as 50 bar and 

temperatures up to 145 °C.51, 91 The use of salen and salophen-based catalysts for reactions using 

CO2 as the synthon has also inspired researchers to keep improving the already existing metal-

based catalysts.  Thus, in this present thesis, we focus mainly on cobalt and zinc Schiff base 

complexes, which not only effectively catalyse the cycloaddition reaction but also open the way 

towards sustainable and green chemistry. Hence, with our objective towards sustainability, there 

is a possibility of employing milder temperatures and pressures for cyclic carbonate synthesis 

using environmentally compatible metals with substantial Lewis acid characteristics. 

1.1.4 Heterogeneous aluminosilicates as catalysts for cyclic 

carbonate synthesis 

Homogeneous Schiff base complexes are attractive as robust catalysts, though they still 

suffer from drawbacks and disadvantages of often being irrecoverable from the reaction mixture. 

In some cases, homogenous complexes also suffer from drawbacks such as harsh reaction 

conditions,105, 106 high catalyst loading107 and metal content.108 This has led to the development of 

heterogeneous catalysts, which, besides having better recyclability, promote environmentally 

benign catalytic processes and have a better and more efficient catalytic activity than their 

homogeneous counterparts. Inorganic heterogeneous catalysts have become a fascinating choice 

for upcycling CO2 owing to their superior functionality, simple preparation, and the advantage of 

using aqueous media, avoiding organic solvents.109 Some of the heterogeneous catalysts used for 

the cycloaddition reaction include encapsulated metal complexes, metal-organic frameworks 

(MOFs), covalent-organic frameworks (COFs), zeolite imidazole frameworks (ZIFs), organic 

polymers, silica-based catalysts, and metal oxides. All these catalysts show superior activities 

when compared with the homogenous catalysts. Hence, it is vital to prepare heterogeneous 

catalysts that are cost-effective, easy to synthesize, and efficient.  

Porous aluminosilicates are one of the naturally occurring, abundant, and promising 

materials that can act as catalysts with adequate competence. These widespread minerals account 

for about 50% of the mass of Earth’s crust.110 They are generally porous materials with tuneable 
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chemical and physical properties, which render them with the requisite characteristics of a 

heterogeneous catalyst. 

1.1.4.1 What are aluminosilicates? 

Aluminosilicates are a family of compounds containing aluminium (Al), silicon (Si) and oxygen 

(O) atoms in their chemical composition. These materials comprise anionic Si-O-Al linkages 

associated with cations like Na+, K+ and H+. Based on the microstructure, aluminosilicates are 

classified as (i) phyllosilicates (extended planar and layered structure) and (ii) tectosilicates 

(network of extended 3D covalent bonds).111 Zeolites belong to the tectosilicate category of the 

aluminosilicates, which comprises a 3D framework of TO4 (T=Si, Al) tetrahedrally linked by 

sharing the oxygen atom, which forms a uniform pore. (shown in Figure 1.5).  Based on their pore 

size, aluminosilicates are majorly classified as (i) microporous (pore size less than 2 nm in 

diameter), (ii) mesoporous (pore size between 2 nm and 50 nm in diameter) and (iii) macroporous 

(pore size more than 50 nm in diameter). MCM-41 is an example of mesoporous aluminosilicate 

having an ordered hexagonal structure with uniform cylindrical pores.  

 

Figure 1.5: General representation of aluminosilicates.112 

 

1.1.4.2 Structure and nature of aluminosilicates  

One of the objectives of the present thesis is to study the properties and application of three 

aluminosilicates viz zeolite Na-Y, ZSM-5 and MCM-41 as catalysts for the cycloaddition reaction. 

While zeolite Na-Y and ZSM-5 primarily belong to the class of zeolites, MCM-41 belongs to the 

class of ordered mesoporous silica (shown in Figure 1.6).  
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Figure 1.6: Structure of aluminosilicates employed in this thesis.113 

 

Zeolites are molecular sieves of robust crystalline silica-alumina framework structure formed 

by a continuous network of oxygen-sharing SiO4 or AlO4
- tetrahedra. The framework of the zeolite 

consists of cross-linked TO4 (T = Si or Al) units linked together with the O-T-O bond angle nearly 

equal to the tetrahedral angle. The T-O-T angle is more flexible and is close to 140°-165°. The 

presence of Al3+ in the tetrahedral position makes the zeolite bear a negative charge balanced by 

mobile alkali metals or alkaline earth metal cations, thus preserving the electro-neutrality of the 

zeolite. The TO4 tetrahedra are often referred to as the primary building units of the zeolite 

structures. These primary units condense together to form the secondary units. This arrangement 

provides a unique architecture consisting of internal voids and regular-shaped windows with 

precise size, channels, and cages at the nanoscale.114 These channels are naturally occupied by 

water molecules. The basic framework structure of the zeolite can be characterized by the pore 

opening, channel, and cages of specific sizes and shapes (shown in Figure 1.7). Other parameters, 

such as the influence of framework composition, extra-framework cations, organic species, and 

sorbed molecules, also play a vital role in describing the chemical behaviour of a given zeolite.  
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Figure 1.7: Building units of (A) zeolite-Y, (B) ZSM-5, (C) MCM-41.111, 115 

Zeolites have both acidic and basic sites within the framework, which makes their study even 

more attractive. When the negative framework of the zeolite is balanced by a proton, a bridging 

hydroxyl group coordinated tetrahedrally between Si and Al atoms is formed, which results in the 

formation of Brønsted acidic sites.116 Lewis acidic sites in the framework can be generated by the 

introduction of heteroatoms such as titanium, zirconium, tin, etc. In addition, the aluminium can 

also give rise to the Lewis acidity. Calcination at high temperatures or steaming of the zeolites 

results in the hydrolysis of the framework Si-O-Al bonds, generating the extra-framework 

aluminium with Lewis acidity (shown in Figure 1.8). The Lewis acidity can also be due to the tri-

coordinated framework aluminium.117 This acidity of zeolites is responsible for different catalytic 

activity. However, unlike Brønsted acidity, the concept of Lewis acidic aluminium in zeolites is 

still a grey area.116 Brønsted acid strength depends on the protons present with the bridging 

hydroxyl groups of SiO(H)Al in zeolite frameworks. In contrast, the aluminium in the framework 

primarily controls the strength of the Lewis acidity. The acidity of zeolites can be altered by 

varying the Si/Al ratio. Regarding the basic nature of the zeolites, the negative lattice oxygens 

contribute to some basicity in cationic zeolites.118 The basic strength of zeolites depends on the 

(A) 

(C) 

(B) 
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charge of the oxygen atom.119 Having such unique structural properties allows these porous 

materials to have extensive and efficient applications in the field of catalysis.  

 

Figure 1.8: Representation of Brønsted acidic sites (BAS) and Lewis acidic site (LAS) in 
zeolites.120 

 

Zeolite-Y belongs to the family of zeolite framework called the faujasite (FAU). FAU has a 

general formula Xm+
y/m[(SiO2)x(AlO2)-

y].zH2O.121 The FAU framework consists of 24 sodalite 

cages arranged analogously to the carbons in diamond. The sodalite cages are connected via 

hexagonal prisms or double six rings. The 3D pore called the supercage, formed by these 

hexagonal prisms, has an opening of 0.74 nm, and the supercage has an aperture of approximately 

12.7 Å.122 Due to its large windows, large void volume, inherent surface acidity, and high thermal 

stability, zeolite-Y is one of the most preferred zeolites for various catalytic reactions.123 The 

ability to adsorb CO2 and the presence of acidic sites have motivated many researchers to use 

zeolite-Y as a potential catalyst for the conversion of CO2 to cyclic carbonates.  

Zeolite Socony Mobil-5 (ZSM-5) is an MFI-type zeolite with a tuneable Si/Al ratio, crystalline 

framework, hydrothermal stability, high surface area, and flexible framework. ZSM-5 is generally 

synthesized from aluminium and silicate sources via hydrothermal methods.124 It is a zeolite in 

which the content of silicon is more than aluminium. The aluminium and Si/Al ratio of ZSM-5 

causes it to have acidic properties. It has a pore diameter range of 5 Å and a pore size (0.54 nm-

0.56 nm). Its structure has two intersecting three-dimensional channels, defined by 10-membered 

ring openings.125 ZSM‐5 in its hydrogen form (HZSM‐5) or metal‐modified MHZSM‐5 can 

acquire many functional, active sites like Brønsted acidity and Lewis acidity and basicity. The 

acidic properties of ZSM-5 and porous structure make it an excellent catalyst. HZSM‐5 or 
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MHZSM‐5 can also undergo reversible physical and chemical absorption of CO2 at its 

channel/surface. The interaction between the electric field of ZSM-5 and the quadrupole moment 

of CO2 gives ZSM-5 an excellent CO2 adsorption capacity.126 Due to its CO2 adsorption capacities, 

it can be used to convert CO2 to useful chemicals and the cycloaddition of CO2 and epoxide to 

form cyclic carbonate is one such reaction. 

MCM-41 (Mobil Composition of Matter-41) belongs to the family of ordered mesoporous 

silica, M41S and was developed in the early 1990s by Mobil oil research and development 

company. It was first synthesized by Beck et al. in 1992.127 The building blocks of MCM are 

amorphous silica arranged in hexagonal tubes with uniform mesopores of diameters approximately 

3 nm. Using template molecules of different lengths, the width of the tubes can be controlled to be 

in the range of 2 nm to 10 nm (shown in Figure 1.7). These tubes are connected by the sharing of 

silica walls.128 Unlike FAU-type zeolites, MCM-41 shows mild Lewis acidity and does not exhibit 

desired Brønsted acid sites.129 However, the acidity of aluminium-doped MCM-41 is similar to 

amorphous silica–alumina and researchers have developed methods to synthesize Al-MCM-41 to 

tune its acidity.130 Due to attractive properties like homogeneity of the pores, high surface area of 

over 700 m2g-1 and good thermal stability,131 MCM-41 are used as attractive mesoporous materials 

with versatile applications in various fields including catalysis, sorption of large organic 

molecules, chromatographic separations etc. MCM-41 works as an excellent support material. 

Moreover, it contains few active sites on its surfaces, which can be functionalised easily. The 

catalytic properties of MCM-41 can be enhanced by incorporating additional functional groups in 

the silica walls, by deposition of active species on the inner surface of the material, or by carrying 

out post-synthetic functionalization, called grafting. Such modified MCM-41 have been widely 

used for the capture of CO2
132 gas and is also being explored as a catalyst in the conversion of 

epoxides and CO2 to cyclic carbonate.  

1.1.4.3 Aluminosilicates as catalysts for cyclic carbonate synthesis  

There are only a few reports in the literature that use the intrinsic activity of aluminosilicates. 

The incorporation of zeolite-Y as a catalyst for the conversion of CO2 to cyclic carbonate was first 

reported by Davis et al.133 in 2000. Even after two decades, limited reports are available which 

utilize the intrinsic properties of aluminosilicates for the synthesis of cyclic carbonates. The reports 

using zeolite-based, ZSM-based, and MCM-41-based catalysts are tabulated in Tables 1.3, 1.4 and 

1.5, respectively.
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With only a handful of reports showcasing the utilization of modified zeolites and MCM-41 as 

complexes for the synthesis of cyclic carbonates, there is a lot of scope to explore the inherent 

acidity and basicity of these heterogeneous aluminosilicates further for their catalytic activity.  

1.1.5 Metal complexes encaged in zeolite as heterogeneous catalysts 

for cyclic carbonate synthesis 

Zeolites are microporous materials formed by the tetrahedral linkage of alumina (AlO4
-) and 

silica (SiO4), having the innate ability to act as catalysts. The presence of the supercage (12.7 Å 

diameter) in zeolite-Y enables it to function as a host for the entrapment of relatively large 

molecules. The zeolite-Y framework, comprising open cage-like channels, offers it with a robust 

architecture ideal for appropriate guest molecules and ligands to diffuse inside the supercage. The 

process of encapsulation leads to the heterogenization of the guest catalyst inside the zeolite. 

Although homogeneous catalysts possess the advantage of high selectivity, they still suffer from 

the drawback of harsh reaction conditions, lack of reusability and loss of activity. Upon 

encapsulation, the properties of the guest molecule inside the zeolite supercage, coupled with the 

characteristic properties provided by the specific architecture and the environment of the host 

material, often lead to remarkable catalytic activity. Metal-salen, metal-salophen, metal 

tris(bipyridyl), and metallophthalocyanine (MPc) encaged in zeolite-Y are some important 

examples of encapsulated complexes widely known as “ship-in-a-bottle” complexes. These 

encapsulated complexes have been used as catalysts for various organic transformations, 

asymmetric synthesis, photocatalysis, redox reactions, and as sensors. The efficiency of transition 

metal complexes and aluminosilicates as catalysts for the conversion of CO2 to cyclic carbonates 

has already been established separately. The combination of the activity of these homogeneous 

metal complexes with the inherent activity and the robustness of the zeolite is contemplated by the 

possibility of steering a new domain of heterogeneous catalysis for CO2 upcycling. The 

cycloaddition of CO2 using heterogeneous zeolite-encapsulated transition metal complexes is a 

lesser-studied area, and the present thesis aims to bridge the existing gap.   

1.1.5.1 Heterogenization of transition metal complexes and methods of encapsulation 

In recent years, there has been an upsurge in the demand for heterogeneous catalysts. The 

various advantages offered by the heterogeneous catalysts include simplification of the reaction 

procedures, recyclability of expensive catalysts, ease of separation of products, etc. These 
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advantages have piqued the interest of researchers towards the synthesis of heterogeneous 

catalysts. Generally, a homogeneous complex can be heterogenized using methods such as 

immobilization, grafting, anchoring and encapsulation.144 Immobilization leads to the formation 

of the covalent bonding, hence changing the conformation of a molecule.145 To prevent such 

conformational modifications, encapsulation is preferred. Zeolite-Y is often preferred as a host for 

encapsulation because of its elegant framework architecture, regular shape and size of cavities, 

windows and micropores, in addition to its stability. These encapsulated complexes are also known 

for their potential to mimic the biological systems and exhibit structural and functional analogy 

with cytochrome P-450 and are termed ‘zeozymes’.146 The structural rigidity of the framework 

confines the guest molecule inside the supercage, not allowing it to escape. The synthesized 

complex cannot be removed from the supercage without destroying the host framework. This 

specific architecture of the host-guest system is sometimes referred to as a “ship-in-a-bottle” 

complex. To synthesize these “ship-in-a-bottle” complexes, the molecular dimensions of the 

complex should be appropriate as not to exceed the size of the supercage of 12.7 Å. There are three 

basic methods of the synthesis of zeolite-encaged metal complexes. 

(a) Flexible ligand method 

(b) Template synthesis method 

(c) Zeolite synthesis method 

In the flexible ligand method, the mobile cations in zeolite are exchanged with the target metal 

using the ion-exchange method as the first step. The salen or salophen ligands of appropriate 

molecular dimensions, having the ability to rotate freely around the single bond (also known as 

flexible ligands), are often allowed to diffuse through the pores of the metal-exchanged zeolite. 

This leads to the in-situ complexation of the ligand with the metal. Once synthesized within the 

cavity of the host, due to its rigid structure and larger dimension compared to that of the pore 

openings of the cavity, the complex is immobilized. The unreacted ligands and the surface 

impurities are removed using Soxhlet extraction, and finally, the unreacted metal is again 

exchanged with Na+ ions by treating it with NaCl solution. This method was first reported by 

Herron et al.147 The general method for the flexible ligand synthesis method is shown in Figure 

1.9. 
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The template synthesis (Figure 1.10) is used for the complexes having molecular dimensions 

comparable with that of the pore of the zeolite. In this method, the complex precursors or the 

building blocks of the ligand are allowed to diffuse through the pores of the metal-exchanged 

zeolites. The formation of the ligand, as well as the complex, takes place in situ in this method. 

Metal-phthalocyanine and metal-tris(bipyridyl) complexes encapsulated in zeolite-Y are generally 

prepared by this method. This method was first reported by Lunsford et al.148  

Figure 1.9: Schematic representation for the flexible ligand synthesis method. 
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As the name suggests, in the zeolite synthesis method, the zeolite is synthesized around the 

metal complex. This method can only be applicable when the metal complex sustains the condition 

of zeolite synthesis. The metal complex to be encapsulated is added during the crystallization of 

the zeolite, such that, eventually, when the zeolite crystalizes, the metal complex is trapped inside 

the zeolite. This is a method where the building of the ‘bottle’ takes place around the ‘ship’. One 

of the advantages of this method is that only distinct metal complexes are encapsulated without 

the contamination of excess ligands or uncomplexed metal ions.149 (shown in Figure 1.11) 

 

Figure 1.10: Schematic representation for the template synthesis method. 
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1.1.5.2 Importance and effects of encapsulation on the structure and property of the 

guest metal complexes 

The comparable sizes of the metal complex and the pore size of the supercage of zeolite-Y 

suggests the possibility of structural and chemical modifications of the metal complex upon 

encapsulation. Indeed, it is well established that on encapsulation inside the supercage of zeolite 

Y, a complex is forced to undergo structural and geometrical modifications, especially when the 

topology of the host cavities imposes space constraints on the guest complex. Therefore, the 

encapsulated complex modifies its geometry to remain inside the zeolite. The structural 

modification of the encapsulated complex leads to numerous other modifications in its electronic, 

photophysical and chemical properties. There are reports which indicate the change in the 

magnetic, electronic, photophysical, and electrochemical properties upon encapsulation.150 

Reports also indicate the global hardness and softness values (polarizability) change upon 

encapsulation. The modified functionality and the improved catalytic activity of the encapsulated 

system are a direct consequence of these changes in the structure and properties that the complex 

undergoes upon encapsulation.   

Figure 1.11: Schematic representation for the zeolite synthesis method. 



  Chapter 1 

Page | 44  
 

In one of the earliest reports by Lunsford et al.,148 they found that encapsulated Co(II) 

tris(bipyridyl) showed different spin-states compared to its “free” form. The authors reported that 

the encapsulated complex undergoes thermally driven spin-conversion from low to high spin-state. 

Vasudevan et al.151 conducted detailed magnetic and spectroscopic studies of the complex. Their 

results revealed that the magnetic moment of the “free” complex remains constant at a wide range 

of temperatures. However, the encapsulated complex showed a gradual increase of magnetic 

moment from 1.9 B (S = 1/2) at low temperature to a value intermediate between the high spin 

(HS) (S = 3/2) and low spin (LS) (S = 1/2) at higher temperatures. Modelling studies also showed 

that the complex adopts a less distorted octahedral geometry upon encapsulation as compared to 

the free state. Vasudevan et al.152 also studied the effect of size and topology of the host supercage 

on the magnetic and electronic properties of the encapsulated Co phthalocyanine (CoPc) complex. 

They concluded that the complex adopts saddle-type distortion after the encapsulation, the 

consequence of which is the change in the magnetic moment of the encapsulated complex 

compared to the “free” complex.  

The effect of electronic properties upon encapsulation was recently reported by Ray et al.153 

Their studies reveal the interesting difference in the optical spectra of 1, 2 and 1, 3 complexes of 

Ni(salophen) complexes. Upon encapsulation, all the 1, 2 Ni(salophen) complexes underwent a 

blue shift compared to their neat counterparts, while the 1, 3 Ni(salophen) complexes showed a 

red shift. (shown in Figure 1.12) This difference in optical spectra is attributed to the bridging 

phenyl ring, which experiences opposing structural modification on entrapment. Diffuse 

reflectance spectroscopy and DFT studies revealed that for 1, 3 systems, the bridging phenyl ring 

lies out of the plane in the “neat” form, leading to loss of conjugation. Upon encapsulation, the 

phenyl ring is forced to adopt a more planar geometry with enhanced conjugation and eventually 

experiences a red shift. On the other hand, the planar 1, 2 Ni(salophen) complex in “neat” form 

undergoes distortion upon encapsulation, leading to the loss of conjugation and, hence, a 

substantial blue shift observed in the electronic spectrum compared to the neat complex. A similar 

observation was reported by Ray et al.154 for 1, 3 Pd(salen), which undergoes red shift upon 

encapsulation. However, in the case of 1, 3 Pd(salen), the red shift is dependent on the substituent 

present on the 5, 5’ of the phenyl ring. Electron-donating substituents like -OH and -CH3 assist in 

a red shift while electron-withdrawing -Br shows a blue shift compared to the “neat” complex. 

 



  Chapter 1 

Page | 45  
 

 

Figure 1.12: Change in electronic properties upon encapsulation as reported by Ray et al.153 

 

The change in photophysical properties of iron complexes upon encapsulation was reported by 

Keyes et al.155 They observed that in “free” state [Fe(tpy)2]2+ quenched [Ru(bpy)3]2+ through the 

radiative mechanism. However, upon encapsulation, the symmetry about the metal in the 

coordination sphere reduces, which enhances a 1T2  1A1 ligand field transition in the complex. 

Hence, in the encapsulated state, [Fe(tpy)2]2+ quenches [Ru(bpy)3]2+ through a non-radiative 

mechanism  

The effect of redox potential and polarizability was studied by Deka et al.156 They studied salen 

and salophen complexes of iron(III) in “neat” and encapsulated form for the oxidation of naphthol. 

The authors report that Fe-Schiff-base complexes encapsulated in zeolite KY have more negative 

reduction potential as compared to other alkali metal exchanged zeolite. The encapsulation further 

leads to a decrease in global hardness and an increase in global softness, factors controlling 

polarizability. The changes in the redox potential and the polarizability of the encapsulated 

complex make it an efficient catalyst for oxidation compared to the “neat” complex. 
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Encapsulation of a metal complex inside zeolite also leads to site isolation.153 Schiff base 

complexes of Zn, Co, and Al are also known to display dimerization,157, 158 and these dimeric 

complexes show less catalytic activity than monomers. Di Bella and co-workers have extensively 

studied, theoretically159 and experimentally,160 the behaviour of zinc salen and salophen complexes 

in various coordinating and non-coordinating solvents. Their results showed that zinc salen and 

salophen complexes tend to form dimers, oligomers, and higher aggregates in the presence of non-

coordinating solvents. To prevent dimerization, researchers have used bulky groups like tert-butyl 

(tBu) at the 3,3’ and 5,5’ positions). Encapsulation leads to the formation of the monomeric 

complex due to the size constraint of the zeolite pore.  

The above studies indicate that the size constraints of the pore of the zeolite lead to various 

structural and functional modifications that have a direct impact on the catalytic activity of the 

encapsulated complex. There is vast scope to explore this remarkable property of the host-guest 

systems for the fixation of CO2 to cyclic carbonates. 

1.1.5.3 Applications of zeolite encapsulated complexes as catalysts 

The encapsulated “ship-in-a-bottle” complexes with modified structural and functional 

properties have been studied for their application as catalysts for reactions, including organic 

transformations, photocatalysis, redox reactions, and sensors. There are many reports by Ray et al., 

Deka et al., and others on the organic transformations using encapsulated complexes. The studies 

report the activity of various complexes like 1, 2 Cu(salophen), 1, 2 Pd(salen), 1, 3 Ni(salophen), 1, 3 

Pd(salophen) entrapped in zeolite-Y for different oxidation reactions like styrene oxidation,161 

sulfoxidation,154 and phenol oxidation,153 and Heck coupling162 reactions respectively. The major 

conclusions from all these reports pointed out that the complexes studied undergo optical and 

geometric modifications upon encapsulation, leading to enhancement in the catalytic activity of the 

encapsulated complexes. Deka et al.163 studied the oxidation of phenol using complex bis(picolinato) 

complexes of cobalt, nickel, and copper in both solution and encapsulated states. Their study revealed 

that on encapsulation, the walls of zeolite impart changes in the electronic, structural, and catalytic 

behaviour of the catalysts. The catalyst Cu(II) bis(picolinato) in the encapsulated state produces 

catechol selectively, while the "neat" complexes yield benzoquinone as the side product. Mohammed 

et al.164 developed platinum metallated porphyrin (Pt(II)TMPyP) encapsulated in a rho-type zeolite-

like metal-organic framework (rho-ZMOF) and a applied the complex for anion-selective sensing. 

The authors report that photo-induced triplet-state electron transfer of “neat” Pt(II)TMPyP showed 

a very low detection limit for anions with no selectivity. On the other hand, the Pt(II)TMPyP 
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encapsulated in the rho-ZMOF framework possessed a unique chemical structure to overcome 

such limitations. Tris(2,2’-bipyridine) ruthenium(II) ([Ru(bpy)3]2+) complex, a redox-active 

photosensitizer, was studied inside zeolite-Y.165 Upon encapsulation, the complex undergoes strong 

distortion from its octahedral geometry, which leads to an increase in the intensity of the 

phosphorescence emission of the complex. It was also observed that the complex undergoes a blue 

shift of the luminescence maxima, termed “rigid chromism”. The rigid environment after encapsulation 

gives rise to reduced relaxation, which results in the spectral blue shift.  

Apart from the oxidation-reduction reactions, sensing and photochemical application, encapsulated 

complexes have also been used for the conversion of CO2 to cyclic carbonates. Ratnasamy et al.166 

reported the utilization of aluminium phthalocyanine complexes encapsulated in zeolite-Y for the 

cycloaddition of CO2 to ECH and PO in the presence of DMAP as a co-catalyst to yield their 

corresponding carbonates. A conversion of 97.3% with a selectivity of 99.7% for ECH was 

obtained at 120 °C, 4 hours, a CO2 pressure of 6.9 bar, using the dual catalytic system of aluminium 

phthalocyanine (AlPc-Y) and DMAP. The catalyst was easily separated from the reaction mixture 

and reused with little loss in activity. The zeolite-Y-encapsulated complex, CuPc-Y, exhibited 

superior activity (TOF=12326 h-1) compared to the "neat" (TOF=502 h-1) and silica-supported 

phthalocyanine complexes (TOF=478 h-1). They reported the higher activity of the encapsulated 

complexes as a result of the isolation of the complexes in the supercage of zeolite-Y and the 

consequent changes in the electronic structure. Du et al.167 encapsulated manganese porphyrin 

complex, [TMPyPMn(I)]4+(I−)4, into ZIF-8 assembled from Zn(II) and 2-methylimidazole (Figure 

1.13). The confinement of the porphyrin in ZIF, along with the Lewis acidity from the metals in 

the composite and the nucleophilicity of the halide ion, enhanced the activity through synergistic 

host-guest catalysis. The encapsulated system gave 99% yield of ECHC at 1 bar, 100 °C, and 36 

h, as compared to 53% and 27% by only the ZIF and only the porphyrin, respectively. In one report 

by Luo et al.168, they reported zeolite NaX supported cobalt porphyrin rather than encapsulation 

for the conversion of CO2 to cyclic carbonate. They reported that the catalytic performance of the 

heterogeneous catalyst was better than the homogeneous counterpart. At 30 bar, 120 °C, and 5 h, 

they reported a 90.4% yield of propylene carbonate using PTAT as the co-catalyst. The mechanism 

followed epoxide activation, where the Lewis acidic site is the hydroxy group of the zeolite NaX 

of the supported catalyst system and the Br3
- from PTAT aids in the ring opening.  
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Figure 1.13: Metalloporphyrin in ZIF for cyclic carbonate synthesis reported by Du et al.167 

(Adapted with permission form John Wiley and Sons) 

 

Hence, the vast range of applications of zeolite encapsulated complexes and the conversion of 

CO2 to cyclic carbonates using encapsulated phthalocyanine and porphyrin complexes paves the 

way towards using zeolite encapsulated Schiff base metal complex for the upcycling of CO2. The 

structural and functional modification of a complex upon encapsulation might lead to interesting 

catalytic activities. 

1.2 Gaps in the literature and scope of the present thesis 

After carefully studying the literature available for the synthesis of cyclic carbonates from CO2 

and epoxide, the following gaps were found: 

 There are very few reports involving aluminosilicates as catalysts for the conversion of CO2 

to carbonates. 

 Zeolite Y encapsulated salen and salophen type complex has not been explored for the 

conversion mentioned above.  

 Encapsulation can deliver different electronic parameters to metal complexes via structural 

distortion, and this area is relatively less explored for cyclic carbonate synthesis. 
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The main motive of the present thesis is to discern the role of various homogeneous and 

heterogeneous complexes as catalysts for the valorization of CO2 to industrially relevant cyclic 

carbonates, preferably with milder reaction conditions. The catalysts employed in this thesis 

transition progressively from a homogeneous to a heterogeneous state. Firstly, homogeneous N2O2 

coordinating, Schiff base complexes of zinc(II) salophen (N, N’-bis(salicylidene)-1,2-

phenylensediamine), with various substituents on the 5, 5’ position, varying from the election 

donating methyl (-Me) group to electron-withdrawing nitro group (-NO2) have been synthesized. 

The effect of the substituents has been compared, and the complexes have been studied for their 

utility as catalysts for the synthesis of styrene carbonate from CO2 under ambient reaction 

conditions. Towards the use of heterogeneous catalysts, the relevance of commercially available 

aluminosilicates, such as Na-zeolite-Y, NH4
+ZSM-5, and synthesized Al-MCM-41 have been 

studied for the cycloaddition reaction. The effect of the Si/Al ratio, and thus, the Lewis acidity of 

these heterogeneous catalysts, has been explored. Finally, the activity of the homogeneous 

complexes and the properties of the heterogeneous aluminosilicates have been integrated to form 

the zeolite-Y encapsulated complexes. The encapsulated complexes of non-toxic, earth-abundant 

metals Zn, Co, e.g.,1, 2 zinc(II) salophen and 1, 2 cobalt(II) salophen have been employed for the 

formation of styrene carbonate, and their activity compared with their homogeneous counterparts. 

The heterogeneous encapsulated complexes show superior activity compared to their 

homogeneous analogues due to the various structural and electronic modifications experienced by 

the complexes upon encapsulation.  

The Schiff base complexes were synthesized by the simple condensation of diamine and 

substituted salicylaldehyde. The formation of the “neat” complexes was confirmed by NMR and 

LC-MS spectroscopic methods. Other spectroscopic techniques like electronic and vibrational 

spectroscopy were used to comprehend the electronic environment upon complexation. XPS 

spectroscopy and thermal analysis were carried out to study the oxidation state and the stability of 

the complex, respectively. The mechanism was investigated using theoretical methods. The 

zeolites, Na-zeolite-Y and NH4
+-ZSM-5 were commercially purchased, but their comparative 

spectroscopic analysis was carried out along with synthesized Al-MCM-41. These 

aluminosilicates were characterized by powder XRD, FT-IR, TGA, BET and XPS. Temperature 

programmed desorption was carried out to discern the acidic sites present in these aluminosilicates. 

The encapsulated complexes were prepared by the flexible ligand method. Characterization 

techniques, including electronic, vibrational, XPS, BET and XRD, give us indirect proof of the 
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encapsulation of the complex inside the pores of zeolite. The DFT studies are carried out for the 

encapsulated complexes to understand the electronic transitions better. The reactions at ambient 

pressures were carried out using a balloon filled with CO2, while those at slightly higher pressures 

were carried out in an autoclave.   
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2.1 Introduction 

In this chapter, all the materials, the synthetic processes, methodologies, analytical instruments 

used, their parameters during the measurement, and their working principles are discussed in 

detail. Analytical tools, understanding of the underlying principles of these instruments, the 

interpretation of data and extracting vital conclusions are an integral part of research. Particularly, 

in the case of zeolite chemistry, the properties of the synthesized encapsulated complexes require 

the undoubted use of different analytical techniques. The encapsulations are generally proven by 

indirect methods to confirm the presence of the complex inside the pores of zeolites. The “neat” 

or the free state complexes also need to be characterized to ensure their purity.  

All the above-mentioned instruments and the characterization techniques will be discussed in 

detail in the next section. A brief discussion about the working principles of these instruments, and 

the relevance of the data obtained from these analytical tools for this thesis, will also be discussed.  

2.2 Materials 

All the chemicals used and the companies from where those were procured, to carry out the 

work of this thesis are listed in Table 2.1.

 

Table 2.1: List of various chemicals and their suppliers used in the current thesis 

S. No. Chemical Name of supplier 

1.  
2-Hydroxy-5-

(trifluoromethoxy)benzaldehyde 
Sigma Aldrich, India 

2.  2-Hydroxy-5-bromobenzaldehyde Sigma Aldrich, India 

3.  2-Hydroxy-5-chlorobenzaldehyde Alfa Aesar, India 

4.  2-Hydroxy-5-methoxybenzaldehyde Sigma Aldrich, India 

5.  2-Hydroxy-5-methylbenzaldehyde Sigma Aldrich, India 

6.  2-Hydroxy-5-nitrobenzaldehyde Sigma Aldrich, India 

7.  2-Hydroxybenzaldehyde Merck, India 

8.  Acetone Merck, India 

9.  Acetonitrile (HPLC grade) Sigma Aldrich, India 

10.  Aluminium isopropoxide Spectrochem, India 
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S. No. Chemical Name of supplier 

11.  Ammonium ZSM-5 Alfa Aesar, India 

12.  Barium sulphate Merck, India 

13.  Bromobenzene  Central Drug House, India 

14.  Carbon Dioxide (CO2) Sigma Gases (99% purity) 

15.  CDCl3 Sisco Research Laboratories, India 

16.  Cetyltrimethylammonium bromide Spectrochem, India 

17.  Cobalt acetate.5 H2O Qualikems, India 

18.  Cyclohexene oxide Thermo Fisher scientific, India 

19.  Diethyl ether Molychem, India 

20.  DMSO-d6 Sisco Research Laboratories, India 

21.  Epichlorohydrin Spectrochem, India 

22.  Ethanol 
Changshu Song Sheng Fine 

Chemical, China 

23.  Methanol Merck, India 

24.  Nitric Acid Emplura, India 

25.  o-phenylenediamine S D Fine Chemical Limited, India 

26.  Parent zeolite Na-Y Sigma Aldrich, India 

27.  Potassium bromide (Spectroscopy grade) Merck, India 

28.  Propylene oxide Sigma Aldrich, India 

29.  Silver nitrate Molychem, India 

30.  Sodium chloride Molychem, India 

31.  Sodium metasilicate Central Drug House, India 

32.  Styrene oxide TCI, India 

33.  Sulphuric acid Spectrochem, India 

34.  Tetrabutylammonium bromide  Merck, India 

35.  Tetrabutylammonium iodide Spectrochem, India 

36.  UV grade chloroform Spectrochem, India 

37.  UV grade DMSO Spectrochem, India 

38.  Zinc acetate.2 H2O Merck, India 
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2.3 Experimental Methods 

This section deals with the details of the methods and the methodologies used for the synthesis 

of the complexes used. The procedure for upcycling CO2, i.e., the cycloaddition reaction of 

epoxide with CO2, using various catalysts is also discussed. 

2.3.1 Synthesis of Al-MCM-41 

For the preparation of Al-MCM-41, sodium metasilicate was taken as the silicon source, and 

aluminium isopropoxide was taken as the aluminium source maintaining their ratio as 1:20. The 

synthesis was carried out according to the procedure reported in the literature.1 In a typical reaction 

setup, sodium metasilicate (44-47% SiO2,12.2 g, 1 mol, dissolved in 50 g of deionized water) was 

mixed with aluminium isopropoxide (1.1 g, 0.05 mol, dissolved in 10 g of deionized water) and 

stirred for 30 minutes. After the stipulated time, 100 ml of 1 N sulphuric acid was added until the 

gel formation takes place. Consequently, cetyltrimethylammonium bromide (7.2 g, 0.2 mol) was 

added drop-by-drop to the solution till the gel changed to suspension. Ultimately, the suspension 

was transferred to a polypropylene bottle, after which it was heated in a furnace at 100 °C for four 

days. The material was cooled to room temperature, recovered, and repeatedly washed with 

deionized water and ethanol. It was finally subjected to calcination overnight at 540 °C for 12 

hours. 

2.3.2 Synthesis of Schiff-base ligands2 

 For the synthesis of the salophen ligands (N, N’-bis(salicylidene)-1,2-phenylenediamine), the 

benzaldehyde precursor (54 A-G, shown in Scheme 2.1) was dissolved in ethanol by heating. To 

this solution, o-phenylenediamine was added. The ratio of aldehyde and amine was taken as 2:1, 

and the reaction temperature was maintained at 80 °C. The reaction mixture was then refluxed for 

3-5 hours. After the completion of the reaction, the synthesized ligand was filtered and thoroughly 

washed with cold ethanol and diethyl ether. The product (L1-L7, shown in Scheme 2.1) was finally 

collected and dried in the air. 
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Scheme 2.1: Synthesis of the Schiff base ligands. 

2.3.3 Synthesis of metal (Co, Zn) Schiff-base complexes3, 4 

For the preparation of the metal complex (57 ML1-ML7, M´L1-M´L3, shown in Scheme 2.2), 

the synthesized ligand (L1-L7) was dissolved in ethanol by heating. After the complete dissolution 

of the ligand, an equimolar amount of metal acetate salt was added to the solution. The temperature 

was maintained at 80 °C, and the reaction was then refluxed for 3-5 hours. After the completion 

of the reaction, the solid was filtered by simple filtration. The product was washed thoroughly with 

cold diethyl ether and ethanol. Finally, the solid product was dried in an oven at 85 °C. 

 

Scheme 2.2: Synthesis of the Schiff base “neat” or free-state metal complexes. 
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2.3.4 Synthesis of metal [M(II)] exchanged zeolite-Y5, 6 

To exchange the mobile Na+ ions of zeolite-Y framework by the desired metal ions to prepare 

the M(II) exchanged zeolite-Y (M-Y), a particular concentration of the metal salt was added to the 

parent zeolite Na-Y. To prepare Co-Y, 0.01 M Co(CH₃COO)₂·4H₂O in 100mL milli-Q water was 

to 10g of zeolite Na-Y, and for Zn-Y, 0.015 M Zn(CH3COO)2.2H2O in 100 mL of milli-Q water 

was added to the 5g of zeolite-Na-Y (Scheme 2.3) . The mixture was stirred at room temperature 

for 24 h to obtain the required loading level of metal ions. The slurry was filtered, washed 

repeatedly with milli-Q water, and then kept in a muffle furnace for 12 h at 150 °C.  

Scheme 2.3: Synthesis of metal exchange zeolite Na-Y. 

2.3.5 Synthesis of encapsulated M(II)-Schiff base complexes in zeolite-Y7 

The metal encapsulated complex was prepared as per the flexible ligand approach (Figure 1.9). 

Initially, the flexible Schiff-base ligand was allowed to diffuse inside the pores of zeolite-Y. For 

this to occur, the Schiff-base ligand with M(II)-zeolite-Y was taken in a particular ratio, and the 

reaction mixture was heated at 150-200 °C for 24 hours. Then the ligand was allowed to react with 

the metal ions present in the supercage. To prepare zinc(II) encapsulated complex, the ligand : Zn-

Y ratio was kept at 0.75:1 and for cobalt(II) encapsulated complexes, the ratio was maintained at 

1:1. Upon reaction, the colour of solid reaction mass changed from yellowish to dark brown. The 

resultant product was further purified by Soxhlet extraction to remove unreacted ligands and the 

metal complex formed/adsorbed on the surface. The choice of the solvent for Soxhlet was based 

on the ability of the solvent to solubilize the unreacted ligand and the surface-adsorbed complex, 

i.e., acetone, followed by methanol and diethyl ether. The product was then allowed to react with 

0.01M NaCl solution to remove the unreacted metal ions. The product was filtered and washed 

with distilled water thoroughly until the filtrate was negative for the chloride ion test. Finally, the 

obtained product was  dried in a muffle furnace at 150 °C for 12 h. The final product was obtained 

as a brown powder.  
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2.3.6 Synthesis of cyclic carbonate from epoxide using different aluminosilicates as 

catalysts at high pressure8  

In a teflon container, 25 mg of the aluminosilicate catalyst, 0.05 mmol (16.1 gm) of TBAB, 

and 10 mmol (1.13 mL) of styrene oxide were added sequentially. The teflon container was put in 

the stainless-steel vessel of the pressure reactor under solvent-free conditions, and the reactor was 

sealed. The temperature was first increased to 120 °C, and once the temperature was constant, CO2 

was introduced at a pressure of 4 bar. The reaction was carried out for 2 hours with a continuous 

flow of CO2 (Scheme 2.4(b)). The flow of CO2 was stopped after the reaction, and the excess gas 

was vented out. The reactor was allowed to cool down and then opened. The reaction mixture was 

then diluted with 10 mL of acetonitrile and transferred to a glass vial. From this vial, 1.5 ml of the 

reaction mixture was taken in a 2 ml eppendorf tube, and 0.45 ml of internal standard, i.e., PhBr, 

was added. This mixture was centrifuged and was used for gas chromatographic study. For the 

recycling experiments, the zeolite Na-Y was separated using simple filtration. Then it was further 

washed using various organic solvents such as ACN, methanol, acetone, and hexane. The catalyst 

was dried and again used for the next cycle under the same conditions.  

2.3.7 Synthesis of cyclic carbonate from epoxide using cobalt(II) free state and 

encapsulated catalysts at high pressure 
25 mg of the encapsulated complex (CoL1-Y or CoL2-Y), or 0.05 mmol of the free state 

complex, 0.05 mmol (16.1 mg) of TBAB and 10 mmol (1.13 ml) of styrene oxide, were added 

sequentially in a teflon container. The teflon container was put in the stainless-steel chamber of 

the pressure reactor and was sealed. This reaction mixture was supplied with a continuous flow of 

CO2 to maintain the pressure at 5 bar. Following the optimized reaction condition, the reaction was 

carried out for 1.5 hours at 130 °C (Scheme 2.4(d)). After the specified time, the excess CO2 was 

released, and the reactor was allowed to cool down to room temperature and then opened. The 

reaction mixture was diluted with 10 ml of acetonitrile and transferred to a glass vial. From this 

vial, 1.5 ml of the reaction mixture was taken in a 2 ml eppendorf tube, and 0.45 ml of internal 

standard, i.e., PhBr, was added. This mixture was centrifuged and was used for gas 

chromatography. 

2.3.8 Synthesis of cyclic carbonate from epoxide using zinc(II) Schiff base complexes.9 

In a typical experimental setup for the synthesis of cyclic carbonate, zinc salophen complex 

(0.05 mmol), TBAB (0.05 mmol, 16.1 mg), and styrene oxide (10 mmol, 1.13 mL) were 
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sequentially added in a two-neck round bottom flask and evacuated. CO2 was then introduced into 

the system using a rubber gas sample bladder. The reaction mixture was stirred for 5 hours at 80 

°C (Scheme 2.4 (a)). Once the reaction was complete, the reaction mixture was diluted with 10 

mL acetonitrile. From the diluted solution, 1.5 ml of the reaction mixture was taken in presence of 

0.45 ml of internal standard, i.e., PhBr. After centrifuging the mixture, it was proceeded for gas 

chromatography. 

2.3.9 Synthesis of cyclic carbonate from epoxide using zinc(II) encapsulated 

complexes. 

In a typical experimental setup for the synthesis of cyclic carbonate, 25 mg of the zinc(II) 

encapsulated complex, TBAB (0.05 mmol, 16.1 mg), and styrene oxide (10 mmol, 1.13 mL) were 

sequentially added in a two-neck round bottom flask and evacuated. CO2 was then introduced into 

the system using a rubber gas sample bladder. The reaction mixture was stirred for 14 hours at 80 

°C. (Scheme 2.4 (c)) Once the reaction was complete, the reaction mixture was diluted with 10 

mL acetonitrile. From the diluted solution, 1.5 ml of the reaction mixture was taken in presence of 

0.45 ml of internal standard, i.e., PhBr. After centrifuging the mixture, it was proceeded for gas 

chromatography. For the recycling experiments, the ZnL1-Y complex was separated using simple 

filtration. Then it was further washed using various organic solvents such as ACN, methanol, 

acetone, and hexane. The catalyst was dried and again used for the next cycle under the same 

conditions.  

 

Scheme 2.4: Synthesis of cyclic carbonates from CO2 and epoxides using different catalysts. 
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2.4 Characterization techniques  

This section explains, in detail, the various analytical instruments used to characterize the 

encapsulated and the free-state complexes synthesized.  

2.4.1 UV-visible/Diffuse Reflectance Spectroscopy (DRS)10  

In the case of diffuse reflectance spectroscopy (or solid UV), the absorbance is measured by 

taking the ratio of the reflected light samples rather than the transmitted light.  

However, in most cases, due to the inhomogeneity of the sample, it undergoes scattering instead 

of reflection. The Kubelka-Munk equation provides a good approximation description for the 

calculation of the scattering coefficient s. The diffuse reflectance, Rꝏ, is given as 

k/s = (1-Rꝏ)2 /2 Rꝏ 

where k is the absorption coefficient of the sample (k=4π κ/λ), and s is the scattering coefficient. 

In the present thesis, the solution-state UV-vis measurement has been done for all the ligands 

and the “neat” complexes. All spectra of the cobalt(II) complexes and their ligands have been 

recorded using chloroform as the solvent, while the UV-vis spectra of zinc(II) complexes and their 

ligands have been carried out in DMSO as the solvent. All the solution-state UV-vis absorption 

spectra have been recorded using a JASCO V-650 spectrophotometer. Most measurements have 

been carried out between the wavelength range of 190-900 nm. The spectrophotometer is fitted 

with two lamps, i.e., a tungsten (W-lamp) lamp for the measurement between the wavelength range 

900-350 nm and a deuterium (D2-lamp) lamp for the measurement between the wavelength range 

350-190 nm. Photodiodes consisting of silicon crystals is used as a detector. The solid UV spectra 

have been recorded using a Shimadzu UV-2450 spectrophotometer in the diffuse reflectance mode. 

The sample was mixed with barium sulphate (BaSO4), which was used as the reference material. 

To measure the diffuse reflectance, the spectrophotometer is equipped with an integrating sphere 

of 60 mm inner diameter 

2.4.2 Fourier Transform Infrared spectroscopy (FT-IR)11 

In this thesis, the FT-IR measurements have been carried out for the zeolites, zeolite Na-Y and 

NH4
+-ZSM-5, and the mesoporous silica, Al-MCM-41. All the ligands, metal complexes, 

and encapsulated complexes also have been characterized by FT-IR. The FT-IR spectra has 
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been recorded using a SHIMADZU IR AFFINITY-1S FT-IR spectrometer in the range of 450–

4000 cm–1 by making pellets using potassium bromide. 

2.4.3 Brunauer-Emmett-Teller (BET) surface analysis  
In the present thesis, the Brunauer–Emmett–Teller (BET) analysis has been carried out to study 

surface area, pore volume of  the zeolites, zeolite Na-Y and NH4
+-ZSM-5, and the mesoporous 

silica, Al-MCM-41. The N2 absorption isotherms have also been carried out for all the 

encapsulated complexes of cobalt and zinc. The BET measurements of the zeolites have been done 

using the Microtrac Bel BEL SORP mini II model machine. The same instrument was used for the 

surface area analysis of the zinc(II) encapsulated complexes. The adsorption studies were carried 

out after the pretreatment of the samples at 200 °C for 4 hours. The BET surface area, pore volume 

and pore size of the cobalt(II) encapsulated complexes were measured using Quantachrome 

instruments along with a volumetric adsorption setup at -196 °C. 

2.4.4 X-ray photoelectron Spectroscopy (XPS)12 

The complexes that have been characterized using XPS in this present thesis include the 

zeolites, the mesoporous silica, Al-MCM-41. and all the cobalt(II) and zinc(II) encapsulated 

complexes. The XPS study of all the cobalt(II) and zinc(II) free-state complexes has also been 

carried out for comparison. The XPS analysis was carried out by Omicron EA 125 source using 

Al Kα radiation having energy 1486.7 eV. During the measurement, base pressure was maintained 

at < 10-9 m bar in the UHV. High-resolution XPS traces were deconvoluted using the Gaussian 

statistical analysis in Origin-9 software. 

2.4.5 Nuclear Magnetic Resonance (NMR)13 

All the zinc(II) “neat” complexes used in the present thesis, were characterized using the 

solution NMR. The 1H and the 13C NMR were recorded on a Bruker Avance 400 spectrometer 

using DMSO as the solvent. The operating frequency for recording the proton NMR was 400 MHz, 

while that for carbon NMR was 100 MHz. The 29Si MAS-NMR was recorded on JEOL-JNM-ECA 

Series (Delta V4.3)-400 MHz-FT-NMR instrument with a spinning frequency of 6KHz, 512 scans 

and 10 sec of relaxation delay. A single pulse sequence was used. Chemical shifts are reported 

relative to tetramethylsilane (TMS).  

The DOSY experiment was performed to determine the diffusion constant of ZnL1 and ZnL4 

on a Bruker Ascend 400 NMR instrument at a constant temperature of 300 K. The Z-gradient 

probe with the stebpgp1s pulse sequence was used. The diffusion period (d20, Δ) was 0.1 sec, and 
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the gradient pulse duration (p30, δ) was 1000 μs. Initial and final gradient strengths (GPZ6) were 

set at 5% or 95%, respectively. The data were analyzed using the MestReNova 12.0 software using 

the Peak Heights Fit method. 

2.4.6 Powder X-ray diffraction (PXRD)14 

Small-angle XRD has been used to characterize Al-MCM-41. All other complexes have been 

characterized by wide-angle XRD. In the present thesis, for small angle XRD of Al-MCM-41, 

Xeuss C HP100 fm instrument was used with 2θ values ranging from 0° to 4°. The XRD patterns 

for zeolite NH4
+-ZSM-5 and zeolite Na-Y have been recorded by a RIGAKU MINIFLEX II X-ray 

diffractometer using a Cu Kα X-ray source (λ = 1.542 Å). The analysis of zeolite Na-Y was carried 

out with 2θ values from 8° to 50° at a scanning rate of 2° min-1, while 2θ values from 5° to 80° at 

a scanning rate of 2° min-1 was used for zeolite NH4
+-ZSM-5. For all the encapsulated complexes 

and metal exchanged zeolite-Y, the analysis was carried out with 2θ values from 8° to 40° at a 

scanning rate of 2° min-1. 

2.4.7 Field Emission Scanning Electron Microscopy (FESEM) and Energy Dispersive 

X-ray analysis (EDX)15 

The FESEM and EDX analysis technique was employed on all the encapsulated complexes, 

metal exchanged zeolite-Y, zeolite Na-Y, zeolite NH4
+- ZSM-5 and Al-MCM-41. For the 

encapsulated complexes, FESEM imaging was performed to perceive the proper washing after 

Soxhlet extraction. The Si/Al ratio in the zeolites and the metal loading in the Zn(II) and Co(II) 

encapsulated complexes and the metal exchange complexes were calculated by EDX analysis. In 

the present thesis, the FESEM imaging of the zeolites was carried out using a ThermoFisher 

Scientific APERO 2S model. FEI Apreo LoVac instrument with an accelerated voltage of 5–20 

kV was used for the FESEM and EDX imaging of the Co(II) and Zn(II) encapsulated complexes 

and the metal exchange zeolites. The imaging and the EDX of the complexes were carried out after 

coating the samples with gold.  

2.4.8 Thermogravimetric analysis (TGA)16 

The TGA analysis in the present thesis was conducted to study the thermal stability of all three 

zeolite catalysts, cobalt and zinc “neat” complexes and all the encapsulated complexes. The 

analysis was performed in an inert (nitrogen) atmosphere within the temperature range of 25 °C -

800 °C using a TGA-60, SHIMADZU equipment at a heating rate of 10 °C min−1. 
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2.4.9 Atomic absorption spectroscopy (AAS)  

The AAS spectroscopy in the present thesis was conducted to quantify the metal, i.e., zinc, 

present in the complex after encapsulation. The AAS study was carried out using a SHIMADZU 

AA-7000 spectrophotometer. 

2.4.10 NH3-Temperature Programmed Desorption (NH3-TPD)17 

The NH3-TPD analysis presented in the present thesis was performed for the zeolite catalysts 

using BEL Microtrac BEL crop. Bel cat II instrument. The sample was first pretreated at 400 °C 

for one hour in a helium stream (50 mL/min), and at the same rate, the sample was pretreated at 

300 °C for another hour and finally cooled to 50 °C. Saturated adsorption of ammonia was obtained 

by purging NH3 gas at 50 mL/min for 30 minutes. The sample was heated to 800 °C with a ramp 

rate of 10 °C/min to get the TPD profile. 

2.4.11 Gas chromatography (GC)19 

In the present thesis, the GC was done to analyze the yield obtained from the various catalysis 

reactions. GC analysis was carried out using GC 2014, Shimadzu fitted with column Rtx@-5MS 

using a flame ionization detector (FID). The calibration curves for the product and the starting 

material are presented in Figure 2.1. The following parameters were used in the method for the 

detection of the styrene carbonate:   

 

 

 

 

 

 

Table 2.2: Table showing the temperature program of the column oven of GC 
 Rate (°C/min) Temperature (°C) Hold Time (min) 

0 - 80.0 0.00 

1 14.00 150.0 2.00 

2 20.0 240.0 2.00 

Injector temperature: 200 °C 

Injection mode: Split 

Flow control mode: Pressure 

Total flow: 99.5 mL/min 

Linear velocity: 31.1 cm/sec 

Detector temperature: 250 °C 

Column temperature: 80 °C 

Split ratio: 80.0 

Pressure: 100.0 kPa 

Column flow: 1.19 mL/min 

Purge flow: 3.0 mL/min 
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Figure 2.1: Calibration curve of product (left) and styrene oxide (right). 

 

2.4.12 Liquid Chromatography-Mass Spectroscopy (LC-MS) 

In the present thesis, all the zinc(II) free-state complexes were analyzed using the LC-MS 

technique. The LC-MS model Waters Acquity-H-class UPLC-MS/MS equipped with a XEVO 

TQD analyzer has been used for the analysis. The column used is an Acquity UPLC BEH C18 

column (50mm X 2.1 mm X 1.7 μm). The solvent system used is Acetonitrile : Methanol : 

Ammonium acetate (pH 3.6), with their flow being 49:49:2. The column temperature was 

maintained at 35 °C while the sample temperature was 10 °C. The probe used was an ESI probe 

in both positive and negative modes.  

2.4.13 Theoretical methods 

In the present thesis, the electronic structure studies of all the cobalt and zinc complexes were 

performed using Density Functional Theory (DFT). Detailed analyses of the structural and optical 

properties of all the complexes were carried out. In the case of zinc “neat” complexes, theoretical 

studies were applied to probe the reaction mechanism and the catalysis also. For both “neat” cobalt 

and zinc, all results presented were obtained using the GAUSSIAN 16 suite of ab initio quantum 

chemistry programs.20 For the structural optimizations, hybrid B3PW91 exchange21, 22 and 

correlation functional with the double-zeta 6-31++G** basis set for all atoms were used. 

Vibrational frequencies were calculated without any symmetry constraints to ascertain the stable 

structures of the Zn-complexes. The optical spectra of the complexes were calculated using time-

dependent density functional (TD-DFT) methods, and we used B3PW91/6-31++G** for all atoms. 

The closed shell singlet electronic state was used in all calculations, and the results correspond to 
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the gas phase. The molecular orbitals have been defined with respect to the highest occupied 

molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO) as HOMO-n and 

LUMO+n.  

To evaluate the catalytic properties of ZnL complexes, theoretically modelled reaction 

mechanism of the catalysis process was selected. The structures of all intermediates and the 

transition states were optimized to calculate the respective free energies of activation. The 

transition state (TS) structures found during the reaction pathway were confirmed with one 

imaginary vibrational frequency, and the course of the reaction was modelled using the reaction 

path concept using the intrinsic reaction coordinate (IRC) analysis, which verifies that the 

transition state connects the correct reactants and products on the potential energy surface.23, 24 For 

catalysis studies, we have used hybrid meta-functional M05-2X/6-311G** as it is known to predict 

thermochemical data with greater accuracy.25, 26  

In the studies involving encapsulation of cobalt and zinc complexes within zeolite pore, we 

have modelled only a portion zeolite-Y supercage. All the unsatisfied valencies of silicon atoms 

were terminated by hydrogen atoms. During the study of encapsulated complexes, the structure of 

the zeolite supercage was kept fixed without any relaxations, however the positions of the terminal 

hydrogen atoms were allowed to change. Cobalt(II) being a d7 system, we studied the doublet, neat 

and quartet, encapsulated states of the cobalt complexes, and the optical spectra were calculated 

using time-dependent density functional (TD-DFT) methods. For these studies we used 

B3PW91/6-31++G** for all atoms on B3PW91/6-31G** optimized structures. In case of quartet 

encapsulated complexes, the optical spectra were calculated without the zeolite supercage, i.e. after 

extracting the encapsulated cobalt complexes from zeolite and keeping its geometry fixed. The 

optical spectra was then analysed in terms of the molecular orbitals of the cobalt complexes in free 

or encapsulated states. Similar protocol was followed for the zinc encapsulated complexes as well. 

Since the cobalt(II) and zinc(II) complexes are commonly known to dimerize, we also looked into 

dimerization of these complexes. The binding energy for the dimer formation is calculated as: 

Ebind = 2(Emonomeric Co-complex) - Edimeric Co-complex 
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Table 2.3: List of various analytical instruments used in the current thesis 
 

S. 
No 

Name of the 
analytical instrument Probed complex Inference from the instrument 

1 
UV-visible/Diffuse 
Reflectance (DR) 
spectrometer 

“Neat” complex and 
encapsulated complex 

To study the electronic 
environment of the complex 

2 
Fourier-Transform 
Infrared spectrometer 
(FT-IR) 

“Neat” complex, 
encapsulated complex and 
zeolite-complexes 

To identify the different types of 
functional groups present in the 
complexes 

3 
Brunauer–Emmett–
Teller (BET) 

Encapsulated complex and 
zeolite-based complex 

To measure the surface area, the 
pore size, and the pore volume 

4 
X-ray photoelectron 
spectrometer (XPS) 

“Neat” complex, 
encapsulated complex and 
zeolite-based complexes 

To investigate the oxidation state 
of the metal, to study the 
electronic environment of the 
metal, and to calculate the Si/Al 
ratio of zeolites 

5 
Nuclear Magnetic 
Resonance (NMR) 

“Neat” complex and 
zeolite-based complexes 

To elucidate the structure of the 
complexes 

6 
Powder X-ray 
diffraction (PXRD) 

Encapsulated complex and 
zeolite-based complexes 

To study the various planes 
present in the molecule 

7 FESEM and EDX Encapsulated complex and 
zeolite-based complexes 

To understand the microscopic 
structure and to ensure proper 
encapsulation 

8 Thermogravimetric 
analysis (TGA) 

“Neat” complex, 
encapsulated complex and 
zeolite-based complexes 

To measure the stability of the 
complexes at high temperatures 

9 
NH3-Temperature 
Programmed 
Desorption (NH3-TPD) 

Encapsulated complex and 
zeolite-based complexes 

To identify the acidic sites of the 
complexes 

10 Atomic absorption 
spectroscopy (AAS) Encapsulated complexes To quantify the metal content in 

the encapsulated complex 

11 Gas chromatography 
(GC) Reaction mixture To analyze the result of the 

catalytic reaction 

12 
Liquid 
Chromatography-Mass 
Spectroscopy (LC-MS) 

“Neat” complex To elucidate the structure with 
the help of mass 
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Abstract: Zinc(II) Schiff base complexes 

with different substituents at 5, 5’ positions 

have been synthesized to study the effect of 

the electronic environment of the metal 

towards the cycloaddition reaction 

between CO2 and epoxide. The prepared 

complexes have been characterized by FT-

IR, XPS, NMR, electronic spectroscopy, 

LC-MS, and TGA analysis. We have used 

density functional theory (DFT) to study the electronic structure of the Zn(II) complexes and 

modelled the electronic spectra and the mechanism of catalysis for selected complexes. Results 

from DFT and LC-MS data show the existence of all the complexes as dimers except ZnL4. The 

monomeric ZnL4 has the strongest electron withdrawing group, i.e., -NO2 attached to it along two 

labile water molecules at the 5th and 6th coordination sites. The dimeric complexes exhibit good to 

moderate yield for cycloaddition reaction to styrene carbonate under solvent-free conditions and 

a relatively low reaction temperature of 80 °C, with CO2 pressure of ~1 atm from a bladder. 

However, the best yield has been achieved by ZnL4. Different rate-determining steps are also 

captured by the DFT studies for dimeric and monomeric complexes. Without taking any preventing 

measure of dimerization by attaching the bulky tBu groups, relatively lesser catalytic amounts of 

all the complexes have shown yields of cyclic carbonate between 53-74%, depending on the nature 

of the substituent present. 
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3.1 Introduction 
Over the past decade, an alarming increase of CO2 in the atmosphere has led to unprecedented 

global warming, resulting in harsh climatic conditions and posing significant environmental as 

well as societal challenges.1 To control and maintain the CO2 levels in the atmosphere, upcycling 

CO2 is one of the important focus of the scientific community. As previously discussed, CO2 is an 

abundant, non-toxic, and readily available C1 source for useful chemical transformations. In the 

past two decades, numerous homogeneous and heterogeneous catalysts have been explored for 

synthesizing cyclic carbonates using epoxides and CO2.2-9 Most of the homogeneous catalysts used 

earlier require high pressure and temperature,10, 11 with only a handful of reports available using 

homogeneous metal-based catalysts at ambient temperature and pressure.12 In continuation to the 

discussion in scope of the thesis (Section 1.2), this chapter deals with N2O2-coordinating 

tetradentate Schiff base salophen complexes due to their straightforward synthesis process from 

cheap precursors, broad applicability, metal complexing ability combined with fascinating 

electronic properties.13, 14  

Zinc salophen-type complexes are generally known to undergo dimerization.15, 16 Among the 

reported zinc(II) salophen-type complexes, the bulky tert-butyl (tBu) group has been introduced at 

the 3, 3’ and 5, 5’ positions to prevent dimerization.  

In the present chapter, we have synthesized simple zinc(II) salophen complexes, ZnL1-ZnL7 

(shown in Scheme 3.1) and employed them as catalysts for the cycloaddition reaction of styrene 

oxide and CO2. The report of the cycloaddition reaction with complex ZnL1 leaves the scope of 

exploring the structural variation driven by different substituents and their effects in catalytic 

activity along with mechanistic insight.17 Zinc is an abundant, non-toxic, and inexpensive Lewis 

acidic metal.10, 18 Zinc complexes are advantageous due to uncomplicated synthesis procedures, 

high thermal stability, and ligand coordination ability.1 The prepared zinc(II) complexes were 

studied systematically to see the effects of different substituents at the para position to hydroxy 

group on the probe reaction. Moderate to good yields of styrene carbonate (SC) were attained with 

these synthesized catalysts at the temperature of 80 °C and CO2 pressure of a little more than 1 

atm using a rubber bladder filled with CO2. (The pressure of a bladder is generally between 0.5-

1.06 atm).   
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Scheme 3.1: Synthesis of zinc(II) salophen complexes. 

 

3.2 Results and discussions 

3.2.1 Fourier Transform Infrared (FT-IR) spectroscopy 

FT-IR of all the prepared ligands and the corresponding zinc salophen complexes was carried 

out. The full range spectra are presented in Figure 3.1, while Figure 3.2 shows the zoomed spectra 

in the range 400-1800 cm-1. The corresponding peak position values are tabulated in Table 3.1. 

The major peaks which we can observe in common for both ligands and corresponding zinc 

complexes are the functional groups C=C, C-H (deformation), C=N and C-O. All the ligands show 

the characteristic peak for the hydroxy group within the range of 3398-3490 cm-1, which disappears 

upon complexation. The complexes show an identical spectra as compared to ligands, with the 

peaks for the major functional groups shifting at a lower wavenumber.19 This is attributed to the 

increase in the mass of the complex upon complexation, which decreases the stretching frequency 

and hence the wavenumber. The C=C stretching frequency appears around ~1583-1561 cm-1 and 

~1490-1473 cm-1 in the ligands, which is shifted to ~1550-1515 cm-1 and ~1487-1454 cm-1, for the 

complexes. Similarly, all the other major peaks, i.e., C-O, C=N and C-H (deformation), are also 

shifted to lower wavenumber upon complexation (shown in Table 3.1). 
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Table 3.1: FT-IR peak positions of all the ligands and the prepared complexes (cm-1) 

Complex C=N C=C 
C-H 

deformation 
C-O O-H 

L1 1615 1562,1480 1402 1363 3498 

ZnL1 1614 1527, 1463 1383 1321 - 

L2 1616 1569, 1483 1378 1330 3479 

ZnL2 1604 1531, 1471 1397 1306 - 

L3 1611 1561, 1473 1382 1346 3482 

ZnL3 1611 1515, 1454 1376 1312 - 

L4 1619 1583, 1480 1339 1298 3440 

ZnL4 1618 1550, 1487 1397 1320 - 

L5 1616 1564, 1485 1389 1356 3465 

ZnL5 1619 1528, 1468 1381 1320 - 

L6 1611 1564, 1475 1384 1349 3309 

ZnL6 1620 1517, 1459 1378 1305 - 

L7 1619 1574, 1490 1360 1298 3482 

ZnL7 1621 1531, 1470 1384 1264 - 
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Figure 3.1: Full range FT-IR spectra of (A) (a) L1, (b) ZnL1, (B) (a) L2, (b) ZnL2, 
(C) (a) L3, (b) ZnL3, (D) (a) L4, (b) ZnL4, (E) (a) L5, (b) ZnL5, (F) (a) L6, (b) ZnL6, 

(G) (a) L7, (b) ZnL7. 
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Figure 3.2: Zoomed FT-IR spectra of (A) (a) L1, (b) ZnL1, (B) (a) L2, (b) ZnL2, 
(C) (a) L3, (b) ZnL3, (D) (a) L4, (b) ZnL4, (E) (a) L5, (b) ZnL5, (F) (a) L6, (b) 

ZnL6, (G) (a) L7, (b) ZnL7. 
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3.2.2 X-ray Photoelectron Spectroscopy (XPS) studies 

To understand the nature of the core metal, i.e., zinc, to ensure the presence of other elements 

and to investigate their chemical environment, XPS of all the zinc complexes was performed. The 

spectra for Zn (2p) for all the complexes is shown in Figure 3.4 and the spectra of C (1s), N (1s), 

and O (1s) are shown in Figure 3.5 and Figure 3.6. Figure 3.3 depicts the XPS survey spectra of 

all the complexes. The corresponding binding energy values are tabulated in Table 3.2. The 

presence of zinc in the +2 oxidation state is confirmed by the appearance of 2p3/2 and 2p1/2 peaks 

with a binding energy difference of ~23 eV.20 Also, depending on the electron donating or 

withdrawing ability of the -R group of the complex, the binding energy of Zn 2p3/2 and Zn 2p1/2 

for the complexes range from the values 1020.82-1022.29 eV and 1043.91-1045.38 eV, 

respectively; wherein the complexes with electron-donating groups like -OMe and -Me have lower 

binding energy while the electron-withdrawing groups are towards the higher binding energy side. 

The presence of an electron-withdrawing group on the complex makes the metal center electron 

deficient, and consequently making the binding energy appear at a higher value.21 

The presence of other elements like carbon, nitrogen and oxygen is also confirmed by the XPS 

analysis. The different environment of C (1s) present in each complex differs with the substituent 

and is shown in Figure 3.5 and Figure 3.6. The three types of C (1s) atoms present commonly in 

all the complexes are in -C=C, -C=N and -C-O, and are in well agreement with the reported values 

for similar complexes.22 Likewise, all the complexes show three peaks for oxygen. The O (1s) 

peak is deconvoluted into three peaks, which indicates the presence of the O-Zn bond in the 

molecular plane, the O-Zn bond of the dimeric zinc (except ZnL4) and the O-C bonds. The 

presence of oxygen bound with two different zinc centers indicates the complex in dimeric form. 

In the case of ZnL2, ZnL4, and ZnL7, apart from O-C and O-Zn, oxygen peaks for the respective 

substituent also appeared. Similarly, the deconvoluted spectra of N (1s) rendered two peaks 

corresponding to N=C and N-Zn. ZnL4 showed the N peaks for the NO2 group as well, and the 

peak positions are in agreement with the values reported for complexes with analogous 

structures.23, 24 The peaks typically of Br (3d),25 Cl (2p)26 and F (1s)27 in complexes ZnL3, ZnL6, 

and ZnL7, respectively, are also observed, which confirm the presence of these elements in the 

corresponding complexes. 
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Figure 3.3: XPS survey spectra of (A) ZnL1, (B) ZnL2, (C) ZnL3, (D) ZnL4, 
(E) ZnL5, (F) ZnL6, (G) ZnL7. 
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Figure 3.4: XPS spectra of Zn (2p) of (A) ZnL1, (B) ZnL2, (C) ZnL3, 
(D) ZnL4, (E) ZnL5, (F) ZnL6, (G) ZnL7. 



  Chapter 3 

Page | 89  
 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.5: XPS profiles of  (A) C (1s) of ZnL1, (B) N (1s) of ZnL1, (C) O (1s) of 
ZnL1, (D) C (1s) of ZnL2, (E) N (1s) of ZnL2, (F) O (1s) of ZnL2, (G) C (1s) of 

ZnL3, (H) N (1s) of ZnL3, (I) O (1s) of ZnL3, (J) Br (3d) of ZnL3. 
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Figure 3.6: XPS profiles of (A) C (1s) of ZnL4, (B) N (1s) of ZnL4, (C) O (1s) of 
ZnL4, (D) C (1s) of ZnL5, (E) N (1s) of ZnL5, (F) O (1s) of ZnL5, (G) C (1s) of 
ZnL6, (H) N (1s) of ZnL6, (I) O (1s) of ZnL6, (J) Cl (2p) of ZnL3, (K) C (1s) of 

ZnL7, (L) N (1s) of ZnL7, (M) O (1s) of ZnL7, (N) F (1s) of ZnL7. 
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Table 3.2: XPS binding energies of all the complexes (eV) 

Complex C (1s) N (1s) O (1s) 
Zn 

(2p1/2) 
Zn 

(2p3/2) 
ΔBE 
Zn 

Other 
Peaks 

ZnL1 
283.66 
284.56 
288.27 

398.32 
400.5 

530.19 
531.54 
532.67 

1043.91 1020.82 23.09 - 

ZnL2 

283.96 
285.10 
286.76 
288.13 

398.30 
399.52 

530.21 
530.22 
532.16 
532.52 
533.30 

1044.17 1021.07 23.10 - 

ZnL3 

284.29 
284.31 
285.31 
288.19 

398.75 
398.86 

530.74 
531.92 
532.69 

1044.32 1021.23 23.09 
Br 3d 
70.07 
71.15 

ZnL4 

284.17 
284.77 
286.14 
288.78 

398.81 
404.55 
405.70 
406.50 

530.83 
531.79 
533.13 

1044.41 1021.34 23.07 - 

ZnL5 

284.28 
284.90 
285.62 
288.44 

398.32 
398.34 

530.32 
531.52 
532.82 

1044.01 1020.92 23.09 - 

ZnL6 

284.49 
285.02 
286.75 
288.92 

398.83 
399.01 

530.89 
531.85 
532.93 

1044.32 1021.24 23.08 
Cl 2p 

200.20 
201.84 

ZnL7 

284.15 
284.90 
286.09 
294.36 

399.27 
399.51 

530.09 
531.30 
532.68 
534.39 
534.41 

1045.38 1022.29 23.09 
F 1s 

688.64 
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3.2.3 Thermogravimetric (TGA) analysis 

The thermal stability of all the complexes was studied, and the thermogram is shown in Figure 

3.7. The weight loss undergone by the complexes is tabulated in Table 3.3. All the complexes 

show a three-step weight loss before final decomposition. Notably, all the complexes are stable at 

the reaction temperature, i.e., 80 °C. The first weight loss, approximately between 3.5-5 weight % 

at temperatures higher than 150 °C, for all the complexes, is attributed to the removal of water 

molecules.28 The subsequent decrease in weight, which is less than 10 weight % (except ZnL7) of 

the weight loss, is attributed to the loss of small organic fractions from the ligand moiety. The third 

and most major weight loss, in all the complexes, is ascribed to the disintegration of the salophen 

ligand molecules, after which the complex is completely degraded.29, 30 From the TGA plots, it is 

clear that none of the complexes is completely degraded. It is possible that at the end of the 

decomposition, metallic zinc is left as the residue.31 

From the TGA curve, the steep weight loss in complexes ZnL4 and ZnL5 is evident. These 

complexes exhibit a sudden weight loss of 60.5% and 70% in the third step, respectively, with 

comparatively lesser weight loss in step two. The substituent present in the 5, 5’ position of the 

complex has vital role in the stability of the complex. Electron donating and electron withdrawing 

groups affect the thermal stability of the complex in different ways. It is observed that the 

thermogram of two similar substituents -Cl and -Br show similar degradation patterns. Electron 

withdrawing groups lower down the stability of the complex, while electron donating groups tend 

to stabilize the complex. From the TGA thermogram, we can see that withdrawing groups like -

NO2 and -OCF3 have degraded almost completely (up to 85%), while the complexes with -H and 

electron donating -OMe have degraded only up to 30% and 40% respectively, indicating their 

higher stability. Moreover, of all the prepared ligands, L5 has the lowest melting point (118-120 

°C), which is reflected in the comparatively lesser stability of its complex, ZnL5. As a result of the 

effect of the substituent group,  It is also observed that the thermogram of the complexes having 

similar nature of substituents follow a similar trend.32 
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Table 3.3: Observed and calculated weight loss from TGA for all the complexes 

Complex 
Temperature  

(°C) 
Weight loss (%) 

(obs) 
Weight loss (%) (cal) 

ZnL1 
164-214 
366-383 
515-800 

5.1 
2 

28.5 

4.7 
 

32 

ZnL2 
202-231 
301-517 
517-800 

3.9 
10 

46.5 

4.1 
 

51.8 

ZnL3 
145-210 
417-432 
432-800 

5 
8 

77 

3.3 
 

79.2 

ZnL4 
150-215 
413-541 
454-460 

5 
16.5 
60.5 

3.8 
 

65.3 

ZnL5 
172-213 

365-382.5 
394-513 

4 
3 

70 

4.4 
 

73.3 

ZnL6 
158-195 
460-472 
474-735 

3.5 
9 
66 

4.0 
 

69.2 

ZnL7 
163-192.5 
355-420 
421-605 

3.5 
36.5 
34.6 

3.2 
 

32.6 
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3.2.4 Liquid Chromatography-Mass Spectrometry (LC-MS) and Structural Studies 

from DFT  

The formation of the complexes was confirmed through LC-MS analysis, and the results may 

be correlated to the catalytic performance of these complexes. It is known from the literature that 

salophen-type zinc complexes undergo dimerization,33 and correspondingly, for the complexes, 

we observed the [2M++H] peak. The notable [2M++H] peak is observed for all the complexes 

except ZnL4. LC-MS data indicate the presence of the monomeric structure of ZnL4, possibly 

bonded with two water molecules [M++2OH-] (shown in Figure 3.8(D)). It is fascinating to note 

that ZnL4 is the only complex that has not undergone dimerization, reflected in its singular 

catalytic activity. 

 

Figure 3.7: TGA thermogram of (A) ZnL1, (B) ZnL2, (C) ZnL3, (D) ZnL4, 
(E) ZnL5, (F) ZnL6, (G) ZnL7. 
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Figure 3.8: LC-MS chromatogram of (A) ZnL1, (B) ZnL2, (C) ZnL3, (D) ZnL4, 

(E) ZnL5, (F) ZnL6, (G) ZnL7. 
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DFT studies were used to investigate the structures of ZnL1, ZnL2, ZnL3 and ZnL4 and the. 

optimized structures are shown in Figure 3.9 and important parameters are given in Table 3.4. The 

methodology of DFT studies used for the structures and optical properties and the detailed 

discussions of the results are provided in reference,47 while here we include important DFT results 

required for interpretation of the experimental spectra.  

 

 

 

 

 

Table 3.4: Important structural parameters of ZnL catalysts and HOMO-LUMO gaps 
calculated from DFT 

Bond distances /Bond angles ZnL1 ZnL2 ZnL3 ZnL4 

Zn-O (Å) 1.93 1.92 1.93 1.93 

Zn-N (Å) 2.07 2.08 2.07 2.07 

O-C (Å) 1.29 1.29 1.29 1.29 

N-C (Å) 1.31 1.31 1.31 1.30 

O-Zn-N (°) 91.2 91.0 91.7 91.4 

C-Zn-C (°) 165.2 164.4 172.8 165.4 

End-to-end distance (Å) 13.2 15.4 14.9 14.75 

Atomic charge on Zn (MK) 0.99 1.00 0.96 1.02 

HOMO (eV) -5.81 -5.29 -5.97 -6.75 

LUMO (eV) -2.41 -2.36 -2.76 -3.23 

HOMO-LUMO Gap (eV) 3.40 2.93 3.21 3.52 

Atomic charges reported are calculated using Merz Kollman (MK) scheme 
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Zinc forms four bonds with salophen ligand in ZnL1-ZnL4 complexes but intends to increase 

the coordination to five or even six consequently, these complexes can coordinate with other 

ligands, such as water molecules easily and may also form dimeric. Indeed, earlier studies have 

shown that there is a strong tendency of metal salen and salophen complexes to aggregate by 

intermolecular interactions between the metal of one monomeric complex and the phenolic oxygen 

of a second monomeric complex in solution and in the solid state.34, 35 This leads to a μ2-phenoxo 

bridging and Zn2O2 central unit with penta-coordinated square-pyramidal Zn(II) metal centres 

involving Zn…O axial interactions. (schematically shown in Figure 3.10(A)) The water binding 

energy of complexes ZnL1-ZnL4 were studied using DFT and compared it to the corresponding 

dimerization energies to identify the complexes with greater dimerization tendencies. DFT results 

Figure 3.9: Optimized structures of (A) ZnL1, (B) ZnL2, (C) ZnL3 and (D) ZnL4 are 
shown in front and side views. Colour scheme: green balls: C, red balls: O, Blue balls: N, 

small white balls: H. 
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show that for ZnL1, ZnL2 and ZnL3, dimerization is preferred while for, ZnL4 the coordination 

of two water molecules to the Zn(II) center is preferred compared to dimer formation. 

(schematically shown in Figure 3.10(B)).  

 

Figure 3.10: Structures of (A) dimeric complexes and (B) monomeric complex with two water 
molecules used for the synthesis of styrene carbonate. 

 

3.2.5 Electronic Spectra: Experimental and Theoretical Approaches 

UV-vis spectroscopy of all the ligands and the zinc complexes was carried out to probe the 

difference in the electronic environment of the different complexes. The UV-vis spectra of 

different ligands and complexes in DMSO are shown in Figure 3.11, and the values are tabulated 

in Table 3.5. The spectra of all the ligands predominantly show absorption in the range of 250-400 

nm. It is reported in the literature that these are primarily π →π* and n→π* based transitions.36 

Upon complexation with zinc, all the peaks undergo a red shift with respect to the ligand, and there 

is the formation of a new peak around 430 nm. Similar observations were obtained for the 

complexes of other metals with structurally similar ligands.19, 37-39 This appearance of the new peak 

is generally considered as an indication of the formation of the complex and is assigned to the 

metal-to-ligand charge transfer (MLCT).40 On comparison of the MLCT peaks of all the 

complexes (Figure 3.11(H)), the apparent shift in peak positions with the different substituents is 

clearly visible. The electron-donating groups like -OMe and -Me facilitate conjugation and 

subsequently show the peak towards a higher wavelength. On the contrary, in the presence of 

electron-withdrawing groups like -NO2 and -OCF3, the peak appears at a lower wavelength.  
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Figure 3.11: Solution UV-vis spectrum of (A) (a) L1, (b) ZnL1, (B) (a) L2, (b) ZnL2, 
(C) (a) L3, (b) ZnL3, (D) (a) L4, (b) ZnL4, (E) (a) L5, (b) ZnL5, (F) (a) L6, (b) ZnL6, 

(G) (a) L7, (b) ZnL7, (H) Expansion of MLCT peaks of all complexes. 
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To understand the optical properties and related transitions of the Zn(II) salophen complexes, 

it is imperative to investigate the nature of their frontier molecular orbitals obtained from DFT. 

The  of frontier molecular orbitals show that the HOMO (Highest Occupied Molecular Orbital) of 

ZnL1 is comprised of ligand p orbitals hybridized with Zn pz and dyz orbital while the LUMO 

(Lowest Unoccupied Molecular Orbital) has ligand p-character only. The HOMO and LUMO 

energies for ZnL1 are -5.81 eV and -2.41 eV, respectively, with a HOMO-LUMO energy gap of 

3.40 eV. For the ZnL1 dimer, molecular orbitals are split, and the HOMO, which becomes doubly 

degenerate, is shifted to -5.44 eV, and LUMO, also doubly degenerate, is shifted to -2.18 eV 

resulting in a lowered HOMO-LUMO gap of 3.26 eV, as expected for dimerization. For ZnL3, the 

HOMO-LUMO energy gap is 3.21 eV, which reduces to 3.08 eV for the corresponding dimer, and 

the nature of the molecular orbitals are similar to ZnL1. The HOMO and LUMO energies for ZnL4 

are -6.75 eV and -3.23 eV, respectively, with a HOMO-LUMO energy gap of 3.52 eV. Therefore, 

an electron-withdrawing group like –NO2 in ZnL4 stabilizes the HOMO and LUMO orbitals 

compared to ZnL1 strongly and increases the HOMO-LUMO gap. When two water molecules are 

coordinated to the Zn center of ZnL4, the HOMO-LUMO gap and the nature of the orbitals remain 

the same.  

We have calculated the TD-DFT spectra for selected Zn(II) salophen complexes in monomeric 

and dimeric (Shown in Figure 3.12-3.15) The peaks obtained from TD-DFT have been correlated 

with the corresponding transitions from absorption spectra based on their frontier molecular 

orbitals. The transitions assigned for dimeric ZnL1-ZnL3 are in agreement to the experimental 

values obtained for these complexes. In the case of ZnL4, however, the calculated spectra with 

two water molecules more closely corresponds to the experimental values. The overlay of 

experimental and theoretical spectrum is shown in Figure 3.16 and corresponding absorption 

wavelengths are tabulated in Table 3.5.   
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Figure 3.12: Calculated TD-DFT spectra for (A) ZnL1monomer, (B) ZnL1 dimer. 

Figure 3.13: Calculated TD-DFT spectra for (A) ZnL2 monomer, (B) ZnL2 dimer. 
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Figure 3.14: Calculated TD-DFT spectra for (A) ZnL3 monomer, (B) ZnL3 dimer. 

Figure 3.15: Calculated TD-DFT spectra for (A) ZnL4, (B) ZnL4 with two water molecules. 
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Ligand/ Complex Peaks from experiment 
(nm) 

Peaks from DFT 
(nm) Assignment 

L1 
259, 277 (shoulder) - π  π* 

331, 374 (shoulder) - n π* 

ZnL1 

257, 299 240,283,293 π  π* 

338 (shoulder) 325,327,377 n π* 

401, 450 (shoulder) 403,447 (weak) MLCT 

L2 
260, 277 (shoulder) - π  π* 

363 - n π* 

ZnL2 

258, 301, 330 (shoulder) 285, 328,341(strong) π  π* 

- 414 n π* 

436, 490 (shoulder) 449, 462 (weak) MLCT 

Table 3.5: Assignment of experimental UV peaks and comparison with calculated TD-DFT 
spectra. 

Figure 3.16: Comparison of experimental electronic spectra with DFT calculated TD-DFT 

spectra of the dimer for (A) ZnL1, (B) ZnL2, (C) ZnL3 and (D) Comparison of experimental 

electronic spectra with DFT calculated TD-DFT spectra ZnL4 with two water molecules. 
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Ligand/ Complex Peaks from experiment 
(nm) 

Peaks from DFT 
(nm) Assignment 

L3 
259, 297 - π  π* 

330 (shoulder), 342, 403 - n π* 

ZnL3 

258, 273 (shoulder), 295 244,245,293,294,295 π  π* 

340 (shoulder) 338, 328,314 n   π* 

408, 460 (shoulder) 422, 467,473 MLCT 

L4 

256, 301 - π  π* 

317.3, 364 (shoulder), 

429.8 
- n   π* 

ZnL4 

282 (shoulder), 294 250, 290 π  π* 

323 315 n  π* 

381, 416 (shoulder), 439 

(shoulder) 
369, 414 MLCT 

L5 
274 - π  π* 

342 - n  π* 

ZnL5 

257, 299 - π  π* 

349 (shoulder) - n  π* 

414, 465 (shoulder) - MLCT 

L6 

269 - π  π* 

344 - n  π* 

ZnL6 

257, 295 - π  π* 

343 - n  π* 

408, 456 (shoulder) - MLCT 

L7 
267 - π  π* 

332, 376 (broad) - n  π 

ZnL7 

256, 291 - π  π* 

338 - n  π 

398, 452 (shoulder) - MLCT 
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3.2.6 1H, 13C NMR and Diffusion ordered spectroscopy (DOSY) studies 
1H and 13C NMR spectroscopy was carried out to confirm the structures of all the ligands and 

the prepared ligands and complexes. 1H and 13C NMR of few selected complexes and ligands is 

shown in Figure 3.18. DOSY NMR experiments were carried out for ZnL1 and ZnL4 to study their 

structural aspects in solution state. It is known that molecules with larger molecular mass diffuse 

more slowly in solution.41, 42 From the DOSY experiments, we found that the value of diffusion 

coefficient, D for ZnL1 is 1.92 × 10-6 cm2/sec while that of ZnL4 is found to be 3.32 × 10-6 cm2/sec 

(Figure 3.17). The molecular mass of monomeric ZnL4 is more than that of monomeric ZnL1; 

ZnL4 is expected to have a lower diffusion coefficient as compared to ZnL1.43, 44 However, our 

observation is just on the contrary. This suggests that the mass of ZnL1 should be more than ZnL4, 

which is possible only if ZnL1 exists as a dimer and ZnL4 exists as a monomer.45, 46 The results 

obtained by LC-MS studies and theoretical studies are also in line with DOSY NMR, which 

indicates that ZnL1 exists as a dimer and ZnL4 exists as a monomer with two water molecules 

attached.  

 

 

 

 

 

Figure 3.17: DOSY NMR of (A) ZnL1 and (B) ZnL4. 
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The NMR peak shifts of all the prepared ligands and complexes are presented below.  

 

1H NMR (400 MHz, DMSO-d6) δ 12.97 (s, 1H), 8.95 (s, 1H), 7.68 

(dd, J = 8.0, 1.7 Hz, 1H), 7.52 – 7.37 (m, 3H), 6.98 (t, J = 7.4 Hz, 2H). 
13C NMR (101 MHz, DMSO) δ 164.52, 160.86, 142.90, 133.91, 132.94, 

128.29, 120.22, 119.95, 119.56, 117.15. 

 

 

1H NMR (400 MHz, DMSO-d6) δ 9.00 (s, 1H), 7.89 (dd, J = 6.2, 3.5 

Hz, 1H), 7.40 (ddd, J = 10.9, 7.0, 2.6 Hz, 2H), 7.25 (ddd, J = 8.7, 6.8, 

2.0 Hz, 1H), 6.71 (dd, J = 8.6, 1.1 Hz, 1H), 6.53 (ddd, J = 7.9, 6.8, 1.2 

Hz, 1H). 13C NMR (101 MHz, DMSO) δ 172.72, 163.30, 139.83, 

136.71, 134.81, 127.74, 123.56, 119.90, 116.95, 113.46. 

 

1H NMR (400 MHz, DMSO-d6) δ 12.30 (s, 1H), 8.92 (s, 

1H), 7.47 – 7.39 (m, 2H), 7.30 (d, J = 3.1 Hz, 1H), 7.04 (dd, 

J = 8.9, 3.1 Hz, 1H), 6.90 (d, J = 9.0 Hz, 1H), 3.75 (s, 3H). 
13C NMR (101 MHz, DMSO) δ 163.31, 154.91, 152.29, 

142.95, 128.24, 121.18, 119.99, 119.92, 118.05, 115.11, 

56.00. 

 

1H NMR (400 MHz, DMSO-d6) δ 9.03 (s, 1H), 7.89 (dd, 

J = 6.2, 3.5 Hz, 1H), 7.38 (dd, J = 6.2, 3.4 Hz, 1H), 6.98 (s, 

2H), 6.70 – 6.64 (m, 1H), 3.71 (s, 3H). 13C NMR (101 MHz, 

DMSO) δ 168.43, 162.60, 147.86, 139.83, 127.55, 125.11, 

124.50, 118.08, 116.81, 116.36, 55.97. 
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1H NMR (400 MHz, DMSO-d6) δ 12.93 (s, 1H), 8.93 (s, 1H), 

7.91 (d, J = 2.6 Hz, 1H), 7.56 (dd, J = 8.8, 2.6 Hz, 1H), 7.48 – 

7.43 (m, 2H), 6.96 (d, J = 8.8 Hz, 1H). 13C NMR (101 MHz, 

DMSO) δ 162.71, 159.94, 142.50, 136.16, 134.25, 128.64, 

121.91, 120.13, 119.65, 110.37. 

 

1H NMR (400 MHz, DMSO-d6) δ 9.02 (s, 1H), 7.89 (dd, J = 

6.2, 3.5 Hz, 1H), 7.63 (d, J = 2.8 Hz, 1H), 7.43 (dd, J = 6.1, 3.3 

Hz, 1H), 7.32 (dd, J = 9.1, 2.8 Hz, 1H), 6.68 (d, J = 9.1 Hz, 1H). 
13C NMR (101 MHz, DMSO) δ 171.42, 162.63, 139.67, 137.77, 

136.91, 128.26, 125.95, 121.43, 117.22, 103.16. 

1H NMR (400 MHz, DMSO-d6) δ 14.15 (s, 1H), 9.14 (s, 

1H), 8.27 (dd, J = 9.2, 2.8 Hz, 1H), 7.74 (dd, J = 6.0, 3.2 Hz, 

2H), 7.36 (d, J = 9.2 Hz, 2H), 7.23 (d, J = 9.2 Hz, 1H). 13C 

NMR (101 MHz, CDCl3) δ 163.99, 149.75, 139.39, 136.51, 

127.10, 123.55, 122.94, 118.35, 115.07, 112.68. 

 

1H NMR (400 MHz, DMSO-d6) δ 13.70 (s, 0.31 H), 9.23 (s, 

1H), 8.63 (d, J = 3.1 Hz, 1H), 8.09 (dd, J = 9.5, 3.1 Hz, 1H), 

7.99 (dd, J = 6.2, 3.5 Hz, 1H), 7.50 (dd, J = 6.2, 3.4 Hz, 1H), 

6.78 (d, J = 9.5 Hz, 1H). 13C NMR (101 MHz, DMSO) δ 

177.17, 163.13, 139.45, 134.90, 134.53, 129.04, 128.96, 

124.24, 119.05, 117.75. 

 

1H NMR (400 MHz, DMSO-d6) δ 12.67 (s, 1H), 8.87 (s, 

1H), 7.47 – 7.38 (m, 3H), 7.24 (dd, J = 8.4, 2.3 Hz, 1H), 6.87 

(d, J = 8.4 Hz, 1H), 2.28 (s, 3H). 13C NMR (101 MHz, DMSO) 

δ 164.44, 158.70, 142.82, 134.67, 132.71, 128.21, 128.07, 

120.20, 119.60, 116.99, 20.41. 
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1H NMR (400 MHz, DMSO-d6) δ 8.96 (s, 1H), 7.88 (dd, J 

= 6.2, 3.5 Hz, 1H), 7.37 (dd, J = 6.1, 3.4 Hz, 1H), 7.23 – 7.17 

(m, 1H), 7.09 (dd, J = 8.7, 2.5 Hz, 1H), 6.64 (d, J = 8.6 Hz, 

1H), 2.20 (s, 3H). 13C NMR (101 MHz, DMSO) δ 171.03, 

162.94, 139.87, 136.37, 135.66, 127.59, 123.48, 121.27, 

119.15, 116.82, 20.32. 

1H NMR (400 MHz, DMSO-d6) δ 12.92 (s, 1H), 8.94 (s, 

1H), 7.78 (d, J = 2.7 Hz, 1H), 7.49 – 7.42 (m, 3H), 7.01 (d, J 

= 8.8 Hz, 1H). 13C NMR (101 MHz, DMSO) δ 162.77, 

159.52, 142.54, 133.40, 131.27, 128.64, 123.00, 121.30, 

120.13, 119.23. 

 

1H NMR (400 MHz, DMSO-d6) δ 9.03 (s, 1H), 7.89 (dd, J 

= 6.2, 3.5 Hz, 1H), 7.51 (d, J = 3.0 Hz, 1H), 7.44 (dd, J = 6.1, 

3.4 Hz, 1H), 7.23 (dd, J = 9.1, 3.0 Hz, 1H), 6.73 (d, J = 9.1 

Hz, 1H). 13C NMR (101 MHz, DMSO) δ 171.17, 162.67, 

139.67, 134.68, 134.36, 128.25, 125.49, 120.45, 117.22, 

116.08. 

1H NMR (400 MHz, DMSO-d6) δ 12.97 (s, 1H), 8.99 (s, 

1H), 7.78 – 7.75 (m, 1H), 7.52 – 7.41 (m, 3H), 7.06 (d, J 

= 9.0 Hz, 1H). 13C NMR (101 MHz, DMSO) δ 171.32, 

162.85, 146.81, 139.61, 135.95, 134.82, 128.32, 127.82, 

124.75, 118.81, 117.31. 

1H NMR (400 MHz, DMSO-d6) δ 9.09 (s, 1H), 7.92 

(dd, J = 6.2, 3.4 Hz, 1H), 7.53 – 7.39 (m, 2H), 7.24 (dd, J 

= 9.2, 3.2 Hz, 1H), 6.76 (d, J = 9.2 Hz, 1H). 13C NMR 

(101 MHz, DMSO) δ 177.17, 176.31, 163.13, 161.73, 

141.99, 139.45, 135.05, 134.89, 134.52, 133.52, 129.19, 

129.03, 128.96, 128.57, 124.24, 123.71, 121.19, 119.04, 

117.88, 117.75.  
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Figure 3.18: Representative 1H NMR of (A) L4, (B) ZnL4, (E) L5, (F) ZnL5, (I) L7, (J) ZnL7, 
and representative 13C NMR of (C) L4, (D) ZnL4, (G) L5, (H) ZnL5, (K) L7, (L) ZnL7. The 

DMSO-d6 residual peak in 1H NMR appears at 2.5 ppm, and the solvent peak of DMSO-d6 is at 
3.3 ppm. In 13C NMR, the solvent peak appears at 40 ppm. Trace solvent impurities in 1H NMR 

include acetone at 2.09 ppm and methanol at 3.16 ppm and 4.01 ppm. In 13C NMR, acetone 
appears at 30.14 ppm and methanol at 48.59 ppm. 
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3.2.7 Catalytic Studies and mechanistic investigations using DFT 

All the prepared complexes were used to study their efficiency as catalysts for the cycloaddition 

reaction of styrene oxide and CO2 to form styrene carbonate. The yields obtained using the 

catalysts ZnL1-ZnL7 are shown in Table 3.6 and the selectivities and conversion shown in Table 

3.9. The reaction was carried out at a temperature of 80 °C for 5 hours at a pressure of ~1 atm 

(using a bladder filled with CO2). Although similar complexes have been reported, a systematic 

investigation of the effects of the substituent groups on the catalysis reaction was not studied 

earlier. To obtain a clear insight into the catalysis process in a stepwise manner, we modelled the 

reaction using DFT for unsubstituted ZnL1 and compared it with ZnL3 and ZnL4, where we 

observed the effects of both electron-donating and electron-withdrawing groups. The methodology 

of DFT studies for the catalysis reaction and the detailed discussions of the results are provided in 

reference,47 while this chapter only contains important results required for interpretation of the 

experimental observations.  

DFT studies of the catalytic process reveals that for ZnL1 and ZnL3 the activation free energy 

calculated for the rate determining step is 15.7 kcal/mol for ZnL1, and 13.9 kcal/mol for ZnL3, 

which shows ZnL3 to be the more efficient catalyst compared to ZnL1 in the monomeric state. In 

the case of ZnL4, the rate determining step is different and the activation free energy is 15.9 

kcal/mol. This cycloaddition reaction was studied earlier using a substituted Zn-salen complex as 

a catalyst, and a similar activation barrier was obtained.48 .The complexes in dimeric structures act 

as weaker catalysts due to the presence of penta co-ordinated Zn(II) in the structure. The 

mechanistic pathway for catalysis reaction involving the dimeric ZnL1 catalyst was also studied 

using DFT and the calculated activation barrier is 17 kcal/mol, which is higher than the monomeric 

case and, therefore, dimeric ZnL1 is indeed a weaker catalyst compared to monomeric ZnL1. 

(Shown in Figure 3.19) In the case of ZnL4, with the Zn site bound to water molecules, the 

activation free energy increases to 17.2 kcal and is comparable to the catalytic potential of dimeric 

ZnL1. 
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Some control reactions were carried out to investigate the importance of the presence of the 

metal complex, and the significance of the metal complex was clearly evident from the results 

(shown in Table 3.7). The reaction when carried out using only TBAB, gives a yield of only 31%. 

The ligand precursor of the best-performing complex, i.e., L4, along with TBAB, gave a reaction 

yield of 41.7%. We have also tried the reaction with the metal salt, i.e., zinc acetate. Only the salt, 

along with TBAB, also performs poorly, giving a yield of 42.8%. It is also evident from the 

literature that the anion of the co-catalyst also plays an important role.49, 50 We tried the reaction 

using ZnL4 and TBAI (tetrabutylammonium iodide), which showed improvement in activity with 

62.8% yield. However, ZnL4, the best-performing complex, gives a 74.1% yield in the presence 

of TBAB. This shows the critical role that the complex can play in the reaction, either in terms of 

providing optimum electron density for the cycloaddition through the metal or resisting 

dimerization of the metal complex. Only the metal salt, TBAB and ligand, individually, are not 

very effective, however the binding of the epoxide to the metal present in the complex facilitates 

the reaction.  

The catalyst system of ZnL4/TBAB was also investigated for its activity with different epoxides 

as shown in Table 3.8. The catalyst system performed better with epichlorohydrin, which can be 

due to the electronegativity of the chloromethyl group.51 We also tried the activity with internal 

epoxide, i.e., cyclohexene oxide, but with no positive result. Generally, internal epoxides require 

Figure 3.19: (A) Reaction mechanism for the catalytic cycle. (B) The calculated Gibbs free 
energy profile diagram for ZnL1, ZnL3 and ZnL4 in monomeric state along with the 

intermediates and activation free energies (Ea) marked. 
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harsh conditions like higher temperature and pressure.52, 53 Since our reaction is at 1 atm pressure, 

the internal epoxide could not be converted to its corresponding carbonate.  

 

Table 3.6: Catalytic activity of the complexes used 

 

Complex Yielda (%) 

ZnL1 59.1 

ZnL2 60.5 

ZnL3 63.4 

ZnL4 74.1 

ZnL5 53.0 

ZnL6 54.6 

ZnL7 63.5 

Reaction conditions - styrene oxide: 10 mmol, Tetrabutylammonium bromide 
(TBAB):0.05 mmol, Complex: 0.05 mmol, 80 °C, 5 hours, ~1 atm CO2 (bladder), 
a Calculated by GC using bromobenzene as internal standard 

 

 

Table 3.7: Control reactions 

Catalyst Yielda (%) 

Only TBAB 31 

TBAB + L4 41.7 

Zn(OAc)2.2H2O+TBAB 42.8 

ZnL4 + TBAI 62.8 

ZnL4 + TBAB 74.1 

Reaction conditions - styrene oxide: 10 mmol, TBAB:0.05 mmol, 
Complex: 0.05 mmol, 80 °C, 5 hours, ~1 atm CO2 (bladder), a GC yield 
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Table 3.8: Activity of the catalyst ZnL4 with other epoxides 

Epoxide Conversiona (%) 

Styrene oxide 85.4 

Propylene oxideb 93 

Epichlorohydrin 91.4 

Cyclohexene oxidec 0 

Reaction conditions - epoxide: 5 mmol, TBAB:0.025 mmol, Complex: 0.025 
mmol, 80 °C, 5 hours, ~1 atm CO2 (bladder), a GC conversion, b Reaction 
carried out at room temperature for 5 h. c Reaction carried out at 120 °C 
for 10 h. 

     

Table 3.9: Table for yield, conversion, and selectivity 

Complex Yield (%)a Conversion (%)b Selectivity (%) (Y/C) 

ZnL1 59.1 75.6 78.1 

ZnL2 60.5 75.7 79.9 

ZnL3 63.4 79.7 82.0 

ZnL4 74.1 85.4 86.7 

ZnL5 53.0 67.6 78.4 

ZnL6 54.6 77.5 70.4 

ZnL7 63.5 94.2 67.4 

Reaction conditions - styrene oxide: 10 mmol, Tetrabutylammonium bromide (TBAB):0.05 
mmol, Complex: 0.05 mmol, 80 °C, 5 hours, ~1 atm CO2 (bladder) a Calculated by GC using 
bromobenzene as internal standard 

 

3.2.8 Discussions 

Our experimental studies involving ZnL1-ZnL7 complexes combined with theoretical results 

indicate that the complex with the strongest electron withdrawing -NO2 substituent, ZnL4, is the 

most efficient catalyst for the cycloaddition of CO2 to SO. The presence of a strong electron-

withdrawing group in this complex is well supported by the electronic spectroscopic studies, which 

appropriately manifests in the red-shifted positioning of the MLCT band of the ZnL4 complex 

with respect to the other complexes (Figure 3.11(H)). Another striking observation indicated by 

mass (LC-MS) spectrometric analysis and theoretical studies is the presence of two water 
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molecules coordinated to monomeric ZnL4. In contrast, all the other complexes exist as dimers. 

On the one hand, the dimerization reduces the catalytic activity of the Zn centers in the complexes. 

On the other side, ZnL4, having a –NO2 group attached to it, exists as a monomer with the Zn 

center bound to two labile water molecules. Consequently, ZnL4 exhibits quite an improved 

catalytic activity compared to the rest. DFT studies of the reaction mechanism also show a different 

rate-determining step for the catalytic reaction involving ZnL4, which has a lower activation 

barrier in comparison to dimeric ZnL1 (Figure 3.19(B)). Therefore, it may be summarized as the 

electronic environment around the metal in the ZnL4 complex prevents dimerization, which, in 

turn, leads to the highest reactivity towards the cycloaddition reaction of CO2 to styrene oxide via 

a different rate-determining step.  

To comprehend the electronic effect of the substituents, another complex with an electron-

withdrawing group, i.e., -OCF3, was prepared. Although both -NO2 and -OCF3 are electron 

withdrawing, the difference in their activity is evident. Among the dimeric complexes, the activity 

of ZnL7 is on the higher side. The inductive effect of -OCF3 in ZnL7 dominates over the resonance 

effect, which is also evident in the UV-vis spectra in Figure 3.11(H)). 

These observations are also in line with the studies of the mechanism, according to which the 

activation of the epoxide requires a lesser electron density on the metal. The lesser electron density 

around the metal center is also confirmed by the XPS studies, where the binding energy of ZnL4 

is comparatively higher. The presence of electron-withdrawing -NO2 makes the zinc center 

electron deficient, enabling the better activation of the epoxide.  

Kleij et al. have extensively studied the zinc salophen systems and their application as catalysts 

in the cycloaddition reaction.12, 54-57 They have shown the existence of the salophen complexes as 

dimers and, thus, added the bulky tBu group as a substituent to prevent dimerization.33, 58, 59 We 

observed the formation of dimers in similar types of complexes as well, and those dimeric 

complexes also are explored as catalysts for cycloaddition reaction. In the literature, complex 1 

(shown in Figure 3.20), which is structurally quite similar to our complexes, has been widely 

utilized as a catalyst for the cycloaddition reaction using SO as the substrate. In one report,12 using 

complex 1, the yield of SC obtained was reported as 15% with 18 hours of reaction time at room 

temperature of 25 °C and 2 bar pressure. In another report, supercritical CO2 as a synthon and a 

solvent source has been employed for the cycloaddition reaction with the applied pressure of 80 

bar.54 In the third report, using the complex 1,55 66% of SC was reported at a comparatively higher 
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pressure and time of 10 bar and 18 hours, respectively, at 45 °C. However, in the current study, 

comparable yields have been achieved at much milder reaction conditions, even with the dimeric 

complexes. The dimeric ZnL7, at the ~1 atm within 5 hours of reaction time, yielded 63.5% of SC. 

Despite the fact that the temperature employed in this work seems to be relatively in the higher 

range, the literature with similar zinc complexes shows that the temperature used for the 

cycloaddition is mostly higher than 100 °C.10, 11, 60-62. There are reports utilizing catalyst loading 

as high as 25 mol%.63 The reaction time reported in some reports is longer (20-24 h).64-66  In 

comparison, our complexes, in synergy with tetrabutylammonium bromide (TBAB), are able to 

provide moderate to good yields for the SC at a lower reaction temperature of 80 °C, at 5 hours 

and an ambient pressure of ~1 atm using quiet low catalyst loading of 0.5 mol%. Instead of higher 

pressure, usage of CO2 at ambient pressure of ~ 1 atm undoubtedly improves the reaction in terms 

of conversion efficiency and moulds the pathway further benign. 

 

 

 

 

Figure 3.20: The structure of Complex 1. 

3.3 Conclusions 

Zinc(II) salophen complexes were synthesized and used as catalysts for the cycloaddition 

reaction between CO2 and styrene oxide. All the catalysts afforded good to moderate yields (74.1-

53%) of the product, i.e., styrene carbonate at comparatively milder conditions (80 °C, ~1 atm CO2 

pressure in 5 hours of reaction time The complex with the strongest electron withdrawing -NO2 

group (ZnL4) showed the best catalytic activity. LC-MS and DFT studies show that ZnL4 exists 

as a monomer with two coordinated water molecules, while the other complexes exist as dimers. 

Mechanistic studies of catalysis were performed using DFT, and the results indicate that the rate-

determining step for ZnL4 is different in comparison to ZnL1 and ZnL3. These factors contribute 

to the singular activity of ZnL4. Although existing as dimers, the other complexes also show 

comparatively better activity, suggesting that the incorporation of the bulky tBu group may not be 

mandatory to achieve similar catalytic activity of these complexes.  
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Abstract: The nature of acidic sites in 

commercially available aluminosilicates, 

zeolite Na-Y, zeolite NH4
+-ZSM-5, and 

synthesized Al-MCM-41 have been 

investigated by employing them as catalysts 

for capturing CO2 by styrene oxide. TPD 

studies indicate the number of weak acidic 

sites of these materials is just in accordance 

with their Si/Al ratio and the yield of the cyclic 

carbonates obtained. The TPD data and the yield of the product carried out with calcined zeolite 

Na-Y indicate that not only the weak acidic sites but also the role of strong acidic sites might 

appear crucial in the cycloaddition reaction. 
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4.1 Introduction 

In the previous chapter, we have explored the synthesis of styrene carbonate from CO2 and 

styrene oxide using Zn-complexes as homogeneous catalysts. The studies aimed to explore the 

role of substituents present at 5,5’ positions of the complex on the cycloaddition reaction to 

understand the electronic factors associated with the reaction. However, heterogeneous catalysts 

have a huge upper hand over the homogeneous catalysts. In this regard, zeolites, which are porous 

in nature and have inherent acidity, possess the ideal characteristics for an efficient catalyst for the 

cycloaddition reaction. As discussed in the introduction, the aluminosilicate framework consists 

of both Lewis acidity and Brønsted acidity. It is also known that the acidity of zeolites can be 

tweaked by varying the Si/Al ratio. The presence of these acidic sites in zeolites and mesoporous 

silica can be implemented as heterogeneous acid catalysts for reactions involving a Lewis or 

Brønsted acid catalyst.  

It has already been highlighted that cyclic carbonates are industrially relevant materials which 

require an acid catalyst. Traditionally, cyclic carbonates were synthesized using toxic phosgene; 

however, recently, in the past two decades, many other homogeneous catalysts like Schiff base 

catalysts,1 ionic liquids (ILs),2, 3 and heterogeneous catalysts including covalent organic 

frameworks (COFs), metal-organic frameworks (MOFs),4 porous organic polymers (POPs),5 

zeolitic imidazolate frameworks (ZIFs), metal oxides, polymer-supported ILs, silica-based6 

catalysts have been developed and have been used as catalysts.  

Homogeneous catalysts face the drawback of catalyst separation, on the other hand, 

heterogeneous catalysts like MOFs and COFs require a tedious synthesis process. For the targeted 

cyclic carbonate to synthesize from CO2, aluminosilicate catalysts, including zeolites and 

mesoporous Al-MCM-41, have been explored as solid support.7, 8 Reports wherein zeolite has been 

used as catalyst include Cesium-exchanged zeolite-Y, 9 beta zeolite,10 and zeolite-Y impregnated 

with metal halides.11 However, there are fewer reports focusing on the use of ZSM-5 and MCM-

41 as catalysts. The use of basic meso-ZSM-5 was reported by Sarmah et al.12 and Zn-ZSM-5 was 

reported by Zhao et al.13 Liu et al.14 reported the use of different sized ZSM-5 for the synthesis of 

cyclic carbonates. In literature, there exist fewer reports utilizing MCM as catalysts like 

synthesized MCM-41,15 and KI dispersed MCM-4116  (discussed in detail in section 1.1.4.3). Apart 

from ZSM-5, MCM-41, and zeolite-Y, there are also reports of using other silica-based catalysts 

like functionalized SBA-15.17-19 From the mechanism, it is quite evident that acidity plays a 
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significant role in the formation of cyclic carbonates. Initially, reports on the formation of cyclic 

carbonates mainly discussed the role of the Lewis acidity of the catalyst. Recently, Zhao et al.13 

and Wu et al.20 were the first to report the role of Brønsted acidity of the catalyst. Zhao et al. 

highlighted the hydroxyl group of ZSM-5 as the source of Brønsted acidity, while Wu et al. 

attributed the Brønsted acidity to the hydroxyl group of the salophen ligand they used. Hence, in 

the limited amount of zeolite-related literature that is currently available, some papers highlight 

the Lewis acidity of the catalyst, while others have emphasized the crucial role that Brønsted 

acidity plays. However, there are very few reports of using synthesized or commercial zeolites 

directly as catalysts for the synthesis of cyclic carbonates. Zeolites have become a fascinating 

choice for the synthesis of cyclic carbonates since they include both Lewis and Brønsted acidic 

sites. Apart from the intrinsic acidity, zeolites also have a porous structure, which renders them 

with very good CO2 adsorbing capacity21-23 and hence, become a potential candidate as catalysts.  

In this chapter, we have studied the catalytic activity of commercially available zeolites, zeolite 

NH4
+-ZSM-5 and zeolite Na-Y, and the synthesized mesoporous silica, Al-MCM-41 for the 

cycloaddition reaction. The correlation between the acidity of the aluminosilicates and the yield of 

the cycloaddition product has been discussed. We have used aluminosilicates with different Si/Al 

ratio to compare the effect of the same. All the catalysts have different Si/Al ratios and hence, have 

variation in the acidic property. All these catalysts show moderate to good yields for the synthesis 

of styrene carbonate from styrene oxide without the use of any other metal. Utilizing commercially 

available zeolites as catalysts offers the obvious upper hand of avoiding the complicated synthesis 

process and the tedious characterization.  However, since Al-MCM-41 has been synthesized, all 

the catalysts have been characterized for comparison. Also, there is no study reported using 

commercially available aluminosilicate catalysts for the conversion of CO2 to cyclic carbonates. 

4.2 Results and discussions 

4.2.1 Elemental analysis 

Energy Dispersive X-ray (EDX) analysis is performed to analyze the elements present in the 

zeolite samples. This technique has been mainly used to calculate the Si/Al ratio value. The Si/Al 

ratio values of the zeolites are presented in Table 4.1. The Si/Al ratio of commercially available 

FAU-type zeolite Na-Y and zeolite NH4
+-ZSM-5 are 2.79 and 175, respectively. The Si/Al ratio 

of synthesized Al-MCM-41 is also consistent with the ratio of sodium silicate and aluminum 

isopropoxide used in synthesis. The different amounts of Si, Al, and O in all three zeolites are 
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indicative of their different framework structures. It could be preceded that the variable Si/Al ratio 

and the amount of oxygen accompany the difference in the acidity of these materials. It is quite 

explicit from Table 4.1 that the lesser content of the aluminium present in the zeolite NH4
+-ZSM-

5 leads to quite a high standard deviation (SD), i.e., 46.87. This high SD value indicates the non-

homogeneous distribution of aluminium in the sample. 

 

4.2.2 Field Emission Scanning Electron Microscopy (FESEM) 

To study the morphology of the zeolites and MCM-41, Field Emission Scanning Electron 

Microscopy (FESEM) technique is used. Zeolite Na-Y and Zeolite NH4
+-ZSM-5 are found to have 

morphology as reported previously.24, 25 The SEM images of MCM-41 confirm its successful 

synthesis.26 The SEM images of all the aluminosilicates is presented in Figure 4.1 

 

 

4.2.3 Powder X-ray diffraction (XRD) studies 

The XRD patterns of all three zeolites are presented in Figure 4.2. XRD analysis is carried out 

to probe the crystallinity of the zeolite structures. The XRD of all the zeolites, i.e., commercial 

Table 4.1: Si/Al ratios of the catalysts 

Catalyst O Si Al Si/Al 
Ratio 

SD 

Zeolite NH4+-ZSM-5 39.86 59.77 0.35 175 46.87 

Al-MCM-41 48.45 49.08 2.55 19.55 0.36 

Zeolite Na-Y 43.36 30.16 10.76 2.79 0.08 

Figure 4.1: SEM images of (A) Zeolite NH4
+ZSM-5, (B) Al-MCM-41, (C) Zeolite Na-Y. 
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zeolite Na-Y and zeolite NH4
+-ZSM-5 and the synthesized Al-MCM-41, is well-matched with the 

literature,14, 27, 28 showing the crystalline nature of all the three aluminosilicates. 

 

 

4.2.4 Fourier Transform Infrared (FT-IR) spectroscopy  

The FT-IR spectroscopy of the catalysts has been performed (shown in Figure 4.3) to study the 

structural integrity of the catalysts and to assess the presence of the hydroxyl group, which is 

indicative of Brønsted acidity. There are a few distinctive peaks for all three different 

aluminosilicate frameworks used. All the important peaks have been tabulated in Table 4.2. For 

the commercially available zeolite NH4
+-ZSM-5, the peaks are well-matched with the reported 

literature. We observe a broad peak around 3661 cm-1, indicating the presence of the isolated 

silanol groups. The peak at 3533 cm-1 represents the presence of the Al-OH framework, which can 

be ascribed to the presence of Brønsted acidity.28 The peak at 557 cm-1 is typical for MFI zeolites.29 

Figure 4.2: XRD spectrum of the catalysts (A) Zeolite NH4
+-ZSM-5 (B) Al-MCM-41 

(C) Zeolite Na-Y. 
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In the case of the synthesized Al-MCM-41, all the characteristic peaks are well-matched with the 

literature. Some of the main peaks include 803 cm-1, 1081 cm-1, 1189 cm-1, 1637 cm-1, 3468 cm-1, 

corresponding to symmetric and asymmetric Si-O stretching modes. The peak at 1637 cm-1 is due 

to the adsorbed water molecules, while the peak at 3468 cm-1 is due to surface silanol groups.30, 31 

Again, for the commercial zeolite Na-Y, the peaks are well agreed with the literature, with the 

main peaks at 577 cm-1, 728 cm-1, 789 cm-1, 1049 cm-1, and 1642 cm-1. The broad peak at 3477 

cm-1 indicates the existence of surface hydroxyl groups and adsorbed water molecules, while the 

peak at 1642 cm-1 represents the lattice water molecules.27  

 

 

 

 

 

 

 

Figure 4.3: FT-IR spectra of the catalysts (A) Zeolite NH4
+-ZSM-5 (B) Al-MCM-41 

(C) Zeolite Na-Y. 
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Table 4.2: FT-IR study of the catalysts 

Catalyst 
Wavenumber 

(cm-1) 
Inference 

Zeolite NH4+-ZSM-5 

557 Typical for MFI-type zeolite 

800 T-O-T Symmetric stretching 

1015 T-O-T Internal Asymmetric stretching 

1258 T-O-T External Asymmetric stretching 

1642 Adsorbed water 

3533 Al-OH framework  

3661 Isolated silanol groups 

Al-MCM-41 

803 Symmetric Si-O stretching 

949 Symmetric stretching of silanol group 

1081 
Internal Asymmetric Si-O stretching 

mode 

1189 
External Asymmetric Si-O stretching 

mode 

1637 vibrations of adsorbed water molecules 

3468 Si-OH groups 

Zeolite Na-Y 

577 T-O bending vibrations 

728 T-O Double ring vibrations 

789 Symmetric T-O stretching vibrations 

1049 Asymmetric T-O stretching vibrations 

1642 Lattice water molecules 

3477 Surface hydroxyl group 

 

4.2.5 Thermogravimetric (TGA) analysis 
The TGA analysis of all three catalysts was carried out to study the thermal stability. From the 

thermogram depicted in Figure 4.4, it is evident that the catalysts show very high stability even at 

a temperature of 800 °C. The catalysts show one-step weight loss of 1.12%, 7.04%, and 18.06% 

(shown in Table 4.3) for zeolite NH4
+-ZSM-5, Al-MCM-41, and zeolite Na-Y, respectively, 
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between the temperature range of 40-180 °C. The weight loss is attributed to the loss of water 

molecules that are physically adsorbed on the external surface or the water molecules trapped 

within the pores of the zeolites. Since the framework of Al-MCM-41 consists majorly of silanol 

groups, the relatively flat peak of Al-MCM-41 at higher temperature shows that there is probably 

negligible condensation of those silanol on the surface of the prepared catalyst.32  

 

Table 4.3: Weight loss profile from TGA 

Catalyst Temperature Range (°C) Weight loss 

Zeolite NH4+-ZSM-5 43.94-86.71 1.12% 

Al-MCM-41 40.48-80.05 7.04% 

Zeolite Na-Y 65.74-178.38 18.06% 
 

4.2.6 Brunauer–Emmett–Teller (BET) surface analysis  

The BET surface analysis of the complexes was done to perceive the surface area and the pore 

volume of the complexes. The plots are shown in Figure 4.5 and the values reported in Table 4.4. 

From the BET plots, mesoporous nature of MCM-41 is confirmed as it follows the Type-IV 

Figure 4.4: TGA profile of (A) Zeolite NH4
+-ZSM-5 (B) Al-MCM-41 (C) Zeolite Na-Y. 



   Chapter 4 

Page | 134  
  

isotherm.33 On the other hand, the Type I BET isotherm obtained for zeolite Na-Y indicates its 

microporous nature.34   

 

 

 

 

 

 

 

 

 

Table 4.4: BET parameters for the catalysts 

Catalyst 
Surface Area (As BET) 

(m2/g) 

Total pore 

volume at 

p/p0 =0.99 

(cm3/g) 

Pore 

Diameter 

from BJH 

plot (nm) 

Zeolite Na-Y 713 0.3607 1.61 

Calcined zeolite Na-Y 723 0.3352 1.61 

Al-MCM-41 425 0.596 4.90 

NH4+-ZSM-5 323 0.2152 2.86 

Figure 4.5: BET isotherms of the (A) Zeolite NH4
+-ZSM-5 (B) Al-MCM-41 (C) 

Zeolite Na-Y. 
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4.2.7 29Si solid-state NMR 
29Si solid-state NMR of zeolite-Y was done to assess the Si/Al ratio of the zeolite Na-Y catalyst. 

The deconvoluted 29Si solid-state NMR of zeolite-Y is shown in Figure 4.6. The NMR peaks show 

four different peaks in the range of -85 to -105 ppm. The peaks obtained are in good agreement 

with the literature.35, 36 The peaks obtained at -88.73, -93.51, -98.84, and -104.72 correspond to 

Si(3Al), Si(2Al), Si(1Al), and Si(0Al), respectively. The Si/Al ratio was calculated from the 29Si 

solid-state NMR and was compared with the Si/Al ratio calculated from EDX.37, 38 The Si/AlNMR 

ratio was found to be 2.48, while the Si/AlEDX was 2.79. It is reported that the Si/Al ratio calculated 

from 29Si solid-state NMR is generally found to be less than the Si/Al ratio calculated from 

quantitative analysis like EDX. The difference is because, in 29Si NMR, the peaks due to Si(nAl) 

and Si(nOH) get overlapped, due to which the actual silicon present is decreased, while EDX  

detects the overall silicon present, which results in higher Si/Al ratio.39  

4.2.8 X-ray Photoelectron Spectroscopy (XPS) studies 

XPS studies were also carried out to calculate the Si/Al ratio of the two zeolites and the prepared 

mesoporous silica, Al-MCM-41. The XPS profiles of the catalysts used are shown in Figure 4.7 

and Figure 4.8. The binding energy values, and the Si/Al ratios are tabulated in Table 4.5. From 

the table, it is clear that the Si/Al ratio for zeolite Na-Y and Al-MCM-41 calculated from XPS and 

those obtained from EDX are comparable. According to a report by Huang et al.,40 the binding 

energy of Al (2p), Si (2p), and O (1s) of the zeolites increase with the increase in the Si/Al ratio. 

Figure 4.6: 29Si solid-state NMR of zeolite Na-Y. 
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We also observe a similar trend in the case of zeolite Na-Y and zeolite NH4
+-ZSM-5. The binding 

energy values of the O 1s for both the zeolites, zeolite NH4
+-ZSM-5, and zeolite Na-Y are 532.63 

eV and 531.71 eV, respectively. This may be attributed to the oxygen present in the form of Si-O-

Al or Si-O-Si in the zeolite.41 For Al-MCM-41, there are two peaks for O 1s. The peak at 533.34 

eV corresponds to SiO2 42 and the peak at 534.26 eV corresponds to the adsorbed hydroxide.43 The 

binding energy values at 103.38 eV and 102.41 eV corresponding to Si 2p for zeolite NH4
+-ZSM-

5 and zeolite Na-Y, respectively, indicate the presence of the aluminosilicate framework. The Si 

2p peaks at 103.19 eV and 105.26 eV for Al-MCM-41 correspond to the Si-O-Al bond and SiO2 

network, respectively.44 The Al 2p of Al-MCM-41 also has two peaks at 74.34 eV and 76.41 eV, 

corresponding to Al2O3 and Al(OH)3, respectively.42 The Al 2p peaks of both zeolites confirm the 

presence of the aluminosilicate framework.45  

Table 4.5: XPS profile of the catalysts 

Catalyst 

Binding energies of (in eV) 
Si/Al ratio 

(from XPS) 

Si/Al ratio 

(from EDX) 
Si 

(2p) 

Al 

(2p) 

O 

(1s) 

Zeolite NH4+-ZSM-5 103.38 74.05 532.63 173 175 

Al-MCM-41 
103.19 

105.26 

74.34 

76.41 

533.34 

534.55 
25.3 19.55 

Zeolite Na-Y 102.41 73.94 531.71 3.87 2.79 

 

 

 

 

 

 

 

 

 

 
Figure 4.7: XPS survey graphs of (A) Zeolite NH4

+-ZSM-5 (B) Al-MCM-41 (C) Zeolite Na-Y. 
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4.2.9 Ammonia TPD (NH3-TPD) studies 
The surface acidity of the catalysts utilized, determined using NH3-TPD studies is depicted in 

Figure 4.9, and the number of acid sites is listed in Table 4.6. To further study the effect of the 

Si/Al ratio, zeolite Na-Y was calcined at 500 °C for 10 hours and was also studied using TPD. The 

catalyst, when exposed to ammonia, undergoes both physisorption and chemisorption of ammonia. 

Generally, one ammonia molecule is adsorbed on one acid site; hence, the concentration of 

Figure 4.8: XPS profiles of (A) Al (2p) of Zeolite NH4
+-ZSM-5, (B) Si (2p) of 

Zeolite NH4
+-ZSM-5, (C) O (1s) of Zeolite NH4

+-ZSM-5, (D) Al (2p) of Al-MCM-
41, (E) Si (2p) of Al-MCM-41, (F) O (1s) of Al-MCM-41, (G) Al (2p) of Zeolite Na-

Y, (H) Si (2p) of Zeolite Na-Y and (I) O (1s) of Zeolite Na-Y. 
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ammonia is equal to the number of surface acid sites of the catalyst.46 Figure 4.9 shows that zeolite 

Na-Y and mesoporous Al-MCM-41 show two peaks, while zeolite NH4
+-ZSM-5, NH3-TPD 

mainly show three peaks. Previously carried out NH3-TPD studies for ZSM-5 (MFI-type zeolite) 

by Topsøe et al.,47 referred to the three peaks for ZSM-5 as α, β, and γ states in the temperature 

range of 60-100 °C, 150-200 °C and 320-500 °C respectively. They drew parallels between their 

results of Pyridine-IR and microcalorimetry with NH3-TPD and associated the γ state peak with 

ammonia adsorption on strong Brønsted and/or Lewis acidic sites. They also correlated the α and 

the β states with lower acidity states. They pointed out that it is not always necessary that both α 

and the β states are present. The presence of the peak depends on the nature of the zeolite. 

Ahmadpour et al.48 performed the NH3-TPD of alkaline ZSM-5 and reported two peaks at 189 °C 

and 398 °C, respectively. They assigned the low-temperature peak to ammonia desorption from 

weak Lewis acid sites, while the high-temperature peak was attributed to ammonia desorbed from 

stronger Brønsted acid sites. In line with the literature, we have got three peaks for zeolite NH4
+-

ZSM-5 with the temperature peak position at 161.6 °C, 391.1 °C and 706.6 °C corresponding to 

α, β, and γ states, respectively, as referred by Topsøe et al.47 Likewise, in the literature, we have 

also assigned the low-temperature peaks as weak acid sites and the high-temperature peaks as 

strong acid sites. The NH3-TPD For MCM-41 has also been reported previously. Kosslick et al.49 

studied the NH3-TPD of H-MCM-41 (Si/Al ratio = 24.4) and reported that it has peaks at two 

temperatures, i.e., around 150 °C and 600 °C. They reported that the peak with a higher desorption 

temperature corresponds to strong acidity. Similarly, Wang et al.50 also studied the NH3-TPD 

profiles and reported two peaks of Al-MCM-41 at approximately 200 °C and 650 °C, which they 

assigned to weak and strong acid sites, respectively. Our results for Al-MCM-41 also show similar 

nature with two peaks at 133 °C and 541 °C, which we have also assigned as weak and strong acid 

sites, respectively. Our TPD profile of zeolite-Y is consistent with that reported in the literature. 

The NH3-TPD profile reported by Liu et al.51 shows two peaks around 200 °C and 580 °C. 

Miessner et al.52 also reported the TPD profile of different FAU-type zeolites. They reported 

temperature maxima around 250 °C and 420 °C for dealuminated FAU-type zeolite and reported 

that weakly bound NH3 desorbs in the lower temperature range while strongly bound ammonia 

desorbs at higher temperature. We have observed two peaks at 163 °C and 692 °C. It is reported 

in a review by Niwa-Katada53 that the temperature maximum also depends on the experimental 

conditions which cause some shift in the peak position. For FAU-type zeolite also, the lower 
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temperature peak is attributed to weak acid sites while higher temperature peaks correspond to the 

strong acid sites.  

The comparison of the NH3-TPD profiles and the Si/Al ratio for the catalysts used is in 

agreement with the well-known fact that the acidity of zeolites is governed by the Si/Al ratio.54 It 

is also mentioned in the review by Ravi et al. 55 that with the increase of the Si/Al ratio, the number 

of Lewis acidic sites decreases. All our observations are quite in-line with the literature. According 

to our results, zeolite Na-Y has a greater number of weak acidic sites compared to that of zeolite 

NH4
+-ZSM-5. The TPD data shown in Table 4.6 clearly indicates that the zeolite NH4

+-ZSM-5 

with the highest Si/Al ratio has the minimum weak acidic sites. In contrast, zeolite-Y, with the 

minimum Si/Al ratio, has the maximum number of weak acidic sites.56 It is quite apparent from 

Figure 4.9 that for Al-MCM-41, strong acidic sites  are relatively more in number. It can be 

attributed to the presence of a greater number of surface hydroxyl groups compared to zeolites. 

Hence it is evident that Si/Al ratio certainly has a significant impact on the acid strength of the 

catalysts, which in turn affects their catalytic activity.49 It is a known fact that upon calcination of 

zeolite-Y, the Brønsted acidity decreases, and there is a formation of Lewis acidic sites.57-59 From 

Table 4.6, it is quite apparent that there is an increase in the weak acidic sites in calcined zeolite 

Na-Y while the strong acidic sites have decreased.  

 

 

 

 

Table 4.6: Acidic sites of the catalysts 

Catalyst 

Acid sites (mmol/g) 

Si/Al Ratio Weak acid Sites 

(peak I) 

Strong Acid site 

(peak II) 

Zeolite NH4+-ZSM-5 0.071 0.044 0.061 175 

Al-MCM-41 0.197 0.331 19.55 

Zeolite Na-Y 0.892 0.084 2.79 

Calcined zeolite Na-Y 0.967 0.004 3.00 
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4.2.10 Catalytic Studies and discussion 

The commercially available zeolites, zeolite Na-Y and zeolite NH4
+-ZSM-5, calcined zeolite 

Na-Y, and the prepared Al-MCM-41 have been tested as catalysts for the cycloaddition reaction 

of CO2 and styrene oxide to investigate the role of Si/Al ratio. The characterization details of 

calcined zeolite Na-Y are provided in Figure 4.10 and Table 4.7. The Si/Al ratio of the calcined 

sample using EDX and XPS was found to be 3.00 and 4.25, respectively. According to our 

experimental findings, the maximum yield is for zeolite Na-Y followed by Al-MCM-41 and 

calcined zeolite Na-Y. Zeolite NH4
+-ZSM-5 gives the least yield (presented in Table 4.8).  

 

Table 4.7: Physicochemical properties of calcined zeolite Na-Y 

Sample 
Si/Al 

(EDX) 

Si/Al 

(XPS) 
TGA weight loss (%) 

IR peaks 

(cm-1) 

Calcined zeolite Na-Y 3.00 4.25 17.053% 
3478, 1646, 1039, 789, 

722, 578 

Figure 4.9: NH3-TPD profiles of (A) Zeolite NH4
+-ZSM-5 (B) Al-MCM-41 

(C) Zeolite Na-Y (D) Calcined zeolite Na-Y. 
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As discussed in section 1.1.2, the mechanism of the reaction is well established in the literature. 

In the present study, the cycloaddition reaction follows the epoxide activation pathway, (shown in 

figure 1.3) wherein a Lewis or Brønsted acid is required to activate the epoxide, followed by the 

ring-opening assisted by a co-catalyst, which is generally a nucleophile.60, 61 Therefore, higher 

acidic sites make the reaction more feasible. This is followed by the insertion of CO2, and finally, 

the product is formed. It is also proven in the literature that the ring-opening step is the rate-

determining step in most cases.62-64 In 2018, Zhao et al. 13 have shown a 57% yield using H-ZSM-

5 and tetrabutylammonium bromide (TBAB) as a catalyst system for the conversion of propylene 

oxide to propylene carbonate at a temperature of 120 °C, pressure of 1 MPa and 8 hours reaction 

time with 50 mg of the catalyst. Herein, we report a very similar finding of the yield of styrene 

carbonate (55.3% using zeolite NH4
+-ZSM-5 and TBAB), though at a lower pressure (4 bar) and 

with a lower reaction time (2 hours) and with a lesser amount (25 mg) of catalyst. More fascinating 

observation is with zeolite Na-Y; its higher acidic sites lead to the improved yield of styrene 

carbonate as 75.4% in the presence of TBAB.  

According to the recent report by Wu et al., 20 the hydroxy functional group of the salophen 

ligand acts very efficiently as a Brønsted acid, with one of the hydroxyl groups activating the 

epoxide while the second hydroxy group activating the CO2. In the present study, the surface 

hydroxyl groups of the zeolites are the source of Brønsted acidity, and the aluminium present as 

the extra-framework aluminium is the source of Lewis acidity for the cycloaddition reaction. In 

Figure 4.10: Physicochemical properties of calcined zeolite Na-Y showing (A) XRD, (B) 
TGA, (C) FT-IR, (D) BET, (E) XPS of Al (2p), (F) XPS of Si (2p), and (G) XPS of O (1s). 
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2006, Srinivas et al.15 reported the conversion of CO2 and epoxides to polycarbonates using MCM-

41. They reported a conversion of 93.7% for styrene oxide under solvent-free reaction conditions 

of 6.9 bar pressure, 8 h of reaction time, and a temperature of 100 °C. With our catalyst, Al-MCM-

41, we are getting a comparatively lesser yield of 68%, which could be due to the reaction 

conditions which utilizes lesser time and pressure (2 hours and 4 bar, respectively). Our 

observation of correlating the Si/Al ratio of the hosts with the obtained yield of carbonates has the 

support of literature by Duan et al.10 According to their study, commercial beta-zeolites N-660 

with higher Si/Al ratio could produce cyclic carbonates from epoxides and CO2, while beta-zeolite 

with lower Si/Al ratio gave homopolymers, polyether, and polyols in the absence of CO2. Hence, 

only a few reports in the literature show the conversion of CO2 to carbonates utilizing the Brønsted 

and Lewis acidity of the zeolites. In the present study, the catalysts we have used, i.e., the two 

commercially available zeolites and the synthesized Al-MCM-41 show comparative yields as 

reported in the literature (Optimization shown in Table 4.9 and yields shown in Table 4.8). 

Table 4.8: Catalytic table for conversion of styrene oxide to styrene carbonate 

 
Catalyst Yield (%) 

Zeolite NH4
+-ZSM 55.3 

Al-MCM-41 68 
Zeolite Na-Y 75.4 

Calcined Zeolite Na-Y 57.8 
Reaction conditions: Styrene Oxide: (10 mmol, 1.13 mL), TBAB: (0.05 mmol, 16.1 mg), 
Catalyst: 25 mg, Temperature: 120 °C, Pressure: 4 bar, Time: 2 hours 

 

Table 4.9: Optimization of amount of catalyst using zeolite Na-Y 

Catalyst Amount (mg) Yield (%) 

Zeolite Na-Y 12.5 64 

Zeolite Na-Y 25 75.4 

Zeolite Na-Y 50 51.8 

Zeolite Na-Y 100 65.3 

Reaction conditions: Styrene Oxide: (10 mmol, 1.13 mL), TBAB: (0.05 mmol, 16.1 mg), 
Temperature: 120 °C, Pressure: 4 bar, Time: 2 hours 
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Apart from styrene oxide, we have tested the most successful catalyst i.e., zeolite Na-Y, for the 

conversion of other epoxides. The yield calculated from NMR (tabulated in Table 4.10) shows that 

the catalyst performs equally good with other substrates like electron withdrawing epichlorohydrin 

and electron donating propylene oxide. 

 

Table 4.10: Substrate scope for the formation of cyclic carbonate using zeolite Na-Y 

Substrate NMR conversion (%) 

Styrene Oxide 81 

Epichlorohydrin 83 

Propylene Oxide 76* 

*Carried out the reaction at 30 °C owing to the low boiling point of propylene oxide 

 

Table 4.11: Comparison of yield, conversion, and selectivity 

Catalyst 
Yield (Y)* 

(%) 

Conversion (C)* 

(%) 

Selectivity (=Y/C) 

(%) 

Zeolite Na-Y 75.4 91.0 82.75 

Al-MCM-41 68.0 88.3 76.9 

Zeolite NH4+ ZSM-5 55.3 91.6 60.3 

Calcined zeolite Na-Y 57.8 79.8 72.4 

*Both the yield and the conversion have been calculated by using calibration curve using GC 

 

It is also a well-known fact that in the presence of water, epoxide undergoes ring opening to 

form a diol.65, 66 Since zeolites are very prone to absorb water molecules, it is possible that in this 

reaction, the styrene oxide has formed styrene glycol as the minor product. The mass spectra and 

the NMR spectra of the crude also support the formation of the diol 67 (Figure 4.11 and Figure 

4.12). 
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The aluminosilicate catalysts are superior in the sense that even with the inherent water 

molecules, the selectivity for carbonate product with the best-performing catalyst, i.e., zeolite-Na-

Y, is 83%. Apart from the diol, the other side product might include the formation of 

polycarbonate.68 

We can draw some parallels between the acidity obtained from TPD and the yield of the product 

obtained. The order of the yields of the cyclic carbonate formed is in accordance with the number 

of available weak acidic sites of the catalysts. The activities of zeolite Na-Y and zeolite NH4
+-

ZSM-5 differ significantly despite the number of strong acidic sites being comparable (0.061 and 

0.084 mmol/g for zeolite NH4
+-ZSM-5 and zeolite Na-Y, respectively). Furthermore, Al-MCM-

41, with a substantially higher number of strong acidic sites, shows lesser activity as compared to 

Figure 4.12: 1H NMR spectra of the crude reaction mixture. 

Figure 4.11: HR-MS spectra of the crude reaction mixture. 
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zeolite-Na-Y. Reduced activity of mesoporous Al-MCM-41 may be due to the presence of lesser 

weak acidic sites and larger pores in it (shown in Table 4.4).69  

The calcination of zeolite Na-Y has enhanced the number of weak acidic sites at the expense of 

strong acidic sites, and it yields strong acid sites 15 times lower than that of zeolite NH4
+-ZSM-5. 

This, possibly, is a reason that the yield obtained by the calcined zeolite Na-Y is comparable to 

that of the least active catalyst, i.e., zeolite NH4
+-ZSM-5. This observation indicates that along 

with the weak acidic sites, strong acidic sites may play a role in catalysis. The decrease in the yield 

of the product in the case of calcined zeolite-Y compared to zeolite Na-Y is again indicative of the 

fact that along with weak acidic sites, the strong acid sites of zeolite Na-Y is responsible for the 

activity of the catalyst, as the weak acid sites are almost equal for both zeolite Na-Y and calcined 

zeolite Na-Y. It could be perceived that in all the above cases, it is the weak acidic sites that are 

dominant, but strong acid sites also have a contribution which cannot be neglected in the product 

formation. Furthermore, the introduction of metals like cobalt, zinc, copper, palladium, etc., in 

zeolite Na-Y would render the acidic sites along with the inherent aluminium, thus enabling it to 

show better catalytic activity.13 

The best-performing catalyst, i.e., has been tested for recycling studies (Figure 4.13) and shows 

minimum loss of activity till three cycles.    

 

Figure 4.13: Recycle studies using zeolite-Na-Y. 
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4.3 Conclusions 

Acidity plays a vital role in the formation of cyclic carbonates from epoxides and CO2. We have 

shown in the present study that synthesized Al-MCM-41 and commercially available zeolites, 

without any post-modification, are able to convert the styrene oxide to styrene carbonate with the 

use of TBAB as a co-catalyst. The yields obtained are comparable to those reported in the literature 

with lesser reaction time, and the conditions used are milder. The activity of the catalysts is 

governed by their Si/Al ratio. The decrease in reactivity using calcined zeolite-Y, as compared to 

zeolite-Y, is indicative that not only Lewis acidity, but also, Brønsted acidity plays a vital role in 

the conversion of CO2 and epoxides to its corresponding carbonates. The cycloaddition reaction 

has been used as a tool to systematically study the acidity difference of the utilized catalysts. The 

present literature majorly focuses on functionalization or the post-modification to make the 

catalyst acidic. We have explored the acidity of commercially available zeolites without any post-

modification and utilized them for the cycloaddition reaction. The primary emphasis is to access 

the acidity of the catalysts and not to stand in line with the state-of-the-art materials. Although 

only good to medium yields have been reported, the parallels drawn between the acidity and the 

yield point out the fact that the acidity of zeolite itself plays a significant role in the cycloaddition 

reaction. 
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Zeolite-Y encapsulated Zinc(II) Schiff-base 
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Abstract: The presence of salophen complexes as dimers largely affects their lifetime and stability 

and thus can lead to decrease in the catalytic activity.  Encapsulation prevents dimerization and 

leads to site isolation, hence 

improves the activity. These 

hybrid systems showcase the 

properties of their host, like 

nanocavity size, electrostatic 

potential, along with the 

electronic and stereochemical 

properties of the guest complex. 

In the present chapter, 

Zn(II)salophen complexes prepared in chapter 3 are encapsulated in the supercage of zeolite. The 

red shift in solid UV studies compared to “neat” complexes and the shift of Zn (2p) peak towards 

higher energy in XPS studies point towards the change in the electronic environment around the 

metal center. The Lewis acidity of the zinc metal in the complex along with the inherent acidity of 

the zeolite-Y and encapsulation driven structural modification of the metal complex lead to 

increased activity of the Zn(II) salophen encapsulated complexes for the synthesis of cyclic 

carbonates from CO2. ZnL1-Y shows the best activity with an overall TOF of 150 h-1, while the 

TOF of only the complex in ZnL1-Y is 96 h-1, as compared to TOF of only 13.8 h-1 for “neat” 

ZnL1. The best performing monomeric ZnL4 gave a TOF of 16 h-1, while the encapsulated ZnL4 

complex in ZnL4-Y showed 3.2 times increase in the TOF with value of 52 h-1.   
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5.1 Introduction 

Hitherto, the primary focus of this thesis has been the upcycling of CO2 to cyclic carbonates 

utilizing environmentally benign reaction conditions and avoiding an elaborate synthetic 

methodology. Towards that direction, homogeneous zinc(II) salophen complexes and various 

commercially available heterogeneous catalysts including zeolite Na-Y, ZSM-5 and MCM-41 

have been successfully attempted. The current chapter aims to unify both the above said catalytic 

approaches, with the objective of further improving the catalytic activity. The technique known as 

encapsulation is a well-known method of heterogenization of a homogeneous catalyst, 

simultaneously retaining the catalytic activity of the guest molecule. As already discussed in detail 

in the previous chapters, a plethora of homogeneous and heterogeneous catalysts have been 

reported for the conversion of epoxide to cyclic carbonates.1-6 However, there are scarcely any 

reports using encapsulated complexes.7-9 These reports utilize rather difficult-to-synthesize 

complexes such as porphyrin and phthalocyanine encapsulated in ZIF and zeolite-Y respectively. 

The utilization of simple N2O2 coordinating Schiff base complexes entrapped in zeolite-Y has been 

reported for various catalytic reactions.10, 11 With the inspiration from these studies, this chapter 

aims to utilize the zeolite-Y encapsulated Zn(II) Schiff base complexes for the conversion of 

epoxide to cyclic carbonate.  

The present chapter deals with the encapsulation of the zinc(II) complexes, ZnL1, ZnL2, ZnL3 

and ZnL4 discussed in Chapter 3. The encapsulated heterogeneous catalysts, ZnL1-Y, ZnL2-Y, 

ZnL3-Y and ZnL4-Y have been synthesized using the flexible ligand method (shown in Figure 

5.1). It is already discussed in Chapter 3 that most of the chosen homogeneous Zn(II) complexes 

exist as dimers. Hence, apart from the obvious advantage of heterogenization, encapsulation also 

induces site isolation, which can be further advantageous from a catalysis point of view. 

Additionally, the encapsulation leads to structural modifications which may impart improved 

catalytic activity to the encapsulated complexes towards the cycloaddition reaction of epoxide and 

CO2.  

 



Chapter 5 

Page | 154  
 

 

5.2 Results and Discussions 

5.2.1 Elemental Analysis 

 The amount of zinc metal present in the zinc exchange zeolite-Y and the prepared zinc(II) 

encapsulated complexes was discerned using Energy Dispersive X-ray (EDX) spectroscopy and 

Atomic Absorption Spectroscopy (AAS). The results presented in Table 5.1 clearly indicate that 

the encapsulation process does not lead to the dealumination in the parent zeolite, which is 

reflected in the comparable Si/Al ratio of all the encapsulated complexes. This observation ensures 

zeolite-Y sustains with the process of encapsulation. The decrease in the metal content of the 

encapsulated complexes compared to zinc exchange zeolite-Y indirectly suggests the formation of 

the complex inside the supercage of the zeolite-Y.12 The decrease in the weight percentage of the 

elements after Soxhlet extraction (shown in Table 5.2) is also indicative of the removal of the 

surface impurities. 

 

Figure 5.1: Synthesis of zinc encapsulated complexes using flexible ligand approach. 
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Table 5.2: Comparison of the elemental composition of ZnL2-Y before and after Soxhlet 

Element EDX data before Soxhlet (wt%) EDX data after Soxhlet (wt%) 

C 32.85 40.82 

N 2.69 1.75 

O 33.66 32.90 

Na 4.39 3.53 

Al 6.41 5.28 

Si 18.96 15.04 

Zn 1.02 0.66 

Si/Al 2.95 2.84 

 

5.2.2 Powder X-ray Diffraction (PXRD) studies 

The PXRD analysis was carried out to perceive changes occurring in the framework structure 

of zeolite-Y and the prepared complexes upon encapsulation. The XRD peaks shown in Figure 5.2 

exhibit a similar pattern for the parent zeolite-Y and the encapsulated complexes, indicating the 

retention of the crystallinity and the integrity of the host framework. In addition, the apparent 

change in the diffraction intensities I220 and I311 at planes (220) and (311) appearing at 2θ value 10° 

and 12° respectively, indicate the successful encapsulation of the complex. The intensities of the 

Table 5.1: Concentration of zinc in the prepared complexes 

Complex 
Zinc (wt%) 

Na (wt%) 

(from EDX) 

Si (wt%) 

(from 
EDX) 

Al (wt%) 

(from 
EDX) 

Si/Al ratio 

(from 
EDX) 

From 
EDX 

From 
AAS 

Na-Y - - 8.12 30.16 10.76 2.79 

Zn-Y 1.56 0.95 9.84 34.31 11.99 2.86 

ZnL1-Y 0.44 0.48 4.29 11.36 4.57 2.48 

ZnL2-Y 0.66 0.56 3.53 15.04 5.28 2.84 

ZnL3-Y 0.53 0.65 3.35 16.16 4.67 3.46 

ZnL4-Y 0.40 0.57 4.56 11.27 4.64 2.42 
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peaks diffracted from these planes hold the relation I220 > I311 for pure zeolite-Y which reverses 

upon encapsulation. This observation is empirically correlated with the presence of a large 

molecule within the zeolite supercage.13, 14 Such observation is generally absent if the complex is 

of relatively smaller dimension or formation of the complex taking place on the surface of the host 

zeolite.15 The reversal in the intensities is reported as a result of the redistribution of the non-

coordinated free cations due to presence of a large complex inside the zeolite.13 The XRD pattern 

obtained is well supported by the JCPDS data. All the peaks obtained in XRD correspond perfectly 

with the JCPDS data except the peak obtained at 32°, which is missing in the simulated data. 

However, there is strong evidence from the literature indicating the presence of a prominent peak 

at 32° in the XRD pattern of zeolite-Y, which is exactly in line with our observations.16, 17   

 

 

 

 

 

 

 

 

 

 

 

 

5.2.3 Field Emission Scanning Electron Microscopy (FESEM) analysis 

The morphology of the surface of the prepared encapsulated complexes was studied using field 

emission scanning electron microscopy (FESEM). During the solid-state reaction for the 

preparation of the encapsulated complex, it is obvious that some of the ligand will remain free and 

Figure 5.2: Powder XRD patterns of (A) JCPDS reference pattern of zeolite-Y 
(JCPDS card number 00-043-0168, (B) Zeolite Na-Y, (C) Zinc(II) exchanged-Y, 

(D) ZnL1-Y, (E) ZnL2-Y, (F) ZnL3-Y, (G) ZnL4-Y. 
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endure on the surface as an impurity. It is imperative to remove these surface impurities from the 

complex which is done using Soxhlet extraction. The FESEM images in Figures 5.3 and 5.4 show 

the encapsulated complex before (i) and after (ii) washing with various solvents. The presence of 

impurities is clearly visible in the sample before extraction while after Soxhlet extraction, the clear 

boundaries of the host particles indicate that the surface impurities are removed.18 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.3: FESEM images of (A) ZnL1-Y before Soxhlet extraction, (B) ZnL1-Y after Soxhlet 
extraction, (C) ZnL2-Y before Soxhlet extraction, (D) ZnL2-Y after Soxhlet extraction. 

Figure 5.4: FESEM images of (E) ZnL3-Y before Soxhlet extraction, (F) ZnL3-Y after Soxhlet 
extraction (G) ZnL4-Y before Soxhlet extraction, (H) ZnL4-Y after Soxhlet extraction. 
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5.2.4 Fourier Transform Infrared (FT-IR) spectroscopy Study 

The FT-IR spectroscopy was performed to assert the encapsulation of the zinc complex inside 

the zeolite supercage. The FT-IR spectral data of pure zeolite-Y and encapsulated zinc(II) Schiff 

base complexes are presented in Figure 5.5 and the values tabulated in Table 5.3. From the FT-IR 

spectra, we can clearly see the dominance of the characteristic IR bands of zeolite-Y below 1200 

cm-1. The prominent peaks arising due to the surface hydroxylic groups and lattice water molecules 

inherently present in the zeolite appear at 3510 cm-1 and 1640 cm-1 respectively. The strong peak 

in the region 1013 cm−1 is attributed to the asymmetric stretching vibrations of (Si/Al)O4 units of 

zeolite framework. Other characteristics bands at 575 cm-1, 718 cm-1, and 788 cm−1 are attributed 

to T−O bending mode, double ring,  and symmetric stretching vibrations respectively.19 The nature 

and peak positions of the IR bands remain unaltered during the encapsulation process. The 

characteristic FT-IR bands of zeolite framework remaining invariable during metal exchange 

reaction and encapsulation process implies that the zeolite framework maintains its integrity upon 

encapsulation of zinc(II) Schiff-base complexes. However, there is a noticeable difference in the 

spectral range of 1200−1600 cm−1 for the encapsulated complexes where zeolite remains silent. 

Therefore, all the low-intensity peaks observed in this region are the characteristic vibrations of 

the guest complex and are typically identified as C=N, C=C and C-O vibrations. The IR peaks of 

encapsulated zinc(II) Schiff base complex are very weak in intensity due to their low loading level 

in the zeolite supercage.  

We have already discussed the IR peaks of the “neat” complexes in Chapter 3. The 

characteristic bands of C=N and C-O stretching vibrations for the “neat” complexes appear in the 

range of 1604-1618 cm-1 and 1306-1321 cm-1 respectively, for the complexes ZnL1-ZnL4. The 

bands around 1530 cm-1 and 1470 cm-1 in the “neat” complexes are assigned to C=C stretching 

mode while the peak at 1376-1397 cm-1 is attributed to νC-H deformation. The low intensities of 

the peaks are also indicative of the absence of metal complex on the zeolite-Y surface. The 

presence of similar FT-IR vibrational bands in the “neat” and encapsulated complexes gives 

indirect evidence for the presence of a zinc(II) Schiff-base complex inside the super cage of 

zeolite-Y.20 The slight shifting in the IR peak positions can be attributed to the effect of the 

topology of the zeolite framework on the geometry of the zinc complexes entrapped in the zeolite 

cavities.  
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Table 5.3: FT-IR data of Zn(II) encapsulated complexes (in cm-1) 

Complex T-O 
bending 

T-O 
stretching 

(symm) 

T-O 
stretching 
(asymm) 

Lattice 
water 

molecules 

Surface 
hydroxyl 
groups 

C=N C=C C-H 
deform C-O 

Na-Y 575 788 1013 1640 3510 - - - - 

Zn-Y 579 790 983 1640 3455 - - - - 

ZnL1-Y 578 790 1006 1653 3434 1630 
1567 

1456 1392 1320 

ZnL2-Y 578 788 1020 1653 3440 1637 
1567 

1473 1380 1328 

ZnL3-Y 583 794 1003 1657 3461 1637 
1568 

1472 1402 1352 

ZnL4-Y 576 789 1013 1647 3448 1631 
1561 

1465 1399 1312 

 

 

 

Figure 5.5: FT-IR peaks of (A) Zeolite Na-Y, (B) Zn(II) exchanged-Y, (C) ZnL1-Y, (D) ZnL2-Y, 
(E) ZnL3-Y, (F) ZnL4-Y (left) and zoomed view of the region 1200-1800 cm-1 (right). 
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5.2.5 Thermal analysis 

The thermal stability of the prepared zinc(II) encapsulated complexes was investigated using 

thermogravimetric analysis (TGA). The TGA thermogram for the complexes is shown in Figure 

5.6 and the weight loss percentage tabulated in Table 5.4. The thermogram reveals that ZnL1-Y 

follows weight loss pattern like zeolite-Y and Zn-Y while the other three complexes show different 

degradation patterns. The TGA analysis of zeolite entrapped zinc complex reveals that weight loss 

occurs in two steps. The first weight loss of 9.6 %, 6.6 % and 8.7 % for ZnL2-Y, ZnL3-Y and 

ZnL4-Y, respectively in the temperature range of 30 °C-150 °C is attributed to the loss of 

intrazeolite water molecules.21 The first weight loss occurs at a broader range for ZnL1-Y (30 °C 

-200 °C), with weight loss of 18.65%. The second weight loss occurs in a wide temperature range 

for all the complexes, indicating slow decomposition of chelating ligand.22 The comparatively 

lesser weight loss of only 7.74 % in the second step for ZnL1-Y suggests towards its higher 

stability as compared to other complexes.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.6: TGA thermogram of (A) Zeolite Na-Y, (B) Zinc(II) 
exchanged-Y, (C) ZnL1-Y, (D) ZnL2-Y, (E) ZnL3-Y, (F) ZnL4-Y. 
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5.2.6 Brunauer-Emmett-Teller (BET) surface area analysis 

BET surface area analysis is quite relevant as support of successful encapsulation of zinc(II) 

Schiff-base complex within the supercage of zeolite-Y. The N2 adsorption desorption isotherms 

and relevant data of pure zeolite-Y and zeolite encapsulated zinc(II) Schiff-base complexes are 

shown in Figure 5.7 and Table 5.5 respectively. N2 adsorption-desorption isotherms for pure 

zeolite-Y and encapsulated zinc complexes indicate medium type I and II isotherms, proving the 

microporous nature of materials. A distinctive though expected observation emerges from the 

comparative studies of pore volume and surface area of pure zeolite-Y and the zeolite having zinc 

complex entrapped. The presence of zinc(II) Schiff-base complexes within the supercage of 

zeolite-Y is well supported by the decline of the pore volume and surface area of parent zeolite-Y 

upon encapsulation process. Apart from the micropores, the presence of small amount of 

mesopores are indicated by the presence of narrow hysteresis loop  in the BET plots.23 The loading 

level of metal and the size of the complex within the host framework are the decisive factors for 

the decrease in BET surface area and pore volume upon encapsulation.18  

Table 5.4: TGA weight loss of the encapsulated complexes 

Complex Temperature range (°C) Weight loss (%) 

Na-Y 30-200 22.19 

Zn-Y 30-200 21.12 

ZnL1-Y 30-200 
200-725 

18.65 
7.74 

ZnL2-Y 30-155 
160-800 

9.6 
15.04 

ZnL3-Y 30-150 
330-800 

6.68 
17.84 

ZnL4-Y 30-150 
160-800 

8.7 
19.08 
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Table 5.5: BET surface area and pore volume of the encapsulated complexes 

Complex BET surface Area (m2/g) 

Total Pore Volume at 
P/P0 = 0.99 

 (cm3/g) 

Na-Y 533 0.3448 

Zn-Y 505 0.3296 

ZnL1-Y 392 0.2757 

ZnL2-Y 205 0.1205 

ZnL3-Y 351 0.2015 

ZnL4-Y 381 0.3152 

 

Figure 5.7: BET isotherms for (A) Zeolite Na-Y, (B) Zinc(II) exchanged-Y, (C) ZnL1-Y, 
(D) ZnL2-Y, (E) ZnL3-Y, (F) ZnL4-Y. 
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5.2.7 X-ray photoelectron Spectroscopy (XPS) analysis 

XPS analysis is carried out to comprehend the change in the electronic environment of the metal 

upon encapsulation.  XPS results are shown in Figures 5.8 – 5.11 and the data tabulated in Table 

5.6. The XPS spectra of the “neat” zinc complexes have already been discussed in Chapter 3. The 

XPS data of “neat” zinc(II)-salophen complex and the zeolite encapsulated zinc(II) complex 

suggest the presence of C (1s), N (1s), O (1s), and Zn (2p) elements commonly for both “neat” and 

encapsulated complexes, whereas, in the case of zeolite encapsulated zinc system, the 

characteristic peaks of Si (2p), Al (2p) and Na (1s) are also identified. The presence of Zn 2p3/2 

and 2p1/2 with a binding energy difference of ~23eV suggests the presence of the encapsulated zinc 

complex in +2 oxidation state.24 The shifting in the peak position of the zinc (2p) towards higher 

binding energy upon encapsulation compared to “neat” complexes show that the metal complex 

has undergone structural modifications, thus experiencing electron deficiency upon 

encapsulation.25 A comparison of the XPS signal intensity of Zn (2p) indicates that the 

encapsulated zinc system has a very low concentration of metal ions compared to that in the “neat” 

sample, which is again in line with the results obtained from EDX, FT-IR, and UV-vis studies.  

The XPS spectra corresponding to C (1s) is deconvoluted into 3 peaks for ZnL1-Y while the 

other complexes have 4 peaks for the C (1s). These correspond to different environments around 

carbon, i.e., C-C, C-O and C=N. The N (1s) spectra for all complexes is deconvoluted into two 

peaks attributing to imine C=N and Zn-N, respectively. The extra peaks for N (1s) in the case of 

ZnL4-Y shows the presence of the -NO2 substituent. The XPS spectrum of O (1s) is also 

deconvoluted into three peaks corresponding to C-O, Zn-O and the T-O of zeolite. The presence 

of only one Zn-O peak in the encapsulated complexes compared to two peaks for Zn-O in 

respective “neat” form confirms the presence of the monomeric complexes  inside the zeolite-Y 

supercage. XPS spectra of all the zeolite encapsulated zinc(II) complexes also indicate the 

presence of Si (2p), Al (2p), and Na (1s). XPS observations of zeolite entrapped zinc systems are 

quite consistent with those for their free-state analogs,26 proving the successful formation of 

complex inside the supercage of zeolite-Y. 
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Table 5.6: XPS data of all the encapsulated complexes (in eV) 

Complex Na (1s) 
Si 

(2p) 
Al 

(2p) 
O (1s) N (1s) C (1s) 

Zn 
(2p3/2) 

Zn 
(2p1/2) 

ΔBE 
Zn 

ZnL1-Y 1071.94 102.06 74.00 
531.07 
531.70 
532.86 

398.13 
399.87 

284.58 
286.26 
288.50 

1021.60 1044.84 23.24 

ZnL2-Y 1072.15 102.52 74.17 
531.20 
531.73 
533.00 

398.68 
400.40 

284.15 
284.67 
286.04 
288.55 

1022.00 1045.18 23.18 

ZnL3-Y 1071.92 102.14 70.21 
531.18 
531.80 
532.77 

398.46 
400.35 

284.18 
284.62 
286.04 
288.62 

1021.90 1044.99 23.09 

ZnL4-Y 1071.91 101.96 73.85 
531.74 
532.33 
533.37 

398.35 
400.04 
405.47 
406.92 

283.83 
284.60 
286.07 
288.61 

1021.66 1044.75 23.09 

 

 

Figure 5.8: XPS survey spectra for (A) ZnL1-Y, (B) ZnL2-Y, (C) ZnL3-Y, (D) of ZnL4-Y. 



Chapter 5 

Page | 165  
 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.9: XPS profiles for Zn (2p) for (A) ZnL1-Y, (B) ZnL2-Y, 
(C) ZnL3-Y, (D) ZnL4-Y. 
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Figure 5.10: XPS profiles for (A) C (1s) of ZnL1-Y, (B) N (1s) of ZnL1-Y, (C) O (1s) 
of ZnL1-Y, (D) Si (2p) of ZnL1-Y, (E) Al (2p) of ZnL1-Y, (F) Na (1s) of ZnL1-Y, (G) 
C (1s) of ZnL2-Y, (H) N (1s) of ZnL2-Y, (I) O (1s) of ZnL2-Y, (J) Si (2p) of ZnL2-Y, 

(K) Al (2p) of ZnL2-Y, (L) Na (1s) of ZnL2-Y. 
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5.2.8 Ultraviolet-Visible/ Diffuse Reflectance Spectroscopy (UV-vis/DRS) 

Electronic spectroscopic studies (UV−Vis/DRS) were carried out to comprehend the 

coordination environment and geometry around the metal center. The comparative solid-state UV-

vis spectra for the zinc(II) Schiff base complexes in both "neat” and encapsulated states are shown 

in Figure 5.12, along with the data tabulated in Table 5.7. UV-vis bands in the range of 222 nm-

Figure 5.11: XPS profiles for (A) C (1s) of ZnL3-Y, (B) N (1s) of ZnL3-
Y, (C) O (1s) of ZnL3-Y, (D) Si (2p) of ZnL3-Y, (E) Al (2p) of ZnL3-Y, 
(F) Na (1s) of ZnL3-Y, (G) Br (3d) of ZnL3-Y, (H) C (1s) of ZnL4-Y, (I) 
N (1s) of ZnL4-Y, (J) O (1s) of ZnL4-Y, (K) Si (2p) of ZnL4-Y, (L) Al 

(2p) of ZnL4-Y, (M) Na (1s) of ZnL4-Y. 
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306 nm are characterized as π→π* transitions, while the bands in the range of 303 nm-403 nm are 

assigned as n→π* transitions in solid-state UV-vis spectra of “neat” and encapsulated systems.27 

Red shift in peak positions of the charge transfer bands and difference in peak-intensities when 

compared to respective the “neat” complex certainly suggest that the encapsulated complex 

encounters different electronic environment due its confinement in zeolitic supercage.27 Parallel 

observations are also obtained in the XPS studies. Comparative electronic studies of the free-state 

and encapsulated zinc complexes also show that the charge transfer bands are mainly altered under 

the encapsulation process, which indicates that the coordination environment surrounding the 

metal center in the guest complex is largely affected upon encapsulation.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.12: Solid state UV of (A) (a) ZnL1-Y, (b) ZnL1, (B) (a) ZnL2-Y, (b) 
ZnL2, (C) (a) ZnL3-Y, (b) ZnL3, (D) (a) ZnL4-Y, (b) ZnL4. 
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Table 5.7: Solid UV values of all the “neat” and the encapsulated complexes (in nm) 

Complex π  π* n  π* MLCT 
Difference in 

MLCT peak from 
Encapsulated to 

Neat complex 

ZnL1 234, 281 306, 380 445, 479 
488-479 = 9 

ZnL1-Y 230, 265 303, 357 440, 488 

ZnL2 222, 292 360, 399 432, 487 
547-487 = 60 

ZnL2-Y 226, 258, 304 364, 403 444, 490, 547 

ZnL3 227, 285, 306 347, 380 411, 448, 480 
552-480 = 72 

ZnL3-Y 227, 262, 303 363 423, 491, 552 

ZnL4 224, 270, 306 - 384 
486-384 = 102 

ZnL4-Y 226, 273, 305 360 413, 443, 486 

 

5.2.9 Ammonia TPD (NH3-TPD) studies 

NH3-TPD was used to investigate the distribution of the acidic sites, which were generally 

divided into three species: weak (50–200 °C), moderate (200–400 °C), and strong (>400 °C) acid 

sites. The NH3-TPD profiles of all the complexes are shown in Figure 5.13 and the values tabulated 

in Table 5.8. Na-Y and Zn-Y show strong peak around 164 °C which is attributed to weak acidic 

(Lewis acidic) sites. On the other hand, all the complexes show strong peaks in the temperature 

range greater than 500 °C which is attributed to strong acidic (Brønsted) sites. It is reported that 

for zeolite ZSM-5, the zinc cations preferentially replace the strong Brønsted acidic sites.28 

Similarly, in our case we see a drastic increase of the strong acidic sites in the complexes compared 

to Na-Y or Zn-Y. The decrease in the amount of weak acidic sites in the complexes compared to 

Zn-Y is indicative of paradigm shift in the acidic nature of the zinc present in the encapsulated 

complex. Thus, zinc in the Zn-Y is majorly located in the weak Lewis acidic sites, while the 

encapsulated complexes contain the strong Brønsted acidic sites more. Hence, encapsulation is 

appeared to be a route to improve the acidic property of the guest complex which is fundamental 

requirement in improving its catalytic property for the studied cycloaddition reaction.   
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Table 5.8: NH3-TPD data of all the encapsulated complexes (mmol/g) 

Complex Lewis (weak acidic sites) Brønsted (strong acidic sites) 

Na-Y 0.892 0.084 

Zn-Y 0.905 0.000 

ZnL1-Y 0.551 1.189 

ZnL2-Y 0.499 1.216 

ZnL3-Y 0.477 0.941 

ZnL4-Y 0.509 1.932 

Figure 5.13: NH3-TPD profiles of (A) Zeolite Na-Y, (B) 
Zinc(II) exchanged-Y, (C) ZnL1-Y, (D) ZnL2-Y, (E) ZnL3-Y, 

(F) ZnL4-Y.
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5.2.10 Catalytic study for the coupling of styrene oxide to CO2 

The prepared encapsulated complexes were utilized as catalysts for the cycloaddition of CO2 to 

styrene oxide. The optimization of the reaction conditions and their activity are shown in Table 

5.9 and Table 5.10, respectively. The reaction gave the best results  at an ambient pressure of ~1 

atm and a comparatively lower temperature of 80 °C for 14 hours using 25 mg of the encapsulated 

complexes and 0.05 mmol TBAB with styrene oxide. We have already seen the catalytic ability of 

zeolite alone, as well as the efficiency of the homogeneous metal complex in the previous chapters. 

The hybrid catalytic system of zeolite encapsulated metal complex is expected to perform better. 

As anticipated, all the encapsulated complexes performed better than their “neat” counterparts. To 

compare the activity of the complexes inside the zeolite and in the “neat” form, we have subtracted 

the activity of the zeolite. ZnL1-Y was the best catalyst, with TOF of 96 h-1, while ZnL1 shows a 

TOF of only 13.8 h-1. The best performing monomeric homogeneous ZnL4 complex gave a TOF 

of 16 h-1, while the encapsulated ZnL4-Y showed 3.2 times increase in the TOF with value of 52 

h-1 (after subtracting the activity of zeolite-Y from the total activity)  The catalysts ZnL2-Y and 

ZnL3-Y also exhibit better TOFs of 60 h-1 and 23 h-1, respectively than their “neat” counterparts. 

This improved catalytic activity might be the result of the change in the geometry, acidity and 

the electronic properties of the complex upon encapsulation, which is reflected in the red shift in 

the UV-vis studies and XPS analysis and TPD studies. The presence of the complex as monomer 

inside the zeolite supercage, contrary to the dimer in the "neat" form, can also be a major factor 

for the improved activity. Further, increase in the strong acidity of the complex, and the inherent 

Lewis acidity of zinc also contribute towards the better activity observed with the encapsulated 

complexes.  

The best performing catalyst, ZnL1-Y was tested for its activity using other epoxides also. The 

catalyst performed well giving conversions of 91% and 97% and 98% using propylene oxide, 

epichlorohydrin and cyclohexene oxide respectively It is interesting to note that internal epoxide 

could not be converted to its corresponding cyclic carbonate. However, the encapsulated complex 

has shown quite a high conversion. (shown in Table 5.11). 
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Table 5.9: Optimization of reaction conditions for coupling of styrene oxide to CO2 
using ZnL1-Y 

Temperature 
(°C) 

Time 
(h) 

Catalyst 
amount 

(mg) 

TON of encapsulated 
system (with zeolite) 

80 10 25 1605 

80 10 40 1137 

80 10 16 1379 

80 10 68.1 380 

80 10 136.2 236 

80 14 25 2095 

 

The catalyst was also tested for its activity upon recycling. The catalyst performed moderately 

well with gradual loss of activity over 4 cycles (Shown in Figure 5.14).  

Table 5.10: Catalytic activity of the complexes used 

 

Substituent 

TON of 
encapsulated 
system (with 

zeolite) # 

TOF of the 
encapsulated 
system (with 

zeolite)b 

(h-1) 

TON of 
encapsulated 

complex 

(without  
zeolite) #a 

TOF of the 
encapsulated 

complex       
(without 
zeolite)b 

(h-1) 

TON of 
“neat” 

complex 

TOF of 
“neat” 

complex 
( without  
zeolite)b 

(h-1) 

Zn-Y 800 57 425 30 - - 

H 2095 150 1352 96 69 13.8 

OMe 1485 106 850 60 71 14.2 

Br 875 62.5 326 23 70 14 

NO2 1355 97 731 52 81 16 

Reaction conditions - Styrene oxide: 10 mmol, Tetrabutylammonium bromide (TBAB): 0.05 mmol, 
Complex: 25 mg, 80 °C, 14 hours, ~1 atm CO2 (bladder) a Calculated by GC using bromobenzene as internal 
standard, # (TON = mmol of product formed/mmol of zinc in the catalyst), a The TON was calculated by 
subtracting the mmoles of product obtained only by zeolite-Y (1.36 mmol) from the mmol obtained by the 
catalyst, b TOF = TON/Reaction time 
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Figure 5.14: Recycle studies of the ZnL1-Y complex. 

 

Table 5.11: Activity of the catalyst ZnL1-Y with different epoxides 

Entry Epoxide Conversion (%)a 

1 Styrene oxide 60 

2 Propylene oxideb 91 

3 Epichlorohydrin 97 

4 Cyclohexene oxide 98 

Reaction conditions - epoxide: 10 mmol, TBAB: 0.05 mmol, Complex: 25 mg, 80 
°C, 14 hours, ~1 atm CO2 (bladder), a Conversion calculated by GC using 
Bromobenzene as internal standard, b Reaction carried out at room temperature 
for 14 h. 
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5.3 Conclusions 

Zinc(II) salophen complexes with different substituents (-H, -OCH3, -Br, -NO2) were 

encapsulated inside the supercage of zeolite-Y, characterized thoroughly and utilized  as a catalyst 

for the conversion of CO2 to cyclic carbonates. The activity of the encapsulated complexes has 

been compared to their “neat” counterparts and, the results indicate the superior activity of the 

encapsulated complexes. ZnL1-Y shows the best activity with a TOF of 150 h-1 for the overall 

catalytic system, i.e., the combined activity of the zeolite and the encapsulated complex. 

Comparing the activity of the “neat” complex and the complex formed inside the zeolite show that 

ZnL1-Y gives a TOF of 96 h-1 while the TOF for ZnL1 is 13.8 h-1. The XPS analysis and the red 

shift in the UV-visible studies point towards the modification in the geometry of the complex. 

NH3-TPD results show an increase in the strong acidic sites of the complex on encapsulation. 

Encapsulation also renders site isolation, and thus the dimeric neat complexes exist as monomers 

inside the zeolite supercage. The combined effects of all these factors lead to the superior activity 

of the encapsulated complexes. 
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Abstract: Planar cobalt(II) Schiff-base complexes 

show modified structural and functional properties 

after encapsulation inside zeolite-Y. In the free-

state, the reactivity of the cobalt(II) Schiff-base 

complexes is primarily controlled by the electronic 

effects of the different substituent groups present in 

the complexes. However, the encapsulation of these 

complexes within the supercages of zeolite-Y causes 

the alteration of the electron density around the 

metal center and subsequently modifies the reactivity. We have intended to study environment-

friendly reactions, i.e., transformation of CO2 with catalysts containing relatively lower metal 

content like cobalt(II) salophen complexes encapsulated in zeolite-Y. Experimental and theoretical 

electronic spectroscopic studies clearly revealed successful encapsulation of the guest complex 

with some alteration of the electronic environment around the metal center. The catalyst with 

larger end-to-end distance after encapsulation shows better result for the cycloaddition reaction.  

The TON for CO2 uptake using the heterogeneous catalyst CoL2-Y was found to be 635, while for 

the same reaction with its homogeneous counterpart, CoL2, the TON was 339. 
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6.1 Introduction 

In the previous chapter, we have shown the utility of non-toxic zeolite encapsulated zinc(II) 

salophen complexes as catalysts for the cycloaddition reaction. Cobalt metal complexes containing 

N2O2 coordination sites have also grabbed considerable attention because of their versatile nature.1, 2 

Analogous to zinc, cobalt macrocyclic complexes usually display dimerization which affects the 

lifetime and stability of the cobalt catalytic systems.3 This dimerization leads to compromised 

activity. To tackle this problem, many research groups have used bulky groups like tert-butyl (tBu). 

In fact, for the conversion of epoxide and CO2 to cyclic carbonates using cobalt salen/salophen 

type complexes, mostly all the reported complexes use the bulky tBu group (Examples shown in 

Table 1.2).4, 5 This brings us to an understanding that the dimerized complex is an inactive catalyst 

for this reaction. Encapsulation of such complexes within the pores of an appropriate host also 

prevents multi-molecular deactivation pathways due to site isolation.6 Hence, encapsulation could 

be even more beneficial because dimerization of salen, salophen complexes can be prevented via 

this process and the homogeneous catalyst is upgraded to a heterogeneous catalyst. These hybrid 

systems showcase the properties of their host, like nanocavity size, electrostatic potential, along 

with the electronic and stereochemical properties of the guest complex.7, 8 These heterogeneous 

systems, therefore, can be more advantageous over their homogeneous analogs and can be 

employed as effective and eco-friendly catalysts for CO2 conversion. Hence, in this chapter we have 

chosen catalytically active cobalt metal complex encapsulated in the supercage of zeolite for the 

cycloaddition reaction. 

Herein, we present the application of homogeneous cobalt(II) salophen complexes (shown in 

Figure 6.1) and their heterogeneous counterparts as catalysts for the cycloaddition of CO2 to 

styrene oxide to form styrene carbonate. As discussed in Chapter 1, only a few reports are available 

in the literature for cycloaddition of CO2 to epoxide by using zeolite encapsulated metal 

complexes. Owing to the limited reports, encapsulation of cobalt Schiff base in zeolite becomes a 

compelling choice. From the previously reported results, a definite correlation between the catalytic 

activity of the encapsulated complex and its end-to-end distance have been noted.9, 10 The studies 

point out that the complex with methoxy group at 5, 5’ position undergoes the maximum distortion 

after encapsulation due to larger size.11, 12 With this background, in the present chapter, we have 

prepared a complex with a large end-to-end distance, i.e. with a -OMe group at 5, 5’ position and 

compared its catalytic activity with a complex with comparatively smaller end-to-end distance, i.e. 
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-H at the 5, 5’ position. Kumari et al.13 have reported the synthesis and the detailed characterization 

of these two complexes and used them as a catalyst for the degradation of rhodamine B dye, hence 

the detailed characterizations of the complexes will not be discussed here. This chapter builds up 

on the important results and a correlation between structural modification and their respective 

catalytic activities for the cyclic carbonate synthesis has been explored.  

 

 

 

 

 

 

 

 

 

Figure 6.1: Schematic representation of the synthesized cobalt(II) Schiff-base complexes. 

 

6.2 Results and Discussions 

Detailed characterization of all the synthesized neat and encapsulated complexes have been 

carried out previously.13 The EDX results show that dealumination has not occurred. The SEM 

images show the successful removal of surface impurities. XRD and FT-IR studies show the 

retention of the zeolite framework and the successful encapsulation. Thermal analysis points to the 

improved stability of complexes. Decrease in BET surface area and pore volume confirm the 

successful encapsulation. Solution UV-vis confirms the formation of complexes. The solid state 

UV and XPS, along with theoretical studies indicate the alteration in the electronic environment 

around the metal center in the encapsulated complexes. All the results from the characterizations 

are presented in Table 6.1 and plots shown in Figure 6.2 
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Figure 6.2: SEM images of (A) (a) and (b) CoL1-Y before Soxhlet at different resolutions, (c) and (d) 
CoL1-Y after Soxhlet at different resolutions,  (B) PXRD patterns of (a) JCPDS reference of zeolite-Y 

(card number 00-043-0168), (b) Zeolite Na-Y, (c) Cobalt(II) exchanged-Y, (d) CoL1-Y, (e) CoL2-Y, (C) 
FT-IR spectra of (a) CoL1, (b) Zeolite Na-Y, (c) CoL1-Y, (D) BET isotherm of CoL2-Y, (E) XPS spectra 

for cobalt of CoL2, (F) XPS spectra for cobalt of CoL2-Y, (G) TGA curves of (a) Zeolite Na-Y, (b) 
CoL1, (c) CoL1-Y, (d) CoL2, (e) CoL2-Y. 
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6.2.1 Theoretical studies and Diffuse Reflectance Spectroscopy (UV−Vis/ DRS) 

Previously reported magnetic and crystallographic studies of cobalt(II) salen and salophen 

complexes reveal the dimeric structure of distorted rectangular based with five coordination having 

an axial Co-O bond.3, 14-17 The ground state of dimeric cobalt(II) salen is antiferromagnetically 

coupled singlet having a relatively small energy difference with the ferromagnetically coupled 

triplet state. It is also reported that at a higher temperature, spin-crossover from the ground state 

to the quartet state takes place.18-20  

The dimerization of the free doublet cobalt(II) salophen complexes was studied. Indeed, the 

results indicated that the dimerization of CoL1 leads to some energy gain as the binding energy of 

the dimer formation is 6 kcal. Interestingly, the dimer of cobalt(II) salophen complex may exist as 

a singlet or triplet, as the two d-electrons of two cobalt(II) centers may be aligned anti-parallel or 

parallel, respectively. Though previous studies of cobalt(II) salen complexes had shown the singlet 

state dimer is the ground-state,18, 19 however, the results obtained indicate a triplet ground-state for 

cobalt(II) salophen complex. The triplet dimeric CoL1 complex is more stable compared to the 

singlet dimeric CoL1 complex by 41 kcal, indicating the predominance of triplet over singlet state 

in this case.  

Theoretical studies were done to get the structural optimization of CoL1 and CoL2, in the 

monomeric doublet, dimeric singlet, triplet and CoL1-Y and CoL2-Y in the quartet state. All the 

results are provided in Table 6.2. In the dimer, the two complexes are facing each other in parallel 

planes but are not stacked exactly vertical as shown in Figure 6.3 (C) and (D). A significant 

structural change that accompanies the dimerization process is the destruction of planarity 

compared to the monomeric, doublet complex. The dimer has an overall curved structure, which 

are connected in the middle by two Co-O linkages perpendicular to the molecular plane, as shown 

in Figure 6.3.(C) and (D) The Co-O distances in the dimer is 2.24 Å for the triplet, while for the 

singlet, it is shorter (2.02 Å).  

Upon encapsulation, due to size constraints within the zeolite pore, the encapsulated cobalt(II) 

salophen complex is monomeric and distorted, making the slightly higher energy quartet state 

accessible. The distortion of the complex around the cobalt center in the quartet state enables a 

very strong hybridization between the metal d orbitals with the π framework of the salophen ligand. 

The distortion around the cobalt(II) results from the cobalt atom moving away from the plane of 
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the ligand resulting in a disruption of conjugation. Consequently, the dihedral angles Co-N-N-O 

and N-N-O-O increase to 16.5º and 31.5º, respectively, which indicates the Co, O, and N atoms 

no longer lie in the same plane. The change in planarity changes the extent of π-conjugation and 

the ordering of the molecular orbitals, eventually affecting the UV spectra after encapsulation. 

 

Figure 6.3: Optimized doublet ground-state structures for (A) CoL1 and (B) CoL2; Optimized 
triplet ground-state structures for (C) CoL1 and (D) CoL2; (E) The encapsulated and extracted 
quartet state of CoL1-Y complex (F) The encapsulated and extracted quartet state of CoL2-Y 

complex (G) The CoL1 complex is shown encapsulated within model zeolite pore. The C atoms 
marked by black arrows are considered to measure the angle C-Co-C as reported in Table 6.2. 
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The UV-vis/DRS is an important characterization technique which tells about the change in the 

electronic environment of the metal in the complex. The spectra are shown in Figure 6.4 and the 

values tabulated in Table 6.3. Shift in peak positions and difference in peak-intensities of the “neat” 

and the encapsulated complexes suggest that the encapsulated complex encounters different 

electronic environment due its confinement in zeolitic supercage. Comparative electronic studies 

of the free-state and encapsulated cobalt complexes show that the metal transitions (charge transfer 

and d-d transitions) are mainly altered under the encapsulation process, which indicates that the 

coordination environment surrounding the metal center in the guest complex is largely affected 

upon encapsulation. Both the encapsulated systems show a regular blue shift in the metal-related 

transitions. Such type of observations has been notified in zeolite encapsulated systems.9 These 

modified electronic behavior of the metal complex are definitely the outcome of the altered 

coordination environment, especially around the metal center due to the space constraints imposed 

by the supercage of the host framework. End-to-end dimensions of both the free-state cobalt(II) 

Schiff-base complexes are comparable with the dimensions of supercage. Therefore, guest cobalt 

complex experiences space constraint inside the supercage and is eventually forced to adopt 

irregular geometries. Theoretical studies are very suggestive and supportive of such types of 

structural modifications.21 Amendment in various geometrical variables such as bond lengths, 

bond angles, and optical gaps of the guest metal complex are observed in the theoretical studies 

upon encapsulation. (Tabulated in Table 6.2) The optical spectra obtained experimentally was also 

supported by the theoretical simulations, calculated using time-dependent density functional (TD-

DFT) methods. All the important theoretical parameters have already been discussed in Chapter 2, 

Section 2.4.12. Another fascinating observation is that the guest metal complex with larger 

molecular dimension experiences more steric hindrance inside the host cavity. Therefore, a higher 

extent of distortion becomes apparent to reduce the Van der Waal interaction with the wall of 

zeolite-Y. The larger the molecular dimensions of the guest complexes, the more is the blue shift 

observed. 

Experimentally observed UV-vis spectra (Figure 6.4) of the cobalt(II) salophen complexes are 

dictated by the electronic transitions occurring between the various molecular orbitals of the 

complex, so analyzing the nature of the molecular orbitals and their energies can be very insightful. 

In case of quartet encapsulated complexes, the optical spectra are calculated without the zeolite 

supercage, i.e. after extracting the encapsulated Cobalt complexes from zeolite and keeping its 
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geometry fixed. The optical spectra are then analysed in terms of the molecular orbitals of the 

cobalt complexes in free or encapsulated states. The molecular orbitals are defined with respect to 

the highest occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO) 

as HOMO-n (H-n) and LUMO+n (L+n).  

The HOMO, (-5.51 eV) for CoL1, doublet state for the alpha spin-state has some dxz character 

which is strongly hybridized with the π orbitals of the ligand, whereas LUMO, (-2.18 eV) is mostly 

π antibonding type without any metal orbital contribution. In the case of beta spin-states, the 

HOMO is higher in energy (-5.25 eV), and there is some contribution from Co dyz orbitals along 

with ligand π orbitals, whereas LUMO (-2.23 eV) is a ligand-based π antibonding orbital. The 

inspection of the molecular orbitals shows that the HOMO-3 (alpha-spin, -6.33 eV) is primarily 

localized on Co dz
2 orbital, but Co dxy orbital is an inner orbital with much lower energy. The 

HOMO-LUMO gap in the case of CoL1 is 3.02 eV. It is observed that the change in substituents 

from -H to -OCH3 does not drastically change the nature of the frontier molecular orbitals, but the 

HOMO-LUMO gap decreases to 2.87 eV due to a slight increase in HOMO energy. In the case of 

cobalt(II) salophen dimeric complexes, the degenerate HOMO orbitals of the triplet state have 

contributions from dxz orbital (alpha), which is formed from the interaction of the HOMOs of two 

doublet monomers and dimer LUMO is ligand based. The HOMO-LUMO gap for triplet, dimeric 

CoL1, is 2.78 eV, which is slightly lower than the monomer. When encapsulated within the zeolite 

pore, the cobalt(II) complex is distorted due to space constraint, which stabilizes the quartet state, 

with three unpaired electrons. Surprisingly, here the HOMO (alpha) is dxy orbital, which was an 

inner orbital for the doublet monomer, and the LUMO is mainly a ligand based π* orbital. The 

HOMO-LUMO gap for the quartet state is 2.78 eV for CoL1, which is lower than doublet monomer 

but the same as triplet dimer. In the case of CoL2, however, the triplet dimer HOMO-LUMO gap 

is 2.56 eV, which increases to 2.71 eV when we consider the distorted, quartet complex. 

 The UV-vis spectra of all the complexes was simulated in the monomeric doublet-state, the 

dimeric triplet-state and the monomeric quartet -state using TD-DFT. The spectra are presented in 

Figure 6.4 and the values tabulated in Table 6.3. Since the complexes are dimeric in nature, the 

simulated triplet-state with the experimental solid-state UV of the neat complex, and the 

monomeric quartet-state with the experimental solid-state UV of the encapsulated complex have 

been compared in the UV spectra. 
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Table 6.3: Assignment of experimental UV-vis peaks and comparison with calculated TD-
DFT spectra 

Complex 
Peaks from 

experiment (nm) 
Peaks from DFT (nm) Assignment 

CoL1 
230, 303 

389 
486, 545, 625 

250-300 
365, 386 

449, 490 (CT), 543 (d-d), 625 (CT), 
689 

π→π* 
n→π* 
CT/d-d 

transitions 

CoL1-Y 
249, 299 
328, 384 
462, 620 

 
 

606, 645 

π→π* 
n→π* 
CT/d-d 

transitions 

CoL2 
252, 302 

405 
589, 726 

 
 

503, 589, 596 , 726 

π→π* 
n→π* 
CT/d-d 

transitions 

CoL2-Y 
228, 302 

354 
494, 672 

 

π→π* 
n→π* 
CT/d-d 

transitions 

 

 

 

 



Chapter 6 

Page | 191  
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.4: Solid state UV-vis spectra of (A) (a) CoL1, (b) CoL1-Y, (B) (a) CoL2, (b) CoL2-Y, 
(C) (a) Experimental CoL1, (b) DFT simulated triplet of CoL1, (D) Experimental CoL1-Y, (b) 

DFT simulated quartet of CoL1-Y, (E) (a) Experimental CoL2, (b) DFT simulated triplet of 
CoL2, (F) Experimental CoL2-Y, (b) DFT simulated quartet of CoL2-Y. 
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6.2.2 Catalytic study for the coupling of styrene oxide and CO2 

All the complexes, i.e. CoL1, CoL1-Y, CoL2 and CoL2-Y have been studied as catalysts for 

the coupling of styrene oxide and CO2 to form styrene carbonate, using tetrabutylammonium 

bromide (TBAB)  as a Lewis base co-catalyst. Initially, the reaction was carried out at the reaction 

conditions used in the previous chapter, i.e., at ~1 atm and 80 °C for 14 hours to compare the 

activity of metals i.e., zinc and cobalt. Since, ZnL1-Y gave the best results, CoL1-Y was chosen 

as the probe catalyst and the results were compared. Interestingly, at lower pressure, encapsulated 

zinc proved to be a better choice for the reaction. (shown in Table 6.4) 

To improve the performance of the cobalt catalyst, the reaction was carried out at higher 

temperature and pressure (data presented in Table 6.5). To get the optimized reaction condition, 

initially, CoL1 and CoL1-Y were used as the catalyst in the reaction. The reaction was carried out 

with styrene oxide (10 mmol, 1.2g), TBAB (0.05 mmol, 16.1 mg), encapsulated complex (100 mg) 

using CO2 at a pressure of 5 bar at 80 °C for 1.5 hours. We got a conversion of 66% and a TON of 

622. By increasing the temperature to 100 °C, the conversion and TON increased to 77% and 720, 

respectively. Inspired by the improvement in the activity, we further increased the temperature to 

130 °C. However, there was no betterment in the activity. We then tried the reaction in the best 

temperature conditions (5 bar, 130 °C and 1.5 h) but with lesser catalyst loading of 50 mg. To our 

surprise, there was a significant improvement in TON from 718 to 1595. Encouraged by this result, 

we further decreased the amount of the catalyst to 25 mg and found that the TON increased even 

further to 2955 which we considered as the optimized reaction condition. We then tried the same 

reaction with neat complex at 130 °C with 0.05 mmol of the complex and 0.05 mmol of TBAB. 

Table 6.4: Comparison of zinc and cobalt for the catalytic reaction 

Catalyst 
TON 

(including zeolite activity) 

TON 

(without zeolite activity) 

CoL1-Y 1206 577.5 

ZnL1-Y 2095 1352 

Reaction conditions: Temperature: 80 oC, Time:14 h, CO2 Pressure: 1 atm, TBAB co- catalyst: 0.05 mmol 
and 25 mg of encapsulated complex 
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We got a TON of 173 and upon further decreasing the catalyst and the cobalt-catalyst loading to 

0.025 mmol, the TON increased to 330. The increase in activity with decrease in the catalyst 

loading can be attributed to the optimum number of active catalytic sites provided for the reactants 

and hence, effectiveness of the catalyst improved  . 

 

 

 

Table 6.5: Optimization of reaction conditions of coupling of styrene oxide to CO2 

Catalyst Temperature (oC) Amount Time (h) TON Conversion (%) 

CoL1-Y 80 100 mg 1.5 622 66 

CoL1-Y 80 50 mg 1.5 1438 76 

CoL1-Y 100 50 mg 1.5 1515 81 

CoL1-Y 100 100 mg 1.5 720 77 

CoL1-Y 130 100 mg 1.5 718 76 

CoL1-Y 130 50 mg 1.5 1595 85 

CoL1-Y 130 25 mg 1.5 2955 79 

CoL1 80 0.05 mmol 1.5 160 78 

CoL1 80 0.025 mmol 1.5 300 72 

CoL1 100 0.05 mmol 1.5 163 80 

CoL1 100 0.025 mmol 1.5 306 76 

CoL1 130 0.05 mmol 1.5 173 85 

CoL1 130 0.025 mmol 1.5 330 82 
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With suitable reaction conditions, the activity of CoL2 and CoL2-Y were also tested. Using this 

complex in neat form, a TON of 339 and yield of 85% was obtained, while the same complex in 

the encapsulated state gave a TON of 5005 and 83% yield (tabulated in Table 6.6). We observed 

that though the yield of the product is comparable for these cases, the activity of the encapsulated 

complex is much higher than that of the neat complex.  

 

Table 6.6: Activity of the catalysts for conversion of styrene oxide and CO2 to styrene 
carbonate under optimized conditions 

 

Catalyst Amount (mmol) 
TON (including 

zeolite activity) 

TON (without 

zeolite 

activity) 

Yield (%) 

Zeolite-Y 25 mg - - 73 

Co-Y 0.0065332 1132 41 74 

CoL1 0.025 - 346 79 

CoL1-Y 0.0026727 2949 246 82 

CoL2 0.025 - 339 85 

CoL2-Y 0.0016545 5005 635 83 

Reaction conditions: Temperature: 130 oC, Time:1.5 h, CO2 Pressure: 5 bar, TBAB co-catalyst - 0.05 
mmol with encapsulated complex and 0.025 mmol with neat complex 

 

The comparison of the activity of the cobalt complex in its neat and encapsulated forms at 

ambient pressure of 1 atm and 5 bar was also carried out (shown in Table 6.7). It is obvious that 

the reaction when carried out at higher temperature and pressure exhibits better results, which is 

reflected in the TOF. However, while comparing TON, encapsulated CoL1 performs better at 

milder reaction condition of lower temperature and pressure, which leaves a scope to improve its 

TOF further.    
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Table 6.7: Comparison of activity of cobalt complexes at different reaction conditions  

Complex 
At ~1 bar, 80 °C, 14 h At 5 bar, 130 °C, 1.5 h 

TON TOF TON TOF 

CoL1 80 5.7 346 230 

CoL1-Y 
577.5 (excluding 
zeolite activity) 41.25 

246 (excluding 
zeolite activity) 164 

 

As discussed in Chapter 1, the reaction follows epoxide activation mechanism.22-24 The epoxide 

is first activated by the Lewis acid metal center, followed by the ring-opening by the halide ion 

from co-catalyst. Then, finally, the insertion of CO2 and internal attack of carbonate oxygen takes 

place to close the ring. The lesser the electron density on the metal atom of the catalyst, the more 

easily the epoxide can attack on the complex. The neat complex with -OMe substituent, CoL2  is 

found to be marginally less reactive than CoL1 because the electron-donating group eventually 

increases the electron density on the metal center, thus making the activation of the epoxide by the 

metal center difficult. However, upon encapsulation, the order reverses. Due to the loss of the 

planarity, and the subsequent structural changes upon encapsulation, CoL2-Y has a higher activity.   

6.3 Conclusions 

Two free-state cobalt(II) salophen complexes and their encapsulated analogs have been 

synthesized using the flexible ligand method. The catalytic activity of the free-state and zeolite 

encapsulated cobalt systems have been studied for environmentally sustainable reactions i.e. 

upcycling CO2 by its reaction with styrene oxide to produce useful styrene carbonate.  

Confinement of the cobalt salophen complexes within the supercage of zeolite framework 

imposes space constraints on the guest metal complex enforcing the guest to adopt a modified 

geometry. The DFT study, along with electronic spectroscopic studies, provides an important 

insight into the variations in structural alterations due to encapsulation. Upon encapsulation, cobalt 

salophen complexes exist as monomers within zeolite. Such structural modifications lead to 

change in spin-states of the complexes and subsequently play a vital role in the modified reactivity 

of the systems. The guest complex with a larger molecular dimension experiences more strain 
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inside the supercage of zeolite-Y and consequently a more reactive metal center is created. These 

studies are in line with the observation obtained from catalysis, which showcases CoL2-Y complex 

most reactive for cycloaddition of CO2 to styrene oxide. The electronic effect is much protruding 

in the encapsulated monomeric form and hence encapsulated CoL2-Y complex, with an advantage 

of lesser metal content in it compared to its traditional analogs, shows fascinating catalytic activity 

for coupling reaction of CO2 with epoxides.  

The comparative studies between ZnL1-Y and CoL1-Y show that at 1 atm pressure, and 80 °C 

zinc complex is a better catalyst. Upon increase of the temperature to 130 °C and pressure to 5 

bars, the encapsulated CoL1 complex shows better TOF of 164 compared to 41.25 at 1 atm 

pressure and 80 °C.  
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7.1 Scope and nature of the present study 

In the present time, the focus of the scientific community has shifted towards sustainable 

development. Progressive research is being conducted to identify solutions to environmental issues 

such as pollution, global warming, ocean acidification, depletion of natural resources, and so on. 

In this context, CO2 is a major greenhouse gas, and its mitigation is paramount. The synthesis of 

cyclic carbonates from epoxide and CO2 is essential because of its industrial relevance. However, 

a catalyst is required to activate the highly stable CO2.  

The main objective of this thesis is the development of catalysts which are comparatively easy 

to prepare and have certain advantages over the already existing catalysts for the upcycling of CO2. 

The first set of catalysts explored in this thesis is the homogeneous zinc(II) salophen complexes, 

where the reaction with CO2 is carried out at an ambient pressure of ~1 atm. Then, towards 

sustainable catalysis, commercially available aluminosilicates have been used as heterogeneous 

catalysts. The next set of the catalyst utilized combines the homogeneous complex and the 

heterogeneous aluminosilicates. The catalyst termed as zeolite encapsulated complex shows 

fascinating results because of various factors, including modified reactivity due to distortion in 

geometry, site isolation, change in electronic properties, etc. Catalysis is even more fascinating 

when the entrapment of transition metal complexes occurs in the cages of microporous zeolites. In 

the present thesis, two metals having Lewis acidic properties, i.e., zinc and cobalt, are chosen for 

encapsulation. Finally, the activity of the encapsulated complexes is compared to that of the free 

state complex, where the encapsulated complexes show superior activity. 

In conclusion, the present thesis deals with the synthesis of homogeneous Zn(II) Schiff base 

complexes and heterogeneous catalysts, including various aluminosilicates and zeolite 

encapsulated Zn(II) and Co(II) Schiff base complexes and their application towards the upcycling 

of CO2 to cyclic carbonates. The thesis is divided into seven chapters, and the conclusion of each 

chapter is briefly discussed as follows: 

Chapter 1  

This chapter discusses in detail the need for the conversion of CO2 and the various types of 

catalysts required for the conversion of CO2 to cyclic carbonates. The three major mechanistic 

pathways to form cyclic carbonates from CO2 and epoxides are discussed elaborately. This chapter 
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also highlights the various homogeneous zinc and cobalt-based N2O2 Schiff base complexes and 

aluminosilicate-based heterogeneous catalysts reported for cyclic carbonates synthesis. 

Furthermore, the chapter emphasizes the significance of encapsulation and the application of 

zeolite entrapped metal complexes. The gap in the literature for the synthesis of cyclic carbonates 

with respect to zeolite encapsulated complexes is also addressed. 

Chapter 2 

This chapter addresses the materials and the methodologies used to synthesize the homogeneous 

and heterogeneous catalysts used in the thesis. The synthesis of zinc(II) and cobalt(II) metal 

complexes of Schiff-base ligands with general formula N, N’-bis(salicylidene)-1,2-

phenylenediamine (L1), N, N’-bis(5-methoxysalicylidene)-1,2-phenylenediamine (L2), N, N’-

bis(5-bromosalicylidene)-1,2-phenylenediamine (L3), N, N’-bis(5-nitrosalicylidene)-1,2-

phenylenediamine (L4), N, N’-bis(5-methylsalicylidene)-1,2-phenylenediamine (L5), N, N’-bis(5-

chlorosalicylidene)-1,2- phenylenediamine (L6), N, N’-bis(5-trifluoromethoxysalicylidene)-1,2- 

phenylenediamine (L7) is explained. The details of the synthesis of zinc and cobalt Schiff-base 

complexes in the encapsulated states are also discussed in this chapter. The chapter also describes 

the protocols of synthesis of cyclic carbonate at various reaction conditions from epoxide and CO2. 

Along with this, a brief introduction to the different spectroscopic techniques, including UV-vis 

(Ultraviolet-visible) spectroscopy, FT-IR (Fourier transform infrared) spectroscopy, BET 

(Brunauer-Emmett-Teller) surface area analysis, XPS (X-ray photoelectron spectroscopy), NMR 

(Nuclear magnetic resonance), PXRD (Powder X-ray diffraction), FESEM-EDX (Field emission 

scanning electron microscopy and energy dispersive X-ray analysis), TGA (Thermogravimetric 

analysis), AAS (Atomic absorption spectroscopy), NH3-TPD (Temperature programmed 

desorption), GC (Gas chromatography) and LC-MS (Liquid chromatography-mass spectroscopy) 

have been presented. This chapter also includes a brief explanation of the theoretical model of the 

DFT (Density functional theory) used to study the Zn(II) homogeneous complexes and the zeolite 

encapsulated cobalt complexes. 
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Chapter 3 

This chapter discusses the synthesis, characterization, and application of a series of 

homogeneous Zn(II) salophen complexes (ZnL1-ZnL7) as catalysts for the synthesis of cyclic 

carbonates from epoxide and CO2. The complexes, prepared by varying the substituents at the 5, 

5’ positions, have been used to study the effect of the variation in the electronic environment 

around the metal towards the cycloaddition reaction. The LC-MS and DFT studies point towards 

the existence of all the complexes except ZnL4 (complex with -NO2 substituent) as dimers. The 

DFT studies for dimeric and monomeric complexes also capture different rate-determining steps. 

Although all the dimeric complexes exhibit good to moderate yield for cycloaddition reaction 

under solvent-free conditions and a relatively low reaction temperature of 80 °C and CO2 pressure 

of ~1 atm, the best yield has been achieved by ZnL4, the monomeric complex with the most 

electron withdrawing -NO2 substituent.  

 

   

Figure 7.1: Zn(II) salophen complex used for the synthesis of styrene carbonate at 80 °C at 
~1 atm pressure. 
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Chapter 4 

This chapter explores the utility of the acidity of commercially available aluminosilicates, namely, 

zeolite Na-Y, zeolite NH4
+-ZSM-5, and synthesized Al-MCM-41, without any post-modification as 

catalysts for capturing CO2 by styrene oxide. The NH3-TPD studies indicate the number of weak acidic 

sites of these materials to be just in accordance with their Si/Al ratios and the yield of the cyclic 

carbonates obtained. The NH3-TPD data and the yield of the product carried out with calcined zeolite 

Na-Y indicate that not only the weak acidic sites but also the role of strong acidic sites might appear 

crucial for the cycloaddition reaction. The parallels between the acidity and the yield indicate that the 

acidity of zeolite itself plays a significant role in the cycloaddition reaction. 

 

 

 

Figure 7.2: Utilization of aluminosilicates as catalysts for the synthesis of styrene 
carbonate from CO2 and styrene oxide. 
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Chapter 5 

This chapter is an extension of chapter 3 and depicts the effects of encapsulation of the zinc(II) 

complexes (ZnL1-Y-ZnL4-Y) inside zeolite-Y on their catalytic performance towards the 

cycloaddition reaction maintaining the same reaction conditions as for the homogeneous 

complexes (~1 atm, 80 °C and 14 h). Upon encapsulation, all the complexes undergo a change in 

geometry due to space constraint imposed by the zeolite supercage, indicated by the significant 

red shift in the electronic spectra. Encapsulation also leads to the site isolation of the complexes, 

and hence, all the dimeric “neat” complexes exist as monomers inside the zeolite supercage. The 

activity of the encapsulated system is anticipated to increase due to the inherent activity of zeolite 

and the positive results using the homogeneous complexes. As predicted, the encapsulated 

complexes show superior activity than the “neat” complexes. The encapsulated catalytic system 

of ZnL1-Y has performed the best, with an overall TOF of 150 h-1. The TOF for neat complex, 

ZnL1, is only 13.8, while in the case of ZnL1-Y, even after subtracting the zeolite activity, there 

is seven fold increase in the activity with a TOF of 97 h-1. While the best performing “neat” ZnL4 

has a TOF of 16 h-1, the encapsulated complex, ZnL4-Y, upon the subtraction of the activity of 

zeolite, shows ~3.2 time increase in TOF with a value of 52 h-1. However, if we consider the overall 

activity of the catalytic system, i.e., the combined activity of the zeolite and the encapsulated 

complex, the TOF reaches a higher value of 97 h-1 for ZnL4-Y. The improved catalytic activity of 

the complex might be the result of a significant modification of the coordination environment, i.e., 

from dimeric to the monomeric form on encapsulation and the isolation of the active sites inside 

the cavities of the zeolite. 
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Chapter 6 

Inspired by the remarkable activity shown by the Zn(II) encapsulated complexes, this chapter 

showcases the application of another active metal, i.e.,  “neat” and encapsulated cobalt(II) salophen 

complexes (CoL1, CoL1-Y, CoL2, CoL2-Y) for the synthesis of styrene carbonates. The 

comparison of the activity of Co(II) and Zn(II) encapsulated complexes maintaining the same 

reaction condition as used for previously mentioned Zn(II) encapsulated systems shows that zinc 

is a better choice of catalyst with higher TON of 1352 (for ZnL1-Y) compared to TON of 577.5 

using cobalt (for CoL1-Y). Owing to the lower performance of the cobalt catalyst at CO2 pressure 

of 1 atm and 80 °C with a reaction time of 14 h, the reaction condition was made a little harsher; 

however, with lesser reaction time (130 °C, 5 bar, 1.5 h). There is a significant improvement in the 

TOF from 41.25 h-1 to 164 h-1. Moreover, the superiority of the encapsulated complex as a catalyst 

is reflected in TOF as the encapsulated complexes show better activity (TOF = 41.25 h-1) compared 

Figure 7.3: Application of “neat” and zeolite-Y encapsulated Zn(II) Schiff 
base complexes for the synthesis of styrene carbonate. 
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to their “neat” analogues (TOF = 5.7 h-1) at lower temperature and pressure. The cobalt complexes 

show some interesting results at a lesser time and higher temperature and pressure (130 °C, 5 bar, 

1.5 h ). The complex with -H substituent has shown better activity in the “neat” form (TON=346) 

compared to the encapsulated complex (TON=246). However, the complex with -OMe substituent 

shows better activity upon encapsulation (TON= 635) compared to its “neat” analogue (TON= 

339). Upon encapsulation in zeolite-Y, the square planar “neat” cobalt(II) complexes have shown 

modified structural and functional properties and interesting catalytic activity. In the free state, the 

reactivity of the cobalt complexes is primarily controlled by the electronic effects of the substituent 

groups present in the complexes. However, the encapsulation of these complexes within the 

supercage of zeolite-Y causes the alteration of the electron density around the metal center, 

reflected in the electronic spectra of the encaged complexes, and subsequently modifies the 

reactivity. The catalyst with a larger end-to-end distance shows better results for the cycloaddition 

reaction after encapsulation.  

 

 

 

 

 

 

 

 

 

Figure 7.4: Application of “neat” and zeolite-Y encapsulated Co(II) Schiff base 
complexes for the synthesis of styrene carbonate. 
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7.2 Overall conclusions of the present work 

 The thesis shows the successful synthesis of cobalt and zinc-based salophen complexes 

in the free and encapsulated state. The encapsulated complexes are synthesized via the 

flexible ligand method. 

 The thesis also presents the successful structural analysis and characterization of the 

synthesized complexes using different analytical techniques. 

 All the prepared complexes have been explored for the synthesis of styrene carbonate 

from CO2 and styrene oxide. The activity of the “neat” and the encapsulated complexes 

have been compared, and encapsulated complexes show superior activity in both cases. 

The results show that in the case of zinc complexes, the site isolation leads to the 

improvement in the catalytic activity, while in the case of cobalt complexes, the end-to-

end distance of the substituents plays a vital role.  

 The choice of metal, the inherent acidity of the zeolite, the cooperative effect of the 

complex and the zeolite for the encapsulated complex and the modified electronic 

environment upon encapsulation render the encaged complex with improved catalytic 

performance.    

7.3: Future scope 

The scientific community is currently at a crucial juncture where a small contribution towards 

sustainability and green technology can significantly impact the environment. In this context, the 

upcycling of CO2 is an essential field of research that scientists have been actively pursuing to 

achieve a better tomorrow. The high stability of CO2 limits its usage; hence, the development of 

various catalysts to activate CO2 is inevitable. The development of stable and reusable 

heterogeneous catalysts for the conversion of CO2 to other valuable chemicals can be beneficial to 

society. Apart from cyclic carbonates, CO2 can also be converted to various industrially relevant 

compounds like urea, dimethyl carbonate, and other fine chemicals like formic acid, methanol, etc. 

At the same time, the development of heterogeneous catalysts using zeolites leaves a lot of scope 

to modify the activity of the complex further. The inherent acidity of the zeolites can be further 

explored for the reactions catalyzed by acids. The additional advantage of site isolation and low 

metal loading provided by the zeolite encapsulated systems makes it a fascinating choice as a 

catalyst. The results from the current thesis also indicate that utilization of the complexes of non-
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toxic and abundant Zn metal can be an attractive alternative which can promote a benign reaction 

condition for catalysis. In the future, using zeolite and zeolite based catalysts can be considered 

enticing for the valorization of CO2. 
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Additional Information 

Calculation of the amount of zinc from AAS: 

We have made the calibration curve with zinc standards. Figure A1 shows the calibration curve. 

 

To make the solution of our complex, we weighed a particular amount of the complex and digested 
the complex with nitric acid. Then, we diluted the solution up to 50 mL. 

For ZnL1-Y, the amount weighed was 12.3 mg. For ZnL1, the concentration of zinc obtained from 
AAS was 0.29546 ppm. 

0.29546 ppm = 0.29546 mg/L which implies 0.059152 mg/50 mL. 

Now, 12.3 mg of the sample contains 0.059152 mg of zinc 

100 mg contains 0.48091, which is 0.48%. 

The calculation for other complexes is also done in a similar way. 

 

Calculation of yield from GC: 

First, we calculate the response factor. 

Let the response factor be F for the styrene oxide with respect to internal standard.  

Now, area of styrene oxide signal / moles of styrene oxide = F × area of standard signal / moles of 
standard. 

 That is, aSO / mSO = F × aIS / mIS  

Figure A1: Calibration curve using zinc standards. 



[A-1] 
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Therefore, F = aSO × mIS / aIS × mSO…………..(1)  

where mSO and mIS are the moles of styrene oxide and internal standard respectively.  

aSO and aIS are the areas of styrene oxide and of internal standard respectively. 

This equation presumes a linear response of the detector to both styrene carbonate and the internal 
standard.  

The consistency of F was checked by taking different concentrations of styrene oxides. 

Similarly, a known quantity of styrene carbonate is mixed with the same quantity of the standard 
as in equation (1), and the response factor is calculated. 

Therefore, F′ = aSC × mIS / aIS’ × mSC…………(2)  

where aSC and aIS’ are the areas of styrene carbonate and internal standard and mSC and mIS are the 
moles of styrene carbonate and internal standard, respectively.  

F´ = response factor for the carbonate with respect to the standard.  

The consistency of F′ was checked by taking different concentrations of styrene carbonate. 

In the case of styrene oxide after the reaction is over, aSO’ / mSO’ =F × aIS′′ / mIS′  

Therefore, mSO’ = aSO’ × mIS′ / aIS’’ × F……………(3),  

where aSO’ and aIS’’ are the area of styrene oxide and internal standard respectively. mSO’ is the 
unknown moles of styrene oxide and mIS’ is the moles of the internal standard.  

From this equation mSO′ can be determined by applying known values of aSO′, aIS’’ and mIS’.  

In the case of styrene carbonate after the reaction is over, aSC’’ / mSC’’ =F′ × aIS’’’ / mIS’’  

Therefore, mSC’’ = aSC’’ × mIS’’ / aIS’’’ × F′………… (4),  

where aSC’’ and aIS’’’ are the area of styrene carbonate and internal standard respectively.  

mIS’’ is the moles of standard and mSC’’ is the unknown moles of styrene carbonate. Thus, from 
equation (4) mSC’’ was calculated as all other terms are known.  

Therefore, % GC yield= [moles of styrene carbonate (mSC′′) / {moles of styrene oxide (mSO′) + 
moles of styrene carbonate (m SC′′)}]×100. 
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