
Design of functional metal-organic 

frameworks for catalytic conversion of CO2 

to value-added chemicals 

 

Doctoral Thesis  

by 

Rajesh Das 

(2018CYZ0002) 

 

DEPARTMENT OF CHEMISTRY 

INDIAN INSTITUTE OF TECHNOLOGY ROPAR 

April 2023 

 



Design of functional metal-organic 

frameworks for catalytic conversion of CO2 

to value-added chemicals 

 
A Thesis Submitted 

In Partial Fulfillment of the Requirements 

for the Degree of 

DOCTOR OF PHILOSOPHY 

by 

Rajesh Das 

(2018CYZ0002) 

DEPARTMENT OF CHEMISTRY 

INDIAN INSTITUTE OF TECHNOLOGY ROPAR 

April 2023 

 

 



ii 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Rajesh Das 

© Indian Institute of Technology Ropar-2023 

All rights reserved 

 

  



iii 
 

 

 

 

 

 

Dedicated to my parent



iv 
 



 

v 
 

Declaration of originality 

I hereby declare that the work which is being presented in the thesis entitled “Design of 

functional metal-organic frameworks for catalytic conversion of CO2 to value-added chemicals” 

has been authored by me. It presents the result of my own independent investigation/research 

conducted during the time period from July 2018 to April 2023 under the supervision of Dr. C. 

M. Nagaraja, Associate Professor, Department of Chemistry. To the best of my knowledge, it is 

an original work, both in terms of research content and narrative, and has not been submitted or 

accepted elsewhere, in part or in full, for the award of any degree, diploma, fellowship, 

associateship, or similar title of any university or institution. Further, due credit has been 

attributed to the relevant state-of-the-art and collaborations with appropriate citations and 

acknowledgments, in line with established ethical norms and practices. I also declare that any 

idea/data/fact/source stated in my thesis has not been fabricated/ falsified/ misrepresented. All 

the principles of academic honesty and integrity have been followed. I fully understand that if the 

thesis is found to be unoriginal, fabricated, or plagiarized, the Institute reserves the right to 

withdraw the thesis from its archive and revoke the associated Degree conferred. Additionally, 

the Institute also reserves the right to appraise all concerned sections of society of the matter for 

their information and necessary action. If accepted, I hereby consent for my thesis to be available 

online in the Institute’s Open Access repository, inter-library loan, and the title & abstract to be 

made available to outside organizations. 

 

       
Name: Rajesh Das 

Entry Number: 2018CYZ0002 

Program: Ph. D 

Department: Chemistry 

Indian Institute of Technology Ropar 

Rupnagar, Punjab 140001  

Date: 26-04-2023 

 

 

 

 



 

vi 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

vii 
 

Certificate 

This is to certify that the thesis entitled “Design of functional metal-organic frameworks for 

catalytic conversion of CO2 to value-added chemicals” submitted by Rajesh Das, 

(2018CYZ0002) for the award of the degree of Doctor of Philosophy of Indian Institute of 

Technology Ropar, is a record of bonafide research work carried out under my guidance and 

supervision. To the best of my knowledge and belief, the work presented in this thesis is original 

and has not been submitted, either in part or full, for the award of any other degree, diploma, 

fellowship, associateship, or similar title of any university or institution. In my opinion, the thesis 

has reached the standard of fulfilling the requirements of the regulations relating to the degree.  

                                                                                     

Name: Dr. C. M. Nagaraja  

Department: Chemistry  

Indian Institute of Technology Ropar  

Rupnagar, Punjab 140001  

Date: 26-04-2023 

 

 

 

 
 

 

  



 

viii 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

ix 
 

Acknowledgements 

First and foremost, I would like to express my heartfelt and deepest gratitude to my 

research supervisor, Dr. C. M. Nagaraja, for seeing my potential and taking a chance on me. I 

also thank him for his patience, motivation, timely advice, steady guidance, support, and 

encouragement throughout my Ph.D tenure. I am also very much thankful to him for introducing 

me to an interesting world of carbon capture and utilization (CCU) and Metal-Organic 

Frameworks. It would not have been possible without you, allowing me to explore new scientific 

areas with both autonomy and excitement. Because of his enormous support, I could maintain a 

balance between my professional and personal life towards the end of the program. 

I would like to thank my doctoral committee (DC) members Dr. T. J. Dhilip Kumar, Dr. 

Rajendra Srivastava, Dr. Indranil Chatterjee, and Dr. L Vijay Anand for their research assistance, 

beneficial suggestions, insightful comments, and continuous encouragement over the past years 

of my Ph.D. Also, for their time-to-time evaluation of the work. I thank the director, IIT Ropar 

for providing infrastructure and all the technical facilities for doing research. I also thank the 

institute for providing financial support to attend national and international conferences. 

My special thanks to my older brother Bilash Mohanty with whom I shared my 

professional and personal life. His advice and guidance motivate me to go ahead in every 

moment of my life. I thank my friends Dr. Ashish, Rajib, Gopal, Dr. Arjun, Manas, Priti, Raju 

and Swadhin for their time and support in the hour of need, who made my life cheerful. 

I am grateful to have such friendly and cooperative labmates, and I thank them all (Dr. 

Bharat, Dr. Sandeep, Dr. Rekha, Dr. Nayuesh, Dr. Suman, Gulshan, Amit Nagar, Vaibhav, Ram, 

Shubham, Paltu, Sudipta, Srijan, Sakshi, Sahil, Mehek, Aniket, and Beekesh) for creating such a 

cheerful and lively environment in the lab. They were very supportive, collaborative, and helpful 

during my entire stay at IIT Ropar. It's great to have such a diverse group with so many different 

areas of expertise. We have created quite an interesting family, one that will be difficult to 

achieve ever again. I have learned a great deal from all of you, not only about science but also 

about living and working together.  

I offer sincere regards to my teachers (Pani Sir, Tubula Sir, Khirod Sir, Barada nana, 

Sushil Sir, Nari Sir, Pramila mam) who have inspired me directly or indirectly in my research 

career. My stay at IIT-Ropar has been pleased with the relationship of all the research scholars. I 

am thankful to Dr. Anil, Dr. Sandeep Kumar, Dr. Suman, Nahida, Debarshi, Majid, Moumita, 



 

x 
 

Prasoon, Manisha, Gautam, Daisy, Divyani, Alankar, Diksha, Himanshu, Ganesh, Navpreet. I 

thank chemistry department staff Poonam mam, Mr. Sushil, Mr. Nagendra, Mrs. Samita, Ms. 

Hanspreet, Mr. Manish and Mr. Gurwinder for their help thought-out my Ph. D journey.     

I would like to thank my parents (Bapa, Bou, Cuttack Bapa, Mummy, Dada, Khudi) for 

backing me throughout this study and supporting me in all the phases. I know it was a challenge 

from time to time, but their open-ended belief in me has allowed me to reach the ultimate goal. 

None of my achievements in life would be imaginable without their selfless unconditional love 

and dedication. I owe everything to them. Dedicating this thesis to them is a minor recognition of 

their precious support and encouragement. Thank you to my brother and my sisters, Rajashree, 

Rashmi, Itishree, Minu, Rakesh, Mukesh, Tapana Bhai, and Smruti Bhai for their support and 

encouragement. 

My greatest regards to the almighty for bestowing upon me the courage to face the 

complexities of life and complete this degree successfully, and for inculcating my dedication.  

 

Rajesh Das 

 



 

xi 
 

Lay summary 

Over the past two decades, the concentration of atmospheric carbon dioxide is increasing 

exponentially and it has exceeded 410 ppm, currently.
 
This rapid increase in the atmospheric 

CO2 content has been attributed to various human activities leading to the increased combustion 

of fossil fuels.
 
This unprecedented rise in carbon dioxide emissions has resulted in the most 

serious environmental issues such as global warming, unpredictable weather patterns, ocean 

acidification, and so on.
 
To mitigate this growing carbon dioxide concentration, carbon capture 

and sequestration (CCS) has been followed.
 
However, an alternative and value-added route is 

carbon capture and utilization (CCU) as a C1 source by converting it into high-value chemicals 

and fuels.
 
Among the various catalytic transformations of carbon dioxide, into value-added 

chemicals and fuels, the cycloaddition of CO2 with epoxides to produce cyclic carbonates is one 

the most studied processes due to its absolute atom economy. Besides, the synthesis of 

oxazolidinone, an important building block of antibiotics by a one-pot three-component 

cyclization of carbon dioxide, propargylic alcohol, and primary amine is also of significant 

interest. Further, the catalytic reduction of CO2 into fuels such as CH4, CH3OH, HCOOH, and 

syngas (CO + H2) is of potential significance and is being investigated by researchers worldwide. 

However, the majority of the catalytic systems reported for fixation of carbon dioxide require 

either high temperature and/or high pressure of carbon dioxide and often additional co-catalysts 

are employed. However, towards green and sustainable utilization of carbon dioxide, it is highly 

desirable to carry out the catalysis under co-catalyst-free mild conditions. To achieve this, the 

catalyst should exhibit high carbon dioxide affinity as well as superior catalytic activity to 

capture and activate CO2 at ambient conditions. Besides, the catalyst should be highly stable and 

recyclable for multiple cycles of reuse. In this context, metal-organic framework (MOF)-based 

catalysts have shown unique advantages over other conventional porous materials due to their 

tunable pore size and functionality along with high surface areas.
 
The modular nature of these 

materials facilitates rational design by incorporating a high density of CO2-philic and catalytic 

functionalities for simultaneous capture
 
and catalytic conversion of carbon dioxide to fine 

chemicals.
 
In this direction, the objectives of this thesis work were to strategically construct 

functionalized MOF-based materials and their exploration as recyclable catalysts for the 

chemical fixation of carbon dioxide into high-value chemicals under environment-friendly mild 

conditions.  
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With the aforementioned motivation for the capture and utilization of CO2 as C1-

feedstock to generate various high-value chemicals, we rationally designed MOF-based 

heterogeneous catalysts for effective CCU under mild green conditions. The thesis has been 

divided into six chapters as summarized below. 

 Chapter 1: This chapter includes a comprehensive introduction to the topic. The 

importance of CCU and the various ways of chemical fixation of CO2 into high-value chemicals. 

The introduction to MOF-based porous materials and their catalytic applications for CCU.   

 Chapter 2: This chapter is divided into two parts, in chapter 2a, the rational design of a 

novel 3D, microporous, bifunctional Zn(II)–organic framework, Zn-DAT, 

{[Zn2(TDC)2(DATRZ)]·(3H2O)·(DMF)}n  (where TDC = 2,5-thiophene dicarboxylate ion and 

DATRZ = 3,5-diamino-1,2,4-triazole) using a mixed ligand strategy is reported. Here, the 

presence of basic -NH2 functionalized pores rendered selective adsorption property for CO2 with 

a high heat of adsorption (Qst) of 39.5 kJ mol
-1

 which is further supported by a theoretically 

computed binding energy (BE) of 40.9 kJ mol
-1

. Further, the role of -NH2 group in enhancing the 

catalytic fixation of CO2 was studied by preparing an analogous MOF 

{[Zn2(TDC)(TRZ)2]·(DMA)·(MeOH)}n (Zn-TAZ) containing 1,2,4-triazole (TAZ) linker, which 

lacks -NH2 group. Notably, Zn-DAT MOF exhibited efficient catalytic activity for chemical 

fixation of CO2 to cyclic carbonates under mild conditions of RT.  

In chapter 2b, the strategic design of a hydrogen-bonded 3D framework, HbMOF1, 

{[Zn(hfipbba)(MA)]⋅3DMF}n (hfipbba=4,4′-(hexaflouroisopropylene)bis(benzoic acid), MA = 

Melamine) by incorporating basic -NH2 and polar -CF3 groups is reported. The HbMOF1 

possesses two types of 1D channels decorated with CO2-philic (-NH2 and -CF3) groups affording 

highly selective CO2 capture property to the framework. Further, the synergistic effect of both 

Lewis acidic and basic sites exposed in the confined 1D channels afforded high catalytic activity 

for efficient fixation of CO2  with terminal/internal epoxides at RT and 1 bar of CO2. This work 

demonstrates the rational design of porous MOFs incorporating multiple functional sites for 

enhanced fixation of CO2 with terminal/internal epoxides at mild conditions.  

 Chapter 3: In this chapter, we strategically constructed 3D MOF, 

{Mg3(TATAB)2(HCO2)(DMA)}n (where,  TATAB = 4,4′,4″-s-triazine-1,3,5-triyltri-p-

aminobenzoate) by utilizing CO2-philic Mg(II) and nitrogen-rich tripodal linker (TATAB). The 

MOF possesses a high BET surface area of 2606.13 m
2
 g

−1
 and highly polar 1D channels 
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decorated with a high density of CO2-philic sites which promoted remarkably high CO2 uptake 

of 50.2 wt% at 273 K with a high heat of adsorption of 55.13 kJ mol
−1

. The high CO2 affinity 

combined with the presence of a high density of Lewis acidic sites conferred efficient catalytic 

properties to the Mg-MOF for chemical fixation of CO2 from direct air under ambient 

conditions. The remarkable performance of Mg-MOF for the fixation of CO2 from direct air was 

further supported by in-depth theoretical calculations. This work represents a rare demonstration 

of carbon capture and utilization (CCU) from direct air under eco-friendly mild conditions.  

 Chapter 4: In this chapter, the application of Mg-centered porphyrin MOF (PCN-

224(Mg)) having relevance to chlorophyll in green plants as a visible light-promoted recyclable 

catalyst for effective fixation of CO2 to cyclic carbonates is reported. The Mg-centered porphyrin 

MOF showed good CO2 capture ability with high interaction energy of 44.5 kJ/mol and superior 

catalytic activity under visible light irradiation over thermal-driven conditions. The excellent 

light-promoted catalytic activity of Mg-porphyrin MOF has been attributed to facile ligand-to-

metal charge transfer (LMCT) transition from photo-excited Mg-porphyrin unit (SBU) to Zr6 

cluster which intern activates CO2 thereby lowering the activation barrier for its cycloaddition 

with epoxides. The in-depth theoretical studies further unveiled the detailed mechanistic path of 

the light-promoted conversion of CO2 into value-added cyclic carbonates.  

 Chapter 5: In this chapter, the chemical fixation of CO2 to propargylic alcohols/primary 

amines to generate oxazolidinones, an important building blocks for antibiotics is reported.  In 

chapter 5a, the rational construction of Ag(I)-anchored sulfonate-functionalized MOF, named 

MOF-SO3Ag composed of CO2-philic sulfonate and catalytically active alkynophilic Ag(I) sites 

for chemical fixation of carbon dioxide is discussed. The MOF-SO3Ag acts as an efficient 

heterogeneous catalyst for cyclic carboxylation of propargylic alcohols to generate α-alkylidene 

cyclic carbonates in >99% yield at mild conditions of RT and 1 bar CO2. More importantly, one-

pot synthesis of oxazolidinones by a three-component reaction between CO2, propargylic 

alcohol, and primary amine has also been achieved using MOF-SO3Ag catalyst under mild 

conditions. Moreover, the MOF is highly recyclable and retains its superior catalytic activity 

even after several cycles.  

In chapter 5b, the development of noble metal-free Cu(I) anchored N-heterocyclic 

carbene (NHC)-based MOF for one-step synthesis of oxazolidinones by coupling of CO2 with 

propargylic alcohols and primary amines is reported. The presence of a high density of CO2-
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philic NHC and catalytic Cu(I) sites in the 1D channels of the MOF rendered efficient catalytic 

activity for the conversion of CO2 to oxazolidinones at RT and atmospheric pressure conditions. 

Notably, Cu(I)@NHC-MOF showed excellent recyclability for up to 10 cycles of regeneration 

with retention of catalytic activity as well as chemical stability. To the best of our knowledge, 

Cu(I)@NHC-MOF represents the first example of a noble metal-free MOF-based heterogeneous 

catalyst for the transformation of CO2 to oxazolidinones under mild conditions. 

 Chapter 6:  In this chapter, the application of Co(II)-centered porphyrin-based porous 

organic framework, Co-POF for photocatalytic reduction of CO2 to syngas (CO & H2) is 

reported. Notably, the Co-POF showed a selective reduction of CO2 to CO with a rate of 1347 

μmol g
-1

h
-1

 under visible-light irradiation. Further, the role of single Co(II) sites towards high 

photocatalytic activity was studied by preparing an analogous Zn(II)-framework. Interestingly, 

Zn-POF showed negligible activity for the photocatalytic CO2 reduction under the same 

optimized conditions highlighting the importance of Co(II) for the CO2 reduction reaction. 

Furtherore, the in-sight mechanistic details of the photocatalytic process were revealed from 

theoretical studies.  
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Abstract 

The immense amount of carbon dioxide (CO2) emissions has resulted in the most serious 

environmental issues like ocean acidification, extreme weather, species extinction, and global 

warming.
 
Consequently, the utilization of carbon dioxide as C1-feedstock offers the dual 

advantages of mitigating the increasing atmospheric CO2 concentration and production of 

valuable chemicals. However, the inertness of carbon dioxide puts a significant challenge to its 

functionalization at ambient conditions. Thus, the majority of the catalytic systems reported for 

fixation of carbon dioxide require either high temperature and/or high pressure of CO2 and often 

additional co-catalysts are employed. However, towards green and sustainable utilization of 

carbon dioxide, it is highly desirable to carry out the transformation under co-catalyst-free mild 

conditions. In this context, metal-organic framework (MOF)-based catalysts have shown unique 

advantages over other conventional porous materials due to their tunable pore size and 

functionality along with high surface areas.
 
The thesis work has been divided into six chapters. 

The Chapter 1 includes introduction to framework materials and importance of carbon 

capture/utilization and various strategies employed for chemical fixation of CO2 to high-value 

chemicals and fuels under environment-friendly mild conditions. Further, with the 

aforementioned motivation for capture and utilization of CO2 as C1-feedstock to generate 

various high-value chemicals, we rationally designed MOF-based heterogeneous catalysts 

for effective conversion of carbon dioxide under eco-friendly conditions. In this regard, the 

work carried out in Chapter 2 includes rational design of catalytic MOFs based on Lewis acidic 

Zn(II) and organic linker composed of basic sites suitable for effective fixation of CO2 to value-

added cyclic carbonates at mild conditions.  

Notably, the utilization of carbon dioxide from direct air has attracted tremendous 

attention as this process enables carbon capture from any place independent of emission sources. 

In this context, by utilizing reticular synthesis, we strategically designed a Mg-based highly 

MOF with pores functionalized with CO2-philic sites for chemical fixation of CO2 from air into 

high-value cyclic carbonates at mild conditions which will be presented in Chapter 3. Besides, 

the sunlight-driven fixation of CO2 into valuable chemicals constitutes a promising approach 

toward a sustainable generation of valuable chemicals over the traditional thermal-driven 

process. In this regard, in Chapter 4, Mg-centered porphyrin MOF having relevance to 

chlorophyll in green plants was developed and its application for visible light promoted effective 
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fixation of CO2 was investigated. Encouraged by the unique advantages of MOFs towards the 

stabilization of catalytically active metal ions, the post-synthetic functionalization of NHC-based 

MOFs with catalytically active Ag(I)/Cu(I) species and their catalytic activity for CO2 fixation is 

presented in Chapter 5. These Ag(I)/Cu(I) anchored NHC-MOFs were utilized as recyclable 

catalysts for the transformation of carbon dioxide to α-alkylidene cyclic carbonates and 

oxazolidinone, an important building block for antibiotics under mild conditions. Further, 

towards photocatalytic reduction of CO2 to valuable chemicals and fuels, in Chapter 6, design of 

2D Co-based porphyrin network and its photocatalytic performance for carbon dioxide reduction 

is reported. Overall, the work carried out in the thesis involving the strategic design of 

framework materials and their catalytic investigation for chemical fixation of CO2 to high-value 

chemicals. 
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1.1. Carbon dioxide (CO2) a greenhouse gas 

The current energy demand for human activities is encountered by the combustion 

of petroleum, natural gas, and coal which are releasing large amounts of Greenhouse 

gases like Carbon dioxide (CO2), Nitrous oxide, Fluorinated gases, etc
1
 (Figure 1a). As a 

result, CO2 concentration in the atmosphere is increasing with time, from 280 ppm in 

the early 1800s to 420 ppm, currently and it continues to increase.
2,3

 Figure 2b 

represents global greenhouse gas emissions by economic sector. The maximum 

amount of CO2 is released from electricity and heat production followed by agriculture 

process, industrial process, transport process, and other energy-related processes.
4 

This 

rapid growth of CO2 concentration in the atmosphere has resulted in various 

undesirable environmental issues like climate change, ocean acidification, global 

warming, and so on.
5
 Thus, finding the best solution that can meet energy demands with 

the decrease of environmental issues is urgently needed. In this direction, sequestration 

of carbon dioxide from fossil-fuel-based power plants which are major contributors 

(~45%) to total CO2 emissions is of utmost importance.
6-10

 However, the present 

tracked CCS technology requires high energy for the processes of separation, 

purification, compression, transportation, and storage.
11-13

 Therefore, carbon capture 

and utilization (CCU) as C1 feedstock is a value-added alternative to CCS.
14-17

 

 

 

Figure 1. (a) Global greenhouse gases emission from various processes, and (b) global 

greenhouse gas emission by economic sector. 
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1.2. Carbon capture and utilization (CCU) 

The utilization of carbon dioxide as C1-feedstock offers the dual advantages of 

mitigating the atmospheric CO2 content and production of valuable chemicals (Figure 2).
18-20

 

However, the inertness of carbon dioxide offers a significant challenge to its 

functionalization at ambient conditions.
21,22

 Especially, selective carbon dioxide capture and 

utilization from direct air has attracted tremendous attention as this process enables carbon 

capture from any place independent of emission sources. In this context, extensive research 

efforts are being carried out by researchers worldwide for the development of high-

performance catalytic systems for effective CCU from direct air to prepare valuable 

chemicals and fuels. To achieve this, the catalyst employed should exhibit high CO2 affinity 

and superior catalytic activity to capture carbon dioxide at a very low concentration of 0.03% 

in air. Besides, the catalyst should be highly stable towards moisture and other contaminants 

in the air. The literature study revealed that the number of examples of recyclable catalysts 

known for CCU from direct air is sparse. Considering the unique advantages of MOF-based 

materials, their high carbon dioxide capture property has been exploited to rationally develop 

an effective recyclable catalyst for the simultaneous capture and functionalization of CO2 

from air into value-added chemicals at mild conditions.     

  

 

Figure 2. Representative examples of CO2 utilization processes as C1-feedstock. Reproduced 

with permission from reference 18. 
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1.3. Framework-based materials 

1.3.1. Metal-organic frameworks (MOFs) 

The past two decades have witnessed an explosive growth of a new class of inorganic-

organic hybrid porous materials known as metal-organic frameworks (MOFs) or porous 

coordination polymers (PCPs). Having the merits of both inorganic and organic building 

blocks, MOFs or PCPs exhibit unique properties like high surface area, tunable pore size, and 

functionality, which makes them ideal candidate materials for various applications such as 

selective gas storage, separation, catalysis, sensing, drug delivery and so on.
23

 MOFs are 

constructed by connecting metal ions (nodes) or clusters (SBUs) with multidentate organic 

spacers (linkers or struts) to obtain frameworks with diverse structural architectures. The 

network topology and functionality can be tuned by a judicious choice of organic linkers to 

obtain MOFs/coordination polymers with infinite 1D, 2D, or 3D network structures (Figure 

3).
24

 According to the International Union of Pure and Applied Chemistry (IUPAC) 

nomenclature, MOFs are defined as “Coordination compounds continuously extending in 

one-, two- or three- dimensions through coordination bonds with an open framework 

containing potential voids”. 

 

 

Figure 3. Schematic representation of the construction of 1D-chain, 2D-sheet, and 3D-

frameworks by utilizing metal nodes and organic linkers/ligands as building blocks.  
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1.3.1.1. Historical aspects of MOFs  

In 1704, a Berlin color-maker named Diesbach accidentally created the first synthetic 

blue pigment, Prussian Blue
25

 which was identified 273 years later as the first coordination 

polymer. The crystal structure of Prussian Blue remained unknown until 1977.
26

 Further, in 

1959, Saito co-worker reported the structure of bis(alkylnitrilo)copper(I) composed of 

tetrahedral Cu(CN)4 units (Figure 4).
27-29

 At the end of 60s, Powell and Rayner determined 

the structure of Hofmann clathrate, {[Ni(NH3)2(Ni(CN)4]·2C6H6} and its structural 

description was reported a few years later by Ywamoto and coworkers (Figure 4). The 

interest in coordination polymers took off at the end of 70’s when Prof. A. F. Wells published 

a revolutionary paper in the journal monographs in crystallography
30

 in 1977 which 

introduced the concept that inorganic crystal structures can be seen as networks by reducing 

them to well-defined nodes and connections. With this understanding, a hallmark discovery 

was made by Robson and coworkers in 1989 in which the first example of a Cu(I) 

coordination network was discovered while analyzing the X-ray crystal structure of 

[Cu(C(C6H4∙CN)4)]BF4∙xC6H5NO2] (x ≥7.7).
31

 Here, they reported the X-ray single crystal 

structures of Zn(CN)2 and Cd(CN)2 as diamond-based frameworks with M-CN-M rods 

connecting the tetrahedral metal centers.
32

 

 

 

Figure 4. Advancement in the field of coordination chemistry of extended structures. 
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Furthermore, the use of pyridine-based bifunctional linkers was reported in 1994 by 

Fujita and co-workers (Figure 4).
33

 Interestingly, the term “MOF” was not coined until 1995 

when Yaghi and co-workers described the structure of [Co(C6H3)(CO2H1/3)3∙(NC5H5)2] as the 

metal-organic framework.
34

 The first three-dimensional (3D), Zn(II)-organic framework 

commonly known as MOF-5, [Zn4O(BDC)3] was reported by the group of Yaghi shortly after 

they discovered a 2D MOF structure.
35

 The MOF-5, constructed from octahedral 

Zn4O(COO)6 SBUs and BDC linkers exhibited the highest reported surface area for any 

structure known at that time. The enormous popularity of this structure inspired researchers 

towards the rapid development of MOF chemistry.
36,37

 Followed by the report of IRMOFs by 

Yaghi and coworkers, several other important MOFs have been developed by various 

research groups worldwide. For example, the synthesis of [Cu3(TMA)2∙(H2O)3]  (HKUST: 

Hong Kong University of Science and Technology), was reported by Williams and co-

workers in 1999.
38

 On the other hand, Ferey and co-workers reported the synthesis of MIL-

101 (Material Institute Lavoisier-101) in 2005
39

 by changing the SBU from Zn4O (in MOF5) 

to Cr3O and obtained a framework with a completely different pore structure and topology 

compared to MOF-5.
11

 Further, in 2008, Lillerud and co-worker, reported the synthesis of a 

yet another MOF, UiO-66 (University of Oslo-66)
40

 constituted by a more complicated SBU 

based on octahedral Zr-centers, (Zr6O4(OH)10(H2O)6(COO)6) and BDC. In 2013, Zhou and 

co-worker synthesized a series of porphyrin-based MOF named PCN-222 (porous 

coordination network) which are highly rigid and photoactive.
41

 This process of modulation 

of pores with polar functionalities is beneficial to introduce selective gas adsorption and 

catalytic properties to the frameworks.
42

  

 

1.3.2. Porous organic frameworks (POFs) 

Porous organic frameworks (POFs) are a new class of organic polymers having 

permanent porosity and high crystallinity with highly ordered structures. Similar to the 

MOFs, POFs are structurally pre-designable, synthetically controllable, and functionally 

manageable.
43

 Further, POFs possess tunable chemical and physical properties, which 

provided a suitable platform for various applications, such as gas storage, separation, photo-

electricity, and catalysis especially CO2 capture and conversion.
44

 An efficient COFs/POFs 

for CO2 capture and conversion at milder conditions should possess a high density of CO2-

philic basic sites such as azo (N=N), azine (C-N-N-C), imine (C=N), and triazine linkers 

along with Lewis acidic catalytic sites.
45,46

 Thus, the novel structural properties of 
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framework-based materials provided a suitable platform for potential application in 

various fields. 

 

1.4. Applications of MOFs 

The unique properties of high surface areas, tunable pore size, functionality, and 

high rigidity of MOF-based materials offer diverse applications in the area of 

heterogeneous catalysis, gas storage/separation, drug delivery, CCU, and so on (Figure 

5).
47-49

 These novel properties of MOF-based materials motivated us, to develop effective 

framework materials for the simultaneous capture and functionalization of CO2 into value-

added chemicals at mild conditions.  

 

 

Figure 5. Schematic representation showing various applications of metal-organic 

frameworks.  
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1.5. MOFs for CO2 capture and utilization (CCU) 

1.5.1. MOFs for CO2 capture 

 The current state-of-art technique applied for CO2 capture from flue gas (composition: 

N2 : 76-77%, CO2 : 12.5-12.8%, H2O: 6.2%, O2 : 4.4%, SO2 : 420 ppm, NOx : 60-70 ppm, 

CO : 50 ppm)
50

 is mainly by using liquid amines as adsorbent where the aqueous solutions of 

monoethanolamine (MEA), methyldiethanolamine (MDEA) and diethanolamine (DEA) are 

used for the capture of CO2 on large scale. It was estimated in the IPCC report 2014-2015 that 

the global average surface temperature change for the end of 21
st
 century (2081-2100) 

relative to 1986-2005 will likely to increase from 2.6 to 4.8 °C.
51

   

 The literature study revealed that MOFs offer potential scope for CO2 capture and 

storage (CCS) applications owing to their tunable pore size, generation of unsaturated metal 

centers, and incorporation of Lewis basic sites via functionalization of the ligand.
52

 Some of 

the representative examples of MOFs reported for high wt% storage of CO2 at 298 K 

temperature and 1 bar pressure along with the Qst values are listed in Table 3. It has been 

shown that, incorporation of ethylenediamine (en) into the H3[Cu4(Cl)3(BTTri)8] (where 

H3BTTri = 1,3,5-tri(1H-1,2,3-triazol-4-yl)benzene) MOF has resulted CO2 uptake of 3.24 

mmol/g (14.3 wt%) at 1 bar and 298K with high Qst value of 90 kJ/mol which has been 

attributed to the stronger interaction of CO2 with the basic amine groups present in the 

framework. Further, the incorporation of N, N'-dimethlyenediamine (mmem) into the same 

framework has resulted in CO2 uptake capacity of 2.38 mmol/g (9.5 wt%) with high isosteric 

heat of adsorption value of 96 kJ/mol. Here the adsorption of CO2 with the framework has 

been attributed to a chemisorptive-type process. Whereas, Cu3(BTC)2(H2O)1.5 (HKUST-1) 

MOF shows Qst value of 30 kJ/mol and CO2 adsorption capacity of 27 wt%
53

 Further, MOF-

74 (M = Co, Ni, Fe, Zn, Mn, and Mg) containing open metal centers (OMCs) are reported to 

show high CO2 storage capacity (27 wt%) with Qst value of 47 kJ/mol in case of Mg-MOF-74 

at ambient temperature and pressure conditions.
54

 Recently, Vaidhyanathan and co-worker 

designed an ultra-microporous MOF, Ni-4PyC, [Ni9(m-H2O)4(H2O)2(C6NH4O2)18.solvent] 

(where 4PyC = pyridine-4-carboxylic acid) which shows high CO2 storage capacity of 8.2 

mmol/g (36 wt%) at 10 bar and 298 K with estimated Qst value of 32.8 kJ/mol.
55

 Further, 

Maji and co-workers reported ultra-small HKUST-1 MOF nanoparticles on a 2D aminoclay 

template (CuBTC@AC-2) which has shown a CO2 uptake capacity of 5.35 mmol/g (23.5 

wt%) at 1 bar and 298 K which is 46% higher than that of pristine MOF.
56

 Thus, the 
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development of MOFs as efficient absorbent materials for high wt% storage of CO2 at 

ambient pressure and temperature conditions is being investigated worldwide (Table 1). 

 

Table 1. Representative examples of MOFs with their CO2 uptake capacities and Qst values.  

Sl. 

No. 

 MOF Functionality 

type 

wt%

* 

-Qst 

(kJ/mol) 

References 

01. H3[(Cu4Cl)3(BTTri)8(en)3.75] Amines 14.3 90 57 

02. H3[(Cu4Cl)3(BTTri)8(mmen)12] Amines 9.5
a
 96 58 

03. MIL-101(Cr) UMC 4.2 44 59 

04. NH2-BDC-MIL-53 (Al) Amines 12 38.4 60 

05. Mg-MOF-74 Amines 27.5 47 61 

06. Bio-MOF-11 Amines 15.2 45 62 

07. Ni-MOF-74 UMC 23.9 42 63 

08. HKUST-1 UMC 18.4 35 64 

09. MIL-53 (Al) - 10.6 35 65 

10. HKUST-1 - 27 30 66 

11. IRMOF-3 Amines 5.1 19 67 

12. MOF-5 - 15.2 17 68 

*isotherms reported at temperature 298 K and 1 bar pressure, 
a
isotherm reported at 0.15 bar 

CO2/ 0.75 bar N2 mixture and 298 K temperature. 

 

1.5.2. MOF materials for CO2 utilization 

The presence of both inorganic and organic building blocks along with the possibility 

to tune the pore size and functionality makes MOFs suitable candidate materials for CCU 

under mild conditions. The various strategies employed for the utilization of MOFs as 

recyclable catalysts for CCU (Figure 6) are discussed below.  

 

1.5.2.1. Opportunistic catalysis with metal nodes: The unsaturated reactive metal nodes 

generated by the removal of coordinated solvent molecules by activation (Figure 6) act as 

Lewis acidic catalytic sites for CO2 transformations. For example, Lewis acidic metal sites 

polarize the epoxides during the cycloaddition of CO2 to generate cyclic carbonates.
69 
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1.5.2.2. Designed catalysis with functionalized linkers: The presence of functionalized 

organic linkers with various functional groups such as azo –(N=N-), azine (-C=N-), and 

amine (-NH2) are known to act as CO2-philic sites (Figure 7). These sites increase CO2 

density around the active sites and thus enhance the catalytic activity of the framework for 

effective CCU. 

 

 

Figure 6. The main source of CO2 and the transformation paths over the MOF catalysts. 

Reproduced with permission from reference number 70. 

 

1.5.2.3. Incorporation of the catalytic active site by PSM  

The post-synthetic modification (PSM) approach was first conceptualized in an 

extended network where pores are modified by Hoskins and Robson in 1990.
47

 Later, in 1999 

and 2000, Lee,
71

 Kim,
72

 and Williams
55

 utilized this approach for modifying the pores in 

porous materials. The term PSM was coined by Wang and Cohen in 2007.
73

 In literature, the 

PSM approach was also employed for other porous organic networks,
74

 coordination 

oligomers,
75

 and mesoporous silica.
76

 The PSM approach in Frameworks can be carried out 

by non-covalent modification, by covalent bond modification, by doping, or by coordinative 

interactions (Figure 7).
77

 The covalent transformation of the organic linker was the most 

common type of PSM in MOFs. The first example where a ligand having amine was 

converted into amide in IRMOF-3 by Cohen and Wang in 2007.
9
 Followed by this report, 

many literature examples on PSM of frameworks for the utilization of CO2 and catalysis have 

been reported.
78

 The PSM phenomena provided a new direction to stabilize catalytically 

active sites in the functionalized pore of the framework to generate a hybrid material for the 

fixation of CO2.  
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Figure 7. Different strategies for the inclusion of catalytic moieties into a MOF scaffold. 

Reproduced with permission from reference number 79. 

 

1.5.3. Various ways of CO2 fixation via C-X (X = O, N, and C) bond formation 

The modular nature of framework-based materials facilitates rational design by 

incorporating a high density of CO2-philic and catalytic functionalities for simultaneous 

capture
 
and catalytic conversion of carbon dioxide to fine chemicals. Thus, rationally 

designed framework-based catalysts for CCU offers the dual advantages of mitigating the 

increasing atmospheric CO2 concentration and production of valuable chemicals. Further, a 

large number of value-added chemicals and fuels have been produced by the fixation of CO2 

via C-X ( X = O, N, and C) bond formation between CO2 and substrate molecules (Figure 8). 

Thus intensive research efforts have been made on the rational design of frameworks for the 

chemical fixation of CO2 into value-added chemicals or fuels as summarized below.  

 

1.5.3.1. CO2 fixation via C-O bond formation 

The CO2 fixation with epoxides via C-O bond formation has been employed to 

generate various cyclic carbonates and polycarbonates.
80

 Especially, the cycloaddition of CO2 

with epoxides has been studied extensively due to its atom efficiency yielding 

carbonates with 100% selectivity.
81,82

 Further, cyclic carbonates offer widespread 
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applications in a variety of fields, i. e. as precursors for polymeric materials, electrolytes in 

lithium-ion batteries, pharmaceuticals, intermediates for the synthesis of ethylene glycol, 

beta-keto carboxylic acids, and so on.
83,84 

 

 

Figure 8. Schematic representation of CO2 fixation via C-X bond formation.  

 

To date, various homogeneous catalysts including, transition metal complexes,
85

 

organocatalysts,
86

 and quaternary ammonium salts,
87

 and imidazolium-based ionic liquids
88

  

have been employed for the catalytic transformation of CO2 to cyclic carbonates. However, to 

achieve facile separation of the products and recycling of catalysts, heterogeneous catalysts 

like metal oxides, zeolites, carbon-based materials, functional polymers, covalent-organic 

frameworks (COFs), metal-organic frameworks (MOFs), etc have been employed for the 

functionalization of CO2 with epoxides.
89,90

 Among these, MOFs offer unique advantageous 

due to their well-defined pore channels, facilitating diffusion of the reactants and products 

along with tunable pore size and functionality. However, most of the MOFs reported so far 

require high temperature and pressure conditions for the cycloaddition reaction. But, Green 

and sustainable chemistry practices require the catalysis to be done under environmentally 

friendly mild conditions of room temperature and atmospheric pressure. In this regard, the 

rational design of the MOFs by incorporating a high density of CO2-philic as well as catalytic 
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sites for the utilization of CO2 under RT and atmospheric pressure conditions offers potential 

benefits.  

The general mechanism for CO2 cycloaddition reaction via C-O bond formation is shown 

in Scheme 1. It involves a binary catalytic system composed of a Lewis acid catalytic site and 

a nucleophilic co-catalyst (TBAB) for the ring-opening of epoxide. The first step involves 

polarization of the epoxide at the Lewis acidic site which is followed by nucleophilic attack 

of Br
-
 anion of TBAB leading to ring opening of the epoxide and formation of metal-

coordinated bromo-alkoxide. Subsequent insertion of CO2 to metal alkoxide generates metal 

carbonate species which undergoes an intramolecular ring-closure reaction to form the cyclic 

carbonate and its elimination from the metal center leads to regeneration of the active 

catalyst. Overall, for the high-yield generation of cyclic carbonates by coupling CO2 with 

epoxides, a bifunctional catalyst composed of Lewis acidic and nucleophilic sites is essential. 

In Table 2, various MOFs reported for the cycloaddition of CO2 to cyclic carbonates are 

summarized. 

 

 

Scheme 1. A plausible mechanism for CO2 fixation to cyclic carbonates via C-O bond 

formation. 
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Table 2. Representative examples of MOFs reported for cycloaddition of CO2 with 

epichlorohydrin. 

Sl. 

No. 

Catalyst Co-catalyst Temperature 

(°C) 

Pressure 

(bar) 

Yield 

(%) 

Reference 

01 MOF-5 TBAB 50 60 93 91 

02 ZIF-8 - 80 7 73 92 

03 HKUST - 100 7 33 93 

04 MOF-53 DMAP 100 16 80 94 

05 UiO-66 TBAB 60 12 67 95 

06 Cu-MOF TBAB 100 10 95.2 96 

07 MOF-Zn-1 TBAB 100 10 97 97 

08 UMCM-1-NH2 TBAB RT 12 78 98 

09 Meim-UiO-66 - 120 1 93 99 

10 UiO-67-IL  - 90 1 95 100 

11 F-ZIF-90  - 120 11.7 94 101 

12 Zn-TATAB - 100 1 95 102 

13 IL@MIL-101-

SO3Na 

 90 1 88 103 

14 Co-MOF1 - 80 1 93 104 

15 Zn-DAT TBAB RT 08 99 105 

16 Hb-MOF TBAB RT 1 99 106 

17 Mg-MOF - 60 1 99 107 

18 PCN-224(Mg) - RT 1 99 108 

 

1.5.3.2. CO2 fixation via C-N bond formation 

The CO2 fixation via C-N bond formation offers the dual advantages of mitigating the 

CO2 concentration and production of valuable chemicals such as oxazolidinones.
109

 Inspired 

by natural enzymatic reactions, various research groups designed amine-functionalized MOFs 

for CO2 fixation to carbamic acid via C-N bond formation under co-catalysts-free 

conditions.
88,110

 Further, the carbamic acid can be transformed into ammonium carbamate 

under humid conditions.
111

 Besides, cycloaddition reactions of aziridines/propargylic amines 

with CO2 are well-studied CO2 utilization processes via C-N bond formation.
112,113

 On the 

other hand, generation of oxazolidinones, valuable commodity chemicals for the synthesis of 
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antibiotics via a cascade reaction of CO2 with propargylic alcohol and primary amines, 

represents a green and sustainable approach for the conversion of greenhouse gas into bio-

relevant products.
114

 The literature study revealed that Ag(I), AgNPs, and Cu(I) ions are 

active catalysts for this conversion.
115-117

 Thus, the incorporation of these active metal sites in 

porous frameworks by post-synthetic modification (PSM) renders effective catalytic systems 

for fixation of CO2 via C-N bond formation.
118 

  

A plausible mechanism for the chemical fixation of CO2 via C-N bond formation to 

produce oxazolidinones is shown in Scheme 2.  

 

 

Scheme 2. A plausible mechanism for CO2 fixation to oxazolidinone via a three-component 

reaction of CO2 with propargylic alcohol and primary amines.  
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The first step involves the polarization of the C≡C bond by coordination with the catalytic 

active site (AS) such as Cu(I) or Ag(0/I). At the same time, polarization of CO2 takes place at 

the CO2-philic basic sites followed by deprotonation of propargylic alcohol in the presence of 

a base (DBU/PPh3/Et3N, etc). Then subsequent CO2 insertion and ring-closure reaction lead 

to the formation of α-alkylidene cyclic carbonates and its elimination regenerates the active 

catalyst and the cycle continues. Notably, in the presence of the primary amine, the α-

alkylidene cyclic carbonate undergoes aminolysis resulting in the generation of 

oxazolidinone. Overall, for high-yield generation of oxazolidinone by a three-component 

reaction of CO2 with propargylic alcohol and primary amines, a bifunctional catalyst 

composed of catalytic site (Ag(I)/Cu(I)) and nucleophilic site is essential. 

 

1.5.3.3. CO2 fixation via C-C bond formation 

The fixation of CO2 via C-C bond formation is one of the emerging strategies to generate 

value-added carboxylic acid and ester derivatives.
119

 The literature study revealed that 

catalysts based on Cu(I)/Ag(I)/Ag(0) are active for the fixation of CO2 via C-C bond 

formation.
120

 In this regard, various efforts have been reported by researchers in anchoring 

Ag(I)/Cu(I) ions in MOFs and utilized as heterogeneous catalysts for the fixation of CO2 via 

C-C bond formation.
121

 In this direction, Cheng and co-worker
122

 developed Ag@MIL-101 

by a simple liquid impregnation method and utilized it for carboxylative cyclization of 

terminal alkynes with CO2 under atmospheric pressure conditions. Later, the same research 

group
123

 designed Ag@MIL-100(Fe) for carboxylation of 1-ethynylbenzene with CO2 at 50 

°C and 1 atm pressure conditions. In similar efforts, Zhang and co-worker
124

 and Wei and co-

worker
125

 embedded AgNPs in covalent triazine framework (CTF) and ZIF-8, respectively 

for carboxylation of various terminal alkenes via direct CO2 insertion reaction. However, the 

application of noble-metal free catalysts for the carboxylative cyclization of terminyl alkynes 

is relatively less studied. Hence there is significant scope for the design of noble-metal-free 

catalysts for the fixation of CO2 to value-added acids/esters through C-C bond formation.    

The plausible mechanism for the fixation of CO2 via carboxylation of terminal alkynes 

into corresponding alkynyl carboxylic acid is shown in Scheme 3. The reaction proceeds with 

the polarization of C≡C bond at the catalytic active site (AS), then deprotonation of alkynes 

takes place in the presence of bases like Cs2CO3/K2CO3/PPh3 followed by CO2 insertion 

reaction to generate an intermediate which is further hydrolyzed to get carboxylic acid and 

the catalytic cycle continues.  
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Scheme 3. A plausible mechanism for fixation of CO2 to alkynyl carboxylic acid via C-C 

bond formation.  

 

1.5.3.4. CO2 utilization via reduction 

Solar-driven CO2 reduction to energy-rich fuels/chemicals represents a promising approach 

for addressing the energy crisis and reducing atmospheric CO2 levels.
126,127

 To date, a variety 

of inorganic semiconductors have been explored for efficient photo-reduction of CO2, but 

their indistinct active sites and imprecise microenvironments with complicated structures 

have impeded the mechanistic insights of CO2 reduction process.
128,129

 Further, the majority 

of the photo-catalysts possess a wide band gap and are active mainly in the UV region of the 

solar spectrum which constitutes only about 4% of sunlight reaching earth. Consequently, 

development of photocatalysts with broad absorption of sunlight including visible light has 

gained significant interest since natural sunlight contains about 40% of visible light.
130,131

 For 

an effective photocatalytic fixation of CO2 to fine chemicals, the catalyst should possess good 

visible light absorption, high surface area along with a high density of CO2-philic and 

catalytic sites.
132,133

 In this regard, porphyrin-based frameworks have gained special interest 
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because they serve as excellent light-harvesting or resonance energy transfer functional struts 

and facilitate efficient photocatalytic CO2 reduction activity.
134 

Further, the band gap of 

porphyrin-based frameworks can be tuned by introducing substituents on the porphyrin ring 

and by incorporating suitable red-ox metal ion in the porphyrin core to obtain frameworks 

with optimal band edge potentials suitable for CO2 reduction to fine chemicals.
135

 The 

optimum redox potentials required for effective photoreduction of CO2 to various fine 

chemicals is shown in Figure 8.
136 

 

In addition, syngas (a mixture of CO and H2) is an important raw material for the synthesis 

of methanol, ammonia, and hydrocarbon-based fuels that can be generated by photoreduction 

of CO2.
137

 However, in the traditional method, syngas is synthesized by a water gas shift 

reaction which requires high energy and produces a large amount of CO2.
138

 Thus, it is highly 

desirable to develop efficient catalysts that can produce syngas under environmentally 

friendly mild conditions.
139,140 

This can be achieved by a simultaneous reaction of CO2 

reduction reaction (CO2RR) coupled with hydrogen evolution reaction (HER).
141,142  

 

 

Figure 8. General representation of photocatalytic reduction of CO2 and redox potentials 

required for conversion of CO2 to various fine chemicals.  

 

With the aforementioned motivation for the capture and utilization of CO2 as C1-

feedstock to generate various high-value chemicals, we rationally designed MOF-based 

heterogeneous catalysts for effective CCU into value-added chemicals/fuels especially 

cyclic carbonates, α-alkylidene cyclic carbonates, oxazolidinones, and syngas generation 

under environment-friendly mild conditions which are discussed in the subsequent chapters. 
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1.6. Summary  

In this chapter, we presented a brief introduction to MOFs, the history of MOFs, and 

their application for CO2 uptake and subsequent conversion. Besides, the various ways of 

CO2 fixation to generate value-added chemicals through C-X (X = O, N, and C) bond 

formation along with reduction are discussed.   
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2a.1. Introduction  

The carbon dioxide (CO2) capture and utilization (CCU) as an abundant, non-toxic, 

C1 feedstock for the synthesis of valuable chemicals or fuels is one of the most promising 

solutions to mitigate the growing CO2 concentration in the atmosphere.
1,2

 To achieve this 

goal, several approaches have been developed for the functionalization of CO2 into valuable 

chemicals like polycarbonates, cyclic carbonates, and others by forming C-C, C-N, and C-O 

bonds.
3-14

 However, the kinetic inertness and thermodynamic stability of CO2 puts limitations 

on its conversion under mild conditions.
15

 Hence, the large-scale synthesis of cyclic 

carbonates is generally carried out at high temperature and pressure conditions.
 16-21 

Therefore, it is essential to develop efficient catalytic systems for selective capture and 

utilization of carbon dioxide under mild conditions of room temperature (RT). To date, 

various homogeneous catalysts have been developed for the conversion of CO2 into cyclic 

carbonates owing to its 100% atom efficiency in generating cyclic carbonates with high yield 

and selectivity.
22 

On the other hand, several heterogeneous catalysts including porous MOFs 

have been developed for the catalytic conversion of CO2.
23-26

 Particularly, MOFs have 

attracted considerable attention due to their high surface area and modular nature which 

facilitates the introduction of a high density of Lewis acidic and basic functionalities.
27 

However, there are limited number of MOFs reported for efficient carbon dioxide conversion 

at mild conditions of RT.
28,29 

In this direction, we intend to synthesize porous MOFs 

composed of a high density of Lewis acidic metal ions and basic functionalities suitable for 

selective capture and utilization of CO2.
30 

In this chapter, we report the synthesis of a novel 

3D porous MOF, {[Zn2(TDC)2(DATRZ)].(3H2O).(DMF)}n, (Zn-DAT) constructed by 

utilizing a rigid ligand, 2,5-thiophene dicarboxylic acid (H2TDC), and an organic linker, 3,5-

diamino-1,2,4-triazole (DATRZ) containing basic -NH2 groups. The Zn-DAT MOF possesses 

a 3D microporous framework structure with two types of 1D channels of dimension 12.5 X 

8.7 Å
2
 and 7.0 X 4.8 Å

2 
along the crystallographic c- and b-axis, respectively. Further, the 

presence of basic -NH2 groups induce selective adsorption property for CO2 with high heat of 

adsorption (Qst) value of 39.5 kJ/mol which was further supported by theoretically computed 

BE of 40.9 kJ/mol. More interestingly, the Qst value observed for Zn-DAT is about 8 kJ/mol 

higher than that of the analogs MOF, {[Zn2(TDC)(TRZ)2].(DMA).(MeOH)}n, (Zn-TAZ) 

containing 1,2,4-triazole (TAZ) linker, which further supports the critical role of -NH2 groups 

in enhancing the interaction of CO2 with the framework. Furthermore, the presence of Lewis 

acidic Zn(II) and basic -NH2 groups make Zn-DAT MOF an excellent recyclable catalyst for 

the chemical fixation of CO2 to cyclic carbonates under solvent-free mild conditions of RT. 
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In this chapter, the design and synthesis of a rare example of porous Zn(II)-MOF exhibiting 

efficient fixation of CO2 at RT and the influence of -NH2 groups on the BE of CO2 and 

catalytic activity is demonstrated.   

 

2a.2. Experimental section 

2a.2.1. Materials  

All the reagents used in this work were commercially available and used as received 

without any further purification. Zn(NO3)2.6H2O, 2,5-thiophene dicarboxylic acid, 3,5-

diamino-1,2,4-triazole, and 1,2,4-triazole were purchased from Sigma Aldrich Chemical Co. 

The N, N'-dimethylformamide (DMF), N, N'-dimethylacetamide (DMA), and methanol 

(MeOH) were obtained from S. D. Fine Chem. Limited. All the epoxides and the internal 

standard used for catalytic reactions were purchased from TCI chemicals and used without 

further purification. 

 

2a.2.2. Physicochemical characterization  

The phase purity of the as-synthesized samples was confirmed by powder XRD 

analysis using Rigaku Miniflex 600 with Cu Kradiation λnm). UV-Vis (Diffuse 

Reflectance) spectra were recorded on the Shimadzu spectrophotometer using BaSO4 as a 

reference. Thermogravimetric analysis (TGA) of the compounds was carried out on Metler 

Toledo Thermogravimetric analyzer in an inert (N2) atmosphere with a flow rate of 30 

mL/min in the temperature range of 30–600 C and a heating rate of 5 C/min. FTIR (Fourier 

transform infrared) spectra of the samples were recorded from 400 to 4000 cm
-1

 on a Perkin 

Elmer ATR-FTIR spectrometer. Gas adsorption studies were carried out on Quantachrome 

QUADRASORB-SI automatic volumetric instrument. Thermo Fischer Flash 2000 Elemental 

Analyzer was used for elemental analysis (CHN) of the samples. The catalytic conversions 

were analyzed by recording 
1
H-NMR spectra of the products on a JEOL JNM-ECS-400 

spectrometer operating at a frequency of 400 MHz using 1,1′,2,2′-tetrachloroethane as an 

internal standard.  

 

2a.2.3. Synthesis 

2a.2.3.1. Synthesis of {[Zn2(TDC)2(DATRZ)].(3H2O).(DMF)}n  (Zn-DAT) 

The Zn-DAT MOF was synthesized as follows: 2,5-thiophene dicarboxylic acid (34.4 

mg, 0.2 mmol) and 3,5-diamino-1,2,4-triazole (9.9 mg, 0.1 mmol) were mixed in DMF (4 
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mL) in a 30 mL glass vial. The mixture was sonicated for 15 min and to which DMF (2 mL) 

solution of Zn(NO3)2.6H2O (59.5 mg, 0.2 mmol) was added with stirring. The glass vial was 

sealed with Teflon and parafilm and heated at 120 °C for 72 h. Then the vial was cooled 

down to room temperature slowly to obtain colorless crystals of Zn-DAT which were 

collected by filtration and washed by DMF thoroughly. Yield: 75%.  The phase purity of the 

as-synthesized sample was confirmed by powder XRD analysis (Figure A1). Elemental 

analysis calculated (%) for {[Zn2(TDC)2(DATRZ)].(3H2O).(DMF)}n (C17H21N6O15S2Zn2): C: 

27.43; H: 2.84; N: 11.29; S: 8.62. Found: C: 28.03; H: 2.93; N: 11.91; S: 9.10. FT-IR (KBr, 

cm
-1

): 3441(w), 3330 (w), 3211 (w), 1586(s), 1518(s), 1463(w), 1355(s), 1103(m), 1015(m), 

845(w), 804(m), 763(s), 674(m) (Figure A2).  

 

2a.2.3.2. Synthesis of {[Zn2(TDC)(TRZ)2].(DMA).(MeOH)}n, (Zn-TAZ) 

The analogues MOF, {[Zn2(TDC)(TRZ)2].(DMA).(MeOH)}n, (Zn-TAZ) was 

synthesized by following the previously reported procedure.
31 

Briefly, Zn(NO3)2·6H2O (0.2 

mmol, 60 mg), 2,5-thiophene dicarboxylic acid (H2tda) (14 mg, 0.1 mmol), and 1,2,4-triazole 

(TRZ) (0.2 mmol, 14 mg) were dissolved by 3 mL of DMA and 3 mL MeOH. The resulting 

mixture was transferred into a Teflon-lined stainless-steel vessel (23 mL) and heated at 100 

°C for 72 h under autogenous pressure. Colourless crystals resulted were washed with DMA, 

MeOH, and dried at 120 °C under vacuum. The phase purity of the as-synthesized MOF was 

confirmed by powder XRD analysis (Figure A3). 

 

2a.2.4. Catalytic cycloaddition reactions of CO2 with epoxides 

The cycloaddition reaction of CO2 with various epoxides was carried out in a glass 

reactor (50 mL) under RT and 0.1/0.8 MPa pressure of CO2. Before starting catalytic 

reactions, the Zn-DAT and Zn-TAZ were activated at 373K for 12 h under vacuum to remove 

guest solvent molecules. The reactants were taken in the reactor at room temperature and it 

was flushed with CO2 twice, and the required pressure (0.1/0.8 MPa) of CO2 was introduced 

and the contents were allowed to stir at RT. After 24 h, the excess CO2 was released slowly 

and the Zn-DAT catalyst was separated from the reaction mixture by filtration and 

centrifugation. The catalytic conversions were determined by 
1
H NMR spectra of the filtrate. 

The recovered catalyst was washed with methanol three times and activated at 373 K under 

vacuum for 12 h and reused for the subsequent catalytic cycles. 
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2a.2.5. X-ray crystallography 

  Single crystal X-ray structural data of Zn-DAT was collected on a CMOS-based 

Bruker D8 Venture PHOTON 100 diffractometer equipped with an INCOATEC micro-focus 

source with graphite monochromated Mo Kα radiation (λ = 0.71073 Å) operating at 50 kV 

and 30 mA. The SAINT
32 

program
 
was used for the integration of diffraction profiles and 

absorption correction was made with SADABS program.
33 

The structures were solved by SIR 

92
34 

and refined by full-matrix least square method using SHELXL-2013
35 

and WinGX 

system, Ver 2013.3.
36  

The non-hydrogen atoms in all the structures were located from the 

difference Fourier map and refined anisotropically. All the hydrogen atoms were fixed by 

HFIX and placed in ideal positions and included in the refinement process using riding model 

with isotropic thermal parameters. The disordered guest solvent molecules were treated with 

the SQUEEZE option of PLATON
37 

multipurpose software. Therefore, the formula of Zn-

DAT was confirmed based on the elemental analyses and TGA. The potential solvent 

accessible area or void space was calculated using the PLATON software. All the 

crystallographic and structure refinement data of the Zn-DAT are summarized in Table 1. 

Selected bond lengths and angles are given in Table A1 and selected hydrogen bond details 

of the Zn-DAT are summarized in Table A2. The crystallographic information file is 

deposited with the CCDC number: 1918936.  

 

2a.2.6. Gas adsorption measurements  

 N2 adsorption-desorption studies were carried out at 77 and 273K, while CO2 

adsorption-desorption measurements were carried out at 273, 298, and 195K using 

QUANTACHROME Quadrasorb SI automated surface area and pore size analyzer 

instrument. For H2 and Ar, the measurements were carried out at 273K. Ultrapure (99.995%) 

N2, He, H2, Ar, and CO2 gases were used for the adsorption-desorption measurements. Prior 

to adsorption measurements, the sample (~0.150g) was evacuated at 373K under vacuum (20 

mTorr) for 20 h on QUANTACHROME Flovac degasser and further purged with ultrapure 

N2 (99.995%) gas on cooling. PXRD patterns of the activated samples revealed the retaining 

of the original framework structure after activation (Figures A1 and A3). The BET surface 

area of the MOFs was estimated from N2 and CO2 sorption isotherms carried out at 77 and 

273K, respectively. The gas selectivity experiments were carried out at 273K. The dead 

volume of the sample cell was measured using Helium gas (99.995%). 
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Table 1. Crystal data and structure refinement parameters for Zn-DAT. 

Parameters Zn-DAT 

Empirical formula C14H8N5O8S2Zn2 

Formula mass 569.17 

Crystal system Monoclinic 

Space group C2/m 

a/ Å 18.054(4) 

b/ Å 20.290(4) 

c/Å 12.812(3) 

α (degree) 90 

β (degree) 128(5) 

γ (degree) 90 

V (Å
3
) 3688.7(14) 

Z 4 

Μ (mm
-1

) 1.443 

F (000) 1132 

T (K) 298 

λ (Mo Kα) (Å) 0.71073 

θmin (deg) 2.3 

θmax (deg) 26.8 

total data 18973 

unique data 3940 

Rint 0.042 

Data [1 ˃ 2σ(I)] 2817 

a
R1 0.0787 

wR2 0.2664 

S 1.23 

CCDC 1918936 

a
R1 = ∑║F0│-│Fc║/∑│Fo│, wR2 = [ ∑w(Fo

2
-Fc

2
)
2
/∑w(Fo

2
)
2
]
1/2 
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2a.2.7. Theoretical calculations  

The CO2 interaction with Zn-DAT was studied by density functional theory (DFT) 

calculations. All the calculations were performed with the DMOL3 package.
38,39 

Generalized 

gradient approximations (GGA) along with Perdew, Bruke, and Ernzerhof (PBE) exchange-

correlation functional was used. Double numeric polarization (DNP) basis set with the DFT-

D Grimme function has been used to accurately demonstrate the weak van der Waals 

interactions. 

The average CO2 interaction energy (EInt) with Zn-DAT was determined using the 

following relation, 

     
 

 
                                     

Here,                 is the total energy of two molecules of CO2 interacting with 

Zn-DAT,            and         are the energy of Zn-DAT and the energy of CO2 

molecules, respectively.  

 

2a.3. Results and discussion 

2a.3.1. Synthesis and structural description  

The reaction of Zn(NO)3.6H2O with a 2,5-thiophene dicarboxylic acid (H2TDC) and 

3,5-diamino-1,2,4-triazole (DATRZ) in DMF at 120 °C for three days afforded colorless 

crystals of Zn-DAT (Scheme 1). X-ray single-crystal structural determination revealed that 

the compound crystallizes in the monoclinic crystal system with the C2/m space group (Table 

1). The asymmetric unit consists of two distinct binuclear Zn(II) units, two 2,5-thiophene 

dicarboxylates (TDC) anions, and one 3,5-diamino-1,2,4-triazole (DATRZ) linker (Figure 1). 

 

 

Scheme 1. The synthesis scheme of Zn-DAT and Zn-TAZ MOFs.  
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The Zn-O and Zn-N bond lengths are in the range of 1.955-2.031 Å and 1.972-1.993 

Å, respectively (Table A1). The structure shows N-H…O hydrogen bonding interactions 

between the -NH2 groups of the DATRZ ligand and the carboxylate oxygens of the TDC ion 

(Table A2). The coordination environment at Zn1 in the [Zn1N1O1]2 binuclear unit is 

satisfied by two carboxylate oxygen (O1 and O1a, a = 1-x, y, -z) atoms of TDC ion and two 

nitrogen (N1 and N1a, a = 1-x, y, -z) atoms of DATRZ linker. Whereas, the coordination at 

Zn2 in the Zn2(COO)4 paddle-wheel secondary building unit (SBU) is satisfied by four 

carboxylate oxygen (O3, O3b, O4, and O4b, b = x, 2-y, z) atoms of two TDC ligands.  

 

 

Figure 1. The asymmetric unit of Zn-DAT MOF showing the coordination environment at 

the Zn(II) sites (hydrogens and guest solvent molecules are omitted for clarity, symmetry 

operations: a = 1-x, y, -z  and b = x, 2-y, z).  

 

As shown in Figure 2, the Zn(II) ions are bridged by the nitrogens of the DATRZ 

linker and the carboxylate groups of TDC ions forming a  three-dimensional (3D) 

microporous framework with two types of 1D channels of dimension 12.5 X 8.7 Å
2
 and 7.0 X 

4.8 Å
2   

along the crystallographic c- and b-axis, respectively (Figure 2 and A4). Further, the -

NH2 groups of the DATRZ linker are free and exposed in the 1D channels of the framework 
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(Figure 2c). Topological analysis by TOPOS
40 

suggests that the framework has 6-connected 

uni-nodal pcu-net topology with vertex symbol of {4^12.6^3} (Figure 2d and A5). Further, 

the effective solvent-accessible void was estimated to be 57.0% (3688.7 Å
3
) per unit cell 

calculated using PLATON
41 

software after the removal of guest solvent molecules. 

In order to get more insight into the critical role of basic -NH2 groups on the high heat 

of adsorption value (39.5 kJ/mol) for CO2, we synthesized an analogues MOF, 

{[Zn2(TDC)(TRZ)2].(DMA).(MeOH)}n, (Zn-TAZ) containing 1, 2, 4-triazole ligand which 

lacks basic -NH2 groups. As shown in Figure 3, the crystal structure of Zn-TAZ reported 

before shows the presence of a 1D channel along the crystallographic a- and c-axis free from 

-NH2 groups.  

 

 

Figure 2. (a) View of the 3D framework of Zn-DAT MOF showing the presence of 

rectangular 1D channels of dimension 12.5 X 8.7 Å
2 

along the crystallographic c-axis and (b) 

1D channels of dimension 7.0 X 4.8 Å
2 

along b-axis (c) the presence of free -NH2 groups of 

DATRZ in the 1D channels and (d) TOPOS picture of the MOF.  
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Figure 3. View of the 3D framework of Zn-TAZ MOF showing the presence of 1D channel 

(a) along the crystallographic a-axis (b) along the crystallographic c-axis. 

 

2a.3.2. Thermogravimetric analysis of Zn-DAT MOF 

Thermogravimetric analysis of as-synthesized Zn-DAT MOF shows a weight loss of 

~8% (calc wt% 7.7) around RT-120 °C corresponding to the loss of three guest water 

molecules. The second weight loss of ~11.5% (calc wt% 11.38) around 120-200 °C 

corresponds to the loss of a guest DMF molecule. Whereas, the third weight loss of ~47% 

(calc wt% 47.6) around 220-380 °C is due to the combined loss of TDC and DATRZ linker. 

On the other hand, the activated sample of Zn-DAT MOF does not show any weight loss up 

to 200 °C, indicating the absence of guest solvent molecules (Figure 4).  

 

 

Figure 4. Thermogravimetric analysis of Zn-DAT MOF. 
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2a.3.3. Gas adsorption studies 

As discussed before, Zn-DAT MOF is microporous with two types of 1D channels of 

dimension 12.5 X 8.7 Å
2
 and 7.0 X 4.8 Å

2 
along the crystallographic c- and b-axis, 

respectively. To determine the permanent porosity of the sample, N2 adsorption-desorption 

measurements were carried out. Before starting the adsorption measurements, the as-

synthesized sample was activated at an elevated temperature of 373 K under vacuum (18 

mTorr) for 15 h to obtain solvent-free MOF. The powder X-ray diffraction (PXRD) pattern of 

the activated MOF confirmed the retention of its original framework structure (Figure A1). 

Further, the N2 adsorption isotherm of Zn-DAT MOF shows a type-I profile supporting the 

microporous nature of the MOF and the estimated Brunauer-Emmett-Teller (BET) surface 

area was found to be 51.6 m
2
/g (Figure A6). Furthermore, CO2 adsorption isotherms follow a 

typical type-I behaviour with the uptake of 59.54, 27.07 and 17.64 cc/g carried out at 195, 

273, and 298 K, respectively (Figure 5a, 6a).  Moreover, the adsorption isotherms of CO2 

were analyzed with the Langmuir-Freundlich equation
42

 (Figure A7 and A8) to get the exact 

prediction of CO2 gas adsorbed at saturation. The calculated value of heat of adsorption (Qst) 

for CO2 was found to be 39.5 kJ/mol following the Clausius-Clayperon equation
43 

(Figure 

A9). The moderately high value of Qst indicates stronger interaction of CO2 gas with the basic 

-NH2 groups present in the 1D channel of Zn-DAT MOF.
44 

To get further support on the role 

of -NH2 groups on the high value of Qst, gas adsorption studies of the analogous MOF, Zn-

TAZ containing 1,2,4-triazole (TAZ) ligand instead of 3,5-diaminotriazole was carried out. 

The estimated Brunauer-Emmett-Teller (BET) surface area of Zn-TAZ MOF was found to be 

46.76 m
2
/g based on the N2 adsorption isotherm carried out at 77 K (Figure A6). Moreover, 

the CO2 adsorption isotherms carried out at 273 and 298 K (Figure 7) were analyzed with the 

Langmuir-Freundlich equation
 
(Figure A8) to get the exact prediction of CO2 gas adsorbed at 

saturation and the calculated value of heat of adsorption was found to be 31.7 kJ/mol (Figure 

A9) which was about 8 kJ/mol lower than that of Zn-DAT (39.5 kJ/mol) MOF. These results 

highlight the role of basic -NH2 groups in enhancing the interaction energy of CO2 with Zn-

DAT MOF. Furthermore, CO2 selectivity studies of Zn-DAT MOF with other gases like N2, 

Ar, and H2 revealed negligible uptake of 1.85, 2.16, and 1.91 cc/g for N2, Ar, and H2, 

respectively (Figure 5b). Thus, the observed selective uptake of CO2 by Zn-DAT MOF can be 

attributed to the presence of basic -NH2 functionalized 1D channels.
45 

The estimated gas 

selectivity constants following Henry’s law for CO2/H2, CO2/Ar, and CO2/N2 were found to 

be 40, 38, and 34, respectively (Figure A10 and A11). The relatively high value of the gas 
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selectivity constant for CO2 over other gases indicates the potential scope of Zn-DAT MOF 

for selective capture of CO2 from other gases like N2, Ar, and H2.  

 

 

Figure 5. (a) CO2 adsorption-desorption isotherms of Zn-DAT MOF carried out at 195, 273, 

and 298 K, (b) Selectivity study for CO2 over other (H2, Ar, and N2) gases carried out at 273 

K. 

 

 

Figure 6. CO2 adsorption-desorption isotherms of MOFs carried out at 273 and 298 K, (a) 

Zn-DAT MOF and (b) Zn-TAZ MOF (insets show enthalpy of CO2 adsorption). 

 

2a.3.4. Theoretical study 

To further establish the interaction of CO2 with the -NH2 groups of DATRZ linker 

exposed in the 1D channels of Zn-DAT MOF, theoretical calculations were performed 

considering a single 1D pore of MOF as shown in Figure 7a. Further, two CO2 molecules 

were placed in the pore space of Zn-DAT MOF and the resulting structures were optimized. 
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As shown in Figure 7b, the CO2 molecules are interacting with the -NH2 groups present in the 

1D channels through HN-H…OCO and H-N-H…OCO…H-N-H) interactions with the bond 

distances ranging from 2.785 to 3.781 Å indicated as type-I and type-II, respectively. The 

computed average CO2 binding energy (BE) was found to be 40.9 kJmol
-1

 which is very close 

to the experimentally determined heat of adsorption value of 39.5 kJ/mol. Moreover, the bond 

angle of CO2 molecules deviates from 180° to 177.5° and 178.2° in the case of type-I and II, 

respectively supporting the interaction of CO2 molecules with the -NH2 groups of DATRZ 

linker. 

 

 

Figure 7. (a) Optimized structure of Zn-DAT MOF showing the 1D pore and (b) with two 

CO2 molecules interacting with the -NH2 groups of DATRZ linker. 

 

2a.3.5. Catalytic cycloaddition reaction of CO2  

The selective CO2 adsorption property and the presence of both Lewis acidic Zn(II) 

sites and basic -NH2 groups motivated us to study the catalytic activity of Zn-DAT MOF for 

the cycloaddition of CO2 to cyclic carbonates. Initially, the catalytic activity was tested at the 

mild conditions of 0.1 MPa (1 bar) and RT (25 °C) for the cycloaddition of CO2 with 1, 2-

epoxypropane (PO) as a model substrate in the presence of tetrabutylammonium bromide 

(TBAB) as cocatalyst. Remarkably, about 51% of PO was converted to the corresponding 

cyclic carbonate within 24 h (Table 2). Comparison of the catalytic activity with the 

literature-reported MOFs revealed the higher activity of Zn-DAT for catalytic cycloaddition 

of CO2 to PO under mild conditions of 1 bar and RT (Table 3) highlighting the excellent 

catalytic activity of Zn-DAT MOF for chemical fixation of CO2. Further, upon increasing the 
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pressure of CO2 from 1 bar to 8 bar (0.8 MPa) resulted in almost complete conversion (> 

99%) of PO to the corresponding cyclic carbonate (Table 2). Encouraged by the high 

catalytic activity of Zn-DAT MOF, the cycloaddition reaction of CO2 was extended to other 

epoxides with increasing alkyl chain length and the results are shown in Table 2. 

Interestingly, the cycloaddition reaction of smaller epoxides like epichlorohydrin  (ECH) and 

1,2-epoxybutane (BO) with CO2 yielded the corresponding cyclic carbonate with > 99% 

conversion (Table 2). This observation can be attributed to the presence of a large 1D channel 

in Zn-DAT (12.5 X 8.7 Å
2
) MOF which is a good fit for the epoxides to diffuse in and react 

with the catalytic Zn(II) sites (Table A3). While, the relatively lower conversion of longer 

epoxides, such as 1,2-epoxyhexane, allyl glycidyl ether, butyl glycidyl ether, and 1,2-

epoxydecane compared to that of ECH can be attributed to the restricted diffusion of the 

epoxides in the 1D channels (Table 2). Whereas, considerably lower conversion of 1,2-

epoxydecane can be attributed to the bigger size of the epoxide (~13.32 X 3.39 Å
2
) compared 

to the pore size of Zn-DAT MOF. Furthermore, no formation of side products was observed 

and the selectivity for the cyclic carbonates was 100%.  Further, the catalytic activity of Zn-

TAZ was investigated under similar optimized conditions for cycloaddition of ECH and BO, 

interestingly about 89% and 87% conversion of the epoxides to corresponding cyclic 

carbonates was observed, respectively in 24 h (Table 2) which are slightly lower than the 

conversions observed for the Zn-DAT MOF. The relatively higher catalytic activity of Zn-

DAT MOF over Zn-TAZ can be attributed to the CO2-philic nature of the former MOF owing 

to the presence of basic -NH2 groups in the 1D channel. Hence, from this discussion, it is 

clear that Zn-DAT acts as an efficient catalyst for the cycloaddition of CO2 with various 

epoxides under mild conditions of RT. Controlled experiments carried out in the absence of 

Zn-DAT under similar reaction conditions showed the conversion of only 44% of ECH to the 

corresponding cyclic carbonate. Further, there is no conversion of ECH was observed in the 

absence of TBA. Therefore, from the above-mentioned discussion, it is clear that synergistic 

cooperation between the MOF catalyst and TBAB is essential for the high-yield generation of 

cyclic carbonate by efficient cycloaddition of CO2 with epoxides at mild conditions of RT. 
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Table 2. Catalytic performance of Zn-DAT for cycloaddition reaction of CO2 with various 

epoxides carried out at RT.
a 

 
Entry 

No. 

Substrate (R) Product Catalyst 

 

Conversion
c
 

(%) 

1 

 
 

Zn-DAT 51
b
 

2 

 
 

Zn-DAT ˃99 

3 

 
 

Zn-DAT ˃99 

4 

  

Zn-TAZ 89 

5 

 
 

Zn-DAT ˃99 

6 

 
 

Zn-TAZ 87 

7 

 
 

Zn-DAT 78 

8 

  

Zn-DAT 40 

9 

  

Zn-DAT 66 

10 

 
 

Zn-DAT 60 

a
Reaction conditions: epoxide (20 mmol), catalyst (0.4 mol %), cocatalyst: TBAB (4 mol%), 

RT (25 
o
C), pressure 0.8 MPa, and time: 24 h. 

b 
Time is 12 h and other conditions are same. 

c
The catalytic conversions of epoxides were determined by 

1
H NMR analysis. 
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Table 3. Comparison of catalytic activity of Zn-DAT for cycloaddition of CO2 to PO with 

various MOFs reported in the literature.
a 

Catalyst 

(mol%) 

Time (h) Temperature 

(°C) 

Pressure 

(MPa) 

Yield 

(%) 

Ref. 

Cu(tactmb) 

HKUST-1 

48 

48 

RT 

RT 

0.1 

0.1 

47.5 

49 

13a 

MOF-505 48 RT 0.1 48 13b 

MMPF-9 48 RT 0.1 87.4 46 

Zn-DAT 24 RT 0.1 51 This work
 

ZnGlu 24 RT 1.0 65 13c 

Cr-MIL-101 

Fe-MIL-101 

24 

24 

RT 

RT 

0.8 

0.8 

82 

87 

13e 

UMCM-1 

UMCM-1NH2   

24 

24 

RT 

RT 

1.2 

1.2 

85 

90 

47 

MOF-Zn-1 24 RT 1.0 98 47 

Zn-DAT 24 RT 0.8 ˃99 This work 

a
Reaction condition: propylene oxide (PO), TBAB as co-catalyst, RT = room temperature. 

 

2a.3.6. Recyclability test 

To test the recyclability, Zn-DAT MOF was separated from the reaction mixture by 

centrifugation followed by washing with methanol and activation at 373 K and it was reused 

for subsequent catalytic cycles for cycloaddition of ECH with CO2 under the optimized 

conditions of RT and 0.8 MPa. Interestingly, no significant decrease in the catalytic activity 

was observed even after five cycles (Figure 8). Further, the PXRD pattern of the recycled 

sample after five cycles matches well with the parent MOF suggesting retention of the 

original framework structure after catalysis (Figure A1). 

 

2a.3.7. Plausible mechanism 

A plausible mechanism for the catalytic cycloaddition reaction of CO2 with epoxides 

catalyzed by Zn-DAT MOF is shown in Scheme 2 it involves a binary catalytic system 

composed of a Lewis acidic Zn(II) site and a TBAB co-catalyst which is essential for ring-

opening of the epoxides.
49 

As proposed in Scheme 2, the first step involves the coordination 

of the epoxide to the Lewis acidic Zn(II) site followed by the polarization of CO2 molecule 
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through interaction with the basic -NH2 groups of DATRZ linker which were further 

supported by the theoretical calculations discussed before.
50 

Then, ring-opening of the 

epoxide takes place by nucleophilic attack of Br
-
 anion of TBAB at the less hindered β-

carbon atom of the epoxide. The subsequent intramolecular ring-closure reaction by a 

nucleophilic attack of the oxyanion with CO2 generates cyclic carbonate which undergoes 

reductive elimination to regenerate the catalyst and the catalytic cycle continues. 

 

 

Figure 8. Recyclability of Zn-DAT for five consecutive cycles.  

 

 

Scheme 2. Proposed mechanism for the catalytic cycloaddition of epoxides to CO2 catalyzed 

by Zn-DAT MOF. 
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2a.4. Conclusion 

In summary, this work demonstrates the synthesis of a novel 3D, microporous, 

bifunctional MOF, {[Zn2(TDC)2(DATRZ)].(3H2O).(DMF)}n (Zn-DAT) by solvothermal 

route using mixed ligand strategy. Further, the MOF features a 3D framework structure with 

two types of 1D channels of dimension 12.5 X 8.7 Å
2
 and 7.0 X 4.8 Å

2 
along the 

crystallographic c- and b-axis, respectively. Due to the presence of basic -NH2 functionalized 

pores, Zn-DAT MOF shows selective adsorption of CO2 with a high heat of adsorption (Qst) 

value of 39.5 kJ/mol which is further confirmed by the theoretical BE of 40.9 kJ/mol. 

Interestingly, the Qst value observed for Zn-DAT is about 8 kJ/mol higher than the analogues 

MOF, {[Zn2(TDC)(TRZ)2].(DMA).(MeOH)}n, (Zn-TAZ) containing 1,2,4-triazole (TAZ) 

linker, which supports the critical role of the -NH2 group for CO2 capture.  The significantly 

high value of Qst indicates stronger interaction of Lewis acidic CO2 molecules with the basic 

-NH2 groups present in the 1D channels of Zn-DAT. Furthermore, the Zn-DAT MOF acts as 

a bifunctional heterogeneous catalyst for the conversion of CO2 into cyclic carbonates under 

solvent-free mild conditions of RT. This work demonstrates the influence of basic -NH2 

groups on the selective capture and conversion of CO2 into cyclic carbonates at mild 

conditions.  
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2b.1. Introduction  

  The growing concentration of atmospheric carbon dioxide (CO2) caused by the 

extensive use of fossil fuels has resulted in serious environmental issues like extreme 

weather, ocean acidification, global warming, and so on.
1
 These undesirable environmental 

issues can be resolved by selective capture and subsequent utilization of CO2 as a sustainable 

C1 feedstock to synthesize high-value chemicals and fuels.
2,3 

In this regard, several strategies 

have been employed for the conversion of CO2 to various value-added chemicals such as 

cyclic carbonates, polycarbonates, and other fine chemicals.
3 

Among them, the cycloaddition 

reaction of CO2 to epoxides has gained significant interest of researchers as one of the most 

atom economic processes to obtain cyclic carbonates in high yield and selectivity.
4
 Further, 

cyclic carbonates possess various advantages as electrolytes, in the production of polymers, 

fuel additives, and so on.
5 

However, the high thermodynamic stability (bond enthalpy of + 

805 kJ/mol) and kinetic inertness of CO2 impose limitations on its chemical fixation into 

cyclic carbonates under mild conditions.
6 

Therefore, catalysts are essential to achieve 

efficient functionalization of CO2 into high-value chemicals at mild conditions. To date, 

several homogeneous catalysts
7-10 

exhibiting efficient conversion of CO2 to cyclic carbonates 

are reported. However, to achieve facile separation of the products and recycling of catalysts, 

several heterogeneous catalysts including metal-organic frameworks (MOFs) have been 

employed for the functionalization of CO2 with epoxides.
11

 Especially, the modular nature of 

MOFs facilitating the incorporation of multiple functional groups has facilitated the rational 

design of MOF-based heterogeneous catalysts
12

 for the chemical fixation of CO2 into value-

added chemicals.
13 

However, most of the MOF-based catalysts reported so far require drastic 

reaction conditions of high pressure of CO2 and/or high temperature.
14,15 

An ideal catalyst for 

CO2 fixation at milder conditions should possess a high density of CO2-philic sites such as -

NH2, -NH, -F, -N=N, etc
16,17 

along with Lewis/Bronsted acidic catalytic sites for combined 

selective capture and conversion. This chapter includes, the synthesis of a novel hydrogen-

bonded 3D framework by incorporating multiple functional sites, i.e. Zn(II) center, polar (-

CF3)   group from dicarboxylate ligand (hfipbba), and basic amine (-NH2) groups from 

melamine (MA) co-ligand (Scheme 1). Owing to the presence of high density of -NH2 and 

fluorinated (-CF3) groups exposed in the 1D pores, HbMOF1 exhibited highly selective as 

well as recyclable uptake of CO2 with experimentally determined Qst value of 36.7 kJ/mol 

which is further supported by the theoretically computed value of 36.0 kJ/mol. The high 

density of Lewis basic/acidic sites combined with high thermal/chemical stability rendered 

HbMOF1 an ideal catalytic material for carrying out heterogeneous cycloaddition of CO2 
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with epoxides at mild conditions. Indeed, HbMOF1 exhibited exceptional catalytic activity 

for the fixation of CO2 with various terminal as well as internal epoxides affording the cyclic 

carbonates at RT and 1bar CO2. The high catalytic performance of HbMOF1 could be 

attributed to the synergistic effect of the Zn(II) center with CO2-philic (-NH2 and -CF3) 

groups projected in the 1D pores supported by an in-depth theoretical study. A detailed 

mechanistic investigation of the cycloaddition reaction has been carried out through periodic 

Density Functional Theory (DFT) calculations. In this chapter 2b, we present the design of a 

rare example of porous MOF composed of multiple functional sites suitable for coupling CO2 

with epoxides to obtain value-added cyclic carbonates at RT combined with an insight 

mechanistic investigation of the catalytic process.  

 

2b.2. Experimental section 

2b.2.1. Physicochemical characterization  

The phase purity of the as-synthesized samples was confirmed by powder XRD 

analysis using Rigaku Miniflex 600 with Cu Kradiation λnm). UV-Vis (Diffuse 

Reflectance) spectra were recorded on the Shimadzu spectrophotometer using BaSO4 as a 

reference. Thermogravimetric analysis (TGA) of the compounds was carried out on Metler 

Toledo Thermogravimetric analyzer in an inert (N2) atmosphere with a flow rate of 30 

mL/min in the temperature range of 30-600 C and a heating rate of 5 C/min. FTIR (Fourier 

transform infrared) spectra of the samples were recorded from 400 to 4000 cm
-1

 on a Perkin 

Elmer ATR-FTIR spectrometer. Adsorption analyses were carried out by Quantachrome 

QUADRASORB-SI automatic volumetric instrument. Thermo Fischer Flash 2000 Elemental 

Analyzer was used for elemental analyses (CHN) of the samples. The metal content in the 

MOF was determined by Agilent’s microwave-plasma atomic emission spectrometer (MP-

AES). The catalytic conversions were determined by recording 
1
H-NMR spectra of the 

products on a JEOL JNM-ECS-400 spectrometer operating at a frequency of 400 MHz using 

1,1′,2,2′-tetrachloroethane as an internal standard.  

 

2b.2.2. Synthesis of HbMOF1 

      HbMOF1 was synthesized following a mixed ligand strategy at 100 °C using the 

procedure as follows. A mixture containing H2hfipbba (0.2 mmol) and MA (0.2 mmol) was 

dissolved in 2 mL of N, N-dimethylformamide (DMF) in a 30 ml glass vial. In another vial, 

Zn(NO3)2.6H2O (0.2 mmol) was dissolved in DMF (2 mL).  Then both solutions were mixed 
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in a glass vial, stirred for 10 minutes, sealed with Teflon and parafilm, and heated at 100 °C 

in preheated oven. After 5 days the vial was cooled down to room temperature slowly. The 

colorless rod-like crystals of HbMOF1 obtained were collected by filtration and washed with 

DMF and methanol thoroughly. Yield: 75%. The synthesized sample was exchanged with 

acetone for three days followed by activation at room temperature under a vacuum (18 

mTorr) for 24 h. The phase purity of the as-synthesized sample was confirmed by powder X-

ray diffraction analysis (Figure A12). The elemental analysis of activated HbMOF1: 

calculated (%) for [Zn(hfipbba)(MA)]n C: 41.29; H: 2.43; N: 14.45 and found: C: 40.89; H: 

2.12; N: 13.98. FT-IR (cm
-1

): 3435 (w), 3386 (m), 3234 (w), 1672 (m), 1634 (m), 1606 (m), 

1537 (s), 1404 (s), 1254 (s), 1206 (s), 1164 (s), 1084 (m), 1020 (w), 779 (s), 723 (s) (Figure 

A13).  

 

2b.2.3. Adsorption measurements  

N2 adsorption isotherm measurements were performed at 77 and 273K, while H2 and 

Ar adsorption-desorption measurements were conducted at 273K. CO2 adsorption-desorption 

measurements were carried out at 273 and 298K on a Quantachrome QUADRASORB SI 

automatic volumetric instrument. Ultrapure (99.995%) H2, Ar, N2, and CO2 gases were used 

for the isotherm measurements. Before starting the isotherm measurements, the HbMOF1 

sample (0.10 g) was exchanged with acetone for 3 d and further outgassed at RT under 

vacuum (18 mTorr) for 24 h, then the activated sample was connected to a surface area 

analyzer and all the operations were computer-controlled. The 273 and 298K temperatures 

were achieved by using water and ethylene glycol mixture (1:1 v/v mixture) using a chiller.  

Whereas, 77K was achieved by using liquid nitrogen. The dead volume of the sample cell 

was determined using He gas (99.995%).  

 

2b.2.4. Catalytic cycloaddition reactions of CO2 with epoxides 

The cycloaddition reactions of CO2 with various epoxides were carried out in a glass 

reactor (50 mL) under RT and 1 bar CO2. Before catalytic reactions, the HbMOF1 sample 

was exchanged with acetone for 72h and further outgassed at RT under vacuum (18 mTorr) 

for 24h to remove guest solvent molecules. In a typical reaction, the epoxide, co-catalyst 

(tetra-n-butyl ammonium bromide, TBAB), and the activated catalyst (HbMOF1) were taken 

in the glass reactor at room temperature and the reactor was flushed with CO2 twice and the 

required pressure  (1 bar) was maintained and then the contents were allowed stir at RT. After 

24h, the CO2 gas was released and the catalyst was separated from the reaction mixture by 
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filtration. The catalytic conversions were determined by 
1
H NMR analysis of the filtrate. The 

recovered catalyst was washed with methanol thoroughly for the complete removal of 

epoxides and their corresponding cyclic carbonates from the pores of HbMOF1 followed by 

activated at 353K under vacuum for 12h and reused for subsequent catalytic cycles. 

 

2b.2.5. X-ray crystallography 

Single crystal X-ray structural data of HbMOF1 was collected on a CMOS-based 

Bruker D8 Venture PHOTON 100 diffractometer equipped with an INCOATEC micro-focus 

source with graphite monochromated Mo Kα radiation (λ = 0.71073 Å) operating at 50 kV 

and 30 mA. The SAINT
18 

program
 
was used for the integration of diffraction profiles and the 

absorption correction was made with the SADABS program.
19 

The structures were solved by 

SIR 92
20 

and refined by full-matrix least square method using SHELXL-2018
21 

and WinGX 

system, Ver 2013.3.
22 

The non-hydrogen atoms in all the structures were located from the 

difference Fourier map and refined anisotropically. All the hydrogen atoms were fixed by 

HFIX and placed in ideal positions and included in the refinement process using a riding 

model with isotropic thermal parameters. The disordered guest DMF molecules were treated 

with the SQUEEZE option of PLATON
23 

software. Hence the formula of HbMOF1 was 

established based on the elemental analyses and TGA. The potential solvent accessible area 

or void space was calculated using the PLATON software. All the crystallographic and 

structure refinement data of the HbMOF1 are summarized in Table 1. Selected hydrogen 

bond details of HbMOF1 are given in Table A4 and in Table A5 selected bond lengths and 

angles are summarized. The crystallographic information file is deposited with CCDC 

number 1948861. 

 

2b.2.6. Computational Methods 

2b.2.6.1. Microscopic models for the host framework  

          The crystal structure of HbMOF1 obtained from SCXRD was geometry optimized at 

the Density Functional Theory (DFT) level using the CP2K package.
24

 In these simulations, 

the positions of the atoms of the framework were relaxed while the unit cell parameters were 

kept fixed at the values determined experimentally. All the structural optimizations were 

done using Perdew-Burke-Ernzerhof (PBE)
25

 functional along with a combined Gaussian 

basis set and pseudopotential. For Carbon, Nitrogen, Oxygen, Fluorine, and Hydrogen, a 

triple zeta (TZVP-MOLOPT) basis set was considered, while a double zeta (DZVP-
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MOLOPT) was applied for Zinc.
26

 The pseudopotentials used for all of the atoms were those 

derived by Goedecker, Teter, and Hutter.
27  

 

Table 1. Crystal data and structure refinement parameters for HbMOF1. 

Parameters HbMOF1 

Empirical formula C20H14F6N6O4Zn 

Formula mass 581.76 

Crystal system Monoclinic 

Space group P21/n 

a/ Å 13.2013(10) 

b/ Å 11.2188(7) 

c/Å 21.4217(14) 

α (degree) 90 

β (degree) 92.9(3) 

γ (degree) 90 

V (Å
3
) 3168.4(4) 

Z 4 

Μ (mm
-1

) 0.840   

F (000) 1168 

T (K) 298 

λ (Mo Kα) (Å) 0.71073   

θmin (deg) 2.5 

θmax (deg) 26.4 

total data 79486 

unique data 6453 

Rint 0.028 

Data [1 ˃ 2σ(I)] 5985 

R1 0.0416 

wR2 [I > 2σ(I)]
a
 0.1559 

S 1.17 

CCDC 1948861 

a
R1 = Σ║Fo│-│Fc║/Σ│Fo│, 

b
wR2 = [Σw(Fo

2
-Fc

2
)
2
/Σw(Fo

2
)
2
]

1/2 
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  The Van der Waals interactions were taken into account via the use of semi-empirical 

dispersion corrections as implemented in the DFT-D3 method.
28 

Three hypothetical mixed 

ligand HbMOF1 topology structure models which consist of a composition of (i) 

melamine/4,4'-(propane-2,2-diyl)bisbenzoic acid, (ii) 1,3,5-triazine/4,4'-hexafluoroisopropyl- 

ene bisbenzoic acid (hfipbba) and (iii) 1,3,5-triazine/4,4'-(propane-2,2-diyl)bisbenzoic acid, 

were generated by a ligand replacement strategy starting with the melamine/4,4'-

hexafluoroisopropylene bisbenzoic acid analog structure, i.e. HbMOF1. These structure 

models labeled as HbMOF1-hypo-1, HbMOF1-hypo-2, and HbMOF1-hypo-3 were further 

geometry optimized allowing the relaxation of both the atomic positions and the unit cell 

parameters. The atomic point charges for all framework atoms of HbMOF1 and three 

hypothetical HbMOF1 were obtained using the REPEAT method proposed by Campana et 

al.,
29

 which was implemented into the CP2K code based on a restrained electrostatic potential 

framework.
30-39 

 

2b.2.6.2. DFT optimization on HbMOF1 loaded with epoxides 

To identify the molecular as well as energetic interaction of various internal/terminal 

epoxides, geometry optimizations of epoxides such as PO, CPO, CHO, and CCO-loaded 

HbMOF1 were performed with the same level of theory and parameters as used for the 

optimization of the HbMOF1 by considering one guest molecule per unit cell. Finally, the 

geometry-optimized epoxide-loaded HbMOF1 was used to explore the single point energy 

for understanding the binding interaction of the epoxide with HbMOF1. Where the binding 

energy of epoxide interaction on HbMOF1 was calculated by using the following equation
 

                                      

Where                 corresponds to the energy of the optimized HbMOF1 with epoxide 

(e.g. PO, CPO, CHO, and CCO) by keeping only one epoxide molecule in its unit cell for 

extracting the adsorption energy while        was calculated in such a way by removing the 

epoxide from DFT-optimized epoxide-loaded HbMOF1 and          is the total energy of a 

single epoxide molecule taken individually by keeping a similar periodic boundary condition 

to other energy calculations. All these simulations were performed using the CP2K package 

[21]
 at the PBE level 

[11]
 and the same basis set 

[12]
 as used for structural optimization. 
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2b.2.6.3. Computational methods for the catalytic mechanism 

Periodic DFT calculations were carried out in the mixed Gaussian plane wave scheme 

as implemented in the CP2K code package
40

 with Grimme’s D3 dispersion corrections
14

 by 

keeping the same functional
11

 and basis set
12

 used as for the geometry optimization of 

HbMOF1. This basis set and energy cutoff parameters have been considered based on the 

previous calculation by Ye et al.,
41 

where they validated that PBE functional with a plane 

wave cutoff energy of 500 Ry and suggested as the best option for exploring the catalytic 

mechanism involves MOF. For exploring the reaction mechanism, the unit cell of DFT-

optimized HbMOF1 with the incorporation of Br
-
 nucleophile was considered. The lattice 

constants of the optimized unit cell for HbMOF1 are a = 13.316, b =11.275, c = 21.564 Å, α 

= 90.00°, β = 92.97°, γ = 90.00°. The TBAB provides the halide ion (Br
-
) nucleophile for the 

epoxide ring opening, this simplified Br
-
 nucleophile incorporated HbMOF1 catalyst model 

helps to avoid any complication as blocking TBAB co-catalyst to the pore aperture of 

HbMOF1 for the substrate and CO2. In this work, we examined the case of one Br
-
 per 

HbMOF1 unit cell. We found that fully relaxing the geometry and cell parameters of 

HbMOF1 gave lattice constants that were almost identical to the relaxed HbMOF1 values. 

Furthermore, optimizing the structure with chemisorbed propylene oxide or CO2 in HbMOF1 

also perturbed the lattice constants and energies by a very minor amount. Therefore, we held 

the lattice constants fixed at the ground state HbMOF1 values for most calculations to save 

computational time. For the calculation, the total relative energy of the Br
-
 nucleophile 

incorporated HbMOF1 (catalyst + nucleophile), CO2, and propylene oxide (isolated reactants) 

was considered to be zero energy, and the optimized structures of reactant complexes are 

depicted in Scheme 2. In the case of each stage of catalytic reaction (e.g. IC, Int, TS, FC, 

etc.), the relative energies were computed with respect to the sum of the total energies of the 

corresponding gas phase molecules as represented in Equation 1.  

                              
      ………. (1) 

Where                     
         represents the total energies of the HbMOF1 + Br

-
 

with adsorbates at each reaction stage, the empty HbMOF1 + Br
- 
catalyst, gas phase CO2, and 

gas phase propylene oxide, respectively. Equation 1 defines negative values as exothermic 

and positive values as endothermic processes. Transition states along the reaction pathway 

were determined by using the climbing image nudged elastic band (CI-NEB) method. 

Transition states were confirmed through frequency analysis, verifying that the transition 

complex had only one imaginary frequency vibrational mode. 
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2b.3. Results and discussion 

2b.3.1. Synthesis and structural description  

HbMOF1 was synthesized by solvothermal reaction of Zn(NO3)2.6H2O with 

H2hfipbba ligand and MA at 100 °C in DMF (Scheme 1). The powder X-ray diffraction 

(PXRD) analysis of the as-synthesized sample confirmed the phase purity of the sample 

(Figure A12). FT-IR spectra of the activated sample showed the characteristic N-H stretching 

frequency at 3435 and 3386 cm
-1 

corresponding to -NH2 groups of MA (Figure A13).  

Single crystal X-ray structural analysis revealed that HbMOF1 crystallizes in 

monoclinic system with P21/n space group (Table 1). The asymmetric unit consists of a 

Zn(II) ion, a hfipbba
2- 

ion, and a MA ancillary ligand (Figure 1a). The Zn(II) ion adopts a 

binuclear paddle-wheel arrangement in which each Zn center is in a distorted square 

pyramidal geometry with ZnO4N arrangement fulfilled by four carboxylate oxygens (O1, O2, 

O3, and O4) of hfipbba
2- 

ion forming the square plane and the nitrogen atom of MA 

occupying the apical position (Figure 1a). These [ZnO4N]2 paddle-wheel secondary building 

units (SBUs) are further extended in two directions resulting in a 2D [Zn(hfipbba)(MA)]n 

network (Figure 1b and 1c). The 2D sheets are further self-assembled via intermolecular 

F···H-C (between CF3 group and aromatic H-C of hfipbba
2-

) and also N-H···O (between the -

NH2 group of MA and the carboxylate oxygen of hfipbba
2-

) interactions resulting in the 

hydrogen-bonded 3D framework (Figure 1d) (Table A4). The 3D framework houses two 

types of 1D channels of dimension 6.7 × 5.1 Å
2 

and 5.8 × 4.7 Å
2 

along the crystallographic b- 

and a-axis, respectively (Figure 2a and 2b). The Zn-O bond lengths are in the range of 2.027-

2.075 Å and the Zn-N bond length is 2.011 Å (Table A5). TOPOS
42 

analysis revealed that the 

framework has a 4-c uninodal net with a vertex symbol of {4^4.6^2} (Figure 2c and 2d). 

 

 

Scheme 1. Synthesis scheme for HbMOF1. 
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Figure 1. (a) Asymmetric unit of HbMOF1 showing the environment around Zn(II) center (b, 

c) the view of 2D network along a- and b-axes and (d) the 3D framework formed by 

hydrogen bonding interaction between the 2D sheets (guest DMF molecules are omitted for 

clarity). 

 

 

Figure 2. (a, b) View of 1D channels of dimension 6.7 × 5.1 Å
2 

and 5.8 × 4.7 Å
2 

along b- and 

a-axis, respectively decorated with free -NH2 groups of MA and -CF3 groups of hfipbba
2-

 (c) 

TOPOS picture of HbMOF1 and (d) 4-connected view of Zn2 paddle-wheel dimeric unit. 
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2b.3.2 Gas adsorption studies of HbMOF1 

Single-crystal X-ray structure determination of HbMOF1 revealed the presence of two 

types of 1D microporous channels (Figures 2a and 2b). To further confirm the permanent 

porosity, N2 adsorption isotherms were carried out at 77K. Before adsorption measurements, 

the as-synthesized sample was exchanged with acetone for three days and activated under 

vacuum (18 mTorr) for 24h at RT to obtain solvent-free MOF. PXRD pattern of the activated 

sample matched with the simulated pattern supporting the retaining of the original framework 

structure (Figure A12). Further, the N2 isotherm follows a typical type-I profile indicative of 

the microporous nature of the framework, and the estimated Brunauer-Emmett-Teller (BET) 

and Langmuir surface area were found to be 163 and 319 m
2
/g, respectively (Figure 3a). 

Further, CO2 adsorption-desorption isotherms show type-I plots with the uptake of 49.88, and 

31.16 cc/g (9.8 and 6.12 wt.%) carried out at 273 and 298K, respectively (Figure 3b). The 

adsorption isotherms were analyzed following the Langmuir-Freundlich equation
43

 (Figure 

A14 and A15) to get the exact prediction of CO2 gas adsorbed at saturation. 

 

 

Figure 3. (a) N2 adsorption isotherms of HbMOF1 carried out at 77K; (i) for the activated 

sample and (ii) the sample recovered after treating with water for three days, (b) CO2 

adsorption isotherms carried out at 273 and 298K, (c) Selective CO2 adsorption isotherms of 

HbMOF1 and (d) Recyclability of CO2 adsorption isotherms carried out at 273K. 
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The heat of adsorption (Qst) value for CO2 determined following the Clausius-

Clayperon equation
 44

 was found to be 36.7 kJ/mol (Figure A16). Furthermore, gas adsorption 

studies of HbMOF1 with other gases (N2, Ar, and H2) revealed negligible uptake of 1.03, 

1.73, and 1.49 cc/g, respectively for N2, Ar, and H2, revealing selective adsorption for CO2 

(Figure 3c). Further, the calculated gas selectivity constants for CO2/H2, CO2/Ar, and CO2/N2 

were found to be 68, 45, and 50, respectively (Figure A17). More importantly, HbMOF1 

shows highly recyclable CO2 uptake with retaining the adsorption capacity for up to five 

cycles (Figure 3d). 

To get more insight into details on the preferable adsorption sites for CO2 gas in 

HbMOF1, computational adsorption simulations were performed using Grand Canonical 

Monte Carlo (GCMC) method (see annexure, Figure A18). The simulated CO2 adsorption 

isotherms have a similar trend to the experimentally recorded CO2 adsorption isotherms of 

HbMOF1 at both temperatures of 273, and 298K, as shown in Figure A19. However, the 

theoretical (Figure A20) and experimental BET surface area (Figure 3a) values obtained for 

HbMOF1 are 272 and 163 m
2
/g, respectively. The observed difference of around 109 m

2
/g 

between the theoretical and experimental surface area could be ascribed to the overestimation 

(1.5 mmol/g) in the simulated CO2 adsorption capacities of 3.77 and 2.9 mmol/g when 

compared to the experimental values of 2.21 and 1.39 mmol/g
 
at 273 and 298K, respectively. 

The simulated adsorption enthalpy of CO2 in HbMOF1 is 36.0 kJ/mol (Figure A21) which is 

in close agreement with the experimental value of 36.7 kJ/mol. Therefore, there exists a 

strong interaction of CO2 with the framework and this resulted in a high CO2 adsorption 

enthalpy. Detailed analysis of the microscopic adsorption mechanism for CO2 with HbMOF1 

revealed the source of high adsorption capacity and interaction energy. Both the -CF3 group 

of hfipbba
2- 

and -NH2 group of MA in the confined 1D channels strongly influence the CO2 

adsorption in HbMOF1 as indicated in Figure 4a. Here, the CO2 molecules interact with the -

CF3 group of hfipbba
2- 

and -NH2 group of MA with a mean characteristic O(CO2)–(CF3) and 

O(CO2)–(NH2) distances of 2.12 Å and 2.74 Å, respectively (Figure 4a and A22) favoring the 

adsorption of CO2 molecules inside the 1D channels of HbMOF1. In addition to the CO2–CF3 

and CO2–NH2 interactions, the organic hydrogens of hfipbba
2- 

and the nitrogen of MA ligand 

are also involved in the interaction with CO2 through HOrganic–C(CO2) and NOrganic–C(CO2) 

with a mean distance of 3.6 Å and 3.2 Å, respectively (Figure 4a and A22). Figure 4b 

demonstrates very high CO2 adsorption density at 1 bar and 298K in the confined 1D 

channels decorated with -CF3 groups of hfipbba
2- 

and -NH2 groups of MA. Hence the CO2-

philic nature of the framework exhibiting enhanced CO2 uptake property is driven by the 



Chapter 2b                                                                   Rational design of a Zn(II)-MOF …. 

70 
 

presence of polar functionalized 1D channels constituted by -CF3 groups of hfipbba
2- 

and –

NH2 groups of MA which are engaged in various supramolecular interactions. To further 

validate the influence of polar (-CF3) and basic (-NH2) groups on CO2 adsorption, we 

generated three hypothetical structures with the same topology of HbMOF1 via 

computational methodology. Interestingly, the simulated heat of adsorption value of these 

models was found to be much lower than that of HbMOF1 (Table A6).  

  

 

Figure 4. (a) Local view for CO2 interacting distances (Å) with functional groups, -CF3 and -

NH2 of HbMOF1 obtained from the GCMC simulations at 298K, and (b) maps of the 

occupied positions of CO2 (red) in 1000 equilibrated frames for a given pressure of 1 bar and 

at 298K for HbMOF1, color code for the atoms: C (dark grey), N (blue), O (red), F ( green), 

Zn( cyan), H (magenta). 

 

2b.3.3. Thermal and chemical stability of HbMOF1 

Thermogravimetric analysis of as-synthesized HbMOF1 showed a weight loss of ~26 

% (calc. wt.% 26.2) in the temperature range of 120-288 °C corresponding to the loss of three 

guest DMF molecules. The subsequent weight loss of ~68 % (calc. wt.% 68.1) in the 

temperature range, 384-500 °C corresponds to the loss of one MA and one hfipbba ligand. 

Whereas, the activated sample of HbMOF1 after the solvent exchange with acetone did not 

show any weight loss up to 380 °C indicating the absence of guest solvent molecules (Figure 

A23). The loss of solvent molecules upon activation was further supported by the elemental 

analysis of the activated HbMOF1 (annexure). Furthermore, to examine the chemical stability 

of HbMOF1, the as-synthesized sample was soaked in various solvents of different polarity 

(MeOH, 1,4-dioxane, acetone, water, DMF, DMA, and isopropanol) with vigorous stirring 

for 72 h and then the MOF was recovered by filtration and dried. The PXRD pattern of the 

samples recovered matches well with the simulated pattern indicating that the original 

framework structure was retained which confirms the solvent stability of the HbMOF1 
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framework (Figure A24). Moreover, the BET surface area of HbMOF1 recovered after 

treatment with water for 3 d was found to be 156 m
2
/g (Figure 3a) which is close to the 

surface area measured for the as-synthesized sample (163 m
2
/g). This supports that the 

HbMOF1 retains the original framework structure even after treating with water for 72 h. 

 

2b.3.4. Catalytic cycloaddition reaction of CO2 with terminal/internal epoxides 

The presence of high density of CO2-philic -NH2 groups of MA and -CF3 groups of 

hfipbba
2- 

ligand exposed in the 1D pores (Figure 1b) along with Zn(II) center motivated us to 

study the catalytic activity of HbMOF1 for the cycloaddition of CO2 with various epoxides to 

obtain cyclic carbonates at mild conditions. Initial catalytic studies carried out using 

epichlorohydrin (ECH) as a model substrate showed about 68% conversion of the epoxide to 

chloropropylene carbonate (CPC) within 12h under the mild reaction conditions of 1 bar of 

CO2 and RT with tetrabutylammonium bromide (TBAB) as cocatalyst (Table A7). Further, an 

increase in the reaction time to 24h led to an almost complete (> 99%) conversion of ECH to 

CPC with 100% selectivity (Table 2). Whereas, an increase of the reaction temperature to 80 

°C resulted in a 97% conversion of ECH to CPC within 4h (Table A7). Furthermore, control 

experiments carried out in the absence of HbMOF1 catalyst showed only 46% conversion of 

ECH highlighting the necessity of HbMOF1 catalyst for the high-yield production of cyclic 

carbonates (Table A7). The excellent catalytic activity of HbMOF1 motivated us to extend 

the scope of the catalysis for the cycloaddition of CO2 with various other epoxides. 

Interestingly, the epoxides, 1,2-epoxypropane (size: 4.35 × 3.41Å
2
) and 1,2-epoxybutane 

(size: 6.48 × 3.39Å
2
) showed complete conversion to the corresponding cyclic carbonates in 

99% yield with 100% selectivity under the mild conditions. However, as the alkyl chain 

length of the epoxides increases, in the case of 1,2-epoxyhexane (size: 8.198 × 3.39 Å
2
) and 

1,2-epoxydecane (size: 13.321 × 3.39 Å
2
), the conversion was reduced to 87 and 59%, 

respectively. This reduced catalytic activity could be ascribed to the restricted diffusion of 

these longer epoxides in the narrow pore channels owing to their larger size over the pore size 

(6.7 × 5.1 Å
2
) of HbMOF1 (Table A8). Whereas, a slightly higher catalytic conversion 

observed for butyl glycidyl ether (BGE) over allyl glycidyl ether (AGE) is due to the 

electron-donating nature of the former epoxide over the latter one. The catalytic activity of 

HbMOF1 towards CO2 cycloaddition was also tested with aromatic epoxide, and styrene 

oxide (SO) under the same optimized conditions, and the conversion was found to be 78% 

(Table 1). To test the potential utility of HbMOF1 for practical application, the catalytic 

activity was tested using N2:CO2 mixture (87:13%), a simulated dry flue gas composition, 
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and the conversion of ECH was found to be 16% under the same optimized conditions of RT 

and 1 bar CO2. It is worth mentioning that the catalytic efficiency observed for the 

cycloaddition of CO2 catalyzed by HbMOF1 was superior in comparison to similar examples 

of MOFs reported in the literature (Table A10).
45 

 

The excellent catalytic activity of HbMOF1 for the cycloaddition of various terminal 

epoxides motivated us to study the catalytic activity for the cycloaddition of internal epoxides 

which are known to be less reactive than the terminal epoxides.
[15b,46,47]

 Therefore, normally 

higher reaction temperature and/or pressure conditions with prolonged reaction time are 

employed for the conversion of internal epoxides.
[15b,24-48]

  On the contrary, our catalyst 

HbMOF1 catalyzes the cycloaddition of cyclopentene oxide (CPO) to the corresponding 

cyclic carbonate with about 70% conversion with a TON of 700 under the optimized mild 

reaction conditions of 1 bar CO2  and RT (Table 2). Further, the catalysis was extended to 

other internal epoxides and the catalytic conversion was found to decrease from cyclopentene 

oxide (70 %) to cyclohexene oxide (50 %) to cyclooctene oxide (14%) (Table 2). This 

decrease in the catalytic activity can be attributed to their intrinsic lower reactivity and the 

bulkiness imparting steric hindrance in approaching the catalytic Zn(II) sites in the confined 

1D channels of HbMOF1. Further, periodic DFT-optimized HbMOF1 loaded with various 

internal epoxide (see SI) revealed the steric hindrance for the approach of internal epoxides to 

Zn(II) site in the framework as the Zn(II) – O(epoxide) interacting distances are 4.0, 4.7, and 

5.4 Å for cyclopentene oxide (CPO), cyclohexene oxide (CHO) and cyclooctene oxide 

(CCO), respectively (Figure 5), while the prototype terminal epoxide PO exhibits only 3.6 Å. 

In addition to this, the binding energy observed for the internal epoxides are in the order of -

55.2, -20.6, and -14.3 kJ/mol for CPO, CHO, and CCO, respectively. To the best of our 

knowledge, the catalytic efficiency observed for the conversion of internal epoxides catalyzed 

by HbMOF1 is the highest amongst the MOF-based heterogeneous catalysts carried out at RT 

and 1 bar CO2 (Table 3). It is important to note that the number of examples of MOF-based 

heterogeneous catalysts known for cycloaddition of internal epoxides are spare and generally 

high temperature and/or high-pressure conditions are employed for the conversion. On the 

contrary, the reaction conditions utilized in our study are relatively milder (Table 3). Hence, 

the exceptionally higher catalytic activity of HbMOF1 can be attributed to the synergistic 

effect of CO2-philic (-NH2 and CF3) groups and Zn(II) centers which are in close proximity 

resulting in enhanced catalytic activity affording high yield production of cyclic carbonates 

with selectivity. 
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Table 2. The catalytic activity of HbMOF1 for cycloaddition of CO2 with various epoxides 

under mild conditions.
a
 

 

Sl. 

No. 

Substrate Product Conversion
c
 TON

d
 

1 

  

>99 995 

2 

  

>99 992 

3 

  

>99 990 

4 

  

87 870 

5 

  

59 590 

6 

  

89 890 

7 

 
 

77 770 

8 

 
 

73 730 

9 

  

74 740 

10 

 
 

50 500 

11 

  

14 140 

12
b
 

 
 

16 160 

a
Reaction conditions: epoxide (20 mmol), HbMOF1 catalyst (0.1 mol %), cocatalyst: TBAB 

(2.5 mol%), RT (30 
o
C), 1 bar CO2, and time: 24h. 

b 
Pressure (1bar, 13% CO2). 

c 
The 

conversions determined by 
1
H NMR analysis using an internal standard. 

d 
TON = the number 

of moles of product formed / number of moles catalyst (HbMOF1) used. 



Chapter 2b                                                                   Rational design of a Zn(II)-MOF …. 

74 
 

 

Figure 5. Local views of the interacting distance of Zn(II)–O(epoxide) (dashed yellow lines) 

observed in the periodic DFT optimized HbMOF1 structure loaded with epoxides such as PO 

(a), CPO (b), CHO (c), and CCO (d). The interacting distances are reported in Å and the 

color code for the atoms: C (dark grey), N (blue), O (red), F ( green), Zn( cyan), and H 

(magenta). 

 

Table 3. Comparison of catalytic activity of HbMOF1 with literature reported MOFs for 

cycloaddition of CO2 with internal epoxide (cyclohexane oxide) under mild conditions. 

Sl. No. Catalyst 

(mol%) 

Temperature 

(°C) 

Pressure 

(MPa) 

Time 

(h) 

Yield 

(%) 

Ref. 

1 Ti-ZIF 100 2.5 8 95 46 

2 CoMOF-1 100 3.0 8 99 15b 

3 JLU-MOF58 80 0.1 24 92 47 

4 1-Urea RT 0.1 36 19 48 

5 UMCM-1-NH2 RT 1.2 24 10 49 

6 HbMOF1 RT 0.1 24 50 This 

Work 
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2b.3.5. Plausible mechanism of cycloaddition reaction  

The crystal structure of HbMOF1 discloses the presence of high-density basic -NH2 

and polar -CF3 groups exposed in the pore channels along with Zn(II) centers on the pore 

walls promoting the enhanced catalytic activity. Previously reported studies have shown that 

MOFs constituted by ligands containing -amino/amide functional sites can act as Lewis basic 

sites in cycloaddition reactions.
50

 The microporous nature of HbMOF1 having fluorinated 

environment (-CF3 group of hfipbba
2-

) and amino (-NH2) groups of MA favored strong 

adsorption of CO2 and encapsulation of the substrates (epoxides) simultaneously and support 

synergistic catalytic activity. As discussed before, the GCMC simulated CO2 adsorption 

proved that fluorines of -CF3 and -NH2 groups of MA in the highly confined 1D channels of 

HbMOF1 promote strong CO2 occupancy at the vicinity of Zn(II) centers (Figure 4b). The 

detailed periodic-DFT calculations guided the molecular-level understanding of the 

mechanism of the propylene-oxide (PO)–CO2 cycloaddition reaction catalyzed by HbMOF1 

in the presence of TBAB co-catalyst. Here, the TBAB delivers the bromide ion (Br
-
) 

nucleophile to the pore channels of HbMOF1 and the coordination of the epoxide (PO) to the 

catalytic site (Zn(II)) along with the loading of CO2 molecules via interaction with –NH2 

groups of MA initiate the catalytic reaction. The total energy of HbMOF1 with Br
- 

nucleophile, PO, and CO2 was considered to be zero for the calculation of the entire 

mechanistic pathway of the reaction. Further, Scheme 2 illustrates the relative energies of the 

optimized structures of the intermediates involving PO and CO2 with HbMOF1/Br
-
. The 

initial stages of the reaction are dealt with the ring-opening of the epoxide (PO), where an 

intermediate (Int-1), incoming complex (IC), and transition state (TS-1) are formed by the 

simultaneous interaction of the oxygen atom of PO, O(PO), with the zinc metal center, Zn(II), 

and Br
-
 nucleophile to alfa carbon of the PO, α-C(PO). The relative energies attained for Int-

1, IC and TS-1 are 7.7, 31.3, and 40.9 kcal/mol, respectively. The Br
-
 ion interacts with a 

distance of 2.90 Å to α-C(PO) in the intermediate stage, Int-1, which increased relative 

energy. Subsequently, the interacting distance between Br
-
 ion and the α-C(PO) shortens to 

2.3 and 2.1 Å in the IC and TS-1 stages, respectively (Figure A25). At the same time, the 

distances between O(PO) and Zn(II) metal of HbMOF1 in IC and TS-1 are also shortened 

with a distance of 2.2 and 2.0 Å, respectively. During the ring-opening step, an alkoxide 

species is formed by the attack of the nucleophile, Br
-
 ion at α-C(PO), and this is designated 

as the first transition state (TS-1). The difference between the relative energies of TS-1 and 

IC as shown in Scheme 2 is 9.6 kcal/mol. Also, this energy barrier for the ring-opening step is 

treated as the rate-determining step in the CO2 fixation with PO according to several other 
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previously reported DFT energy profiles for cycloaddition reaction.
15b,51

 Next, the CO2 

insertion to the bromide-substituted alkoxide species in TS-1, occurs with a relative energy 

value of 24.6 kcal/mol
 
upon progressing the cycloaddition reaction. This intermediate state 

(Int-2) is formed by the interaction of CO2 molecule to PO with a distance of 2.3 Å and this 

guides to the formation of a second transition state (TS-2) by the strong interaction of CO2 to 

the negatively charged O(PO) with a relative energy value of 40.9 kcal/mol. At this transition 

state TS-2, not only the new bond, C(CO2)–O(PO), with a bond distance of 2.1 Å is formed 

but also the alkoxide group interacts strongly with the Zn(II) via Zn–O(CO2) with an 

interacting distance of 2.3 Å. During the ring closure stages of the reaction, a new 

intermediate, Int-3, is formed with relative energy of 10.2 kcal/mol after the transition state 

TS-2. The Int-3 consists of a five-membered ring of propylene carbonate (PC) via the 

insertion of CO2, where the inserted CO2 makes O(CO2)–αC(PO) and C(CO2)–O(PO) bonds 

with distances of 1.64 and 1.51 Å, respectively. Altogether, the bond distances of Zn–O(CO2) 

and C(PO)–Br becomes 2.67 and 2.84 Å from 2.3 and 2.56 Å, respectively. In the final stage 

of ring closure (FC), both the propylene carbonate detachment from the Zn(II) of the 

HbMOF1 catalyst and regeneration of Br
- 
ion occurs at the same time with relative energy of 

1.8 kcal/mol. Overall, based on the combined experimental results and periodic-DFT 

calculations the mechanism depicted in Scheme 3 is proposed for the cycloaddition reaction. 

 

 

Scheme 2.  DFT-energy profile for the cycloaddition reaction of CO2 with PO to produce PC 

catalyzed by HbMOF1. 
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In general, the mechanism for cyclic carbonate formation from epoxide and CO2 takes 

place through an initial ring-opening of the epoxide, followed by CO2 insertion, and finally 

the five-membered cyclic carbonate formation by ring closure step. Scheme 3 represents the 

catalytic cycle involved in the cycloaddition reaction of CO2 with PO to produce PC using 

HbMOF1 catalyst and TBAB co-catalyst. While, the ring-opening of the epoxide proceeds 

well because the oxygen of the epoxide, O(PO) interacts quickly with the Zn(II) metal site 

having distorted square pyramidal geometry in the binuclear paddle-wheel arrangement. In a 

subsequent step, the alkoxide species formed by the attack of the nucleophile, Br
-
 ion, at less-

hindered carbon atom, is stabilized by supramolecular interactions with -CF3 and -NH2 

groups. The adsorbed CO2 interacts with the alkoxide species to form an alkyl carbonate 

anion and finally, the ring closure of the alkyl carbonate anion leads to the formation of 

cyclic carbonate and regeneration of HbMOF1 catalyst and Br
-
 nucleophile. Also, the 

functional groups (-CF3 and -NH2) in HbMOF1 support the CO2 capture with a high 

adsorption enthalpy as discussed before. Further, the high exothermic CO2 adsorption at 

atmospheric pressure and RT due to the confined microporous nature of the HbMOF1 

catalyst with the highly active Zn(II) center helped for an efficient formation of cyclic 

carbonates. Overall, the excellent catalytic activity of HbMOF1 for the CO2 cycloaddition 

reactions with epoxides can be mainly ascribed to the synergic effect of the highly active 

distorted square pyramidal Zn(II) in the binuclear paddle-wheel SBU and multifunctional (-

NH2 and -CF3) groups decorated in the pore walls of the microporous 3D framework. 

 

 

Scheme 3. A plausible mechanism for the CO2 cycloaddition reaction with epoxides 

catalyzed by HbMOF1. 
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2b.3.6. Recyclability  

Recyclability is an important criterion for a heterogeneous catalyst. To test the 

recyclability, the HbMOF1 catalyst was facilely separated from the reaction mixture by 

filtration and then washed with methanol and activated at 353K under vacuum for 12h and 

the sample was reused for subsequent catalytic cycles. Interestingly, there was no substantial 

reduction in the catalytic conversion of ECH even after five cycles of regeneration (Figures 

6a and 25). The PXRD pattern and FT-IR spectra of the recycled sample after five cycles 

matched well with the as-synthesized sample, which suggests that the original framework 

structure is retained (Figure A12, A26). Further, the leaching test was carried out in which the 

catalytic reaction was stopped after 6h and the HbMOF1 catalyst was separated from the 

reaction mixture, and the filtrate was allowed to stir for an extra period of 18 h. 
1
HNMR 

analysis of the aliquot taken after 24h showed a negligible increase in activity due to the 

presence of cocatalyst (TBAB) in the reaction medium which supports the heterogeneous 

nature of HbMOF1 (Figure 6b).   

   

 

Figure 6. Recyclability test and (b) leaching test of HbMOF1. 

 

2b.4. Conclusion 

In conclusion, the development of a novel, microporous, hydrogen-bonded 3D 

framework composed of confined 1D channels decorated with CO2-philic (-NH2 and -CF3) 

groups and Zn(II) centers suitable for efficient utilization of carbon dioxide is achieved. The 

polar functionalized channels of HbMOF1 promoted selective and highly reproducible 

adsorption of CO2. The MOF showed excellent catalytic activity for highly efficient fixation 

of CO2 with various terminal/internal epoxides at the mild conditions of 1 bar of CO2 and RT. 

The simulated CO2 adsorption on HbMOF1 at 1 bar and RT reinforced that -NH2 and -CF3 



Chapter 2b                                                                   Rational design of a Zn(II)-MOF …. 

79 
 

exposure in the pores facilitated selective and high uptake of CO2 with a high exothermic 

adsorption enthalpy of 36.0 kJ/mol (sim.) vs 36.7 kJ/mol (exp.). Additionally, a detailed 

mechanistic investigation of the cycloaddition reaction was studied through periodic Density 

Functional Theory (DFT) calculations.  Indeed, the theoretical studies unveiled the 

synergistic participation of Zn(II) center and the basic –NH2 groups in facilitating the 

efficient coupling of CO2 with various epoxides affording high-yield generation of cyclic 

carbonates at mild conditions. This study highlights the rational design of porous MOFs 

incorporating multiple functional sites for efficient fixation of CO2 into high-value chemicals 

under mild conditions.  
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3.1. Introduction  

  Over the past two decades, the concentration of atmospheric carbon dioxide is 

increasing exponentially and it has exceeded 400 ppm, currently.
1 

This rapid increase in the 

atmospheric CO2 content has been attributed to various human activities leading to the 

increased combustion of fossil fuels.
2 

This unprecedented rise in CO2 emissions has resulted 

in the most serious environmental issues such as global warming, unpredictable weather 

patterns, ocean acidification, and so on.
3 

To mitigate this growing CO2 concentration, carbon 

capture and sequestration (CCS) have been followed.
4-6 

However, an alternative, and a value-

added route is the utilization of CO2, known as carbon capture and utilization (CCU) as a C1 

source by converting it into high-value chemicals and fuels.
7-12 

Particularly, selective CO2 

capture from direct air has attracted tremendous attention as this process enables carbon 

capture from any place independent of emission sources.
13-15

 In this direction, intensive 

research efforts are being carried out in devising various strategies for selective carbon 

capture from direct air and its subsequent conversion to useful chemicals.
16-20 

However, the 

inertness of CO2 puts up a major synthetic challenge for its conversion under mild conditions. 

Among the various catalytic transformations of carbon dioxide, the cycloaddition of CO2 

with epoxides to produce cyclic carbonates is considered the most atom economic process.
21-

24 
Also, cyclic carbonates are valuable as commodity chemicals for the synthesis of 

pharmaceuticals and polymers.
25-28 

The majority of the catalysts employed for the synthesis 

of cyclic carbonates require either high temperature or high pressure of CO2 and an additional 

nucleophilic co-catalyst like tetrabutylammonium bromide (TBAB).
29-32 

However, towards 

green and sustainable utilization of CO2 from direct air, it is highly desirable to carry out the 

catalysis under co-catalyst-free mild conditions.
33-35 

To achieve this, the catalyst employed 

should exhibit high carbon dioxide affinity and superior catalytic activity to capture and 

activate CO2 at a very low concentration of 0.03% in air. Besides, the catalyst should be 

highly stable towards moisture and other contaminants in the air. Towards these 

aforementioned objectives, this chapter represents the rational construction of a bifunctional 

MOF by utilizing an eco-friendly, Lewis acidic metal ion, Mg(II), and a nitrogen-rich, 

tripodal organic ligand, TATAB containing nucleophilic basic –NH groups.
36,37 

The Mg(II) 

metal has been known to offer potential advantages over the transition metal ions in selective 

CO2 capture.
38-40 

Owing to the presence of highly polar 1D channels decorated with a high 

density of CO2-philic basic –NH sites, the Mg-MOF exhibited high CO2 uptake of 50.2 wt% 

at 273K with a high heat of adsorption value of 55.13 kJ/mol. The high CO2 affinity 

combined with Lewis acidity due to Mg(II) ions, rendered superior catalytic properties for 
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efficient chemical fixation of CO2 from direct air under environmentally friendly co-catalyst 

and solvent-free mild conditions. The remarkable affinity of Mg-MOF for CO2 over other 

gases (O2 and N2) in the air was further supported by molecular simulations carried out with 

the aid of density functional theory (DFT)-derived specific force field. Also, the theoretical 

simulations on the co-adsorption of wet air with Mg-MOF supplemented the high CO2 

selectivity over other atmospheric gases. To the best of our knowledge, this work represents 

the first example of co-catalyst-free fixation of CO2 from direct air under eco-friendly mild 

conditions. 

 

3.2. Experimental section 

3.2.1. Materials  

All the reagents used in this work were commercially available and used as received 

without any further purification. Mg(NO3)2.6H2O, 4-aminobenzoic acid, and cyanuric 

chloride were purchased from Sigma Aldrich Chemical Co. N, N'-dimethylformamide 

(DMF), sodium hydroxide and methanol (MeOH) were obtained from S. D. Fine Chem. 

Limited. All the epoxides and the internal standard used for catalytic reactions were 

purchased from TCI chemicals and used without further purification. The 4,4′,4″-s-triazine-

1,3,5-triyltri-p-aminobenzoic acid (H3TATAB) ligand was synthesized by following the 

previously reported literature procedure with a slight modification.
41 

 

 

3.2.2. Physicochemical characterization  

The phase purity of the as-synthesized samples was confirmed by powder XRD 

analysis using Rigaku Miniflex 600 with Cu Kradiation λnm). UV-Vis (Diffuse 

Reflectance) spectra were recorded on the Shimadzu spectrophotometer using BaSO4 as a 

reference. FTIR (Fourier transform infrared) spectra of the samples were recorded from 

400 to 4000 cm
-1

 on a Perkin Elmer ATR-FTIR spectrometer. The metal content of Mg in the 

framework was determined by Agilent’s microwave-plasma atomic emission spectrometer 

(MP-AES). Thermo Fischer Flash 2000 Elemental Analyzer was used for elemental analyses 

(CHN) of the samples. The X-ray photoelectron spectroscopy (XPS) analyses were 

performed on a Thermo Fisher Scientific NEXSA photoemission spectrometer using Al-Kα 

(1486.6 eV) X-ray radiation and analysis of the obtained data was performed using Avantage 

software. The 
1
HNMR spectra were recorded in CDCl3 on a JEOL JNM-ECS-400 

spectrometer operating at a frequency of 400 MHz.  



Chapter 3                                                                                Efficient chemical fixation …. 

89 
 

3.2.3. Synthesis 

3.2.3.1. Synthesis of 4,4′,4″-s-triazine-1,3,5-triyltri-p-aminobenzoic acid (H3TATAB) 

ligand. 

The 4,4′,4″-s-triazine-1,3,5-triyltri-p-aminobenzoic acid (H3TATAB) ligand was 

synthesized by following the previously reported literature procedure with a slight 

modification (Scheme 1).
41

 Briefly, a solution of 4-aminobenzoic acid (1.8 g, 13.3 mmol) in 

20 mL of water and 3 mL of 5N sodium hydroxide was charged with sodium bicarbonate (0.9 

g, 11.0 mmol). To this solution, cyanuric chloride (0.6 g, 3.3 mmol) in 50 mL of 1,4-Dioxane 

was added dropwise and stirred for 15 min. The resulting reaction mixture was refluxed 

overnight then cooled to room temperature and acidified by 20% hydrochloric acid (HCl) to 

attain pH of 3 (Scheme S1). The resulting precipitate was neutralized by washing with water. 

1
H NMR (400 MHz) DMSO-d6, δ: 12.55 (s, 3H), 9.84 (s, 3H), 7.97 (d, 2H) and 7.87 (d, 6H). 

 

 

Scheme 1. Synthesis scheme of 4′,4″-s-triazine-1,3,5-triyltri-p-aminobenzoic acid 

(H3TATAB) ligand. 

                                                                                                                                                                                                                                    

3.2.3.2. Synthesis of Mg-MOF 

          The Mg-MOF was synthesized by following the solvothermal route at 120 °C (Scheme 

1). The 4,4′,4″-s-triazine-1,3,5-triyltri-p-aminobenzoic acid (H3TATAB) ligand (0.075 mmol, 

36.48 mg) was dissolved in 6 mL of DMF in a glass vial. To this solution, 3mL ethanol 

solution of Mg(NO3)2.6H2O (0.112 mmol, 30 mg) was added dropwise with stirring. The 

resulting clear solution was heated in a preheated oven at 120 °C for 4 d. After four days 

colorless rod-like crystals of Mg-MOF was obtained. The phase purity of the as-synthesized 

sample was confirmed by powder X-ray diffraction analysis (Figure 1). FTIR (cm
-1

): 3380 

(w), 2979 (w), 1592 (m), 1486 (m), 1373 (s), 1238 (m), 1179 (m), 1.97 (m), 853 (w), 784 

(m), 702 (w) (Figure A26). The elemental analysis, calculated (%) for as-synthesized 
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{Mg3(TATAB)2(HCOO)(H2O)6(DMF)3(DMA)}n (C60H72N16O23Mg3) Calculated: C:49.42, 

H:4.98, N:15.37 and found C:49.21, H:4.82, N:15.19. Activated sample 

{Mg3(TATAB)2(HCO2)(DMA)}n, (C51H39N13O14Mg3) Calculated: C:50.59, H:3.25, N:15.04 

and found C:54.01, H:2.98, N:15.23. 

 

3.2.4. Catalytic cycloaddition reactions of CO2 with epoxides 

The cycloaddition reactions of CO2 with various epoxides were carried out in a 

Schlenk tube. Prior to catalytic reactions, the Mg-MOF was exchanged with acetone and 

activated at 130 °C for 15 h under vacuum to remove guest solvent molecules. In a typical 

reaction, the epoxide (20 mmol), and the activated MOF catalyst (0.1 mol%) were taken in 

the Schlenk tube at room temperature. Then, CO2 (1 atm) was introduced using a balloon and 

the reaction mixture was allowed to stir at 60 °C for 24 h. After which time, the mixture was 

cooled to RT and the catalyst was separated from the reaction mixture by simple 

centrifugation and the catalytic conversions were determined from 
1
H NMR spectra of the 

filtrate. The recovered catalyst was washed with acetone thoroughly and activated at 130 °C 

under vacuum for 15 h and reused for subsequent catalytic cycles. A similar procedure was 

employed for the catalytic reactions carried out with direct air, except that the CO2 (balloon) 

was replaced by laboratory air with continuous bubbling.  

 

3.2.5. Computational studies 

Periodic DFT calculations were carried out in the mixed Gaussian plane wave scheme 

as implemented in the CP2K package
42-52 

with Grimme’s D3 dispersion corrections.
53 

The 

PBE functional
54 

was used to calculate the exchange-correlation energy. For Carbon, Oxygen, 

Nitrogen, and Hydrogen, a triple zeta (TZVP-MOLOPT) basis set was considered, while a 

double zeta (DZVP-MOLOPT) was applied for Magnesium.
55 

The pseudopotentials used for 

all of the atoms were those derived by Goedecker, Teter, and Hutter.
56 

This basis set and 

energy cut-off parameters have been considered based on the previous calculation by Ye et 

al.,
57 

where they validated that PBE functional with a plane wave cutoff energy of 500 Ry 

and suggested as the best option for exploring the catalytic mechanism involves MOF. For 

constructing the Mg-MOF catalyst model, the unit cell of Mg-MOF was taken from the 

experimentally elucidated Mg-MOF, however, the calculations were carried out on the 

primitive cell to save computational time. The lattice constants of the optimized primitive cell 

are a = 34.5309 Å, b = 26.5157 Å, c = 25.1753 Å, α = 83.7869°, β = 49.7625°, γ = 46.4507° 

and correspond to the unit cell with a = 16.9995 Å, b = 47.394 Å, c = 50.233 Å, α = β = γ = 
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90°. We found that fully relaxing the geometry and cell parameters of Mg-MOF gave lattice 

constants that were almost identical to the relaxed Mg-MOF values. Furthermore, optimizing 

the structure with chemisorbed PO and/or CO2 in Mg-MOF also perturbed the lattice 

constants and energies by a very minor amount. Therefore, we held the lattice constants fixed 

at the ground state Mg-MOF values for most calculations to save computational time. For the 

calculation, the total relative energy of the Mg-MOF (catalyst), CO2, and PO (isolated 

reactants) were considered to be zero energy, and the optimized structures of reactant 

complexes are depicted in Scheme 2. In the case of each stage of catalytic reaction (e g. IS, 

IC, TS, RC, FC, etc.), the relative energies were computed with respect to the sum of the total 

energies of the corresponding gas-phase molecules as represented in Equation 1.  

                             
       (1) 

Where                    
         represents the total energies of the Mg-MOF with 

adsorbates at each reaction stage, the empty Mg-MOF, gas-phase CO2, and PO, respectively. 

Equation (1) defines negative values as exothermic and positive values as endothermic 

processes. Transition states along the reaction pathway were determined by using the 

climbing image nudged elastic band (CI-NEB) method. Transition states were confirmed 

through frequency analysis, verifying that the transition complex had only one imaginary 

frequency vibrational mode. 

 

3.3. Results and discussion 

3.3.1. Synthesis and structural studies  

The Mg-MOF was obtained by a solvothermal reaction of Mg(NO3)2.6H2O with 

H3TATAB ligand at 120 °C in DMF (Scheme 2). Interestingly, formate (HCOO
-
) anion in 

situ formed by the hydrolysis of DMF during the synthesis is involved in bridging the Mg(II) 

centers. A similar observation of in situ generations of HCOOH by hydrolysis of DMF at 

high temperatures is reported in the literature.
58,59 

The powder X-ray diffraction (PXRD) 

analysis confirmed the phase purity of the as-synthesized sample (Figure 1). FTIR spectra 

showed the characteristic peaks at 3380 and 2979 cm
-1

 corresponding to N-H and C-H 

stretching frequency originating from H3TATAB ligand and HCOO
-
, respectively (Figure 

A26). The solid-state absorption spectrum of Mg-MOF was found to be similar to that of the 

TATAB ligand with absorption bands at 267 and 331 nm corresponding to ligand-based 

Π→Π* transitions (Figure A27). 
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Scheme 2. Synthesis scheme for Mg-MOF. 

 

 

Figure 1. PXRD patterns of Mg-MOF (a) simulated pattern from single-crystal X-ray 

structure, (b) as-synthesized sample, (c) activated sample, and (d) recycled sample after tenth 

catalytic cycle. 

 

      Single-crystal X-ray diffraction study revealed that the 3D Mg-MOF is formed by the 

bridging of Mg(II) ions by TATAB
3-

 and HCOO
-
 anions (Figure 2a). The Mg centers are in a 

distorted octahedral environment in which the coordination at Mg1 is satisfied by six 

carboxylate oxygens (O1, O4, O5, O1a, O4a, and O5a, where a = 1-x, 1-y, -z) of TATAB
3-

 

ion, while the co-ordination at Mg2 is satisfied by four carboxylate oxygens (O2, O3, O4, and 
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O6) of TATAB
3-

 ion, formate oxygen (O7) and a coordinated water molecule (O1w) (Figure 

2a). The Mg1 and Mg2 nodes are bridged by carboxylate oxygens of TATAB
3-

 and HCOO
-
 

anion forming a [Mg2O11] secondary building unit (SBU) which is further extended in three 

dimensions resulting in the 3D framework structure of Mg-MOF as shown in Figure 2b. 

Interestingly, the Mg-MOF possesses 1D channels along two crystallographic axes in which 

two types of 1D channels of dimension 9 × 5.1 Å
2
 and 4.4 × 4.3 Å

2
 are present along the a-

axis and another type of 1D channel of dimension 7.3 × 5.2 Å
2
 along the b-axis (Figure 2b 

and 2c). It is worth noting that, the 1D channels are highly polar and decorated with a high 

density of basic and Lewis acidic sites (Figure 2c). Topological analysis by TOPOS
60 

revealed the presence of a highly connected (3, 8-c), binodal net with 

{3^27.4^28}2{3^54.4^94.5^38.6^4}-net topology (Figure A28 and A29). The 

crystallographic details and the selected bond lengths and angles are given in Table A11, 

A12.     

 

Figure 2. (a) The asymmetric unit of Mg-MOF showing coordination around the Mg(II) ions 

(a = 1-x, 1-y, -z and b = 5/4-x, 5/4-y, z). (b) View of two types of 1D channels with 

dimensions of 9.0 × 5.1 Å
2 

and 4.4 × 4.3 Å
2 

along the crystallographic a-axis and (c) View of 

the 1D channel with a dimension of 7.3 × 5.2 Å
2
 along crystallographic b-axis. 
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Table 1. Crystal data and structure refinement parameters for Mg-MOF. 

Parameters Mg-MOF 

Empirical formula C60H72Mg3N16O23 

Formula mass 1458.22 

Crystal system Orthorhombic 

Space group Fddd 

a/ Å 16.950(11) 

b/ Å 47.376(3) 

c/Å 50.434(3) 

α (degree) 90 

β (degree) 90 

γ (degree) 90 

V (Å
3
) 40500(4) 

Z 16 

Μ (mm
-1

) 0.072   

F (000) 9360 

T (K) 298 

λ (Mo Kα) (Å) 0.71073   

θmin (deg) 2.4 

θmax (deg) 25.0 

total data 183673 

unique data 8915 

Rint 0.083 

Data [1 ˃ 2σ(I)] 6182 

R1 0.0947 

wR2 0.3374 

S 1.34 

CCDC 2036640 

a
R1 = Σ║Fo│-│Fc║/Σ│Fo│, 

b
wR2 = [Σw(Fo

2
-Fc

2
)
2
/Σw(Fo

2
)
2
]

1/2 
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3.3.2. Thermal and chemical stability of Mg-MOF 

Thermogravimetric analysis (TGA) of as-synthesized Mg-MOF showed a weight loss 

of ~7.9 % (calc. wt.%: 8.1) in the temperature range of RT to 120 °C corresponding to loss of 

five guest water molecules (Figure A30). The second weight loss of ~ 24.8 % (calc. wt.%: 

25) in the temperature range of 120-238 °C corresponds to the loss of coordinated water and 

three DMF molecules. A third weight loss of ~3.9 % (calc. wt.%: 4.2) in the temperature 

range of 250 to 430 °C corresponds to the loss of dimethylamine cation. Further increases in 

temperature beyond 430 °C led to the loss of framework stability. The acetone exchanged 

MOF shows a weight loss of ~8.7 % (calc. wt.%: 8.9) in the temperature range of RT to 155 

°C corresponding to a loss of guest acetone and a coordinated water molecule. A second 

weight loss of ~3.9 % (calc. wt.%: 4.2) was observed in the temperature range of 250 to 430 

°C corresponding to the loss of dimethylamine cation and then the framework losses its 

structural rigidity with further increase in temperature. Whereas, the activated MOF does not 

show any weight loss in the temperature range of RT to 250 °C supporting the absence of 

guest solvent molecules. A weight loss of ~3.9 % (calc. wt.%: 4.2) in the temperature range 

of 250 to 430 °C was observed which can be assigned to the loss of dimethylamine cation 

(Figure A30). Moreover, to test the chemical stability of Mg-MOF, the as-synthesized sample 

was soaked in various solvents with varying polarity (DMF, water, acetone, ethanol, 

dichloromethane, and methanol) for four days and the recovered samples were analyzed. The 

PXRD patterns of the recovered samples matched well with that of the as-synthesized sample 

confirming the chemical stability of Mg-MOF (Figure A31). 

 

3.3.3. Gas adsorption study of Mg-MOF 

To determine the permanent porosity of Mg-MOF, N2 adsorption study was carried 

out at 77K. Prior to adsorption measurements, the as-synthesized MOF was exchanged with 

acetone and activated at 130 °C under vacuum for 15 h to obtain solvent-free MOF. As 

shown in Figure 3a, N2 adsorption isotherms follow a typical type-I behavior signifying the 

microporous nature of the framework with a high Brunauer-Emmett-Teller (BET) and 

Langmuir surface area of 2606.1 and 3098.6 m
2
/g, respectively (Figure 3a). Further, the pore 

size distribution plot (inset, Figure 3a) of Mg-MOF revealed the presence of micropores with 

a diameter of 9.4 Å which is found to be in good agreement with the value (9.0 Å) obtained 

from crystallographic data (structure). Further, CO2 adsorption isotherms showed type-I plots 

with a high uptake of 50.2 and 33.1 wt% at 273 and 298K, respectively (Figure 3b). 

Moreover, the adsorption isotherms were fitted with the Freundlich-Langmuir equation
61 
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(Figure A31) and the value of heat of interaction (Qst) determined using the Clausius-

Clayperon equation
62 

was found to be 55.13 kJ/mol which was further supported by the 

simulated adsorption enthalpy of 59.49 kJ/mol (Figure A33, A34). It is worth highlighting 

that the Qst value of CO2 determined for Mg-MOF was found to be higher in comparison to 

well-known Mg-based MOFs reported in the literature (Table A13).
63-65 

This high value of 

Qst indicates stronger interaction of CO2 with the basic (N and -NH) sites and the unsaturated 

Mg(II) ions exposed in the 1D channels of the framework.
46,47

 Interestingly, the adsorption 

isotherms of Mg-MOF with N2 and O2 showed lower uptake and the calculated experimental 

values of Qst were 23.1 and 16.6 kJ/mol, respectively (Figure A35 and A36). The 

experimentally determined values of heat of adsorption were found to be in good agreement 

with the simulated adsorption enthalpies (see later). Thus, the gas adsorption studies revealed 

the selective adsorption property of Mg-MOF for CO2 over N2 and O2 (Figure 3c) with high 

selectivity value of 86 and 92 for CO2/N2 and CO2/O2, respectively calculated based on 

Henry law (Figure A37). Furthermore, the Mg-MOF exhibits highly recyclable CO2 

adsorption with retaining the adsorption capacity for upto five cycles of regeneration (Figure 

3d). 

 

Figure 3. (a) N2 adsorption-desorption isotherms of Mg-MOF, (i) for the pristine sample and 

(ii) the recycled sample after catalysis carried out at 77K (inset shows pore size distribution 

plot), (b) Comparison of the experimental and simulated isotherms of CO2 carried out at 273 

and 298K, (c) Selective adsorption of CO2 over N2 and O2, and (d) Recyclable adsorption of 

CO2 carried out at 273K. 
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  To get further insight into the high CO2 capture performance of Mg-MOF over other 

atmospheric gases like N2 and O2, molecular simulations were undertaken by employing the 

Grand Canonical Monte Carlo (GCMC) simulation with a specific force field. As mentioned 

before, the CO2 content in the air is significantly lower (0.03 %) in comparison to any other 

gas streams like flue gas (10-20%). Therefore, the separation/capture of CO2 from 

atmospheric air has gained significant attention as it depends on the high CO2 capture ability 

of the sorbent with highly specific adsorption sites.
66 

As discussed before, the Mg-MOF is 

composed of the high density of -NH/N sites and coordinatively unsaturated metal sites 

(CUS) /open metal sites and showed exceptional CO2 uptake properties. As demonstrated 

before
67-70 

the generic forcefield such as universal forcefield (UFF) and DREIDING are 

incapable to explain the extra strong interaction between the guest molecule and Mg-MOF 

having multiple adsorption sites. Therefore, a specific forcefield was derived to explain the 

guest-host interaction for the Grand Canonical Monte Carlo (GCMC) simulation. Hence, the 

extra potentials for the interaction of gas molecules with the CUS and the -NH/N adsorption 

site were derived from Density Functional Theory (DFT) energy profile and further used this 

energy to represent it in the Buckingham analytical function. The rest of the interactions of 

gas molecules with all the atoms of the Mg-MOF are represented through Lennard-Jones (LJ) 

and the potentials are taken from generic forcefield (please see annexure, Figure A38-A46, 

and Tables A15-A17). As an initial step, single-component adsorption simulation of Mg-

MOF for CO2, N2, and O2, i.e. the major components of air, at two temperatures (273 and 

298K) was performed by Grand Canonical Monte Carlo (GCMC) simulation, where the 

interaction between the framework and the gas molecules are explained by specific DFT-

derived forcefield. The simulated gas adsorption isotherms follow a type-I behavior as 

experimentally observed (Figures 3b). The simulated uptake of CO2, N2, and O2 by Mg-MOF 

was found to be slightly higher than those of experimentally determined uptake at 273 and 

298K (Figure 3b). This observation can be attributed to the fact that the simulations were 

carried out with the assumption of a perfectly crystalline solid as compared to the bulk 

material used for experimental adsorption measurements. It is interesting to note that the 

simulated adsorption trend at both temperatures was reproduced reasonably well with 

experimental isotherms for all the atmospheric gases (N2, O2, and CO2). Further, the 

computed adsorption enthalpy for CO2, N2, and O2 with Mg-MOF are 59.49, 27.25, and 

18.55 kJ/mol, respectively which are in close agreement with the experimentally determined 

heat of adsorption (Qst) values of 55.1, 23.1, and 16.6 kJ/mol, respectively. Further, the 

detailed analysis of the adsorption mechanism of CO2 with Mg-MOF showed that the 
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presence of polar functionalized 1D pores decorated with nitrogen-rich basic -NH/N sites and 

coordinatively unsaturated Mg(II) sites promotes high CO2 adsorption. Here, the CO2 

molecules interact with the CUS, i.e. Mg(II) and -NH groups of the ligand with a mean 

characteristic Mg...O(CO2) and NH...O(CO2) distances of 1.61 Å and 2.74 Å, respectively. 

Whereas, the N2 molecules interact with the CUS of Mg-MOF with an interatomic distance in 

the range of 1.7-2.5 Å. The simulated O2 adsorption on Mg-MOF reflects an Mg-O(O2) 

interacting distance of 1.7 Å. Overall, the simulated adsorption studies support the high CO2-

affinity of Mg-MOF over other gases (N2 and O2).  

 

3.3.4. Solvent and co-catalyst-free fixation of CO2 under mild conditions 

     As discussed before, from the structural analysis it was revealed that Mg-MOF is 

microporous and contains 1D channels decorated with basic (-NH and -N) sites and 

unsaturated Lewis acidic Mg(II) sites suitable for selective capture and conversion of CO2. 

Considering these novel structural aspects, the catalytic application of the MOF for the 

chemical fixation of CO2 into cyclic carbonates, a value-added chemical was investigated 

under co-catalyst and solvent-free conditions. The catalytic activity was tested using 

epichlorohydrin (ECH) as a model substrate and the conditions were optimized by varying 

the time and temperature of the reaction (Figure 4). It was found that an increase in the reaction 

time and temperature led to an increase in the yield of the cyclic carbonate. 

 

 

Figure 4. The effect of reaction time and temperature on the cycloaddition of ECH with CO2 

(balloon) under solvent and co-catalyst-free conditions. 

    



Chapter 3                                                                                Efficient chemical fixation …. 

99 
 

The catalytic reaction carried out at the optimized conditions of 0.1 mol% of Mg-

MOF as a catalyst, ECH (20 mmol), with 1 atm CO2 (balloon) at 60 °C resulted in more than 

99% conversion of ECH into the corresponding cyclic carbonate in 24h with 100% selectivity 

under solvent and co-catalyst-free conditions (Table 2). Further, control experiments carried 

out using metal salt, Mg(NO3)2.6H2O, and organic ligand (H3TATAB) as catalysts for 

cycloaddition of ECH at the optimized conditions showed only 10 and 6% yield of cyclic 

carbonate, respectively. These observations highlight the importance of Mg-MOF to achieve 

the high catalytic activity. The superior catalytic activity of Mg-MOF can be attributed to 

synergistic cooperation between the LA Mg(II) and basic (-NH) sites in facilitating the 

effective capture and conversion of CO2 into cyclic carbonates. 

 

The excellent catalytic activity of Mg-MOF motivated us to extend the scope of the 

catalysis to the cycloaddition of CO2 with various epoxides at optimized conditions. 

Interestingly, it was found that smaller epoxides like 1,2-epoxypropane and 1,2-epoxybutane 

undergo 99 and 93% conversion, respectively (Table 2). Whereas, with an increase in the 

alkyl chain length of the epoxides, the catalytic conversion was found to decrease. For 

instance, 1,2-epoxyhexane and 1,2-epoxydecane were converted by about 79 and 48%, 

respectively to the corresponding cyclic carbonates (Table 2).
 
This observation can be 

attributed to the restricted diffusion of these longer epoxides in the narrow pore channels of 

the framework.
71

 On the other hand, a slight increase in the conversion of butyl glycidyl ether 

(81%), and allyl glycidyl ether (85%) could be attributed to the electron-donating nature of 

the epoxides (Table 2).
26,33

 Further, the aromatic epoxide (styrene oxide) was also found to 

undergo conversion to the respective cyclic carbonate (styrene carbonate) in 78% yield under 

the optimized conditions (Table 2). Moreover, the catalytic activity of Mg-MOF was tested 

under simulated dry flue gas conditions by using a CO2:N2 (13:87%) mixture. To our delight, 

about 91% of ECH was converted to the corresponding cyclic carbonate even at the low 

concentration (13%) of carbon dioxide at the optimized mild conditions. These results 

highlight the excellent performance of Mg-MOF for high CO2 capture and conversion to 

value-added chemicals. It is worth mentioning that the reaction conditions employed in this 

work are relatively milder and the catalytic activity of Mg-MOF was found to be superior in 

comparison to the literature-reported MOFs for cycloaddition of CO2 (Table 3). 
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Table 2. Solvent and co-catalyst-free fixation of CO2 under mild conditions.
a
 

 

Entry 

No. 

Substrate 

(R) 

Product Conversion
c
 

(%) 

TON
d
 

1 

 
 

99 998 

2 

  

99 994 

3 

  

93 934 

4 

 
 

79 792 

5 

  

48 483 

6 

 
 

85 851 

7 

 
 

81 812 

8 

  

78 781 

9
b
 

 

 

91 911 

a
Reaction conditions: 20 mmol epoxide, 0.1 mol% Mg-MOF, 60 °C, 1 atm CO2 (balloon), 

24h.
b
 CO2:N2 (13:87%) mixture (1 atm). 

c
Catalytic conversions were determined by 

1
H NMR 

analysis, and 
d
TON = number of moles of product formed/number of moles of catalyst used.  
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Table 3. Comparison of catalytic activity of Mg-MOF with literature reported MOFs known 

for cocatalyst-free cycloaddition of CO2 with ECH.  

Sl. 

No. 

Catalyst Temp. 

 (˚C) 

Pressure 

 (bar) 

Conversion 

(%) 

TON/ 

TOF 

Ref.
 

1 (I
_
)Meim-UiO-66 120 1 100 188/7.8

 
72 

2 Zn-TATAB 100 1 98 158/9.8
 

73 

3 Co-TATAB 80 1 98 465/31
 

73 

4 MIL-101-IP 50 1 99 335/4.9
 

74 

5 IL-ZIF-90 120 10 94 191/63.6
 

75 

6 UiO-67-IL 90 1 95 63/5.2
 

76 

7 F-ZIF-90 120 1.17 94 97/16.1
 

77 

8 ZnTCPP⊂(Br-) 

EtimUiO-66 

140 1 86.9 91/6.5
 

78 

9 FJI-C10 120 1 84 494/20.5
 

79 

10 [Zn(II)NMeTPyP

]
4+

[I
-
]4@PCN-224 

90 8 99 833/4.7
 

34 

11 Mg-MOF 60 1 99 998/41.6 This 

Work
 

 

3.3.5. Solvent and co-catalyst-free fixation of CO2 from direct air 

Towards practical implementation of carbon capture and utilization (CCU) for real 

applications, the catalytic activity of Mg-MOF was investigated for the synthesis of cyclic 

carbonates by utilizing laboratory air as a source of carbon dioxide. It is worth mentioning 

that the atmospheric air contains only about 0.03% of CO2 and hence the catalyst employed 

should be highly reactive and should possess high CO2 affinity for its selective capture and 

conversion at such a low concentration. Interestingly, a test reaction carried out with ECH (20 

mmol) as a model substrate and Mg-MOF (0.02 mmol) catalyst, with the bubbling of 

laboratory air showed about 61% conversion of ECH to the corresponding cyclic carbonate 

within 24 h under solvent and co-catalyst-free optimized conditions (Table 4). Furthermore, 

with an increase in the reaction time to 48 h the conversion of ECH was enhanced to 92% 

with 100% selectivity. Encouraged by this excellent catalytic activity of Mg-MOF, the scope 

of the catalysis was extended to other epoxides under optimized conditions. The epoxides, 

1,2-epoxybutane, 1,2-epoxyhexane, allyl glycidyl ether, butyl glycidyl ether, and styrene 
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oxide were found to undergo conversion to the corresponding cyclic carbonates with 

moderate yields and 100% selectivity at the optimized conditions (Table 4). To the best of 

our knowledge, this is the first report on solvent and co-catalyst-free conversion of CO2 into 

value-added cyclic carbonates using direct air under mild conditions. 

 

Table 4. Solvent and co-catalyst-free fixation of CO2 from air catalyzed by Mg-MOF.
a 

 

Entry 

No. 

Substrate 

(R) 

Product Conversion 
c
 

(%) 

TON 
d
 

1 

 
 

61 612 

2
b
 

 
 

92 921 

3 

  

58 579 

4 

 
 

49 493 

5 

  

31 311 

6 

 
 

54 540 

7 

 
 

42 421 

8 

  

38 384 

a
Reaction conditions: 20 mmol epoxide, 0.1 mol% Mg-MOF, 60 ˚C, air (1 atm), 24h. 

b
Reaction time, 48 h.  

c
Catalytic conversions were determined by 

1
H NMR analysis, 

d
TON = 

number of moles of product formed/number of moles of catalyst used.  
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3.3.6. Theoretical insight for higher CO2 selectivity from direct air  

To get further insight into the amazing catalytic activity of Mg-MOF for chemical 

fixation of CO2 from direct air, GCMC simulations were performed for co-adsorption of 

natural air with a composition of N2: O2: CO2: RH (77.41%:20.99%:0.03%:1.57%),
80 

(Figure 

A45) with the help of newly DFT-derived forcefield. For obtaining the CO2 selectivity over 

the less adsorbing constituents of air such as N2 and O2, we have considered the adsorption 

capacity of carbon dioxide over the combination of adsorption capacities of N2 and O2. 

Interestingly, the CO2 selectivity observed at the relative humidity of 1.57% in the real 

composition of air was ~40 at 298K and 1 bar (Figure A46). Thus, the simulated co-

adsorption of wet air with the chemical composition of natural air proved that the Mg-MOF is 

highly CO2-selective over the rest of the atmospheric gases. In addition to this, the CO2 

selectivity was also obtained from dry air as well as various pre-humidified compositions of 

air at 298K and 1 bar (Figure A45 and A46), which is found to be much higher in comparison 

to most of the porous materials reported in the literature.
81 

 

3.3.7. Catalyst leaching and recyclability test 

Recyclability is an important parameter for a heterogeneous catalyst, in this regard, 

the Mg-MOF was separated from the reaction mixture by simple filtration followed by 

washing with acetone and activation at 120 °C under vacuum for 12h. The recycled catalyst 

was used for subsequent catalytic cycles for the cycloaddition of CO2 with ECH under the 

optimized conditions of 1 atm of CO2 and 60 °C. It is interesting to note that the Mg-MOF 

was recyclable for 10 cycles and the catalytic activity of the MOF was retained without a 

significant loss (Figure 5a). Furthermore, powder XRD pattern, FTIR spectra, solid-state UV-

Vis spectra (Figure 1, A26, A27), and BET surface area (Figure 3a) of the recycled MOF 

sample after 10 cycles matched well with that of the as-synthesized sample suggesting 

retention of the original framework structure. Further, to rule out the possibility of leaching of 

the active catalyst into the homogeneous phase, the reaction was stopped after 6 h and the 

MOF was separated by filtration and the filtrate was allowed to stir for an additional period of 

18 h under the optimized conditions. The 
1
HNMR spectroscopic analysis of the filtrate taken 

after 24 h showed no further conversion of the epoxide into the cyclic carbonate supporting 

the absence of catalyst leaching (Figure 5b). For further confirmation, MP-AES analysis of 

the filtrate was carried out and no detectable concentration of Mg(II) was observed 

confirming the absence of leaching of the active catalyst during the catalysis and also, the 

absence of unreacted metal salts (Figure A47). 
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Figure 6. Catalyst leaching and recyclability test for Mg-MOF. 

 

3.3.8. Plausible mechanism for solvent and co-catalyst-free fixation of CO2 

For elucidating the reaction mechanism for co-catalyst-free fixation of CO2 with the novel 

Mg-MOF catalyst, detailed periodic-DFT calculations were carried out for catalytic 

cycloaddition of epoxide with Mg-MOF catalyst (Figure A48). On the due course of the 

catalytic cycloaddition reaction of epoxide, for example, propylene oxide (PO). Initially the 

epoxide binds to the Mg(II) site of the MOF and simultaneously CO2 molecule interacts to 

the basic -NH sites of TATAB
3-

 linker. This process is supported by higher binding energy (-

63.81 kJ/mol) observed for coordination of PO to LA Mg(II) site when compared to the 

energy (-59.49 kJ/mol) estimated for binding of CO2 to Mg(II) site (Table A5). Therefore, the 

epoxides selectively interact with LA Mg(II) site of Mg-MOF with high binding energy over 

CO2 during the catalytic reaction. Based on the aforementioned discussion, the initial step in 

the catalysis is obtained by simultaneous interaction of the oxygen atom of the epoxide, i.e. 

O(PO) with LA Mg(II) and CO2 with the -NH of TATAB
3-

 linker. At the initial stage (IS), the 

polarized CO2 makes strong interaction with the -NH of TATAB
3- 

with a distance of 2.34 Å, 

in addition to the interaction of PO to Mg(II) with an interacting distance of 2.36 Å (Figure 

A49 and Scheme 3). Next, an incoming complex (IC) with relative energy of 18.3 kcal mol
-1 

is formed by the direct interaction of polarized CO2 molecules with an interacting distance of 

3.04 Å to the beta carbon of the PO, β-C(PO), and this direct to the ring-opening of epoxide 

(PO) (Figure A49). At the same time, O(PO) makes a strong binding with Mg(II) of MOF 

with an interacting distance of 2.36 Å, and further an alkoxide species is obtained by the 

strong interaction of polarized CO2 to the β-C(PO). This alkoxide complex with a high 

relative energy value of 29.5 kcal mol
-1

 represents the transition state (TS), also as shown in 

Scheme 3 the difference between the relative energies of TS and IC is as low as 11.2 
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kcal/mol, this is the rate-determining step for the CO2 fixation with Mg-MOF. While, the 

transition state, TS, is generated by a new bond, C(CO2)-O(PO), with a distance of 1.57 Å, 

and Mg(II)-O(CO2) interacting distance is ~2.0 Å. This TS leads to a ring closure 

intermediate stage, RC, with relative energy of 7.5 kcal/mol, which is a five-membered ring 

of propylene carbonate (PCC). In this five-membered ring, the newly formed bonds are 

C(CO2)-O(PO) and O(CO2)-β-C(PO) with a bond length of 1.29 and 1.41 Å, respectively. 

Finally, in the ring closure (FC) stage the Mg-MOF, catalyst is retained with relative energy 

of -4.4 kcal/mol
 
from the cyclic carbonate. The catalytic pathway based on DFT calculations 

for the cycloaddition of PO with CO2 is depicted in Scheme 2, which clearly illustrates that 

the Mg-MOF contains both Lewis acidic Mg(II) and basic -NH sites suitable for the 

polarization of epoxides and CO2, respectively.  

 

 

Scheme 3. DFT-energy profile for the cycloaddition reaction of CO2 with PO to produce 

PCC catalyzed by Mg-MOF. 

A proposed mechanism for the catalytic cycloaddition reaction of carbon dioxide with 

various epoxides catalyzed by Mg-MOF is shown in Scheme 4. As mentioned before, the first 

step involves the polarization of the epoxide at the coordinately unsaturated Mg(II) center. To 

get further support on this step, Mg-MOF was treated with ECH for 1 h at room temperature 

and then recovered by simple filtration followed by washing with methanol thoroughly. FT-

IR spectra of the recovered sample showed characteristic peaks at 2995 and 1660 cm
-1
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corresponding to C-H stretching and bending frequency of ECH (Figure A50). This 

experiment confirmed the interaction of epoxide with Mg-MOF. The subsequent step 

involves ring-opening of the epoxide by nucleophilic attack at the less hindered β-carbon 

atom of the epoxide. Then CO2 undergoes insertion into metal-alkoxide followed by an 

intramolecular ring-closure reaction leading to the formation of cyclic carbonate which upon 

elimination regenerates the catalyst for subsequent cycles (Scheme 4). 

 

 

Scheme 4. A plausible mechanism for the cocatalyst-free conversion of CO2 with the 

epoxide. 

 

3.4. Conclusion 

      In this chapter, the rational design of a novel bifunctional 3D MOF based on an eco-

friendly, Lewis acidic metal ion, Mg(II), and the multifunctional nitrogen-rich tripodal ligand 

is reported. The highly polar functionalized pores with Lewis acidic and basic functionalities 

facilitated the Mg-MOF with high CO2 uptake and efficient catalytic activity for fixation of 

CO2 from direct air into value-added cyclic carbonates under co-catalyst and solvent-free 

conditions. Theoretical simulations further supported the remarkable affinity of Mg-MOF for 

CO2 over other gases in the air. To the best of our knowledge, the Mg-MOF represents the 

first example of MOF-based heterogeneous catalyst exhibiting highly efficient fixation of 

CO2 from air under eco-friendly mild conditions. Moreover, the best mechanistic pathway for 

CO2 fixation with Mg-MOF catalyst in the absence of any co-catalyst was identified by 

thorough periodic-DFT calculations. This chapter paves the way for the design of efficient 

heterogeneous catalytic systems for the fixation of CO2 from direct air into value-added 

chemicals. 
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4.1. Introduction  

  The concentration of carbon dioxide in the atmosphere is increasing dramatically over 

the last two decades exceeding 400 ppm, currently.
1
 This significant rise in CO2 levels in the 

atmosphere has been ascribed to a variety of human activities that result in greater fossil fuel 

consumption resulting in major environmental issues.
2,3 

In this regard, carbon capture and 

sequestration (CCS) has been adopted to combat rising CO2 levels.
4,5 

However, owing to the 

energy-intensive nature of CCS, the application of an alternative and value-added option i. e. 

carbon capture and utilization (CCU) as a C1 resource for the production of valuable 

chemicals and fuels has gained potential interest.
6-14 

In this context, extensive research efforts 

are being made by researchers worldwide for the development of high-performance catalytic 

systems for the effective utilization of CO2 to prepare valuable compounds.
15-19

 Particularly, 

the fixation of CO2 from direct air offers potential advantages of carbon capture from any 

place irrespective of emission sources.
20-22

 However, the inertness of CO2 offers a significant 

challenge for its functionalization under moderate conditions. Among the several catalytic 

CO2 utilization processes known, the cycloaddition of carbon dioxide with epoxides to afford 

cyclic carbonates is regarded as the most atom-efficient process.
23-26 

Furthermore, cyclic 

carbonates are useful commodity chemicals in the manufacture of polymers and 

pharmaceuticals.
27-30 

However, most of the catalysts known for the production of cyclic 

carbonates require high CO2 pressure and/or high-temperature conditions.
31-35 

On the 

contrary, green and sustainable chemistry practices prefer the use of environmental-friendly 

mild conditions for the fixation of CO2 into valuable products.
36-38

 In this context, 

photocatalytic fixation of CO2 by utilizing natural sunlight as a light source for the production 

of high-value cyclic carbonates offers potential advantages over traditional thermally-driven 

conversion.
39-41

 Therefore, sunlight/visible-light-promoted conversion of CO2 into value-

added chemicals is sought to be a promising step toward green and sustainable 

development.
42

 However, the majority of the photocatalysts possess a wide band gap and are 

known to be active only in the UV region of the solar spectrum which constitutes only about 

4% of sunlight reaching earth. Consequently, the development of visible-light-active 

photocatalysts has gained significant interest since natural sunlight contains about 40% of 

visible light.
43-45

 However, to accomplish this, the catalyst should possess the properties of 

good visible light absorption, and a high surface area along with the high density of CO2-

philic and catalytic sites.
46-49 

 

On the other hand, in nature green plants utilize sunlight to split water and CO2 from the air 

to produce oxygen (O2) and reduced sugar in the process of photosynthesis.
50

 It is important 
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to note that the pigment chlorophyll having Mg-centered porphyrin unit is known to be 

responsible for the absorption of sunlight in facilitating natural photosynthesis.
51,52

 Besides, 

Mg(II) is known for its high CO2 affinity over other transition metal ions.
53-55

 Inspired by this 

natural photosynthesis, herein we report the application of Mg(II)-porphyrin framework for 

the utilization of CO2 to generate cyclic carbonates under light-promoted mild conditions. 

Indeed, the Mg(II)-incorporated porphyrin framework, PCN-224(Mg) showed good CO2 

capture ability with a high heat of adsorption (44.5 kJ/mol) which is about 7.8 kJ/mol higher 

than that of Mg-free MOF. Further, PCN-224(Mg) catalyzes efficient functionalization of 

CO2 under visible light-assisted, environmental-friendly mild conditions. Indeed, visible 

light/sunlight was found to play an important role in accelerating the catalytic activity by 

facilitating ligand-to-metal charge transfer (LMCT) from Mg-porphyrin secondary building 

unit (SBU) to the Zr site. This charge transfer further activates CO2 and thereby lowers the 

energy barrier for its coupling with epoxides to afford CC in high yield and TON. Theoretical 

studies carried out unveiled the detailed mechanistic path of the light-assisted transformation 

of CO2 to cyclic carbonates. Overall, this chapter highlights the environmental-friendly, 

sunlight-assisted photocatalytic conversion of CO2 into high-value chemicals. 

 

4.2. Experimental section 

4.2.1. Materials  

All the reagents used in this work were commercially available and used as received 

without any further purification. Mg(NO3)2.6H2O, ZrCl4, 4-formylbenzoate, and pyrrole were 

purchased from Sigma Aldrich Chemical Co. N, N'-dimethylformamide (DMF) and methanol 

(MeOH) were obtained from S. D. Fine Chem. Ltd. All the epoxides, propionic acid, and the 

internal standard used for catalytic reactions were purchased from TCI chemicals and used 

without further purification. 

 

4.2.1. Physicochemical characterization  

The phase purity of the as-synthesized samples was confirmed by powder XRD 

analysis using Rigaku Miniflex 600 with Cu Kradiation λnm). UV-Vis (Diffuse 

Reflectance) spectra were recorded on the Shimadzu spectrophotometer using BaSO4 as a 

reference. Thermogravimetric analysis (TGA) of the compounds was carried out on Metler 

Toledo Thermogravimetric analyzer in an inert (N2) atmosphere with a flow rate of 30 

mL/min in the temperature range of 30–600 C and a heating rate of 5 C/min. FTIR (Fourier 
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transform infrared) spectra of the samples were recorded from 400 to 4000 cm
-1

 on a Perkin 

Elmer ATR-FTIR spectrometer. Gas adsorption studies were carried out on Quantachrome 

QUADRASORB-SI automatic volumetric instrument. Thermo Fischer Flash 2000 Elemental 

Analyzer was used for elemental analyses (CHN) of the samples. The metal content of Mg in 

the MOF was determined by Agilent’s microwave-plasma atomic emission spectrometer 

(MP-AES). The catalytic conversions were analyzed by recording 
1
H-NMR spectra of the 

products on a JEOL JNM-ECS-400 spectrometer operating at a frequency of 400 MHz using 

an internal standard.  

 

4.2.2. Synthesis 

4.2.2.1. Synthesis of 5, 10, 15, 20-tetrakis (4-methoxycarbonylphenyl) porphyrin 

(TPPCOOMe) 

In a 250-mL round bottom flask, methyl 4-formylbenzoate (6.9 g, 0.042 mol) was 

added to 100 mL of propionic acid. To this solution, 0.043 mol (3.0 mL) pyrrole was added 

dropwise and the solution was refluxed at 140 °C for 12h. After the reaction mixture was 

cooled down to room temperature the solid obtained was filtered and washed with methanol 

and water and dried under vacuum to obtain a purple solid (1.8 g, 2.12 mmol, 20% yield). 
1
H 

NMR (400 MHz, CDCl3) δ: 8.82 (s, 8H), 8.43 (d, 8H), 8.29 (d, 8H), 4.10 (s, 12H), -2.83 (s, 

2H). 

                                                                                                                                                                                                                                   

4.2.2.2. Synthesis of 5, 10, 15, 20-tetrakis (4-methoxycarbonylphenyl) Mg(II) porphyrin 

(Mg(II)TPPCOOMe)  

In a 250-mL round bottom flask, TPPCOOMe (1 mmol, 0.854 mg) and MgCl2 (12.8 

mmol) were mixed in 100 mL DMF. Then 1 mL triethylamine was added to this solution and 

stirred at room temperature for 10 min and then refluxed for 24 h. After cooling to room 

temperature, the solution was poured into 150 mL of water and the solid obtained was 

filtrated and collected. The obtained solid was dissolved by chloroform and the organic phase 

was washed with water five times and dried over anhydrous magnesium sulfate. The 

chloroform was evaporated under reduced pressure and the resulting solid was dried in an 

oven at 100 °C. The product was characterized by 
1
H NMR analysis. 

 

4.2.2.3. Synthesis of [5, 10, 15, 20-tetrakis (4-carboxyphenyl) porphyrin] (H4TCPP(H2))  

In a 250-mL round bottom flask, 0.75 g of TPPCOOMe was dissolved in a mixture of 

25 mL of THF and 25 mL of MeOH, to which an aqueous solution of 2.63 g KOH (0.0469 
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mol) in 25 mL H2O was added. This mixture was refluxed for 12 h and after being cooled to 

room temperature the solvent was evaporated. Additional water was added and filtered, the 

filtrate was acidified with 1M HCl until complete precipitation of purple solid of the ligand 

which was collected by filtration, washed with water, and dried in vacuum at 60 °C. The 

product was characterized by 
1
H NMR analysis. 

 

4.2.2.4. Synthesis of [5, 10, 15, 20-tetrakis (4-carboxyphenyl) Mg(II) porphyrin] 

(H4TCPP(Mg))  

In a 250-mL round bottom flask, 0.75 g of Mg(II)-TPPCOOMe was dissolved in a 

mixture of 25 mL of THF and 25 mL of MeOH to which an aqueous solution of 2.63 g KOH 

(0.0469 mol) in 25 mL H2O was added. This mixture was refluxed for 12 h and after being 

cooled to room temperature the solvent was evaporated. Additional water was added and 

filtered, the filtrate was acidified with 1M HCl until complete precipitation of the purple solid 

of the ligand which was collected by filtration, washed with water, and dried in vacuum at 60 

°C. The product was characterized by 
1
H NMR analysis (Figure A51). 

 

 

Scheme 1. The synthesis scheme of [5, 10, 15, 20-Tetrakis (4-carboxyphenyl) Mg(II) 

porphyrin] (H4TCPP(Mg)) ligand. 
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4.2.2.5. Synthesis of PCN-224 and PCN-224(Mg) 

The PCN-224 and PCN-224(Mg) were prepared by following the previously reported 

procedure with a little modification by using H4TCPP(H2) and MgH4TCPP(Mg) ligands, 

respectively (Scheme 1).
1 

Briefly, ZrCl4 (0.5 mmol, 117 mg), benzoic acid (10 mmol, 1.2 g), 

H4TCPP(H2) ligand (0.05 mmol, 40 mg), acetic acid (0.5 mL) were mixed in 7.5 mL of DMF 

and the solution was sonicated for 15 min in a 30 mL glass vial. The vial was sealed by 

Teflon cap and heated at 120 ºC for 24h. For the synthesis of PCN-224(Mg), a similar 

procedure was used except the use of the H4TCPP(Mg) ligand (0.05 mmol, 40 mg) in place of 

the H4TCPP(H2)  ligand.  

 

4.2.3. Gas adsorption measurements 

 N2 adsorption-desorption studies were carried out at 77 and 273K, while CO2 

adsorption-desorption measurements were carried out at 273, and 298K using 

QUANTACHROME Quadrasorb SI automated surface area and pore size analyzer 

instrument. For CH4 the measurement was carried out at 273K. Ultrapure (99.995%) N2, He, 

CH4, and CO2 gases were used for the adsorption-desorption measurements. Prior to 

adsorption measurements, the sample (~ 0.10g) was exchanged with methanol and activated 

at 120 °C for 12 h under vacuum in QUANTACHROME Flovac degasser and further purged 

with ultrapure N2 (99.995%) gas on cooling. PXRD patterns of the activated samples 

revealed the retaining of the original framework structure after activation. The BET surface 

area of the MOFs was estimated from N2 sorption isotherms carried out at 77K. The gas 

selectivity experiments were carried out at 273K. The dead volume of the sample cell was 

measured using Helium gas (99.995%). 

 

4.2.4. Catalytic cycloaddition reactions of CO2 with epoxides  

The cycloaddition reactions of CO2 with various epoxides were carried out in the 

Schlenk tube. Before catalytic reactions, the PCN-224(Mg) was exchanged with methanol 

and activated at 120 °C for 12 h under vacuum to remove guest solvent molecules. In a 

typical reaction, the epoxide (20 mmol), and the activated MOF catalyst (0.1 mol%) were 

taken in the Schlenk tube at room temperature. Then, CO2 (1 atm) (99.99%) was introduced 

using a balloon and the reaction mixture was allowed to stir under irradiation with LED lights 

(3 X 30W) for 6 h. After this time, the catalyst was separated from the reaction mixture by 

simple centrifugation and the catalytic conversions were determined from the 
1
H NMR 

spectra of the filtrate. The recovered catalyst was washed with methanol thoroughly and 
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activated at 120 °C under vacuum for 12 h and reused for subsequent catalytic cycles. A 

similar procedure was employed for the catalytic reactions carried out with simulated flue gas 

(N2:CO2 = 87:13%) and by continuous bubbling of laboratory air (for CO2 conversion from 

direct air). Further, a similar procedure was followed for the sunlight-driven catalytic 

reactions in which the catalytic reactions were carried out on the terrace of S. S. Bhatnagar 

Block, IIT Ropar, Punjab, India, from 10 AM to 4 PM. It is worth mentioning that, during 

these catalytic reactions, the temperature of the reaction was in the range of 30-35 °C. The 

photocatalysis was carried out by using white LED light (3 X 30W) possessing maximum 

emission (λmax) at 450 nm. The light intensity or the number of photons per unit area received 

was measured by flux meter and the value was 3.3 × 1017 photons s
−1

. 

 

4.2.5. Theoretical section 

The geometry optimization of the primitive structure of Mg-MOF unit crystal, 

HOMO, and LUMO was carried out using density functional theory (DFT) with gradient 

exchange-correlational functional of B3LYP. The Pople basis of 6-31G* has been used for all 

main group elements of H, C, N, O, and the LANL2DZ basis set was implemented for the Zr 

transition metal.56
 We have included Grimme’s dispersion (DFT-D3) correction to account 

for the effect of all weak interactions.
57

 The electronic absorption spectra (ligand to metal 

charge transfer, LMCT) have been performed by the time-dependent density functional 

theory (TD-DFT) method, scanning across 300 excited states. All TD-DFT calculations were 

performed using the PBE functional with the same basis set. All calculations were performed 

using Gaussian 09 software. The adsorption energy (A.E.) of the gaseous species on the metal 

center (Mg and Zr) of Mg-MOF was calculated by the following equation.  

                        

Where, x denotes the gaseous species such as CO2, N2, and O2. The        ,      and     

represents the total energy of the gas-adsorbed MOF, free MOF, and individual gas species, 

respectively. The reaction-free energy changes (∆G) have been calculated from the reaction-

free energy difference between the final and initial intermediates. The Zero-point vibrational 

energy (ZPVE) and thermal correction have been considered in total electronic energy to 

obtain the reaction-free energy at 298.15 K temperature and 1 atm pressure. The transition 

state (TS) has been confirmed in presence of one imaginary frequency along the expected 

reaction coordinate. The Natural bond orbital (NBO) calculations have also been considered 

on some intermediates to investigate the natural charges.58  
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4.3. Results and discussion 

4.3.1. Synthesis and characterization  

The H4TCPP(H2) (5, 10, 15, 20-Tetrakis (4-carboxyphenyl) porphyrin) ligand and 

H4TCPP(Mg) metalloligand were synthesized by following the previously reported procedure 

with a little modification.59
 The PCN-224 and PCN-224(Mg) were prepared by adopting the 

reported synthetic route with a slight modification by using H4TCPPH2 and H4TCPP(Mg) 

ligands, respectively (Scheme 2).
50 

 

 

Scheme 2. The synthesis scheme of PCN-224(Mg). 

 

The 
1
H NMR spectrum of H4TCPP(Mg) metalloligand showed the disappearance of 

pyrrolic N-H peaks indicating the incorporation of Mg(II) ion into the porphyrin ring (Figure 

A52. Further, FTIR spectra of the MOF established the absence of characteristic peak at 3320 

cm
-1 

corresponding to N-H stretching frequency of the porphyrin ring (Figure A52) 

supporting the incorporation of Mg(II) ions into the porphyrin ring.60
 Moreover, the UV-Vis 

absorption spectrum of metal-free porphyrin ligand showed an intense Soret band at 418 nm 

[a1u→eg] with four Q bands [a2u→eg (forbidden)] at 515, 548, 592, and 648 nm. Notably, 

upon the incorporation of Mg(II), the soret band was shifted to 428 nm and the number of Q 

bands was reduced to two (565 and 605 nm) which can be ascribed to a change in the 

symmetry of the molecule from D2h  to D4h  (Figure A53).61  
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The powder XRD patterns of both the frameworks were well-matched with the 

simulated pattern indicating the phase purity of the samples and retaining of the original 

framework structure even after Mg(II) was incorporated. However, a slight broadening of the 

peaks was observed for PCN-224(Mg) which could be attributed to a partial loss of 

crystallinity of the framework (Figure 1a). The UV-Vis diffuse reflectance spectra (DRS) of 

the MOFs showed broad absorption in the visible region (400–700 nm) featuring Soret and Q 

bands (Figure 1b). The bandgap energy (Eg) for PCN-224 and PCN-224(Mg) estimated from 

the Tauc plot, (αhν)
2
 vs photon energy (hν) was found to be 2.64 and 2.70 eV, respectively 

(Figure A54).  

 

 

Figure 1. (a) PXRD pattern of simulated PCN-224 (i), as-synthesized PCN-224 and PCN-

224(Mg) (ii and iii), (b) UV-vis diffuse reflectance spectra (DRS) of PCN-224 (i), PCN-

224(Mg) (ii), SEM image of PCN-224 (c), and PCN-224(Mg) (d). 

 

The calculated band gap values highlight the visible light absorption properties of the 

frameworks. Further, FE-SEM analysis of MOFs revealed that the cubic morphology of 

PCN-224 was retained even after Mg(II) is incorporated in the porphyrin ring (Figures 1c and 

1d). The energy dispersive spectroscopy (EDS) analysis supports the incorporation of Mg(II) 
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in the framework (Figure A55). Further, thermogravimetric analysis (TGA) of the MOFs 

revealed that the thermal stability of the pristine MOF was not altered significantly even after 

Mg(II) was embedded, and both the MOFs exhibited stability up to 430 ºC (Figure A56).  

 

4.3.2. X-ray photoelectron spectroscopy (XPS) analysis 

The XPS survey scan of PCN-224(Mg) showed the presence of Zr, Mg, C, N, and O 

elements (Figure 2a). Further, the Mg(II) spectra showed a characteristic peak at binding 

energy (BE) of 1304.7 eV which is well-matched with MgN4 XPS spectra of Mg(II)-ion in 

chlorophyll (1304.3 eV)62 supporting the incorporation of Mg(II) into the porphyrin ring 

(Figure 2b). Further, the N 1S spectrum (Figure 2c) shows a binding energy peak at 400.0 eV 

which is in accordance with the reported BE for N in chlorophyll (400.1 eV).
51

 The 

appearance of a single peak for the N 1S can be attributed to the symmetric environment of 

all the four nitrogen atoms of the porphyrin ring due to metallation (M-N4) aided by a change 

in the symmetry of the molecule from D2h to D4h. Similar observations are reported for the N 

1S spectra of the metallated porphyrin systems.
59

 The Zr(IV) spectra (Figure 2d) show peaks 

at a binding energy of 182.6 and 184.9 eV assigned to 3d5/2 and 3d3/2, respectively.63  

 

 

Figure 2. XPS spectra of PCN-224(Mg) (a) Survey scan, (b) Mg 1S, (c) N 1S, and (d) Zr 3d.  
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4.3.3. Gas adsorption study  

The N2 adsorption measurements were carried out to estimate the permanent porosity 

of the MOFs and the estimated Brunauer-Emmett-Teller (BET) surface area for PCN-224, 

and PCN-224(Mg) were found to be 1611.6 and 1251.1 m
2
/g, respectively (Figure 3a). The 

reduction in the BET surface area of PCN-224(Mg) framework can be assigned to a partial 

loss of porosity upon the incorporation of the metal ion in the macrocyclic pyrrole ring of the 

porphyrin ligand.
62,63

 Further, the CO2 adsorption isotherms of PCN-224 and PCN-224(Mg) 

showed type-I plots with an uptake of 86.43/43.22 cc/g and 47.64/29.9 cc/g at 273/298K, 

respectively (Figure 3b). It is worth highlighting that PCN-224(Mg) exhibited exceptionally 

high CO2 uptake of 379.86 cc/g (74 wt%) at 195K which is found to be about 1.6 times 

higher than that of PCN-224 (229.21 cc/g: 45 wt%).  

 

 

Figure 3. (a) N2 adsorption isotherms for (i) PCN-224, (ii) PCN-224(Mg), (iii) recycled 

PCN-224(Mg), (b) CO2 adsorption isotherms of PCN-224(Mg) (i and ii ) and PCN-224 (iii 

and iv) carried out at 273 and 298 K, respectively, (c) selective CO2 adsorption isotherm of 

PCN-224(Mg) and (d) recyclable CO2 adsorption carried out at 273 K.  
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Further, the isotherms were fitted with the Freundlich-Langmuir equation64 (Figure 

A57-A60) to get saturation adsorption values which were incorporated in Clausius-Clayperon 

equation65
 to compute the heat of adsorption (Qst) value (Figure 4). Interestingly, PCN-

224(Mg) showed a Qst value of 44.5 kJ/mol which is about 7.8 kJ/mol higher than that of 

pristine MOF (36.7 kJ/mol). Further, the experimentally determined value of Qst was 

supported by a theoretically calculated value of 44.6 kJ/mol. These studies highlight that 

incorporation of Mg(II) in MOF enhances its CO2 uptake and heat of adsorption.66 Besides, 

the PCN-224(Mg) showed selective as well as recyclable CO2 adsorption over other gases 

like CH4 and N2 (Figure 3c and 3d) with Henry selectivity constant of 67.6 and 53.1 for 

CO2/N2 and CO2/CH4, respectively (Figure A61).  

 

 

Figure 4. The heat of adsorption (Qst) plots of carbon dioxide for (a) PCN-224(Mg), 

and (b) PCN-224(Mg). 

 

4.3.4. Photocatalytic fixation of CO2 

The broad absorption property of PCN-224(Mg) in the visible region along with its 

optimal bandgap (2.70 eV) prompted us to test its application for light-assisted fixation of 

CO2. To begin with, the photocatalytic activity was examined for cycloaddition of CO2 with 

epichlorohydrin (ECH) as model epoxide by varying the reaction parameters (Table A18, 

Figure A62). At the optimized conditions of RT and 1 atm (balloon) CO2, the use of PCN-

224(Mg) as a catalyst and TBAB (tetrabutylammonium bromide) as cocatalyst afforded more 

than 99 % conversion of ECH to CC within 6 h (Figure 5a) under the irradiation with three 30 

W white LED bulbs as a visible light source (λ = 450 nm) (Figure A63).67 Whereas, the use of 

pristine MOF as a catalyst resulted in only about 47% conversion of ECH to CC at the 

optimized conditions (Figure 5a). Hence, from the controlled experiments it was revealed that 
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the Mg-incorporated framework showed about 2.1 times higher catalytic performance in 

comparison to that of PCN-224. Further, to evaluate the role of light in accelerating the 

conversion of ECH, the catalysis was carried out under thermal conditions. Notably, the 

catalytic reaction carried out at RT in dark showed only 18% conversion of ECH to CC 

(Figure 5b). As the temperature of the reaction was increased, conversion of ECH was also 

found to increase and complete conversion (> 99%) was reached at 80 °C (Figure 5b). The 

rate constants for conversion of ECH to CC catalyzed by PCN-224(Mg) were estimated to be 

0.03 and 0.54 h
-1

 carried out at dark, and white LED light irradiation, respectively (Figure 5c, 

and A81). The calculated rate constant values suggest about 18 folds enhancement in the rate 

of the catalytic reaction carried out under LED light over dark conditions (Figure A64). 

These observations unambiguously support the light-promoted acceleration in catalytic 

activity for the conversion of ECH to CC at mild conditions of RT and 1 atm (balloon) of 

CO2. Further, to test the role of CO2 in the formation of CC, the catalytic reaction was carried 

out in the absence of carbon dioxide using an Ar atmosphere. To our delight, no formation of 

CC was observed supporting the formation of CC by cycloaddition of CO2 (Figure 5a). To 

investigate the role of cocatalyst, the catalytic activity of PCN-224(Mg) was carried out in the 

absence of TBAB which resulted in no formation of CC (Table A18). Whereas, the use of 

TBAB alone as a catalyst afforded only about 17% conversion of epoxide at the optimized 

conditions. These results suggest the requirement of a bifunctional catalytic system involving 

both MOF and TBAB for efficient conversion of epoxide (Table A18, Figure 5a).  

Encouraged by the high photocatalytic activity of PCN-224(Mg), the scope of the catalysis 

was broadened to various epoxides and the results are summarized in Table 1. From the 

results, it was noticed that smaller epoxides were completely converted into the respective 

cyclic carbonates, while for the larger epoxides, the conversion decreases with an increase in 

the alkyl chain length of the epoxides (Table 1). These observations can be assigned to the 

limited diffusion of bigger epoxides in the narrow voids of the framework. However, a little 

increase in the catalytic conversion observed for allyl glycidyl ether and butyl glycidyl ether 

can be rationalized to their electron-donating nature. Besides, the aromatic epoxide, styrene 

oxide was also converted into styrene carbonate with a 78% yield at the optimized conditions. 
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Figure 5. Optimization of photocatalytic cycloaddition of CO2 with ECH by varying (a) 

catalyst, (b) temperature, (c) catalytic activity in dark and light conditions, and (d) sunlight-

dependent photocatalysis.   

 

This visible light-promoted enhanced catalytic activity of PCN-224(Mg) motivated us 

to test its application for CO2 fixation under natural sunlight irradiation. At the optimized 

conditions, almost complete conversion (> 99%) of ECH was observed within 6h and from 

time-dependent study, the calculated rate constant was 0.66 h
-1

, which is about 1.2 times 

higher than that of the catalysis carried out under LED light irradiation. This higher catalytic 

activity of PCN-224(Mg) under natural sunlight irradiation over the LED light could be 

attributed to the presence of 3-4% UV radiation in sunlight.68,69 Further, the effect of light 

intensity on the catalytic activity of the MOF was studied by carrying out the reaction in 

sunny, dark, rainy, and cloudy conditions (Figure 5d). Interestingly, the catalytic activity was 

highest for the reaction carried out on a sunny day over the other conditions supporting the 

sun-light promoted the catalytic activity of PCN-224(Mg).  
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Table 1. Photocatalytic fixation of CO2 to cyclic carbonates under optimized conditions.
a
 

 
Entry 

No. 

Substrate 

(R) 

Product Conversion
b
 

(%) 

TON
c
 

1 

 
 

99 3980 

2 

  

99 3974 

3 

 
 

94 3768 

4 

 
 

83 3332 

5 

  

79 3164 

6 

 
 

89 3568 

7 

 
 

86 3452 

8 

  

76 3044 

a
Reaction conditions: catalyst (0.025 mol%), epoxide (20 mmol), TBAB (1 mol%), LED light 

(3 X 30 W), time (6h), pressure (1 atm), 
b
The conversions are based on 

1
H NMR analysis by 

taking 1,1,2,2-tetrachloroethylene as internal standard. 
c
TON = number of mol of product 

formed / number of mol of catalyst used.  

 

The rate constant (0.66 h
-1

) for the catalytic reaction carried out in sunlight was found 

to be about 21 times higher than that of the dark condition (0.03 h
-1

). It is worth mentioning 

that, during these catalytic reactions, the temperature of the reaction was in the range of 30-
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35 °C, which rules out the influence of temperature on the catalytic rate. These experiments 

signify the importance of light in accelerating the conversion of CO2 under mild conditions. 

Encouraged by the high catalytic activity of PCN-224(Mg) under sunlight irradiation, the 

catalysis was extended for other epoxides, and the results are shown in Table 2. Notably, 

most of the epoxides were converted to their respective CCs with high yield and TON at the 

mild conditions of RT and 1 atm (balloon) conditions under natural sunlight irradiation 

(Table 2). 

 

Table 2. Photocatalytic fixation of CO2 into cyclic carbonates under natural sunlight 

irradiation.
a
 

 

Entry 

No. 

Substrate 

(R) 

Product Conversion
b
 

(%) 

TON
c
 

1 

 
 

99 3992 

2 

  

95 3779 

3 

  

86 3456 

4 

  

80 3054 

5 

 
 

94 3760 

6 

 
 

89 3568 

7 

 
 

82 3292 

a
Reaction conditions: epoxide (20 mmol), catalyst (0.025 mol%), TBAB (1 mol%), sunlight, 

time (6h), and temperature (30-35 ºC). 
b
The catalytic conversions were determined by 

1
H 

NMR analysis by taking 1,1,2,2-tetrachloroethylene as the internal standard. 
c
TON = number 

of mmol of product formed / number of mmol of catalyst used. 
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4.3.5. Photocatalytic fixation of CO2 from direct air 

The excellent photocatalytic activity of PCN-224(Mg) with high selectivity (>99%) 

and TON motivated us to explore its catalytic performance for the conversion of CO2 from 

direct air. Towards this direction, the photocatalytic performance of PCN-224(Mg) was 

studied by the use of laboratory air as a CO2 source. The reaction conditions were optimized 

by varying catalyst amount as well as reaction time as shown in Table A19. The catalytic 

activity carried out using PCN-224(Mg) at RT resulted in about 39% conversion of ECH to 

CC with continuous bubbling of laboratory air. Further, the yield of CC was enhanced to 68 

and 97% upon increasing the reaction time to 24 and 48h, respectively. It is worth noting that 

atmospheric air comprises of 400 ppm of CO2 and therefore the catalyst used must be 

extremely reactive to capture and convert carbon dioxide from such a low concentration.
70-72 

This excellent photocatalytic activity of PCN-224(Mg) further prompted us to study the 

substrate scope by varying epoxides. Interestingly, a series of epoxides (both aliphatic and 

aromatic) were converted to CCs using direct air as a carbon dioxide source (Table 3). To our 

knowledge, this work constitutes a unique demonstration of visible light-assisted fixation of 

CO2 for high-yield cyclic carbonate synthesis by using MOF-based heterogeneous catalysts 

under mild conditions. 

 

4.3.6. Mechanistic investigation      

To establish the role of photo-generated electrons and holes in the light-assisted CO2 

fixation catalyzed by PCN-224(Mg), controlled reactions were carried out in the presence of 

Na2S2O8 and EDTA (ethylenediaminetetraacetic acid) as electron and hole scavengers, 

respectively. Interestingly, when the catalysis was carried out in presence of Na2S2O8 and 

EDTA, the conversion of ECH was significantly reduced to 34 and 37%, respectively. Thus 

the observed reduction in the catalytic conversion of ECH supports the participation of photo-

generated electrons and holes in the photocatalytic reaction. Further, to get support for the 

higher catalytic activity of PCN-224(Mg) over the pristine MOF, transient photocurrent-time 

(i vs t) measurements were carried out under fitful visible light irradiation. As shown in 

Figure 6a, the photocurrent density sharply increases under irradiation of light due to the 

facile separation of charge carriers. Whereas, when the light is turned off, the photocurrent 

density decays to zero (Figure 6a). Indeed, PCN-224(Mg) showed higher photocurrent 

density compared to pristine MOF due to the fast separation and migration of charge carriers 

to the reaction sites.
73 

Thus, the higher photocurrent response of PCN-224(Mg) is in 

accordance with its higher catalytic performance over the pristine MOF.  
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Table 3. Photocatalytic fixation of CO2 to cyclic carbonates from direct air under optimized 

conditions.
a
 

 

Entry 

No. 

Substrate 

(R) 

Product Conversion
b
 

(%) 

TON
c
 

1 

 

 

68 907 

2* 

 
 

97 1293 

3 

  

62 826 

4 

 
 

54 720 

5 

  

51 680 

6 

  

59 786 

7 

 
 

56 746 

8 

  

48 640 

a
Reaction conditions: catalyst (0.075 mol%), epoxide (20 mmol), TBAB (1 mol%), LED light 

(3 X 30 W), 24h, *time (48h). 
b
The catalytic conversions were based on 

1
H NMR analysis by 

taking 1,1,2,2-tetrachloroethylene as an internal standard. 
c
TON = number of moles of 

product formed / number of moles of catalyst used.  
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This enhanced catalytic activity can be correlated to facile charge transfer from the Mg-

porphyrin SBU to the Zr6-oxo cluster which further activates CO2 to lower the energy barrier 

required for its activation. Further support for the higher catalytic activity of PCN-224(Mg) 

came from photoluminescence measurements carried out with an excitation wavelength of 

440 nm (Figure 6b). As it can be seen from Figure 5b, the MOFs show emission bands 

around 680 nm and the emission intensity of PCN-224(Mg) was quenched in comparison to 

non-metallated MOF supporting efficient charge separation which is in line with the 

photocurrent data. Overall, both photocurrent and fluorescence measurements support the 

higher catalytic activity of PCN-224(Mg) over the parent MOF.  

 

 

Figure 6. (a) Transient photocurrent (i vs t) response of (i) PCN-224(Mg), and (ii) PCN-224. 

(b) PL spectra of (i) PCN-224, and (ii) PCN-224(Mg).  

 

4.3.7. Theoretical insight for the LMCT transition  

To get further insights into the light-assisted charge transfer from Mg-porphyrin SBU 

to the Zr6-oxo cluster, density functional theory (DFT) calculations were performed using the 

B3LYP functional as implemented in the Gaussian 09.74,75 The time-dependent density 

functional theoretical (TD-DFT) calculations were performed on the Mg(II)-porphyrin SBU 

connected to Zr6-oxo cluster (Mg-MOF) as a model system for the PCN-224(Mg) (Figure 

6a). We have performed the TD-DFT calculations with and without the addition of 

epichlorohydrin (ECH) epoxide to understand the charge transfer process between the 

porphyrin SBU to Zr metal of Zr6-oxo cluster. The simulated absorption spectra show that the 

absorption occurs at 430-530 nm for the Mg-MOF (Figure A65). However, the binding of 

ECH to the Mg-center resulted in a bathochromic shift (451-562 nm) in the absorption 
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spectra (Figure A66), which is in good agreement with our experimental solid-state UV-Vis 

absorption spectra (Figure 1b). Thus, these observations indicate that the ligand-to-metal 

charge transfer (LMCT) process from Mg-porphyrin SBU to the Zr6-oxo cluster is enhanced 

in the presence of epoxide. To understand further, we have done the molecular orbital 

analysis, which shows that the high-intensity and low-intensity optical transitions can be 

characterized as HOMO-1 to LUMO+3 and HOMO to LUMO+2 transitions, respectively 

(Figure 7). 

 

 

Figure 7. (a) Optimized structure of Mg(II)-porphyrin SBU connected to Zr6-oxo cluster 

(Mg-MOF) as a theoretical model system, (b) in presence of epoxide, the frontier molecular 

orbitals involved in the optical transitions of PCN-224(Mg) are low intensity, and (c) high 

intense peak. Colour code: Zr, cyan; Cl, green; Mg, yellow; O, red; N, blue; C, grey. For 

clarity, we have removed the hydrogen atoms. 

 

The low-intense HOMO to LUMO+2 (562 nm) transition is derived mainly from the 

non-bonding and bonding p-like states of nitrogen and carbon atoms of porphyrin SBU to the 

antibonding states of Zr 4d and p of the linkers (Figure 7b). Whereas high intense HOMO-1 

to LUMO+3 (451 nm) transition is derived mainly from the bonding p-like states of 

porphyrin SBU to the antibonding 4d states of Zr atom in Zr6-oxo cluster (Figure 7c). To get 
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further support on the LMCT, we have studied the charge transfer process using electron-rich 

propylene oxide (PO) epoxide, in this case, the wavelength of high and low intense optical 

transitions have shifted to 468 and 568 nm, respectively. Hence a bathochromic shift in the 

absorption spectra is observed in the presence of PO epoxide, supporting enhanced LMCT 

from porphyrin SBU to Zr6-oxo cluster (Figure A67). Similarly, we have studied the 

absorption spectra of Mg-MOF without epoxide, where the high and low intense peaks have 

been observed around the wavelengths of 438 and 530 nm with the associated transition of 

HOMO to LUMO+3 and HOMO to LUMO+2, respectively (Figure A67).  

         Overall, the TD-DFT calculations revealed that the coordination of epoxide to the 

Mg(II) site led to an enhanced photo-induced charge transfer process owing to the electron-

donating nature of epoxides. This phenomenon can be realized by a change in the 

HOMO/LUMO energies of Mg-MOF with and without epoxide. Upon the addition of 

epoxide, the LUMO energy of MOF has increased to -2.198 eV from -2.277 eV, supporting 

the charge-transferring phenomena (Table A20). Moreover, the charge transfer process can 

also be explained from our natural bond orbital (NBO) charge analysis
 
where the charge on 

Mg in SBU has decreased to +1.426 |e| from +1.439 |e| in the presence of the epoxide. As a 

result, the LMCT process is enhanced in the presence of epoxide as previously reported by 

Huang and co-workers.
45

 Therefore, our TD-DFT study confirms the photo-generated charge 

transfer process from Mg-porphyrin SBU to Zr6-O cluster via the LMCT process. Such a 

charge transfer process facilitates the activation of CO2* (O-C-O bond angle of 171 ) 

resulting in the lowering of the energy barrier for its fixation with the epoxides to yield CC 

under mild conditions. 

 

4.3.8. Mechanistic investigation of photocatalytic CO2 fixation 

  To understand the mechanism of photocatalytic CO2 cycloaddition by Mg-

MOF, we have calculated the stepwise reaction of free energy and activation barrier of the 

important steps, and the corresponding reaction free energy profile diagram is shown in 

Figures 8, and A68. Upon the addition of ECH epoxide, the formation of complex b takes 

place with reaction free energy of 6.74 kcal/mol. The reaction is endergonic which could be 

due to the interaction of epoxide and CO2. The O of ECH interacts with Mg(II) at a distance 

of 2.1 Å as well as molecular CO2 can interact with the Zr site through C and O atoms, with 

CO2(O)-Zr and CO2(C)-Zr distances of 4.0 and 3.8 Å, respectively. Then Br
-
 of TBAB 

interacts with the epoxide for the formation of intermediate c with an activation barrier of 

0.08 kcal/mol and reaction-free energy of -10.14 kcal/mol. As shown in Figure 8 the TS of 
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the reaction is placed at higher energy in the reaction free energy profile and therefore, this 

could be the rate-determining step for this CO2 cycloaddition reaction. This step (b   c) is 

highly exergonic (10.14 kcal/mol) which may be due to the strong Lewis acid-base 

interaction of Mg(II) and O of the epoxide. In the case of intermediate d, the activated CO2* 

(O-C-O bond angle of 171 ), formed due to the charge transfer from the Zr6-O cluster 

interacts with ECH through O(ECH)-C(CO2*) interaction, resulting in the formation of 

alkoxide with a reaction free energy of -0.72 kcal/mol. Furthermore, the ring closer occurs 

leading to the formation of five-membered cyclic carbonate f with C(CO2)–O(ECH) and 

O(CO2)–β-C(ECH) bond lengths of 1.34 Å and 1.46 Å, respectively. Our calculated total 

reaction free energy and activation barrier are -13.1 and 6.82 kcal/mol, respectively which 

indicate the thermodynamic as well as kinetic favourability of the reaction. Based on the 

aforementioned discussion, the proposed mechanism for the photocatalytic conversion of 

CO2 to CC is given in Scheme 3. 

 

 

Figure 8. Reaction-free energy profile for cycloaddition of CO2 with epichlorohydrin (ECH) 

catalyzed by PCN-224(Mg). Color code: Brown, Br; cyan, Zr; green, Cl; yellow, Mg; red, O; 

blue, N; grey, C; orange, O(CO2); magenta, O(ECH); pink, C(ECH); violet, C(CO2). For 

clarity, we have removed the hydrogen atoms.   
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The photocatalytic reaction proceeds with the polarization of epoxide and CO2 at the 

Mg-porphyrin SBU and Zr-node, respectively. To get further support on the polarization of 

epoxide at Mg(II) site, PCN-224(Mg) was treated with ECH for 2 h and then retrieved, 

washed with methanol, and dried under vacuum. The FT-IR spectra of the recovered PCN-

224(Mg) depicted C-H stretching frequency at 2998 cm
-1

 corresponding to ECH (Figure 

A69). Then the nucleophilic attack of Br- of TBAB at the α-carbon of the epoxide results in 

the ring-opening of the epoxide leading to Mg-alkoxide formation. Subsequent insertion of 

activated CO2 (bent) followed by ring closure leads to CC formation and upon its release 

regenerates the active catalyst.   

 

 

Scheme 3. The mechanism for the photocatalytic cycloaddition of CO2 with epoxide.  

 

4.3.9. Catalyst recyclability and leaching test 

The recyclability of PCN-224(Mg) was tested by recovering it from the reaction 

medium and then washing by methanol and drying under vacuum at 120 °C for 12 h. It's 

worth highlighting that the MOF catalyst was recyclable for ten cycles with no substantial 

loss in the catalytic activity (Figure 9a). Further, the recycled MOF was characterized by 
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PXRD, FT-IR, and UV-Vis techniques. The PXRD pattern of the recycled sample matches 

well with that of the pristine sample, except that a slight broadening of the peaks was 

observed which could be ascribed to a partial loss of crystallinity of the MOF due to its 

utilization for ten catalytic cycles with continuous stirring during catalysis (Figure A70). 

Further, FT-IR and UV-Vis spectra of the recycled sample were found to be similar to that of 

the as-synthesized sample (Figures A71 and A72). Further, N2 adsorption studies revealed a 

slight reduction in the BET surface area of the recycled MOF (1239.7 m
2
/g) in comparison to 

that of the parent sample (1251.1 m
2
/g) supporting holding of the original framework 

structure (Figure 3a). To rule out any leaching of active metal, Mg(II)/Zr(IV) into the 

homogenous phase, the catalytic reaction was stopped after 2 h, and the catalyst was 

separated by filtration, then the reaction was continued for the remaining time under 

optimized conditions. Interestingly, no appreciable increase in the catalytic conversion (<5%) 

was observed affirming the heterogeneous nature of the catalysis (Figure 9b). Furthermore, 

MP-AES analysis of the reaction filtrate showed the absence of active metals (Zr/Mg) further 

supporting the absence of leaching of the catalyst during photocatalysis (Figure A73). 

 

 

Figure 9. Catalyst recyclability (a) and leaching test (b).  

 

4.4. Conclusion 

The strategic construction and utilization of Mg(II)-porphyrin MOF having relevance 

to chlorophyll in green plants is demonstrated for visible light-assisted effective fixation of 

CO2 into value-added cyclic carbonates at ambient conditions. Indeed, PCN-224(Mg) showed 

superior catalytic activity under visible light irradiation over the thermally-driven condition. 

The excellent light-driven activity has been attributed to facile ligand-to-metal charge transfer 
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(LMCT) transition from photo-excited Mg-porphyrin unit to Zr6-oxo cluster which intern 

activates CO2 thereby lowering the activation barrier for cycloaddition reaction. The 

mechanistic path for the light-driven catalytic fixation of CO2 was unveiled from the in-depth 

theoretical studies. Overall, this study represents a rare demonstration of sunlight-promoted 

fixation of CO2 from direct air and paves a way for green and sustainable utilization of 

greenhouse gas for the generation of value-added chemicals. 
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5a.1. Introduction  

  The immense amount of carbon dioxide (CO2) emissions has resulted in the most 

serious environmental issues like global warming, ocean acidification, extreme weather, and 

so on.
1 

Hence, extensive research efforts are being made worldwide to mitigate the increasing 

concentration of CO2 through selective capture and subsequent conversion to value-added 

chemicals or fuels.
2-4 

However, the carbon dioxide being thermodynamically stable (bond 

enthalpy of +805 kJ/mol) and kinetically inert, requires high temperature and pressure 

conditions for its activation.
5-7 

In this regard, it is highly desirable to develop efficient 

catalysts that can selectively capture and convert CO2 into value-added chemicals under mild 

conditions. Towards this direction, several strategies have been developed for the conversion 

of CO2 into various high-value chemicals.
8-11

 Among them, the cyclic carboxylation of 

propargylic alcohols with CO2 to generate α-alkylidene cyclic carbonates has attracted 

significant interest owing to their possible applications in the synthesis of plastics,
12 

 natural 

products, and polymers,
13 

beta-keto carboxylic acids,
14

 polycarbonates and polyurethanes,
15 

cyclopentenones
16 

and so on. Further, the synthesis of oxazolidinones, an important building 

block of antibiotics by a tandem reaction between propargylic alcohols, CO2, and primary 

amines has attracted considerable interest of green chemistry researchers.
17

 Moreover, the 

literature survey revealed that most of the catalysts known for carboxylative cyclization of 

propargylic alcohols with CO2 require high temperature and pressure conditions.
18,19 

Therefore, it is highly desirable to develop efficient catalysts for the fixation of CO2 into α-

alkylidene cyclic carbonates and oxazolidines at mild conditions. In this context, metal-

organic frameworks (MOFs) have gained special attention due to their unique features like 

high surface area, tuneable pore size, and functionality.
 20-24 

MOFs have shown promising 

applications in the field of gas storage/separation,
25-27 

especially for selective CO2 

capture/conversion.
28-34

 Significant research efforts have been reported in utilizing MOFs for 

the conversion of CO2 to cyclic carbonates.
35-44 

On the other hand, the application of MOFs 

as heterogeneous catalysts for efficient coupling of CO2 with propargylic alcohols and amines 

to generate α-alkylidene cyclic carbonates
45

 and oxazolidinones
46

 at mild conditions is 

relatively less explored. Furthermore, literature reports have shown that Ag(I) ions are 

effective in activating the C≡C bonds of alkynes via π-activation.
47,48

 Hence the examples of 

Ag(I) based homogeneous catalysts for efficient carboxylation of propargylic alcohols with 

CO2 are reported in the literature.
49-52 

However, these reactions possess limitations of catalyst 

recycling and product separation and hence heterogeneous catalysts are highly desirable. In 

this regard, we sought to incorporate catalytically active Ag(I) ions in porous CO2-philic 
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MOF to generate bifunctional material suitable for chemical fixation of CO2 with alkyne 

molecules (propargylic alcohols) and primary amines to obtain α-alkylidene cyclic carbonates 

and oxazolidinones. To achieve this, we selected sulfonate functionalized porous Zr-MOF 

(UiO-66) and named as MOF-SO3H, and was treated with an aqueous solution of AgNO3 at 

RT to obtain Ag(I)-embedded MOF, (MOF-SO3Ag). Further, the catalytic investigation of 

MOF-SO3Ag for the cyclic carboxylation of alkynes with CO2 to produce α-alkylidene cyclic 

carbonates and oxazolidinones at mild conditions of RT and 1 bar CO2 was carried out. 

Further, one-pot synthesis of oxazolidinones by tandem aminolysis of α-alkylidene cyclic 

carbonate with primary amines at mild conditions has also been achieved. The high CO2 

affinity and exceptional catalytic activity of MOF-SO3Ag can be attributed to the synergetic 

effect of CO2-philic sulfonate functionality and catalytically active Ag(I) sites facilitating 

efficient capture and conversion of carbon dioxide. This was further confirmed by utilizing 

analogs MOF, UiO-66 lacking sulfonate group. Indeed, the Ag(I)@UiO-66 showed a lower 

value of Qst (30 kJ/mol) which is found to be about 8 kJ/mol lower than that of MOF-SO3Ag 

and also lower catalytic activity highlighting the role of the sulfonate group in enhancing the 

chemical fixation of CO2. This chapter demonstrates the rational application of a rare 

example of Ag(I)-embedded sulfonate-based porous Zr-MOF for efficient conversion of CO2 

into high-value chemicals like α-alkylidene cyclic carbonates and oxazolidinones at 

environment-friendly mild conditions of RT and 1 bar CO2. 

 

5a.2. Experimental section 

5a.2.1. Materials  

All the reagents used in this work were commercially available and used as received 

without any further purification. Ag(NO3)3, Zirconyl chloride octahydrate, Monosodium 2-

sulfoterephthalic acid, and 1, 4-benzenedicarboxylic acid (H2BDC) were purchased from 

Sigma Aldrich Chemical Co. N, N'-dimethylformamide (DMF), N, N'-dimethylacetamide 

(DMA) and methanol (MeOH) were obtained from S. D. Fine Chem. Limited. All the 

propargylic alcohols, primary amines, and the internal standard used for catalytic reactions 

were purchased from TCI chemicals and used without further purification. 

 

5a.2.2. Physicochemical characterization  

The phase purity of the as-synthesized samples was confirmed by powder XRD 

analysis using Rigaku Miniflex 600 with Cu Kradiation λnm). SEM images and 
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EDAX patterns were recorded on the FEI Nova SEM-450 instrument. UV-Vis (Diffuse 

Reflectance) spectra were recorded on the Shimadzu spectrophotometer using BaSO4 as a 

reference. The metal contents of Zr and Ag in the frameworks were determined by Agilent’s 

microwave-plasma atomic emission spectrometer (MP-AES). The X-ray photoelectron 

spectroscopy (XPS) analyses were performed on a Thermo Fisher Scientific NEXSA 

photoemission spectrometer using Al-Kα (1486.6 eV) X-ray radiation and analysis of the 

obtained data was performed using Avantage software. 
1
H and 

13
C NMR spectra were 

recorded in CDCl3 on a JEOL JNM-ECS-400 spectrometer operating at a frequency of 400 

MHz. Fourier transform infrared (FT-IR) spectra of the samples were recorded on a Perkin 

Elmer FTIR spectrometer. 

 

5a.2.3. Synthesis  

5a.2.3.1. Synthesis of MOF-SO3H 

The MOF-SO3H was synthesized by following the previously reported procedure with 

further modification.
53 

Monosodium 2-sulfoterephthalic acid (0.5 mmol) was dissolved in 6 

mL of water to which 0.5 mmol of Zirconyl chloride octahydrate and 4 mL of acetic acid 

were added. The resulting mixture was stirred at room temperature for 15 minutes and then 

refluxed for 24h. After this time the reaction mixture was centrifuged, washed with water 

thoroughly, and dried under vacuum. The phase purity of the as-synthesized sample was 

confirmed by powder XRD analysis. FT-IR (KBr, cm
-1

): 1586 (m), 1488 (w), 3211 (w), 1409 

(s), 1277 (m), 1165 (s), 1074 (s), 1018 (m), 767 (w) and 650 (s).         

                                                                                                                                                                                                                                    

5a.2.3.2. Synthesis of MOF-SO3Ag 

The activated sample of MOF-SO3H (0.02 mmol) was soaked in 10 mL aqueous 

solution of AgNO3 (0.3 mmol) and taken in a 30 mL culture tube placed in an ice bath. The 

tube was placed on a shaker with a shaking rate of 100 rpm for 3h. The solid was filtered out 

and washed with water thoroughly and dried under vacuum. The activated sample of MOF-

SO3Ag exhibits a mass growth of 4 % compared with the parent sample MOF-SO3H, which 

was also confirmed by microwave-plasma atomic emission spectroscopy (MP-AES) analysis. 

FT-IR (KBr, cm
-1

): 1586 (m), 1488 (w), 3211 (w), 1409 (s), 1277 (m), 1180 (s), 1074 (s), 

1018 (m), 767 (w) and 650 (s).   
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5a.2.3.3. Synthesis of Ag(I)@UiO-66 

The UiO-66 was synthesized by following the previously reported procedure with 

further modification.
54

 In a typical synthesis, a mixture of ZrOCl2.8H2O (3.22 g, 10 mmol), 1, 

4-benzenedicarboxylic acid (H2BDC) (1.6 g, 10 mmol), and 50 mL of DMF was taken in a 

round bottom flask, which was fitted with a reflux condenser. The reaction mixture was 

stirred for 15 min at ambient conditions and 1.6 mL of concentrated HCl (19.2 mmol) was 

added to the reaction mixture at ambient conditions. The temperature of the reaction mixture 

was elevated to 150 °C using an oil bath and the reaction was continued for 24 h under an 

open-air atmosphere. The resultant white solid was filtered and washed with DMF and dried. 

The dried product was again taken in 50 mL of DMF and stirred overnight at the ambient 

condition to remove unreacted H2BDC. The product was filtered and dried at 100 °C for 2 h. 

Finally, the obtained product was taken in 25 mL of methanol and stirred overnight at 

ambient conditions. The product was filtered and again taken in fresh methanol. This 

methanol treatment process was performed thrice to remove most of the DMF from the 

product. Finally, the product was dried in an oven at 100 °C for 12 h. The activated sample of 

UiO-66 (0.02 mmol) was soaked in 10 mL aqueous solution of AgNO3 (0.3 mmol) and taken 

in a 30 mL culture tube placed in an ice bath. The tube was placed on a shaker with a shaking 

rate of 100 rpm for 3h. The solid was filtered out and washed with water thoroughly and 

dried under vacuum. The phase purity of the as-synthesized sample was confirmed by powder 

XRD analysis. 

 

5a.2.4. Catalytic cycloaddition reactions of CO2 with propargylic alcohols 

Catalytic cyclic carboxylation reactions of alkyne molecules (propargylic alcohols) 

with CO2 were carried out in a glass reactor (50 mL) under RT and 1 bar CO2. Before 

catalytic reactions, the catalyst was activated at 323 K for 15 h under vacuum to remove 

guest solvent molecules. The substrates were taken in the reactor at RT and the reactor was 

flushed with CO2 thrice then 1 bar CO2 pressure was maintained and the contents were stirred 

at RT. After 24 h, the MOF-SO3Ag catalyst was separated from the reaction mixture by 

filtration and the catalytic conversions were determined by 
1
H NMR spectra of the filtrate 

using CDCl3 solvent. The recovered catalyst was washed with methanol three times and 

activated at 323 K under vacuum for 15 h and reused for the subsequent catalytic cycles. 
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5a.3. Results and discussion 

5a.3.1. Synthesis and characterization  

The Ag(I) embedded Zr-sulfonate MOF named as MOF-SO3Ag was obtained by 

treating sulfonate functionalized-UiO-66 MOF with an aqueous solution of AgNO3 at RT. 

PXRD pattern (Figure A74) of the MOF-SO3Ag sample matches well with the pristine UiO-

66-SO3H
55

 indicating retention of the original crystal structure even after the incorporation of 

Ag(I) ions in the 1D pore channels of the MOF (Scheme 1).  

 

 

Scheme 1. Synthesis scheme for MOF-SO3Ag and Ag(I)@UiO-66.  

 

Further, as shown in Figure A75, FTIR spectra of MOF-SO3Ag show the characteristic 

stretching frequency for the S=O bond at 1165 cm
-1 

which is slightly shifted in comparison to 

that of parent MOF (1180 cm
-1

) indicating anchoring of Ag(I) ions with the sulfonate groups 

exposed in the 1D channels. Furthermore, the UV-Vis spectrum of MOF-SO3Ag matches 

well with that of parent MOF with absorption bands at 210 and 250 nm which are assigned to 

ligand-based Π→Π* transitions, and no other absorption peaks were observed eliminating the 

formation of Ag(0) nanoparticles (Figure A76). The atomic percentage of Ag(I), was 

determined using the microwave-plasma atomic emission spectroscopy (MP-AES) technique 

which revealed the incorporation of about 4.2% of Ag(I) with Zr:Ag(I) atomic ratio of 5.1:1. 

To get further support on the state of Ag species embedded in the MOF, X-ray photoelectron 

spectroscopy (XPS) analysis of MOF-SO3Ag was carried out. As shown in Figure 1a, the 

XPS spectrum shows the presence of characteristic binding energies for Ag(I) at 367.3 and 
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373.7 eV which is comparable with the spectrum of CH3SO3Ag (368.3 and 374.3 eV), and 

the peaks are slightly shifted in comparison to the spectrum of AgNO3 salt (characteristic 

peaks at 368.9 and 374.9 eV)
 
indicating the absence free metal salt (AgNO3).

51
 Further, 

FESEM analysis of the samples revealed the cubic morphology of MOF-SO3H, and the 

morphology is retained even after the incorporation of Ag(I) ions (Figure 1c and d). 

Moreover, energy dispersive spectroscopy (EDS) analysis further confirmed the 

incorporation of Ag(I) in MOF-SO3Ag (Figure A77). In addition, for the sake of comparison, 

the analog MOF, which lacks the sulfonate group, UiO-66 was utilized to dope Ag(I) 

(Scheme 1). PXRD pattern (Figure A78) of Ag(I)@UiO-66 matches well with that of the 

parent UiO-66 MOF indicating the retaining of the original crystal structure even after the 

incorporation of Ag(I) ions. The atomic percentage of Ag(I) estimated from MP-AES 

analysis was 3.6% which is slightly lower than that of MOF-SO3Ag (4.2%). Further XPS 

analysis unveiled the presence of characteristic binding energies for Ag(I) at 367 and 374 eV 

supporting the presence of Ag(I) and not Ag(0) (Figure 1b). Based on the previous literature 

reports
56

 we speculate that the possible anchoring sites for Ag(I) in UiO-66 MOF are the 

hydroxide groups of Zr-cluster (Figure A79).  

 

 

Figure 1. XPS spectra of (a) MOF-SO3Ag, (b) Ag(I)@UiO-66 showing the characteristic 

peaks of Ag(I) and FESEM images for (c) MOF-SO3H and (d) MOF-SO3Ag. 
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5a.3.2. Gas adsorption studies 

To determine the permanent porosity of MOF-SO3H after incorporation of Ag(I), N2 

adsorption measurements of MOF-SO3Ag were carried out at 77K. Before the measurements, 

the sample was subjected to solvent exchange with acetone for three days and then activated 

at RT under high vacuum for 20 h to obtain the activated MOF. As shown in Figure 2a, the 

N2 adsorption-desorption isotherms follow a typical type-I behaviour, and the estimated value 

of BET (Brunauer-Emmett-Teller) surface area for MOF-SO3H and MOF-SO3Ag were found 

to be 1061 m
2
/g and 825 m

2
/g respectively. The significant reduction in the surface area of 

MOF-SO3Ag over the pristine MOF supports the anchoring of Ag(I) ions on the sulfonate 

groups projected in the 1D pores of MOF-SO3H. Whereas, N2 adsorption-desorption 

isotherms of Ag(I)@UiO-66 showed BET surface area of 851 m
2
/g which is lower than the 

value estimated for pristine MOF (1191 m
2
/g) supporting the loading of Ag(I) ions (Figure 

A80). The observed surface area of UiO-66 matches well with the previously reported UiO-

66 MOF.
57

 The CO2 adsorption isotherms of MOF-SO3H and MOF-SO3Ag follow a typical 

type-I behaviour with the uptake of 65.08/40.09 cc/g and 54.28/32.92 cc/g carried out at 

273/298K, respectively (Figure 2b and 2c). Further, the CO2 adsorption isotherms were fitted 

with the Freundlich-Langmuir equation
58

 to get the exact prediction of CO2 gas adsorbed at 

saturation (Figure A81-A86). The heat of adsorption value (Qst) for CO2 calculated based on 

Clausius-Clayperon equation
59

 were found to be 30 and 37.8 kJ/mol for MOF-SO3H and 

MOF-SO3Ag, respectively (insets of Figure 2b and 2c). On the other hand, CO2 adsorption-

desorption isotherms of Ag(I)@UiO-66 follow a type-I behaviour with the uptake of 55.79 

and 35.75 cc/g carried out at 273 and 298K, respectively (Figure 2d). Furthermore, the 

adsorption isotherms were fitted with the Langmuir-Freundlich equation
 
and the value of Qst 

was estimated to be 30.1 kJ/mol (insets of Figure 2d) which is about 8 kJ/mol lower than that 

of MOF-SO3Ag. Thus, the high CO2 interaction energy observed for MOF-SO3Ag could be 

ascribed to the stronger interaction of CO2 with the polar sulfonate groups exposed in the 1D 

channels of MOF-SO3Ag. It is worth mentioning that, the value of Qst observed for MOF-

SO3Ag was found to be the highest among the analogs UiO-66 MOFs with the pore channels 

decorated with different functional groups (-NH2, -Br, -NO2, -OMe, and COOH) (Table A1). 

Further, the gas adsorption measurements of MOF-SO3Ag for other gases revealed negligible 

uptake of 4.9, 3.8, and 1.3 cc/g for N2, Ar, and H2, respectively suggesting selective 

adsorption properties of MOF-SO3Ag for CO2 (Figure 3a). Moreover, the calculated Henry 

gas selectivity constants for CO2/H2, CO2/N2, and CO2/Ar were found to be 131, 41, and 58, 

respectively (Figure A87). Hence, we speculate that the selective adsorption property of 
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MOF-SO3Ag for CO2 may find potential utility in gas separation applications. In addition, 

MOF-SO3Ag shows highly recyclable CO2 adsorption properties with retaining the CO2 

uptake capacity even after five cycles of adsorption (Figure 3b) along with its crystallinity 

(Figure A88).  

 

 

Figure 2. (a) N2 adsorption isotherms for MOF-SO3H and MOF-SO3Ag carried out at 77K 

(pore size distribution plots are given as inset) (b) CO2 adsorption-desorption isotherms of 

MOF-SO3H (c) MOF-SO3Ag and (d) Ag(I)@UiO-66 carried out at 273 and 298 K. 

  

 

Figure 3. (a)  Selective CO2 adsorption isotherms of MOF-SO3Ag carried out at 273 K and 

(b) recyclable CO2 isotherms of MOF-SO3Ag carried out at 273 K. 
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5a.3.3. Catalytic carboxylation of propargylic alcohols with CO2  

The highly selective CO2 adsorption property of MOF-SO3Ag along with the presence 

of catalytically active Ag(I) ions in the 1D channels motivated us to study its application for 

carboxylation of various propargylic alcohols with CO2 at mild conditions. To start with, the 

catalytic activity of MOF-SO3Ag was tested for cyclic carboxylation of propargylic alcohol, 

2-methyl-3-butyn-2-ol with CO2 in the presence of 1,8-diazabicyclo-[5.4.0]-undec-7-ene 

(DBU) as a base at RT and 1 bar CO2 for 12 h. Interestingly, about 65% of 2-Methyl-3-

butyn-2-ol was converted to the corresponding α-alkylidene cyclic carbonate in 12 h (Figure 

4). Further increase in the reaction time to 24h led to 99% yield of α-alkylidene cyclic 

carbonate with 100% selectivity (Figure 4, A89).  Whereas the use of Ag(I)@UiO-66 as 

catalyst resulted in 89% conversion of 2-methyl-3-butyn-2-ol into the α-alkylidene cyclic 

carbonate at the optimized conditions. Interestingly, control experiments carried out using 

UiO-66, MOF-SO3H, and AgNO3 showed negligible conversion of 2-Methyl-3-butyn-2-ol at 

the same optimized conditions (Figure 4) highlighting the superior catalytic activity of MOF-

SO3Ag for high yield generation of α-alkylidene cyclic carbonates. This high activity can be 

attributed to the synergistic participation of CO2-philic sulfonate group and alkynophilic 

Ag(I) ions resulting in cooperative catalysis for the capture and conversion of CO2. Further, 

the robust nature of the framework along with highly accessible catalytic Ag(I) sites in the 

1D pore channels of the MOF facilitate facile diffusion of the substrates to the catalytically 

active Ag(I) sites. On the other hand, the lower catalytic activity of the pristine MOF-SO3H 

has been ascribed to the lack of catalytic Ag(I) sites which are essential for the activation of 

C≡C bonds of propargylic alcohols. The higher catalytic activity of MOF-SO3Ag over the 

metal salt (AgNO3) could be due to cooperative catalysis promoted by the presence of high 

local density of the reactants (CO2 and alcohol) in the confined 1D channel (Figure 4). 

Similar examples of Ag(I) anchored MOFs exhibiting higher catalytic activity in comparison 

to that of silver salt are reported in the literature.
51,52

 Encouraged by the high catalytic activity 

of MOF-SO3Ag, the catalysis was extended for the carboxylation of various propargylic 

alcohols with CO2 under optimized mild conditions. Indeed, the carboxylation reaction of 2-

ethyl-3-butyn-2-ol, 3-ethyl-1-pentyn-3-ol, 2-isobutyl-3-butyn-3-ol, and 2-phenyl-butyn-2-ol 

with CO2 resulted in the corresponding cyclic carbonates with 92, 88, 83 and 84% yield, 

respectively (Figure 5). The slight decrease in the yield of α-alkylidene cyclic carbonates 

with an increase in the size of the substituent group (-R) on propargylic alcohols can be 

ascribed to the reduction in the diffusion rate of the alcohols with an increase in the size of -R 

groups. More importantly, the catalytic activity was tested for CO2 fixation using simulated 
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dry flue-gas CO2:N2 (13:87 %). Remarkably, MOF-SO3Ag catalyzes about 64% conversion 

of 2-Methyl-3-butyn-2-ol into α-alkylidene cyclic carbonate even with a low concentration 

(13%) of CO2 carried out at RT and 1 bar CO2 in 24 h (Figure 5). It is worth mentioning that 

MOF-SO3Ag exhibits superior catalytic activity over the literature-reported heterogeneous 

catalysts for the carboxylation of 2-Methyl-3-butyn-2-ol with CO2 under mild conditions 

(Table 1). 

 

Figure 4. Optimization of the reaction conditions for carboxylative cyclization reaction of 

CO2 with 2-Methyl-3-butyn-2ol. 

 

Reaction conditions: 2-Methyl-3-butyn-2-ol (2.0 mmol), catalyst (0.15 mol %), DMF (2 mL), 

RT (25 
o
C), 1 atm CO2 for 24 h. *Time: 12h. Yields were determined by 

1
H NMR with 

reference to an internal standard (1,1,2,2-tetrachloroethane). 

 

5a.3.4. The three-component reaction of CO2 with propargylic alcohol and primary 

amines 

      Motivated by the high catalytic activity of MOF-SO3Ag towards carboxylation of various 

propargylic alcohols with CO2, the scope of the reaction was extended to obtain 

oxazolidinones by a one-pot reaction of CO2, propargylic alcohol, and primary amine (Figure 

6). To start with, the catalytic activity was tested for cyclization of 2-methy-l-butyn-3-ol with 

CO2 in the presence of n-butylamine under the optimized conditions of RT and 1 bar CO2. 

Interestingly, more than 99% of the corresponding oxazolidinone was formed in 26 h (Figure 

A110, A11). To the best of our knowledge, this is the first example of RT synthesis of 

oxazolidinones by a three-component reaction carried out at mild conditions by using MOF-
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based catalyst. Further, the catalysis was extended to aminolysis of α-alkylidene cyclic 

carbonates in the presence of different primary amines like cyclohexylamine, iso-butylamine, 

and n-octylamine. To our delight, all these substrates undergo cyclization resulting in the 

corresponding oxazolidinones close to 99% yield (Figure 6). 

 

Figure 5. Catalytic performance of MOF-SO3Ag for carboxylation of various propargylic 

alcohols with CO2 at mild conditions.
a 

 

a
Reaction conditions: propargylic alcohol (2.0 mmol), MOF-SO3Ag (0.15 mol %), DBU (0.2 

mmol), DMF (2 mL), RT (25 
o
C), 1 atm CO2 for 24 h. *Catalytic conversion by using 

simulated dry flue-gas, CO2:N2 (13:87 %). Yields were determined by 
1
H NMR with 

reference to an internal standard (1,1,2,2-tetrachloroethane). TON = the number of moles of 

product formed/moles of catalyst used (given in the parentheses). 
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Table 1.  Comparison of the catalytic activity of MOF-SO3Ag and Ag(I)@UiO-66 for 

carboxylation of 2-Methyl-3-butyn-2-ol with CO2 catalyzed by various heterogeneous catalysts 

reported in the literature. 

Sl. 

No. 

Catalyst Temperature 

(°C) 

Pressure 

(bar) 

Yield 

(%) 

References 

1 Cu-In-MOF 50 5 99 60 

2 AgI, IL1 45 1 93 61 

3 Ag@RB-POP 30 10 94 62 

4 PAzo-POP-Ag 25 10 95 63 

5 Dy-Cu MOF 30 1 95 64 

6 TMOF-3-Ag  30 1 99 51 

7 Ag(I)@UiO-66 25 1 89 This work
 

8 MOF-SO3Ag 25 1 >99 This work
 

 

Figure 6. Catalytic performance of MOF-SO3Ag for one-pot synthesis of oxazolidinones by 

three-component cyclization of CO2, propargylic alcohol and primary amine under mild 

conditions.
a 

 
a
Reaction conditions: propargylic alcohol (2.0 mmol), primary amine (2.0 mmol), MOF-

SO3Ag (0.15 mol %), DBU (0.2 mmol), DMF (2 mL), RT (25 
o
C), 1 atm of CO2 for 26h. 

Yields were determined by 
1
H NMR with reference to 1,1,2,2-tetrachloroethane as an internal 

standard. 
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5a.3.5. Recyclability test 

To check the recyclability of the catalyst, MOF-SO3Ag was facilely separated by 

filtration and then washed with water thoroughly and activated at 353K under vacuum for 

15h and reused for subsequent catalytic cycles. It is worth noting that there was no substantial 

loss of activity with recycling for up to five cycles of regeneration (Figure 7a and A112). 

Moreover, to eliminate the possibility of leaching of the active catalyst (Ag(I) into the 

solution), leaching test was carried out. For this, the MOF catalyst was separated from the 

reaction after 6h and the reaction was extended for another 18 h. The 
1
HNMR analysis of the 

reaction mixture after 24h showed no further conversion supporting the heterogeneous nature 

of the reaction and no leaching of the active catalyst (Figure 7b). Moreover, MP-AES 

analysis of the filtrate confirmed the absence of Ag/Zr ions supporting no leaching of the 

active metal. Hence MOF-SO3Ag acts as an excellent recyclable catalyst for the fixation of 

CO2 with various propargylic alcohols and amines for high-yield generation of α-alkylidene 

cyclic carbonates as well as oxazolidinones at mild reaction conditions. The high catalytic 

activity could be ascribed to the synergistic effect between the CO2-philic sulfonate 

functionality and the alkynophillic Ag(I) ions responsible for the activation of the C≡C bond 

of propargylic alcohols. 

 

 

Figure 7. (a) Recyclability test of MOF-SO3Ag and (b) leaching test of MOF-SO3Ag. 

 

5a.3.6. Plausible mechanism 

A plausible mechanism for the carboxylation of propargylic alcohols with CO2 

catalyzed by MOF-SO3Ag is shown in Scheme 2. The reaction begins with the interaction of 

the propargylic alcohol with the catalytic Ag(I) through C≡C bond. To get further support on 
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this step, control experiments were carried out in which 2-methyl-3-butyn-2-ol was treated 

with (MOF-SO3H and MOF-SO3Ag) catalysts for 3h after which time the catalyst was 

recovered and washed with ethanol thoroughly. FT-IR spectra of the isolated sample showed 

characteristic peaks at 3350 and 2980 cm
-1

 due to O-H and C-H stretching frequency 

originating from 2-methyl-3-butyn-2-ol supporting the interaction of the alcohol with Ag(I) 

sites embedded in the framework (Figure 8). The second step involved deprotonation of 

propargylic alcohol takes place in the presence of DBU (base) followed by CO2 insertion and 

subsequent ring-closure reaction leading to the formation of α-alkylidene cyclic carbonate. 

Finally, the elimination of the product regenerates the active catalyst and the catalytic cycle 

continues. On the other hand, when the primary amines are present, the α-alkylidene cyclic 

carbonate formed undergoes a tandem aminolysis reaction leading to the formation of 

oxazolidinones in high yield. Herein, we employed a greener method for one-pot synthesis of 

oxazolidinones by utilization of CO2 at mild conditions of RT and 1 bar CO2. 

 

 

Figure 8. FT-IR spectra of a) MOF-SO3H, b) MOF-SO3Ag, c) 2-methyl-3-butyn-2-ol 

polarized by MOF-SO3H, d) 2-methyl-3-butyn-2-ol polarized by MOF-SO3Ag, and e) pure 2-

methyl-3-butyn-2-ol. 
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Scheme 2. A plausible mechanism for catalytic carboxylation of propargylic alcohol with 

CO2 catalyzed by MOF-SO3Ag. 

 

5a.4.Conclusion 

      In summary, the rational construction of Ag(I)-anchored sulfonate-based porous 

framework, MOF-SO3Ag incorporated with the advantages of high CO2 affinity due to the 

sulfonate group and catalytic Ag(I) sites for alkyne activation, exhibiting efficient 

carboxylation of propargylic alcohols with CO2 is demonstrated. Importantly, the catalysis 

reported here utilizes green conditions to produce α-alkylidene cyclic carbonates in high yield 

at mild conditions of RT and 1 bar CO2. More importantly, high yield generation of 

oxazolidinones by a three-component catalytic process involving aminolysis of α-alkylidene 

cyclic carbonates has also been achieved. To the best of our knowledge, MOF-SO3Ag is a 

rare example of MOF-supported Ag(I) catalyst for the green synthesis of high-value 

chemicals by chemical fixation of CO2 with propargylic alcohols at environment-friendly 

mild conditions. This work demonstrates the potential application of porous MOFs with pores 

functionalized with polar functionality for selective CO2 capture and utilization to synthesize 

high-value chemicals. 
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5b.1. Introduction  

  The concentration of CO2 in the atmosphere is rapidly increasing and has exceeded 

400 ppm resulting in several environmental issues such as extreme weather, ocean 

acidification, global warming, and so on.
1
 Therefore, it is most important to mitigate this 

growing concentration of CO2 by utilizing it as a non-toxic C1 feedstock to synthesize value-

added chemicals and fuels.
2-5 

However, carbon dioxide is thermally stable and kinetically 

inert with a high bond strength of 805 kJ/mol. Hence, the development of highly reactive 

catalytic systems for efficient carbon capture and utilization (CCU) has gained significant 

interest from researchers worldwide.
6-16

 In this direction, extensive research efforts are being 

carried out for the functionalization of CO2 into various value-added chemicals and fuels.
17-25

 

Especially, the production of α-alkylidene cyclic carbonates from propargylic alcohols and 

CO2 has gained a special interest owing to its potential utility for the synthesis of natural 

products,
 26 

polymers,
27,28 

polyurethanes,
29

 and so on.
30 

Further, preparation of 

oxazolidinones, valuable commodity chemicals for the synthesis of antibiotics via a cascade 

reaction of CO2 with propargylic alcohol and primary amines represents a green and 

sustainable approach for the conversion of greenhouse gas into bio-relevant products.
31 

The 

homogeneous catalysts known for this conversion suffer from the limitations of product 

separation and recyclability.
32-35 

Among the heterogeneous catalysts, metal-organic 

frameworks (MOFs) have shown unique advantages over other conventional porous materials 

due to their modular nature with tuneable pore size and functionality along with high surface 

areas.
 36-40

 Thus over the past few years intensive research efforts are being carried out on the 

rational design of MOFs incorporating CO2-philic basic and acidic functionalities for 

selective gas storage/separation,
 41-44 

and catalytic conversion of carbon dioxide.
 45-54 

Among 

the various carbon dioxide functionalization reactions studied so far, the conversion of CO2 

into cyclic carbonates has been extensively studied as an atom economic process.
 55,56

 On the 

other hand, synthesis of bio-relevant oxazolidinones by a green, environmentally-friendly 

one-pot reaction involving one-pot coupling of CO2 with propargylic alcohols and primary 

amines is rarely studied. Furthermore, recent literature reports have demonstrated the 

application of silver (Ag)-based catalysts for cyclic carboxylation of alkyne molecules with 

CO2 to generate α-alkylidene cyclic carbonates, and oxazolidinones.
 57-64

 On the other hand, 

the application of non-noble metal-based MOFs for catalytic carboxylation of alkyne 

molecules to generate value-added chemicals is rarely demonstrated. In this regard, Cu(I) 

based heterogeneous catalysts have attracted significant interest as promising alternatives to 

expensive noble metal-based catalysts for the production of high-value chemicals by coupling 
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alkyne molecules with CO2. Towards this direction, Cu(I) anchored heterogeneous catalysts 

have gained significant interest. The literature study revealed that N-heterocyclic carbenes are 

suitable supports for anchoring Cu(I) ions through coordination with the carbene carbon 

center.
65-68

 Based on these studies, we have chosen a porous MOF composed of N-

heterocyclic carbene (NHC) centers in the pore channels, and these NHC sites were utilized 

to anchor Cu(I) ions to obtain Cu(I)@NHC-MOF. The Cu(I) embedded MOF acts as a highly 

recyclable heterogeneous catalyst for the fixation of CO2 into α-alkylidene cyclic carbonates 

and oxazolidinones under RT and atmospheric pressure conditions. Besides, the 

Cu(I)@NHC-MOF exhibits highly selective and recyclable CO2 uptake properties with a high 

heat of interaction energy of 43 kJmol
-1

. To the best of our knowledge, this chapter represents 

the first example of a noble metal-free MOF-based heterogeneous catalyst for carbon capture 

and utilization (CCU) to generate oxazolidinones valuable chemicals at mild conditions of 

RT and 1 atm pressure.   

 

5b.2. Experimental section 

2a.2.1. Materials  

All the reagents used in this work were commercially available and used as received 

without any further purification. Zn(NO3)2.6H2O, CuCl, and 4-aminobenzoic acid were 

purchased from Sigma Aldrich Chemical Co. N, N'-dimethylformamide (DMF), N, N'- 

dimethylacetamide (DMA) and methanol (MeOH) were obtained from S. D. Fine Chem. 

Limited. All the epoxides and the internal standard used for catalytic reactions were 

purchased from TCI chemicals and used without further purification. The 1,3-bis(4-

carboxyphenyl)imidazolium chloride (H2L
+
Cl

−
) ligand was synthesized by following 

previous literature with slight modification.
69

 

 

5b.2.2. Physicochemical characterization  

The phase purity of the as-synthesized samples was confirmed by powder XRD 

analysis using Rigaku Miniflex 600 with Cu Kradiation λnm). SEM images and 

EDAX patterns were recorded on the FEI Nova SEM-450 instrument. UV-Vis (Diffuse 

Reflectance) spectra were recorded on the Shimadzu spectrophotometer using BaSO4 as a 

reference. The metal content of Zn and Cu in the hybrid material was determined by 

Agilent’s microwave-plasma atomic emission spectrometer (MP-AES). The X-ray 

photoelectron spectroscopy (XPS) analyses were performed on a Thermo Fisher Scientific 
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NEXSA photoemission spectrometer using Al-Kα (1486.6 eV) X-ray radiation and analysis 

of the obtained data was performed using Avantage software. 
1
H and 

13
C NMR spectra were 

recorded in CDCl3 on a JEOL JNM-ECS-400 spectrometer operating at a frequency of 400 

MHz.  

 

5b.2.3. Synthesis 

5b.2.3.1. Synthesis of 1,3-bis(4-carboxyphenyl)imidazolium chloride (H2L
+
Cl

−
) 

The 1,3-bis(4-carboxyphenyl)imidazolium chloride (H2L
+
Cl

−
) ligand was synthesized 

by following previous literature with slight modification (Scheme 1).
69

 Briefly, 4-

aminobenzoic acid (5 g, 2.0 equiv.) was dissolved in methanol (15 mL) followed by the 

addition of 2 drops of formic acid and 40% aqueous solution of glyoxal (2.5 mL, 1.0 equiv.) 

and the solution was stirred at ambient temperature for 24h. The white solid formed was 

collected by filtration, washed with cold methanol, and dried in air (Compound L1). The 

compound L1 (1 g), was dissolved in anhydrous THF (10 mL) under an inert atmosphere 

followed by the addition of a solution of paraformaldehyde (125 mg) in 12 N HCl (400 

microlitter) in dioxane (1 mL) at 0 °C. The reaction mixture was stirred at room temperature 

for 4 h. The light pink precipitate formed was collected by filtration, washed with Et2O, and 

dried under vacuum. 

 

 

Scheme 1. Synthesis of 1,3-bis(4-carboxyphenyl)imidazolium chloride (H2L
+
Cl

−
).                                                                                                                                                                                                                                       
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5b.2.3.2. Synthesis of NHC-MOF 

The NHC-MOF was synthesized by following the procedure reported before with a 

slight modification.
69

 Briefly, Zn(NO3)2·6H2O (2.0 mmol, 0.5950 g) and H2L
+
Cl

−
 (0.5 mmol, 

0.1724 g) were dissolved by 3 mL dry DMF solvent in a 50 mL Teflon-lined autoclave. Then 

it was heated under autogenous pressure to 120 °C for 48 h followed by cooling to ambient 

temperature slowly. The as-synthesized sample was collected by filtration, washed with 

DMF, and dried under vacuum at 120 °C overnight. Yield: 42%. The phase purity of NHC-

MOF was confirmed by PXRD analysis (Figure 1a). FTIR (cm
-1

): 3088 (m), 1650 (w), 1608 

(s), 1541 (s), 1380 (s). Elemental analysis for NHC-MOF, calculated for 

[Zn8(L)12(H2O)29(DMF)69(NO3)2]n: C: 49.74, H: 7.08, N:13.41 and found C: 49.02, H: 6.28, 

N: 12.85. 

 

5b.2.3.3. Synthesis of Cu(I)@NHC-MOF 

CuCl (0.05 mmol, 5 mg) was dissolved in 10 mL dry methanol and NHC-MOF (0.01 

mmol, 48.8 mg) was added to it. The resulting reaction mixture was stirred at 60 °C for 30 

min under an inert atmosphere. Then the mixture was cooled down to room temperature and 

washed with DMA and methanol thoroughly, dried under vacuum at 80 °C for 12 h. The 

phase purity of Cu(I)@NHC-MOF was confirmed by PXRD analysis (Figure 1a). FTIR (cm
-

1
): 3085 (w), 1606 (s), 1382 (s), 1257 (m). Elemental analysis for Cu(I)@NHC-MOF, 

Calculated for [Zn8Cu4(L)12(H2O)29(DMF)69Cl4]n : C: 49.03, H: 6.94, N: 12.25 and found C: 

48.36, H: 6.14, N: 11.97. 

 

5b.2.4. Catalytic cycloaddition reactions of CO2 with propargylic alcohols 

Catalytic cyclic carboxylation reactions of alkyne molecules (propargylic alcohols) 

and primary amines with CO2 were carried out in a Schlenk tube (50 mL) under RT and 1 

atm CO2 (balloon). Before catalytic reactions, the catalyst was activated at 120 °C under 

vacuum for 24h to remove guest solvent molecules. The MOF catalyst (0.005 mmol), 

propargylic alcohol (4 mmol), and DBU (0.05 equiv.) in 2 mL of DMF were taken in the 

Schlenk tube at RT, CO2 was introduced using a balloon and the contents were stirred at RT. 

After 12 h, the catalyst was separated from the reaction mixture by filtration and the catalytic 

conversions were determined by 
1
H NMR spectra of the filtrate using CDCl3 solvent. The 

recovered catalyst was washed with methanol thoroughly and activated at 120 °C under 

vacuum for 24h and reused for subsequent catalytic cycles.  
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5b.3. Results and discussion 

5b.3.1. Synthesis and characterization  

    The NHC-based Zn-MOF was synthesized by following the previously reported procedure 

(ESI).
69

 The phase purity of the as-synthesized MOF was confirmed by powder XRD analysis 

(Figure 1a). The 3D structure of Zn-MOF possesses large 1D channels which are lined with 

NHC centers (Figure A90). Thus, the NHC centers exposed in the pores were utilized to 

anchor Cu(I) ions by treating them with CuCl to obtain Cu(I)@NHC-MOF as depicted in 

Scheme 2.  

 

 

Scheme 2. View of six-metallomacrocycles connected to {Zn8O} SBU in Zn-MOF   

and generation of Cu(I)@NHC-MOF. 

 

The PXRD pattern of as-synthesized Cu(I)@NHC-MOF is well-matched with the 

pristine MOF confirming the retention of framework structure even after the incorporation of 

Cu(I) ions at the carbene sites (Figure 1a). Further, FTIR spectra of Cu(I) incorporated NHC-

MOF showed shifting of the characteristic peak due to -C=N
+
 from 1650 to 1257 cm

-1
 

supporting the formation of -C-N, upon coordination of Cu(I) (Figure A91). Furthermore, 

solid-state UV-Vis absorption spectra of Cu(I)@NHC-MOF showed absorption bands at 210 

and 260 nm corresponding to ligand-based Π→Π* transitions (Figure A92). The percentage 

loading of Cu(I) in the Zn-MOF was determined from MP-AES (microwave-plasma atomic 

emission spectroscopy) analysis and was found to be 5.1% (Figure A93). For further 
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confirmation of the incorporation of Cu(I) in the MOF, X-ray photoelectron spectra (XPS) of 

Cu(I)@NHC-MOF was recorded. As shown in Figure 1b, survey spectra show the presence 

of constituent elements, Zn, Cu, C, N, O, and Cl in the sample. The Zn(II) spectrum shows 

the presence of peaks at binding energies of 1022.3 and 1045.4 eV corresponding to 2P3/2 and 

2P1/2, respectively (Figure 1c). The Cu(I) spectrum shows characteristic peaks at binding 

energies of 933.0 and 952.8 eV corresponding to 2P3/2 and 2P1/2, respectively (Figure 1d). 

This observation is in line with the reported examples of Cu(I) complexes. For example, XPS 

spectra of [1,3-Bis(2,6-diisopropylphenyl)imidazol-2-ylidene]copper(I) chloride [(iPr)CuCl] 

complex shows peaks at 933.3 and 952.9 eV corresponding to 2P3/2 and 2P1/2, of Cu(I), 

respectively
70

 (Figure 1d). Hence, XPS analysis of Cu(I)@NHC-MOF confirmed the 

incorporation of Cu(I) at the NHC-sites in the MOF. Further, scanning electron microscopy 

(SEM) analysis of NHC-MOF revealed rod-like morphology, and the morphology was 

retained even after anchoring of Cu(I) ions (Figure A94). Moreover, energy dispersive 

spectroscopy (EDS) analysis also supported the loading of Cu(I) in NHC-MOF (Figure A94). 

 

 

Figure 1. (a) PXRD patterns of NHC-MOF (i) simulated pattern, (ii) as-synthesized, (iii) 

Cu(I)@NHC-MOF, (iv) recycled sample of Cu(I)@NHC-MOF after ten catalytic cycles, X-

ray photoelectron spectra for Cu(I)@NHC-MOF, (b) survey spectrum, (c) Zn 2P, and (d) Cu 

2p spectrum. 
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5b.3.2. Gas adsorption studies 

To determine the permanent porosity of Cu(I) embedded NHC-MOF, N2 adsorption 

study was carried out at 77K. The N2 adsorption-desorption isotherm shown in Figure 2a 

follows a typical type-I behaviour with an estimated BET surface area of 94 m
2
/g which was 

found to be about 35 m
2
/g lower than that of pristine NHC-MOF (129 m

2
/g). The reduction in 

the surface area of Cu(I)@NHC-MOF can be attributed to partial loss of porosity upon 

anchoring of Cu(I) ions at the NHC sites exposed in the pores of the MOF. Further, CO2 

adsorption isotherms follow a type-I behaviour with the uptake of 66 and 40 ccg
-1

 at 273 and 

298 K, respectively (Figure 2b), and the accurate prediction of CO2 uptake at saturation was 

determined by using the Freundlich-Langmuir equation
71

 (Figure A95 and A96). 

Furthermore, the interaction energy (Qst) of Cu(I)@NHC-MOF for CO2 was further 

calculated using the Clausius-Clayperon equation
72 

 and was found to be 43 kJ/mol (Figure 

A97). 

 

 

Figure 2. N2 adsorption isotherms for (i) pristine NHC-MOF, (ii) Cu(I)@NHC-MOF, and 

(iii) Cu(I)@NHC-MOF after ten cycles of regeneration, (b) CO2 adsorption isotherms of 

Cu(I)@NHC-MOF, (c) gas selectivity plot for Cu(I)@NHC-MOF, and (d) recyclability of 

CO2 adsorption. 
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This high heat of interaction energy can be attributed to the stronger interaction of 

CO2 with the basic NHC sites exposed in the 1D channels of the framework. Further, 

selective gas adsorption measurements of Cu(I)@NHC-MOF showed negligible uptake of 

N2, O2, and CH4 (Figure 2C) with Henry gas selectivity constants of 60, 52, and 21 for 

CO2/N2, CO2/O2, and CO2/CH4, respectively (Figure A98). Notably, Cu(I)@NHC-MOF 

showed excellent recyclable CO2 adsorption properties with retention of the adsorption 

capacity for several cycles (Figure 2d). 

 

5b.3.3. Catalytic fixation of CO2 with propargylic alcohols 

The presence of CO2-philic NHC sites, as well as alkyno-philic Cu(I) sites in the 1D 

channels of the MOF, encouraged us to test the catalytic activity of Cu(I)@NHC-MOF for 

catalytic coupling of propargylic alcohols with CO2. To begin with, the catalytic activity was 

tested under mild conditions of RT and 1 atm (balloon) of CO2 using 2-methyl-3-butyn-2-ol 

as a model substrate in presence of DBU (1,8-diazabicyclo-[5.4.0]-undec-7-ene). 

Interestingly, about 88 % of the alcohol was converted to the corresponding α-alkylidene 

cyclic carbonates (4,4’-dimethyl-5-methylene-1,3-dioxolan-2-one) with 100% selectivity 

within 10h (Table A21). Further, with an increase in the reaction time to 12h, the catalytic 

conversion was increased to 99% (Table 1) indicating excellent catalytic activity of the Cu(I) 

anchored MOF. Interestingly, catalytic reactions carried out with pure Cu(NO3)2.6H2O, and 

NHC-MOF as catalysts did not show conversion of propargylic alcohol (Table A21). This 

observation demonstrates the necessity of Cu(I)-sites toward carboxylative cyclization of CO2 

with propargylic alcohols. Moreover, the Cu(I)@NHC-MOF showed superior catalytic 

activity over the homogeneous counterpart, CuCl (78 %) which can be attributed to the 

synergistic effect of CO2-philic NHC and catalytically active Cu(I) sites exposed in the 1D 

channels (Table A21). To check the practical application of the MOF catalyst, the catalytic 

activity was tested using simulated dry flue gas (CO2:N2 = 13:87%) as a source of CO2 and to 

our delight, the carboxylation of 2-Methyl-3-butyn-2-ol proceeded to yield the corresponding 

cyclic carbonate in 67% yield (Table A21). Furthermore, the catalytic activity was tested 

using laboratory air (bubbling) as a source of CO2, remarkably about 21% of the alcohol was 

converted to the corresponding cyclic carbonate under the mild conditions of RT and 

atmospheric pressure (Table A21). The aforementioned catalytic studies highlight the 

potential utility of Cu(I)@NHC-MOF for the capture and conversion of CO2 into high-value 

chemicals under ambient conditions. Encouraged by the excellent catalytic activity of 

Cu(I)@NHC-MOF, the scope of the reaction was extended for other propargylic alcohols 



Chapter 5b                                                                  Noble metal-free Cu(I)-anchored …. 

181 
 

under the optimized conditions (Table 1). Thus various propargylic alcohols were converted 

to the respective carbonates under the optimized mild conditions. Further, the catalytic 

activity was found to decrease with an increase in the size of the alcohols which can be 

attributed to restricted diffusion of the larger alcohols in the 1D pores of the MOF. It is worth 

highlighting that Cu(I)@NHC-MOF displayed superior catalytic activity in comparison to 

previously reported catalysts known for coupling of propargylic alcohols with CO2 (Table 2). 

 

Table 1. Cyclic carboxylation of propargylic alcohols under optimized conditions.
a
 

 

Reaction conditions: 
a
Propargylic alcohol (4 mmol), Cu(I)@NHC-MOF (0.005 mmol), DBU 

(0.05 equiv.), DMF (2 mL), RT, CO2 (1 atm, balloon), 12 h. The values given in the 

parentheses correspond to TON. *Simulated flue gas (13:87% = CO2 : N2), 
#
air (bubbled), 

and percentage conversion were determined by 
1
H NMR analysis. 



Chapter 5b                                                                  Noble metal-free Cu(I)-anchored …. 

182 
 

Table 2. Comparison of catalytic activity of Cu(I)@NHC-MOF for carboxylative cyclization of 

2-methyl-3-butyn-2-ol with literature reported catalysts. 

SL. 

No. 

Catalyst Active 

site 

Temp. (°C) Pressure 

(bar) 

Yield 

(%) 

Ref. 

1 AgI, IL1 Ag(I) 45 1 93 73 

2 Ag@RB-POP Ag(0) 30 10 94 74 

3 PAzo-POP-Ag Ag(0) 25 10 95 75 

4 TMOF-3-Ag  Ag(I) 30 1 99 76 

5 MOF-SO3Ag Ag(I) 25 1 >99 77 

6 Cu-In-MOF Cu(I) 50 5 99 78 

7 V–Cu–MOF Cu(I) 25 4 99 79 

8 Dy-Cu MOF Cu(I) 30 1 95 80 

9 Cu(I)@NHC-MOF Cu(I) 25 1 >99 This 

Work
 

 

Motivated by the excellent catalytic activity of Cu(I)@NHC-MOF, the scope of the 

catalysis was further extended for the synthesis of oxazolidinones, important commodity 

chemicals for antibiotics through a one-pot reaction of CO2, primary amines, and propargylic 

alcohol. The catalytic activity was tested for carboxylation reaction of 2-methyl-l-butyn-3-ol 

with CO2 in presence of n-butyl amine as a model substrate for amines under the optimized 

mild conditions of RT and 1 atm CO2 (balloon). Interestingly, the reaction yielded the 

corresponding oxazolidinone in more than 99% yield within 12h. Further, the scope of the 

reaction was extended using various primary amines such as cyclohexylamine, iso-

butylamine, n-hexylamine, and benzylamine. All these reactions proceeded to yield the 

corresponding oxazolidinones with > 99% yield supporting the general scope of the reaction 

(Table 3). To the best of our knowledge, this work represents the first example of a noble 

metal-free heterogeneous catalyst known for the synthesis of value-added oxazolidinones 

under the mild conditions of RT and an atmospheric pressure of CO2. 

 

5b.3.4. Recyclability and catalyst leaching test 

 The catalyst stability and recyclability are important parameters for a heterogeneous 

catalyst. To test recyclability, Cu(I)@NHC-MOF was separated from the reaction mixture by 

simple centrifugation followed by washing with methanol and activated at 120 °C for 12 h 
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and reused for subsequent cycles. Remarkably, Cu(I)@NHC-MOF was recyclable up to ten 

cycles without significant loss in catalytic activity (Figure 3a). Further, the recycled sample 

after ten catalytic cycles was analyzed by various techniques to confirm its structural stability 

and phase purity. 

 

  Table 3. Three-component reaction of CO2 with propargylic alcohol and primary amines 

catalyzed by Cu(I)@NHC-MOF under mild conditions.
a 

 

Reaction conditions: 
a 
propargylic alcohol (4 mmol), primary amines (4 mmol), Cu(I)@NHC-

MOF (0.005 mmol), DMF (2 mL), DBU (0.05 equiv.), 25 °C, 12 h. The percentage of 

conversion was determined by 
1
H NMR analysis. 

 

The XRD pattern of the recycled sample matches with that of the parent sample 

supporting the retaining of the original structure even after catalysis. However, a slight 

broadening of the peaks in the range of 15-35 degrees can be attributed to a partial loss of 

crystallinity of the MOF catalyst due to its successive usage for ten catalytic cycles. Further, 
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FTIR and UV-Vis spectra of the recycled sample match with those of the parent sample 

(Figures A91, and A92). Besides, the N2 adsorption isotherm of the recycled sample showed 

a BET surface area of 94 m
2
/g which is close to that of the as-synthesized sample (78 m

2
/g) 

supporting retention of the porous framework structure even after catalysis (Figure 2a). 

Further, SEM analysis of the recycled sample revealed that the rod-like morphology of the 

pristine MOF was almost retained even after ten catalytic cycles (Figure A94). Moreover, 

MP-AES analysis of filtrate of the catalytic reaction confirmed the absence of Zn(II)/Cu(I) 

ions which rules out the leaching of the active catalyst during the reaction (Figure A95).  

 

 

Figure 3. (a) Recyclability plot and (b) catalyst leaching test. 

 

5b.3.5. Proposed mechanism 

A plausible mechanism for the carboxylative cyclization of alkyne molecules 

catalyzed by Cu(I)@NHC-MOF is shown in Scheme 3. The first step involves the 

polarization of C≡C bond of alkyne by coordination to the Cu(I) site. To get further support 

on this step both pristine NHC-MOF and Cu(I)@NHC-MOF were treated with 2-methyl-3-

butyn-2-ol for 1h and they were recovered by simple filtration and followed by washing with 

methanol five times. FT-IR spectra of recovered Cu(I)@NHC-MOF showed a characteristic 

peak at 2120 cm
-1

 due to the C≡C bond of the alcohol coordinating with Cu(I) center. On the 

contrary, there was no peak corresponding to C≡C bond in the case of pure NHC-MOF, 

supporting the interaction of propargylic alcohol with the Cu(I) site in the functionalized 

framework (Figure A99). At the same time, the polarization of CO2 takes place at the metal-

free NHC centers exposed in the 1D channels.
81

 Then, deprotonation of propargylic alcohol 

takes place in the presence of DBU (base) followed by CO2 insertion and subsequent ring-

closure reaction leads to the formation of α-alkylidene cyclic carbonate. Finally, the 



Chapter 5b                                                                  Noble metal-free Cu(I)-anchored …. 

185 
 

elimination of the product regenerates the active catalyst and the catalytic cycle continues. 

Whereas in the presence of primary amine added, the α-alkylidene cyclic carbonate 

undergoes aminolysis resulting in the generation of oxazolidinone (Scheme A1).  

 

 

Scheme 3. Plausible mechanism for carboxylative cyclization catalyzed by Cu(I)@NHC-

MOF. 

 

5b.4. Conclusion 

     In summary, a rare demonstration of post-synthetic modification of NHC-based Zn(II)-

MOF by Cu(I) ions to generate a noble metal-free, bifunctional heterogeneous catalyst 

exhibiting efficient catalytic activity for fixation of CO2 to high-value chemicals is presented. 

The Cu(I)@NHC-MOF showed highly selective and recyclable CO2 adsorption with high 

interaction energy. Remarkably, the MOF catalyst exhibits high stability and recyclability up 

to 10 cycles of regeneration. To the best of our knowledge, this work represents the first 

example of a noble metal-free MOF-based catalyst known for the highly efficient conversion 

of CO2 into value-added chemicals like oxazolidinones under mild conditions. This study 

paves the way for the design of noble metal-free catalysts for the efficient fixation of CO2 

into high-value chemicals. 
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6.1. Introduction  

  The rapid rise in global energy demand has led to increased use of fossil fuel-based 

resources which are contributing to atmospheric CO2 emissions.
1
 Therefore, it is of urgent 

need to mitigate this increasing carbon dioxide concentration by capturing and utilizing it as a 

C1 source for generation of value-added products and fuels.
2-5 

Especially, flue gases from 

power plants and industrial emissions add substantially to the rise of atmospheric CO2 

concentration.
6,7

 Thus direct fixation of flue gas/dilute gas (13% CO2) into valuable 

chemicals provides potential benefits. However, fixing carbon dioxide at such low 

concentrations and in the presence of large amounts of N2 (87%) necessitates a highly active 

catalyst having good CO2-philicity and catalytic activity.
8 

Among the diverse transformations 

of CO2, the generation of syngas (a mixture of CO and H2), an important raw material for 

fuel/methanol production through the Fisher-Tropsch process is of potential significance.
9,10 

Thus an integrated approach of CO2 reduction coupled with H2 generation by water splitting 

utilizing visible light/sunlight represents a promising step towards sustainable generation of 

energy and environmental remediation.
11-14

 Moreover, the eco-friendly, photocatalytic route 

is proven to be advantageous over thermal or electrochemical methods for the controlled 

generation of syngas.
15-17 

However, majority of photocatalytic materials are active in the UV 

region which makes up only about 4% of sunlight. Hence, the design of efficient 

photocatalytic materials which are active in visible light facilitates effective sunlight 

harvesting (~40%).
18,19 

In this regard, porphyrins and metalloporphyrins have gained 

significant interest owing to their photoredox properties along with strong absorption of 

visible light and high quantum yield.
20,21

 Further, transforming the porphyrin monomers into 

extended 2D/3D frameworks trounces their aggregation-related limitations and renders them 

highly efficient photocatalytic materials.
22,23 

Thus, combining the unique features of 

porphyrins with suitable red-ox active metal ion with optimum CO2 reduction and H2 

generation potential render promising photocatalytic materials for effective utilization of 

carbon dioxide for fine chemicals synthesis.
24-26 

 

Keeping these points, in this chapter we report construction  of porphyrin-based 

porous, rigid framework, POF(Co) constituted by catalytically active single atom Co
II
 sites 

anchored on CO2-philic 2D framework. Indeed, POF(Co) showed excellent photocatalytic 

activity for reduction of CO2 to CO with a rate of 7165 μmol/g under visible light irradiation. 

Besides, the competing water-splitting reaction to hydrogen generation took place at a rate of 

26515 μmol/g. Notably, POF(Co) catalyzed the conversion of CO2 even from dilute gas with 

a CO generation rate of 1657 µmol/g. Interestingly, the analogues POF(Zn) showed 
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negligible activity for the generation of syngas with CO/H2 yield of 18/53 μmol/g 

highlighting the importance of Co
II
 for the combined CO2 reduction (CO2R) and H2 evolution 

reaction (HER). The superior performance of POF(Co) has been ascribed to favorable band 

structure promoting facile transfer of photo-excited electron from [Ru(Bpy)3]
2+ 

sensitizer to 

Co
II
 catalytic site. Whereas, the electron transfer to Zn

II
 is hindered due to the higher LUMO 

energy unveiled from detailed theoretical investigation. Overall, this work showcases a novel 

demonstration of light-promoted CO2R and HER for the controlled generation of syngas 

under eco-friendly mild conditions.   

 

6.2. Experimental section 

6.2.1. Materials  

All the reagents used in this work were commercially available and used as received 

without any further purification. Co(CH3COO)2.4H2O, Zn(CH3COO)2.4H2O, pyrrole, and 4-

bromobenzaldehyde were purchased from Sigma Aldrich Chemical Co. Propionic acid, 9,10-

bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)anthracene, and Pd(PPh3)4 were purchased 

from TCI chemicals. 

 

6.2.2. Physicochemical characterization  

The UV-Vis (Diffuse Reflectance) spectra were recorded on the Shimadzu 

spectrophotometer using BaSO4 as a reference. Thermogravimetric analysis (TGA) of the 

compounds was carried out on Metler Toledo Thermogravimetric analyzer in an inert (N2) 

atmosphere with a flow rate of 30 mL/min in the temperature range of 30–600 C and a 

heating rate of 5 C/min. FTIR (Fourier transform infrared) spectra of the samples were 

recorded from 400 to 4000 cm
-1

 on a Perkin Elmer ATR-FTIR spectrometer. Gas adsorption 

studies were carried out on Quantachrome QUADRASORB-SI automatic volumetric 

instrument. The CO and H2 yield was monitored by gas chromatography (Agilent 7890B, 

Agilent Technologies) equipped with TCD and FID. 

 

6.2.3. Synthesis 

6.2.3.1. Synthesis of 5, 10, 15, 20-tetrakis (4-bromophenyl) porphyrin (TBPP(H2))  

In a 250-mL round bottom flask, methyl 4-bromobenzaldehyde (5.0 g, 27 mmol) was 

added to 100 mL of propionic acid. To this solution, 27 mmol (1.867 mL) pyrrole was added 

dropwise and the solution was refluxed at 140 °C for 12h (Scheme 1). Then the reaction 
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mixture was cooled down to room temperature and poured into 150 mL methanol, stirred in 

an ice bath for 30 min. The resulting precifitate was filtered and washed with methanol 

thoroughly until the filtrate becomes a clear solution. Subsequently, the product was washed 

with warmed water and methanol and dried at 100 °C under vacuum to obtain a purple solid 

(32 % yield). 
1
H NMR (400 MHz, CDCl3) δ: 8.84 (s, 8H), 8.07 (d, 8H), 7.91 (d, 8H), -2.87 (s, 

2H).  

                                                                                                                                                                                                                                   

6.2.3.2. Synthesis of 5, 10, 15, 20-tetrakis (4-bromophenyl) Zn/Co(II) porphyrin 

(TBPP(Zn/Co))  

In a 250-mL round bottom flask, TBPP(H2) (1 mmol) and Zn(CH3COO)2.2H2O/ 

Co(CH3COO)2.4H2O (12 mmol) were mixed in 100 mL DMF. The resulting reaction mixture 

was stirred at room temperature for 15 min and then refluxed for 12 h. After cooling to room 

temperature, the solution was poured into 100 mL of water and the solid obtained was 

collected by filtration. Then the solid was dissolved in chloroform and the organic phase was 

washed with water five times and dried over anhydrous magnesium sulfate. The chloroform 

was evaporated under reduced pressure and the resulting product was dried under vacuum at 

100 °C. 
1
H NMR (400 MHz, CDCl3) δ: 8.86 (s, 8H), 8.09 (d, 8H), 7.94 (d, 8H).  

 

 

Scheme 1. The synthesis scheme of TBPP (Zn/Co). 
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6.2.3.3.  Synthesis of POF(Zn/Co) 

In a 100 mL two-neck round bottom flask, 0.2 mmol of TBPP(Zn/Co), 9,10-

bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)anthracene (0.4 mmol) were taken under Ar 

atmosphere. Degassed 1,4-dioxane (16 mL), Pd(PPh3)4 (20 µmol, 23.4 mg), and potassium 

carbonate (1.6 mmol, 221 mg) in 4 mL water were added under an inert atmosphere (Scheme 

2). The resulting reaction mixture was degassed by three cycles of freeze-pump-thaw process 

and allowed to reflux for 72 h under an Ar atmosphere. After cooling to room temperature the 

reaction mixture was washed with water, THF, MeOH, and acetone thoroughly. The POF 

was dried at 120 °C under vacuum for 24h. 

 

6.2.4. Gas adsorption measurements 

 N2 adsorption-desorption studies were carried out at 77 and 273K, while CO2 

adsorption-desorption measurements were carried out at 273, and 298K using 

QUANTACHROME Quadrasorb SI automated surface area and pore size analyzer 

instrument. For CH4 the measurement was carried out at 273K. Ultrapure (99.995%) N2, He, 

CH4, and CO2 gases were used for the adsorption-desorption measurements. Prior to 

adsorption measurements, the sample (~ 0.10g) was exchanged with methanol and activated 

at 120 °C for 12 h under vacuum in QUANTACHROME Flovac degasser and further purged 

with ultrapure N2 (99.995%) gas on cooling. PXRD patterns of the activated samples 

revealed the retaining of the original framework structure after activation. The BET surface 

area of the POFs was estimated from N2 sorption isotherms carried out at 77K. The gas 

selectivity experiments were carried out at 273K. The dead volume of the sample cell was 

measured using Helium gas (99.995%). 

 

6.2.5. Photocatalytic CO2 reduction studies 

The photocatalytic CO2 reduction reactions were carried out in a 37 mL Quartz 

photoreactor. Before the catalytic reactions, the POFs were exchanged with acetone and 

activated at 120 °C for 12 h under vacuum to remove guest solvent molecules. In a typical 

reaction, acetonitrile (3 mL), water (1 mL), TEOA (2 mL), [Ru(Bpy)3]
2+

 (3 mg), and the 

activated POF (5 mg) were taken in a 37 mL Quartz photoreactor. The reactor was sonicated 

for 10 sec. and sealed with a rubber septum. With the help of a needle, 100mL min
-1

 CO2 gas 

was bubbled into the photoreactor for 30 min. The reactor was irradiated with UV-IR light 

using 1000 W Xenon lamp. The output power of the lamp was 1 W/cm
2
 at the reactor CO and 

H2 yield was monitored by gas chromatography (Agilent 7890B, Agilent Technologies) 
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equipped with TCD and FID. The recovered catalyst was washed with acetonitrile and 

acetone thoroughly and activated at 120 °C under vacuum for 12 h and reused for subsequent 

catalytic cycles. 

 

6.2.6. Theoretical investigation 

The geometry optimization of the primitive structure of metal-containing POF unit, 

HOMO, and LUMO energies was carried out using Density Functional Theory (DFT) with 

gradient exchange-correlational functional of B3LYP (Figure 1). The Pople basis of 6-31G* 

has been used for all main group elements of H, C, N, and the LANL2DZ basis set was 

implemented for the Co and Zn transition metals. Acetonitrile and water mixed solvent is 

used under the conductor-like polarizable continuum solvation model (CPCM). The 

electronic absorption spectra (ligand to metal charge transfer, LMCT) have been performed 

by the time-dependent density functional theory (TD-DFT) method, scanning across 300 

excited states. All calculations were performed using Gaussian 09 software. The reaction-free 

energy change (∆G) has been calculated from the reaction-free energy difference between the 

final and initial intermediates. The Zero-point vibrational energy (ZPVE) and thermal 

correction have been considered in total electronic energy to obtain the reaction-free energy 

at 298 K temperature and 1 atm pressure. The Natural bond orbital (NBO) calculations have 

also been considered on some intermediates to investigate the natural charges. 

 

 

Figure 1. Optimized structure of repeating units of (a) POF(Co), (b) POF(Zn), and (c) 

[Ru(Bpy)3]
2+

 sensitizer.  
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6.3. Results and discussion 

6.3.1. Synthesis and characterization  

The synthesis of precursors, 5, 10, 15, 20-tetrakis (4-bromophenyl) porphyrin, 

TBPP(H2), and the metallated ligand, TBPP(Zn/Co) was achieved by adopting the reported 

procedure (Scheme 1).
27

 The 2D networks, POF(Zn/Co) were prepared via Suzuki coupling 

reaction of TBPP(Zn/Co) with 9,10-bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-

yl)anthracene (Scheme 2). The formation of POFs was established by various 

characterization techniques. The FT-IR spectra showed disappearance of the C-Br stretching 

frequency of TBPP(M) at 530 cm
−1

 supporting the consumption of the porphyrin precursor 

(Figure A100). Whereas the appearance of a new stretching frequency at 1165 cm
−1

 assigned 

to a new C−C bond formed between the precursors is observed (Figure A100). Further, solid-

state 
13

C CP-MAS NMR spectra of POF(Zn) showed a characteristic resonance peak at δ 117 

ppm due to the carbon of C-C bond formed between the porphyrin ring and anthracene 

moiety confirming the framework formation (Figure A101).
16

 The PXRD plot of both the 

POFs showed a broad peak in the 2θ range 20-27° due to π-π stacking between the porphyrin 

rings (Figure A102). Thermogravimetric analysis (TGA) revealed that both the POFs exhibit 

thermal stability up to 410 °C. The UV–vis DRS (diffuse reflectance spectra) of both the 

POFs showed wide absorption covering the UV-Vis region (200–800 nm) (Figure A103). 

The band gap energy (Eg) for POF(Co/Zn) calculated from the Tauc plot was found to be 

2.68/2.77 eV, respectively (Figure A104). Further, SEM analysis showed uniform spherical 

morphology of POFs (Figures 2a and 2b).  

 

Scheme 2. The synthesis scheme of POF(Zn/Co). 
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6.3.2. X-ray photoelectron spectroscopy (XPS) analysis 

The XPS spectra of POF(Co) depicted the presence of constituent elements, Co, C, 

and N (Figure A105). The Co
II
 spectra (Figure 2c) showed characteristic binding energies 

(BE) for P3/2 and P1/2 at 781.6 and 797.4 eV, respectively, which are in accordance with 

reported XPS spectra of Co
II
 in porphyrin macrocycle (CoN4).

27
 The N 1s spectra (Figure 2d) 

showed a BE peak at 400.0 eV which is in line with reported BE for Co
II
-centered porphyrin 

macrocycle (400.1 eV).
27

 The appearance of a single BE peak for N 1s supports the 

symmetry change from D2h to D4h upon Co-metallation.
27 

 

 

Figure 2. SEM images of POF(Co/Zn) (a/b), XPS spectra for Co
 
2P

 
and N 1S (c/d), (e) N2 

adsorption isotherms for POF(Zn/Co) (i and ii) and (f) selective CO2 adsorption isotherm (i: 

CO2, ii: CH4, iii: N2) carried out at 298 K. 

 

6.3.3. Gas adsorption studies 

The permanent microporosity of the POFs was examined by N2 adsorption 

measurements, both POF(Zn/Co) showed similar BET surface areas of 324/301 m
2
g

-1
 (Figure 

2e). Besides, CO2 sorption studies showed type-I adsorption profiles with uptake of 61.2/48.9 

and 46.6/39.2 cc/g for POF(Co/Zn) at 273 and 298K, respectively (Figure A106). Further, the 

precise prediction of CO2 uptake at both temperatures was done following the Freundlich-

Langmuir equation
29

 (Figure A107-A110) and the CO2 interaction energy (Qst) was 

calculated from the Clausius-Clayperon equation.
30

 Interestingly, Qst for interaction of CO2 

with POF(Co/Zn) was found to be 37.4/34.6 kJmol
-1

, respectively (Figure A111). 
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Additionally, selective gas adsorption analysis revealed negligible N2 and CH4 uptake (Figure 

2f) with Henry selectivity constants of 78, and 71 for KCO2/N2, and KCO2/CH4, respectively 

(Figure A112). The high selectivity constant supports the good affinity of the framework for 

CO2 over N2 and CH4. 

 

6.3.4. Photocatalytic CO2 reduction studies 

The presence of catalytically active single-atom Co
II
 sites in the porphyrin core, along 

with the CO2-philic rigid framework of POF(Co/Zn) motivated us to check the photocatalytic 

CO2 reduction activity of the frameworks. The optimization of the catalytic reactions was 

carried out using POF(Co) as catalyst, along with [Ru(Bpy)3]
2+ 

as sensitizer and 

trietanolamine (TEOA) sacrificial agent in presence of white light as a visible light source. 

The catalysis carried out in pure water as solvent did not show any formation of reduced 

products (Figure 3). Whereas, the use of pure acetonitrile (MeCN) as solvent resulted in 

generation of syngas with CO and H2 evolution rate of 6015 and 32 μmol/g, respectively. 

Interestingly, when the combination of MeCN : H2O (3:1) was employed as solvent afforded 

the best activity with CO and H2 yield of 7165 and 26515 μmol/g, respectively (Figure 3b).  

 

 

Figure 3. (a) Screening of activity in various conditions, (b) varying solvents, (c) effect of 

light, and (d) photocatalytic production of CO by POF(Co).  
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 The higher activity observed in the mixed solvent can be ascribed to combined effect 

of good dispersion of Ru-sensitizer and enhanced solubility of CO2 in the polar aqueous 

medium
 
(Figure 3).

28 
Whereas, the catalysis carried out in the absence of POF(Co), sacrificial 

agent, sensitizer and visible light yielded no formation of syngas indicating the essential 

requirement of these components for light-promoted CO2R and HER (Figure 3). The control 

experiment performed under an Ar atmosphere showed the sole formation of H2 (29710 

μmol/g) (Figure 4a). Notably, analysis of the gaseous or liquid products by various 

techniques confirmed selective formation of CO, and no other CO2R products were observed. 

For further confirmation of CO evolution by CO2 reduction, the catalysis was carried out 

using 
13

CO2 gas and to our delight, the GC-MS spectra of the head gas showed a peak at m/z 

= 29 corresponding to 
13

CO formation (Figure 4).   

 

 

Figure 4. (a) Hydrogen evolution by POF(Co) under Ar atmosphere atmosphere, and (b) 

mass spectra of 
13

CO, Photocatalytic production of (c) CO and (d) H2 from dilute gas (13% 

CO2) catalysed by POF(Co).  
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This experiment unambiguously confirms CO formation by photocatalytic CO2R 

reaction. To examine the role of Co
II
 metal on catalytic CO2 reduction, the catalysis was 

repeated using the analogues framework, POF(Zn) as catalyst. Interestingly, a negligible 

yield of CO/H2 (18/53 μmol/g) was observed highlighting the critical role of Co
II
 in 

catalyzing CO2R and HER process. More importantly, the yield of CO produced catalyzed by 

POF(Co) was found to be higher than most of the reported photocatalysts (Table 1).
31-36 

Motivated by the high catalytic performance of POF(Co), its application for CO2R using 

dilute gas (CO2:N2 = 13:87%) having a similar composition to that of dry flue gas was tested. 

Indeed, the generation of CO/H2 in high yield of 1657/27075 µmol/g, respectively was 

observed highlighting the excellent catalytic performance of POF(Co) (Figure 4). 

To examine the reusability and structural stability of the catalyst, the POF(Co) was 

recovered after the catalysis and reused for consecutive cycles after activation. Notably, the 

catalytic activity was maintained even after five cycles of reuse with a negligible reduction in 

the yield of syngas (Figure A113). Further, the characterization of the recycled catalyst by 

PXRD, FTIR, and SEM analysis confirmed retaining of the original structure and 

morphology of POF (Figure 5). Moreover, microwave plasma atomic emission spectroscopic 

(MP-AES) analysis of the filtrate of catalytic reaction did not show presence of Co
II
 

supporting the absence of leaching of active metal during the reaction and high photo-

stability of the framework (Figure A114).  

 

 

Figure 5. (a) FTIR spectra of as-synthesized POF(Co) (i) and recycled POF(Co) (ii), (b) 

SEM image of recycled POF(Co) after catalysis. 
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Table 1. Comparison of photocatalytic performance of POF(Co) for reduction of CO2 to CO 

with literature-reported catalysts. 

Sl. 

No. 

Photocatalyst Hole 

Scavenger 

Rate 

(μmol g
-1

h
-1

) 

References 

01 POF(Co) TEOA 716.5 

 

Our catalyst 

02 PMOF/Re BIH 535 ACS Appl. Mater. Interfaces 

2021, 13, 2710-2722. 

03 NiP-TPE-COF TEOA 525 Sci. China Chem. 2020, 63, 

1289-1294. 

04 Ni-PCD@TD COF, 

Ru(bpy)3Cl2 

TEOA 478 Adv. Funct. Mater. 2020, 30, 

2002654. 

05 COF-367(Co) TEA 259 J. Am. Chem. Soc. 2020, 142, 

16723-16731. 

06 MOF-525(Co) TEOA 201 Angew. Chem. Int. Ed. 2016, 

55, 14310-14314. 

07 In-PMOF t-AP 144 Inorg. Chem. 2020, 59, 

6301-6307. 

08 2D/Zn-MOF TEOA 117.8 J. Mater. Chem. A 2019, 7, 

11355- 11361. 

09 D-TiMOF TEOA 59.55 J. CO2 Util. 2021, 48, 

101528. 

10 PMOF1/Ru(bpy)3Cl2 TEOA 56 Dalton Trans. 2019, 48, 

8678-8692. 

11 PD-COF-23-Ni TEOA 40 Dalton Trans. 2020, 49, 

15587-15591. 

12 PCN-224(Cu)/TiO2 - 37.21 J. Am. Chem. Soc. 2019, 141, 

13841-13848. 

13 COF-367(Co), 

Ru(bpy)3Cl2 

AA 20.2 J. Am. Chem. Soc. 2019, 141, 

17431-17440. 

14 g-CNQDs/PMOF TEOA 16.1 ACS Appl. Mater. Interfaces 

2019, 11, 42243-42249. 

15 MAPbI3@PCN-

221(Fe) 

H2O 14.16 Angew. Chem. Int. Ed. 2019, 

58, 9491-9495. 

16 ZrPP-1(Co) TEOA 14 Adv. Mater. 2018, 30, 

1704388. 

17  Zr-MBA-Re-MOF TEOA 13.75 Energy Environ. Sci. 2021, 

14, 2429-2440. 

18 COF-P - 4.58 Mater. Chem. Front. 2020, 4, 

2754-2761. 
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6.3.5. Mechanistic investigation 

To understand the higher catalytic performance of POF(Co), transient photocurrent 

and photoluminescence (PL) measurements were conducted with an excitation wavelength of 

450 nm (Figure 6). The photocurrent (i) vs time (t) plot (Figure 6a) for POF(Co/Zn) shows a 

sharp increase in photocurrent density for both the POFs under light irradiation and then it 

decays to zero when the light is turned off. Notably, POF(Co) showed higher photocurrent 

density over POF(Zn) due to facile separation/migration of electrons to the reaction sites. 

This higher photocurrent response of POF(Co) is in line with its superior catalytic 

performance over its Zn-counterpart.
37

 Further, the PL intensity (Figure 6b) of Ru-sensitizer 

at 610 nm was quenched upon the addition of POF(Co/Zn). Moreover, the emission intensity 

of POF(Co) was quenched to a higher magnitude than that of POF(Zn). This process signifies 

that the charge transfer from Ru-sensitizer to Co
II
 center is more favored than that of Zn

II
 site 

which is in line with the higher catalytic performance of POF(Co). 

 

 

Figure 6. (a) Transient photocurrent (i vs t) response for (i) POF(Co) and (ii) POF(Zn), (b) 

PL spectra of (i) [Ru(Bpy)3]
2+ 

solution and after addition of (ii) POF(Zn) and (iii) POF(Co). 

 

Further, to get in-sight mechanistic details of the CO2R catalyzed by POF(Co), in-

depth theoretical simulations were performed using DFT (see annexure). The TD-DFT 

calculations were carried out by using B3LYP functional in Gaussian 09 package (more 

details in the annexure). Our, simulated UV-vis absorption spectra of 450 nm show a      

transition occurred from HOMO-1 (filled 2p orbital of carbon anthracene moiety) to LUMO 

(vacant 2p and 3d orbital of porphyrin ring and Co
II
 metal, respectively) (Figure A115). The 

HOMO-LUMO position of [Ru(Bpy)3]
2+

 and POF(Co/Zn) were calculated to be 6.15-2.60 
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and 5.27-3.73/5.26-2.56 eV, respectively (Figure A116). It is important to note that the 

LUMO of Ru-sensitizer lies above that of POF(Co) and below that of POF(Zn). These orbital 

energies favor facile transfer of photo-induced electrons from the sensitizer to Co
II
 and are 

utilized for CO2R and HER processes. On the other hand, the photo-excited electron transfer 

Zn
II
 is hindered due to its higher LUMO energy. Furthermore, we have studied the CO2 

activation on the Zn
II
-containing POF. Interestingly, the CO2 molecule was found to interact 

strongly with the porphyrin ligand instead of Zn
II
 center. This can be explained by the NBO 

charge analysis, where Zn
II
 metal possesses a higher positive charge of +1.43 |e| compared to 

the Co metal of +0.87 |e| and the C atom of CO2 possesses +1.06 |e|.
39 

 

 

 

Scheme 3. Schematic representation of photocatalytic reduction of CO2 and protons for syngas 

generation.  

 

 In the very first step, the CO2 molecule experienced a higher repulsive force from Zn
II
 

site compared to that of Co
II
 metal and hence allowed to form the stable complex with the 

porphyrin ligand which is not participating in further reaction. Perhaps this is another reason 

that Zn-POF is not taking part in the CO2R to CO experimentally. Based on the above 

discussion, a plausible mechanism for CO2R is shown in Scheme 3. Upon irradiation with 

light, the [Ru(Bpy)3]
2+

 sensitizer undergoes excitation, [Ru(Bpy)3]
2+

* and the electron is 
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transferred to Co
II
 site at which CO2R to CO takes place via a 2e- reduction process (Figure 

7). While the Ru-sensitizer is regenerated by accepting an electron from the sacrificial donor 

(TEOA). To understand the detailed mechanism, we computed stepwise reaction free energy 

for POF(Co), and the resulting energy profile is shown in (Scheme 4). Upon treating CO2 

with framework, the formation of b complex with a reaction-free energy of 7.37 Kcal/mol 

takes place.  

 

Figure 7. Reaction free energy profile for the reduction process. 

 

 This step is endergonic due to the interaction of CO2 and Co center, through the O of 

CO2 at a distance of 3.5   to form an active *CO2 molecule. Further, a proton-electron pair 

has been transferred to the O of *CO2 producing *COOH complex c with exergonic free 

energy of -16.67 kcal/mol. Then, another proton-electron pair transfer resulted in the 

transformation of activated *COOH to *CO complex of d by release of one H2O molecule, 

with a huge exergonic free energy change of -56.52 Kcal/mol. Here the transfer of proton-

electron pair drives the formation of water molecule. Finally, the catalyst is regenerated on 

the removal of the CO molecule with a free energy change of -7.54 Kcal/mol. The overall 

reaction-free energy change of -73.36 Kcal/mol indicates that the reaction is 
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thermodynamically favorable. Our calculated reaction-free energy is comparable to other 

transition metal-based catalysts known for CO2R to CO formation.
38,39

 

 

6.4. Conclusion 

The strategic construction of 2D porphyrin-based frameworks for efficient visible 

light-promoted CO2R coupled with HER for controlled generation of syngas is achieved. 

Remarkably, the Co-metallated framework showed superior catalytic performance over the 

Zn-one owing to the optimum red-ox properties of the metal. The rigid, 2D framework 

structure with exposed single atom Co
II
 sites promoted efficient CO2R activity even from 

dilute gas (13% CO2) under visible-light-driven mild conditions. In-sight mechanistic details 

of CO2 reduction was unveiled by detailed theoretical investigation. Overall, this work 

represents a novel demonstration of light-promoted generation of syngas and paves a way for 

rational construction of recyclable catalysts for effective CO2R under eco-friendly mild 

conditions.   
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Figure A1. PXRD patterns of Zn-DAT (a) simulated pattern from single crystal X-

ray diffraction, (b) as-synthesized sample, (c) activated, and (d) recycled sample after 

five catalytic cycles.  

223 

Figure A2. FT-IR spectrum of Zn-DAT.  223 
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Figure A1. PXRD patterns of Zn-DAT (a) simulated pattern from single crystal X-ray 

diffraction, (b) as-synthesized sample, (c) activated, and (d) recycled sample after five 

catalytic cycles.  

 

 

Figure A2. FT-IR spectrum of Zn-DAT.  
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Figure A3. PXRD patterns for Zn-TAZ (a’) simulated pattern from single crystal X-ray 

diffraction, (b’) as-synthesized sample, (c’) activated, and (d’) after reaction. 

 

 

Figure A4. 3D view of Zn-DAT showing the pore size along the crystallographic c- and b-

axis. 

 

Figure A5. (a) 5-connected Zn(II) node (polyhedron shown in different colour) and (b) 8-

connected Zn(II) node (polyhedron shown in different colour). 
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Figure A6. N2 adsorption-desorption isotherm of (a) Zn-DAT (b) Zn-TAZ carried out at 77 

K. 

 

Table A1. Selected bond length (Å) and angles (°) for Zn-DAT. 

Zn1-O1 1.955(4) O3
vi

-Zn2-N2 102.29(18) 

Zn1-N1 1.972(4) O4
viii

-Zn2-N2 101.1(2) 

Zn1-O1
i
 1.955(4) O3

vi
-Zn2-O4

iv
 84.4(2) 

Zn1-N1
i
 1.972(4) O3

vi
-Zn2-O4

iv
 156.6(2) 

Zn2-N2 1.993(6) O4
iv

-Zn2-O4
viii

 90.01(18) 

Zn2-O4
 iv

 2.031(5) O3
vi

-Zn2-O3
vi

 91.7(2) 

Zn2-O3
vi

 2.020(5) O3
vi

-Zn2-O4
viii

 156.6(2) 

Zn2-O3
vi

 2.020(5) O3
vii

-Zn2-O4
viii

 84.4(2) 

Zn2-O4
viii

 2.031(5) Zn1-O1-C1 117.4(4) 

O1-Zn1-N1 116.8(2) Zn2
v
-O3-C6 127.3(4) 

O1 -Zn1-O1
i
 108.21(18) Zn2

iii
-O4-C6 129.9(5) 

O1-Zn1-N
i
 102.92(19) Zn1-N1-C7 128.2(3) 

O1
 i
-Zn1-N1 102.92(19) Zn1-N1-N1

ii
 125.1(3) 

N1-Zn1-N
i
 109.83(16) N1

ii
-N1-C7 105.7(4) 

O1
i
-Zn1-N

i
 116.8(2) Zn2-N2-C7 127.5(3) 

O4
 iv 

-Zn2-N2 101.1(2) Zn2-N2-C7
ii
 127.5(3) 

O3
vi

-Zn2-N2 102.29(18)   

i = 1-x,y,-z, ii = x,2-y,z,  iii = -1/2+x,-1/2+y,-1+z,  iv = 1/2+x,1/2+y,1+z,  v = 3/2-x,-

1/2+y,z,  vi = 3/2-x,1/2+y,-z,  vii = 3/2-x,3/2-y,-z,  viii = 1/2+x,3/2-y,1+z. 
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Table A2. Selected hydrogen bonding geometry (Å) for Zn-DAT. 

D–H···A H···A             D···A D–H···A 

N3-H3A…O2 2.1000 2.874(7) 149.00 

N3-H3B…O3 2.5700 3.252(8) 137.00 

 

Analysis of gas adsorption isotherms 

Clausius-Clapeyron Equation
1
 was used to calculate the enthalpies of carbon dioxide 

adsorption. By using Langmuir Freundlich equation
2 

an accurate fit was retrieved which gives 

a precise prediction of carbon dioxide adsorbed at saturation. A modification of the Clausius-

Clapeyron equation is used for calculations. 

                              …….(i) 

where P1 and P2 = Pressures for isotherm at 273K  and 298K respectively. 

              T1 and T2 = Temperatures for isotherm at 273K and 298K respectively. 

               Hads  = Enthalpy of adsorption. 

              R = Universal gas constant = 8.314 J/K/mol. 

The pressure is a function of the amount of gas adsorbed which was determined by using the 

Langmuir-Freundlich fit. 

                          ………(ii) 

                         Where,    Q = moles of gas adsorbed. 

                                         Qm = moles of gas adsorbed at saturation. 

                                         B and t = constants. 

                                         P = Pressure.                 

 By rearranging equation (ii) we get equation (iii) 

                         ……..(iii) 

  Substituting equation (iii) into equation (i) we get 

                          
                        

  

                         
………(iv) 

In equation (iv), subscript 1 and 2 are representing data corresponding to 273K and 298K in 

case of carbon dioxide gas.  

 



     Annexure  

227 
 

 

Figure A7. Carbon dioxide adsorption isotherm of Zn-DAT and Zn-TAZ carried out at 273 

K. The solid line shows the best fit to the data using the Langmuir-Freundlich Equation. 

 

 

Figure A8. Carbon dioxide adsorption isotherm for Zn-DAT and Zn-TAZ at 298 K. The 

solid line shows the best fit to the data using the Langmuir-Freundlich Equation. 

 

 

Figure A9. Enthalpy of carbon dioxide for Zn-DAT calculated using the Clausius-Clapeyron 

equation. 
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Figure A10. Gas selectivity for Zn-DAT calculated following the Henry’s law from the CO2, 

N2, Ar and H2 isotherms carried out at 273 K. 

 

 

Figure A11. Linear fitting of CO2, Ar, H2 and N2 isotherms used for calculation of Henry’s 

selectivity constants. 
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Table A3. Optimized geometries of epoxides using Gaussian09 at b3lyp/6-311g (d,p) level. 

Substrates Optimized structure 

 

Dimensions 

1,2-epoxy 

propane 

 

 

 

  4.35 X 3.41 Å
2
 

1,2-epoxy 

butane 

 

 

 

 

  5.648 X 3.39 Å
2
 

1,2-epoxy 

hexane 

 

 

 

  8.198 X 3.39 Å
2
 

1,2-epoxy 

decane 

 

 

 

  13.321 X 3.39 

Å
2
 

allyl glycidyl 

ether 

 

 

 

~8.901  X 3.140   

Å
2
 

butyl glycidyl 

ether 

 

~ 10.462  X 

3.140 Å
2
 

 

GCMC Simulations 

Grand Canonical Monte Carlo (GCMC) simulations were carried out at 298 K for 

HbMOF1 to predict the single component adsorption of CO2 at 298 K and N2 at 77K. These 

calculations were performed using the RASPA simulation code.
 
The simulation box was 
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made of 12 (2×3×2) unit cells of HbMOF1. Short-range dispersion forces were truncated at a 

cutoff radius of 12 Å while the interactions between unlike force field centers a and b were 

treated employing the Lorentz-Berthelot combination rules;           ,         

     , where    and    are the LJ parameters for species a. The long-range electrostatic 

interactions were handled using the Ewald summation technique. The fugacity for each 

adsorbed species at a given thermodynamic condition was computed with the Peng-Robinson 

equation of state (EoS).
 
For each state point, 5×10

7
 Monte Carlo steps have been used for 

both equilibration and production runs. Three types of trials were considered for the 

molecules: (i) translation or rotation, (ii) creation/deletion, and (iii) exchange of molecular 

identity. The adsorption enthalpy at low coverage      for each gas was calculated through 

configurational-bias Monte Carlo simulations performed in the NVT ensemble using the 

revised Widom’s test particle insertion method.
 

Additionally, to gain insight into the 

configurational distribution of the adsorbed species in HbMOF1, some additional data were 

calculated at different pressure including the radial distribution functions (RDF) between the 

guests and the host. 

 

 

Figure A12. PXRD patterns of HbMOF1 (a) simulated pattern from single-crystal X-ray 

diffraction and for (b) as-synthesized sample (c) activated and (d) recycled sample after five 

catalytic cycles. 
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Figure A13. FT-IR spectrum of activated HbMOF1.  

 

Table A4. Selected hydrogen bonding geometry for HbMOF1. 

D-H.. A H··A D··A D--H··A 

N4-H4B··O4 2.0900 2.906(4) 158.00 

N5-H5A··O2 2.3300 3.033(4) 139.00 

N5-H5B··O3 2.4200 2.986(4) 124.00 

N6-H6B··O1 2.3000 3.088(4) 152.00 

      C5-H5··F7 2.3800 2.989(4) 123.00 

      C8-H8··F3 2.34002 2.972(4) 125.00 

 

Table A5. Selected bond length (Å) and angles (°) for HbMOF1.  

X-Y Bond length (Å) X-Y-Z Bond angle (°) 

Zn -O1 2.027(2) O1-Zn-N1 103.83(9) 

Zn-O2 2.063(2) O2-Zn-O3 85.44(10) 

Zn-O3 2.075(2) O2-Zn-O4 87.86(10) 

Zn-O4 2.046(2) O2-Zn-N1 100.22(9) 

Zn-N1 2.011(2) O3-Zn-O4 155.73(9) 

O1-Zn-O2 155.63(9) O3-Zn-N1 101.41(9) 

O1-Zn-O3 86.02(10) O4-Zn-N1 102.74(9) 

O1-Zn-O4 90.64(9)   
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Figure A14. Carbon dioxide adsorption isotherm of HbMOF1 carried out at 273 K. The solid 

line shows the best fit to the data using the Langmuir-Freundlich Equation. 

 

 

Figure A15. Carbon dioxide adsorption isotherm for HbMOF1 at 298 K. The solid line 

shows the best fit to the data using the Langmuir-Freundlich Equation. 



     Annexure  

233 
 

 

Figure A16. Enthalpy of carbon dioxide for HbMOF1 calculated using the Clausius-

Clapeyron equation. 

 

 

Figure A17. Calculation of Henry gas selectivity constants by linear fitting of CO2 (a), H2 

(b), Ar (c) and N2 (d) isotherms.  
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(a) (b) 

  
(c) (d) 

  

Figure A18. The single unit cell (1×1×1 simulation box) considered for the DFT calculations 

viewed along a-axis for HbMOF1 (a), HbMOF1-hypo-1 (b), HbMOF1-hypo-2 (c) and 

HbMOF1-hypo-3 (d) where it is slightly twisted for better views of its functional groups (-

NH2 and -CF3) decorated 1D channel. (Gray, carbon; blue, nitrogen; white, hydrogen; red, 

oxygen; green, zinc; cyan, fluorine). 

 

Table A6. LJ potential parameters for the atoms of the HbMOF1.  

Atomic 

type 

UFF 

 (Å)  /kB(K) 

C 3.851 52.841 

H 2.886 22.143 

N 3.660 34.724 

O 3.500 30.195 

Zn 2.763 32.435 
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Table A7. Potential parameters and partial charges for the adsorbates 

Atomic type  (Å)  /kB(K) q (e) 

CO2_C 2.757 28.129 0.6512 

CO2_O 3.033 80.507 -0.3256 

N2_N 3.310 36.000 -0.4820 

N2_COM 0.00 0.00 0.9640 

 

 

Figure A19. Comparison of the single component simulated isotherms for CO2 (red) with the 

experimental data (blue) for HbMOF1 at 298 K (a) and 273 K (b). 

 

 

Figure A20. BET surface area calculation for HbMOF1 using simulated N2 isotherm at 77 K. 

(a) Plot of Vexcess (1 - P/P0) vs P/P0 for the determination using the first consistency criterion, 

(b) the selected linear plot that satisfies the second consistency criterion and the 

corresponding BET surface area from the linear fit. 
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Figure A21. Comparison of the simulated adsorption enthalpy simulated (red) for CO2 with 

the experimental data (blue) in HbMOF1. 

 

 

Figure A22. Radial distribution functions (RDF) between CO2 and the atoms of the MOF 

framework (CF3 carbon, CCF3: black, CF3 Fluorine, FCF3: cyan, NH2 hydrogen, HNH2: green, 

NH2 Nitrogen, NNH2: orange, Organic Nitrogen, NOrganic,:: blue and Organic Hydrogen, 

HOrganic: : magenta) extracted from the single component adsorption in HbMOF1 at 1 bar and 

298 K: Oxygen of CO2: OCO2 (a) and Carbon of CO2: CCO2 (b). 
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Table A8. The simulated CO2 adsorption enthalpies for HbMOF1 and the hypothetical 

models having the same topology. 

MOF Enthalpy (kJ/mol) 

HbMOF-1 36.0 

HbMOF1-hypo-1 29.2 

HbMOF1-hypo-2 24.5 

HbMOF1-hypo-3 22.7 

 

 

Figure A23. Thermogravimetric analysis of HbMOF1. 
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Figure A24. PXRD patterns of HbMOF1 (a) simulated pattern from single-crystal X-ray 

diffraction, and the sample isolated after treating with various solvents, such as (b) MeOH (c) 

1,4-Dioxane (d) Acetone (e) water (f) N, N-dimethylformamide (g) N, N-dimethylacetamide 

(h) Isopropyl alcohol for 72h. 

 

Table A9. Optimization of catalytic cycloaddition reaction of CO2 with epichlorohydrin 

(ECH).  

Entry 

no. 

Catalyst 

(mol%) 

Cocatalyst 

(mol%) 

Temp.  Pressure    

(MPa) 

Time 

(h) 

Yield 

(%) 

1 - - RT 0.1 24 - 

2 0.1 - RT 0.1 24 - 

3 - 2.5 RT 0.1 24 46 

4 0.1 2.5 RT 0.1 12 68 

5 0.1 2.5 80 0.1 4 96 

6 0.1 2.5 RT 0.1 24 ˃99 
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Figure A25.  Mechanistic Pathways of the Intermediates and Transition States in the 

Cycloaddition of Propylene oxide and CO2  using the HbMOF1 catalyst (Bond Distances are 

in Å) 

 

Models for the Host Framework Microscopic 

          The experimentally elucidated structure of Mg-MOF was initially geometry optimized 

at the Density Functional Theory (DFT) level using the CP2K package.
 
In these simulations, 

the positions of atoms in the framework were relaxed while the unit cell parameters were kept 

fixed at the values determined experimentally. All the structural optimizations were done 

using Perdew-Burke-Ernzerhof (PBE)
 
functional along with a combined Gaussian basis set 

and pseudopotential. For Carbon, Nitrogen, Oxygen, and Hydrogen, a triple zeta (TZVP-

MOLOPT) basis set was considered, while a double zeta (DZVP-MOLOPT) was applied for 

Magnesium.
 
The pseudopotentials used for all of the atoms were those derived by Goedecker, 
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Teter, and Hutter.
 
The van der Waals interactions were taken into account via the use of semi-

empirical dispersion corrections as implemented in the DFT-D3 method.
 
The atomic point 

charges for all framework atoms in Mg-MOF were obtained using the REPEAT method 

proposed by Campana et al.,
 
which was implemented into the CP2K code based on a 

restrained electrostatic potential framework.
  

 

Table A10. Comparison of catalytic activity of HbMOF1 with literature reported MOFs for 

cycloaddition of CO2 with terminal epoxide (PO) under mild conditions.
a 

Sl. 

No. 

Catalyst 

(mol%) 

Temperature 

(°C) 

Pressure 

(MPa) 

Time 

(h) 

Yield 

(%) 

Ref. 

1 Cu(tactmb) RT 0.1 48 47.5 4 

2 HKUST-1 RT 0.1 36 35 5 

3 1-NH2 RT 0.1 36 50 5 

4 1-Urea RT 0.1 36 98 55 

5 BPDC-NH2-OMe RT 0.1 48 41 6 

6 BPDC-Urea-OMe RT 0.1 48 37 6 

7 MOF-505 RT 0.1 48 48 7 

8 ZnGlu RT 1.0 24 65 8 

9 MMPF-9 RT 0.1 48 87.4 9 

10 Cr-MIL-101 RT 0.8 24 82 10 

11 Fe-MIL-101 RT 0.8 24 87 10 

12 UMCM-1 RT 1.2 24 85 11 

13 UMCM-1 NH2 RT 1.2 24 90 11 

14 JLU-MOF58 RT 1 24 95 12 

15 MOF-Zn-1 RT 1.0 24 98 13 

16 Zn(II)-MOF RT 0.8 24 ˃99 14 

17 HbMOF1 RT 0.1 24 ˃99 Chapter-2 

a 
Reaction conditions, Epoxide: propylene oxide, Cocatalyst: TBAB. 
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DFT Derived Specific Forcefields 

The interaction between the guest molecules and Mg-MOF except for coordinatively 

unsaturated metal center (CUS), i.e. Mg, were explained by using the sum of a 12-6 Lennard-

Jones (LJ) contribution and a columbic term. Due to the presence of CUS, we derived a 

specific forcefield to explain gust to host interactions. Here Buckingham analytic function 

with the aid of Density Functional Theory (DFT) based energy including Basis Set 

Superposition Error (BSSE) correction employed to address guest-host interaction (eqn 1). 

     
 

    

    

   
   
            

                  

        
   

   
 
  

  
   

   
 
 

 
               

       -          

      
          

   

   
  

             
               

...................    1 

εij and σij indicate the interacting pair LJ parameter and the interaction parameters obtained 

through Lorentz-Berthelot mixing rules (i.e., a geometric combining rule for the energy and 

an arithmetic one for the atomic size: εij = (εiεj)1/2 and σij = (σi + σj)/2). The second term is 

the Columbic contribution between point charges qi and qj separated by a distance rij. A, B 

and C are the conventional Buckingham parameters for repulsive and attractive contribution, 

respectively and Sg indicates the global scaling factor for the dispersion energies. 

For generating Buckingham potentials (A, B, and C parameters) from binding energy profile 

of guest-host interaction, we performed DFT calculation for the interaction of adsorbate 

molecules on a symmetric cluster of Mg-MOF framework having an unsaturated metal center 

which interact directly with the metal center, Mg. The respective symmetric cluster was 

placed in a tetragonal simulation box having the composition of Mg3C50H32N18O14 structural 

unit. Further, the binding energy of cluster to guest results in the potential energy curve and 

utilize to derive force field. All the energy calculations are performed with the help of DFT-

based CP2K Package
16

 and followed as same as the principles mentioned above. The binding 

energy was calculated as follows: 

    =                           {                   +         } 

Where                          ,                    and          indicate the energy of 

optimized symmetrical unit with adsorbate molecule, optimized symmetrical unit, and 

optimized guest molecule, respectively. 
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Figure A26. FT-IR spectra of Mg-MOF, (a) activated and (b) recycled sample after tenth 

catalytic cycle. 

 

 

Figure A27. UV-Vis spectra of (a) H3TATAB ligand, (b) activated Mg-MOF, (c) recycled 

sample after ten catalytic cycles. 
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Figure A28. TOPOS image of Mg-MOF. 

 

 

Figure A29. (a) View of 8-connected Mg1 node and (b) 3-connected Mg2 node. 



     Annexure  

244 
 

Table A11. Selected bond length (Å) and angles (°) for Mg-MOF. 

X-Y Bond length (Å) X-Y-Z Bond angle (°) 

Mg1-O5 2.060(3) O1-Mg2-O2 94.91(15) 

Mg1-O6 2.116(3) O1-Mg2-O1w 175.45(18) 

Mg1-O7 2.061(3) O1-Mg2-O4 95.74(17) 

Mg2-O1 1.999(4) O1-Mg2-O6 97.17(14) 

Mg2-O2 2.178(4) O1-Mg2-O3 91.10(17) 

Mg2-O1w 2.134(5) O2-Mg2-O3 84.04(18) 

Mg2-O4 1.989(4) O2-Mg2-O4 158.25(18) 

Mg2-O6 2.115(3) O2-Mg2-O6 61.46(13) 

Mg2-O3 2.124(5) O2-Mg2-O3 98.89(17) 

  O3-Mg2-O4 86.71(19) 

X-Y-Z Bond angle (°) O3-Mg2-O6 86.25(16) 

O5-Mg1-O6 88.60(11) O3-Mg2-O3 84.69(19) 

O5-Mg1-O7 88.33(12) O4-Mg2-O6 98.37(16) 

O6-Mg1-O7 90.34(11) O4-Mg2-O3 99.80(19) 

 

Table 12. Selected hydrogen bonding geometry for Mg-MOF. 

D-H··A H··A D··A D-H··A 

N1-H1··N3 2.2000 3.056(5) 174.00 

C5-H5··N2 2.3900 2.964(7) 119.00 

C11-H11··N4 2.4100 2.974(7) 119.00 

C14-H14··O5 2.4700 3.364(6) 161.00 

C20-H20··N2 2.4800 2.925(7) 110.00 
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Figure A30. TGA plots of Mg-MOF (a) as-synthesized, (b) solvent exchanged, and (c) 

activated MOF. 

 

 

Figure A31. PXRD patterns of Mg-MOF recovered after treating with various solvents (a) 

simulated pattern and the sample treated with (b) DMF, (c) water, (d) acetone, (e) ethanol, (f), 

and (g) methanol. 
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Figure A32. Carbon dioxide adsorption isotherm of Mg-MOF carried out at 273 K (a) and 

298 K (b). The solid line shows the best fit to the data using the Langmuir-Freundlich 

equation. 

 

 

Figure A33. The single unit cell (1×1×1 simulation box) of Mg-MOF considered for the DFT 

calculations viewed along c-direction. (black, carbon; grey, hydrogen; red, oxygen; green, 

Magnesium). 
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Figure A34. Simulated and experimental adsorption enthalpy for CO2 in Mg-MOF.  

 

Table A13. Comparison of interaction energy (Qst) with various reported Mg-based MOF.  

SL. No MOF Qst (kJ/mol) Reference 

1 Mg-MOF-74(S) 42 15 

2 Mg-MOF-184 35 16 

3 [Mg2(DOBDC)] 44 17 

4 MOF-889 28 18 

5 Mg-MOF-74 41 19 

6 Mg-MOF-74 (pellets) 45 20 

7 Mg-MOF 55 Chapter-3 
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Figure A35. (a) Comparison of the single component simulated isotherms for N2 (closed 

triangle) with the experimental data (closed circle) in Mg-MOF at 273 and 298 K and (b) 

Simulated and experimental adsorption enthalpy for N2 in Mg-MOF.  

 

 

Figure A36. (a) Comparison of the single component simulated isotherms for O2 (closed 

triangle) with the experimental data (closed circle) in Mg-MOF at 273 and 298 K and (b) 

Simulated and experimental adsorption enthalpy for O2 in Mg-MOF. 
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Figure A37. Calculation of gas selectivity constant for (a) CO2 and (b) N2 and (c) O2 gases 

using on Henry law. 

 

 

Figure A38. DFT geometry optimization of Mg-MOF cluster model with (a, b) CO2, (c) N2, 

(d) O2 and (e) PO interaction to LA Mg(II) site. 
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Figure A39. The potential energy values are calculated as moving each molecule along the 

dashed line, (a) CCO2, (b) OCO2, (c) NN2, and (d) OO2 (comparison of DFT-derived forcefield 

fitted curve (red circles) on the DFT interaction energy profile (black squares)). 

 

Table A14. The DFT based binding energy calculated with PBE functional by Mg-MOF and 

Guest interaction. 
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Table A15. LJ potential parameters for the atoms of the Mg-MOF 

Atomic 

type 

DREIDING 

  (Å)   /kB (K) 

C 3.473 47.860 

H 2.844 7.6490 

O 3.033 48.158 

N 3.662 34.724 

Mg 2.6914 55.857 

 

Table A16. Potential parameters and partial charges for the adsorbates. 

Atomic type            (Å)   /kB (K)  q (e) 

CO2_C 2.757 28.129 0.6512 

CO2_O 3.033 80.507 -0.3256 

N2_N 3.310 36.000 -0.4820 

N2_COM 0.000 0.000 0.9640 

O2_O 3.050 54.400 -0.1120 

 

Table A17. Buckingham parameters associated with the Mg-MOF and adsorbates 

Atomic type A B C 

CCO2_Mg 3.5e6 8.5 2186.55 

OCO2_Mg 3.1e6 4.23 1000 

NN2_Mg 3.8e5 3.69 1000 

OO2_Mg 
4.3e6 5.89 1000 

 

OH2O_Mg 8.9e5 4.09 738.13 

 



     Annexure  

252 
 

 

Figure A40. Radial distribution functions (RDF) between CO2 and the atoms of the MOF 

framework (Organic nitrogen, NTATAB: blue, Organic hydrogen, HTATAB: Magenta and 

Organic Oxygen, OTATAB: green, Organic carbon, CTATAB: black, Magnesium, Mg: red) 

extracted from the single component adsorption in Mg-MOF in 0.01bar at 273K. 

 

 

Figure A41. Radial distribution functions (RDF) between N2 and the atoms of the MOF 

framework extracted from the single-component adsorption in Mg-MOF in 0.01bar at 273K 

(a) and 298K (b). 
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Figure A42. Radial distribution functions (RDF) between O2 and the atoms of the MOF 

framework (Organic nitrogen, NTATAB: blue, Organic hydrogen, HTATAB: Magenta and 

Organic Oxygen, OTATAB: green, Organic carbon, CTATAB: black, Magnesium, Mg: red) 

extracted from the single component adsorption in Mg-MOF in 0.01bar at 298K. 

 

 

Figure A43. Maps of the occupied positions of CO2 (a), N2 (b) O2 (c), and (d) H2O in 500 

equilibrated frames for a given pressure of 1 bar and at 298 K for Mg-MOF, color code for 

the atoms: C (black), Mg(green), O (red), H (grey), N(blue). 
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Figure A44. Selectivity plot of CO2/(O2  + N2) in presence of RH = 1.57% at 298 K. 

 

 

Figure A45. CO2 adsorption isotherms at various relative humidity of pre-humidified Mg-

MOF at 298K. 
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Figure A46. Simulated selectivity of CO2/(O2 + N2) in various pre-humidified air at 1bar. 

 

 

Figure A47. MP-AES calibration curve. 

 

 

Figure A48. Unit crystal (left) and primitive (right) structure of Mg-MOF obtained through 

optimization via DFT method viewed along a vector direction.  
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Figure A49. Mechanistic Pathways of the Intermediates and Transition States in the 

cycloaddition of propylene oxide and CO2 using the Mg-MOF catalyst (bond distances are in 

Å). 

 

 

Figure A50. FT-IR spectra of (a) Mg-MOF, (b) Epichlorohydrin, and (c) Mg-MOF treated 

with epichlorohydrin. 

 

 

 

 



     Annexure  

257 
 

 

Figure A51. 
1
H NMR spectrum of [5, 10, 15, 20-Tetrakis (4-carboxyphenyl) Mg(II) 

porphyrin] (Mg-TCPPH4) ligand. 

 

 

Figure A52. FT-IR spectra of (a) H4TCPP(H2) and (b) Mg-TCPPH4 complex ligand. 
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Figure A53. UV-Vis absorption spectra of (a) Mg-TCPPH4, and (b) H4TCPP(H2). 

 

 

Figure A54. Bandgap plots for PCN-224 and PCN-224(Mg) MOF. 

 

 

Figure A55. EDS plot of (a) PCN-224, and (b) PCN-224(Mg) MOF. 
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Figure A56. TGA plot of (a) PCN-224, and (b) PCN-224(Mg) MOF. 

 

 

Figure A57. Carbon dioxide adsorption isotherm of PCN-224(Mg) carried out at 273 K. The 

solid line shows the best fit to the data using the Langmuir-Freundlich equation. 

 

 

Figure A58. Carbon dioxide adsorption isotherm of PCN-224(Mg) carried out at 298 K. The 

solid line shows the best fit to the data using the Langmuir-Freundlich equation. 
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Figure A59. Carbon dioxide adsorption isotherm of PCN-224 carried out at 273 K. The solid 

line shows the best fit to the data using the Langmuir-Freundlich equation. 

 

 

Figure A60. Carbon dioxide adsorption isotherm of PCN-224 carried out at 298 K. The solid 

line shows the best fit to the data using the Langmuir-Freundlich equation. 

 

 

Figure S61. Calculation of Henry gas selectivity constants for gases (a) CO2, (b) CH4, and (c) 

N2. 
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Figure A62. Optimization of photocatalytic cycloaddition of CO2 with ECH by varying (a) 

reaction time, and (b) power of LED bulb.   

 

Table A18. Catalytic optimization table using ECH as model substrate under mild 

conditions.
a
  

 

Sl. 

No. 

Catalyst Co-catalyst Time (h) Light Source 

(LED light) 

Conversion 

(%) 

1 PCN-224(Mg) - 6 Light (30 w) - 

2 -  Bu4NBr 6 Light (30 w) 17 

3 PCN-224(Mg) NaCl 6 Light (30 w) 11 

4 PCN-224(Mg) KBr 6 Light (30 w) 13 

5 PCN-224(Mg) KI 6 Light (30 w) 21 

6 PCN-224(Mg) Et3NH2 6 Light (30 w) 10 

7 PCN-224(Mg) NH4Br 6 Light (30 w) 32 

8 PCN-224(Mg)  Bu4NBr 2 Light (30 w) 44 

9 PCN-224(Mg)  Bu4NBr 4 Light (30 w) 77 

10 PCN-224(Mg)  Bu4NBr 6 Light (09 w) 72 

11 PCN-224(Mg)  Bu4NBr 6 Light (18 w) 87 

12 PCN-224(Mg)  Bu4NBr 6 Light (30 w) >99 

13 PCN-224(Mg)  Bu4NBr 6 RT 18 

14 PCN-224(Mg)  Bu4NBr 6 80 °C >99 

a
Reaction condition: epichlorohydrin (20 mmol), catalyst (0.025 mol%), co-catalyst (1 mol%) 

and 1 atm CO2 (balloon).  
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Figure A63. Emission spectrum of a commercial white LED light.  

 

 

Figure A64. Kinetics of CO2 utilization with ECH under sunlight, LED-light, and dark 

conditions.  

 

Table A19. Catalytic optimization table using ECH as model substrate under mild 

conditions.
a
  

Sl. No. Catalyst (Mol%) Time (h) Conversion (%) 

1 PCN-224(Mg) (0.025 mol%) 6 19 

2 PCN-224(Mg) (0.050 mol%) 6 31 

3 PCN-224(Mg) (0.075 mol%) 6 39 

4 PCN-224(Mg) (0.075 mol%) 12 68 

5 PCN-224(Mg) (0.075 mol%) 24 97 

 
a
Reaction condition: epichlorohydrin (20 mmol), TBAB (1 mol%) and continuous bubbling 

of laboratory air.   
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Figure A65. Simulated absorption spectra of PCN-224(Mg) (a) and with ECH epoxide (b). 

 

 

Figure A66. (a) Simulated absorption spectra of PCN-224(Mg) in PO epoxide. The frontier 

molecular orbital of high (b) and low (c) intense absorption spectra of PCN-224(Mg) in PO 

epoxide. Colour code: Zr, cyan; Cl, green; Mg, yellow; O, red; N, blue; C, grey. For clarity, 

we have removed the hydrogen atoms. 

 

 

Figure A67. The frontier molecular orbitals involved in the optical transitions of PCN-

224(Mg) without epoxide are low intense (a) and high intense peaks (b). Colour code: Zr, 

cyan; Cl, green; Mg, yellow; O, red; N, blue; C, grey. For clarity, we have removed the 

hydrogen atoms. 
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Table A20. HOMO/LUMO energy values of with and without ECH epoxide in PCN-

224(Mg). 

PCN-224(Mg) With ECH epoxide Without ECH epoxide 

HOMO (eV) -4.789 -4.937 

LUMO (eV) -2.198 -2.277 

 

 

 

Figure A68. Optimized geometries of intermediates and transition state in the cycloaddition 

of ECH and CO2 using the PCN-224(Mg) catalyst. 
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Figure A69. FT-IR spectra of (a) pristine PCN-224(Mg), (b) PCN-224(Mg) treated with 

epichlorohydrin, and (c) Epichlorohydrin. 

 

 

Figure A70. PXRD pattern of (a) PCN-224(Mg), and (b) recycled PCN-224(Mg). 

 



     Annexure  

266 
 

 

Figure A71. FTIR spectra of (a) PCN-224(Mg), and (b) recycled PCN-224(Mg). 

 

 

Figure A72. UV-Vis diffuse reflectance spectra (DRS) of (a) PCN-224(Mg), and (b) recycled 

PCN-224(Mg) after catalysis. 
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Figure 73. Calibration curve of MP-AES analysis for (a) Zr-metal, and (b) Mg-metal of 

PCN-224(Mg). 

 

 

Figure A74. PXRD patterns of MOF-SO3H (a) simulated pattern (b) as-synthesized (c) for 

MOF-SO3Ag and (d) recycled sample of MOF-SO3Ag after five catalytic cycles. 
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Figure A75. FT-IR spectra of MOF-SO3H and MOF-SO3Ag. 

 

 

Figure A76. UV-Vis spectra of MOF-SO3H and MOF-SO3Ag. 



     Annexure  

269 
 

 

Figure A77. EDS spectra of (a) MOF-SO3H and (b) MOF-SO3Ag. 

 

 

Figure A78. PXRD patterns of UiO-66 (a) simulated pattern (b) as-synthesized (c) 

Ag(I)@UiO-66 and (d) recycled sample of Ag(I)@UiO-66 after reaction. 



     Annexure  

270 
 

 

Figure A79. View of Zr-O cluster/SBU of UiO-66 MOF showing the presence of hydroxide 

groups. 

 

 

Figure A80. N2 adsorption-desorption isotherms for UiO-66 and Ag(I)@UiO-66 MOF 

carried out at 77K. 
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Figure A81. Carbon dioxide adsorption isotherm of MOF-SO3H carried out at 273 K. The 

solid line shows the best fit to the data using the Langmuir-Freundlich equation. 

 

 

Figure A82. Carbon dioxide adsorption isotherm of MOF-SO3H carried out at 298 K. The 

solid line shows the best fit to the data using the Langmuir-Freundlich equation. 
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Figure A83. Carbon dioxide adsorption isotherm of MOF-SO3Ag carried out at 273 K. The 

solid line shows the best fit to the data using the Langmuir-Freundlich equation. 

 

 

Figure A84. Carbon dioxide adsorption isotherm of MOF-SO3Ag carried out at 298 K. The 

solid line shows the best fit to the data using the Langmuir-Freundlich equation. 
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Figure A85. Carbon dioxide adsorption isotherm of Ag(I)@UiO-66 carried out at 273 K. The 

solid line shows the best fit to the data using the Langmuir-Freundlich equation. 

 

 

Figure A86. Carbon dioxide adsorption isotherm of Ag(I)@UiO-66 carried out at 298 K. The 

solid line shows the best fit to the data using the Langmuir-Freundlich equation. 
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Figure A87. Calculation of Henry gas selectivity constants for gases CO2, Ar, H2 and N2. 

 

 

Figure A88. PXRD patterns of MOF-SO3Ag (a) simulated pattern, (b) Activated MOF-

SO3Ag (c) After five cycles of CO2 adsorption. 
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Figure A89. 
 
 Reaction progress for cyclic carboxylation of 2-Methyl-3-butyn-2-ol with CO2 

catalysed by MOF-SO3Ag. 

 

 

Figure A90. View of one-dimensional pore along b-axis containing NHC sites. 
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Figure A91. FT-IR spectra of (a) NHC-MOF, (b) Cu(I)@NHC-MOF and (c) recycled sample 

of Cu(I)@NHC-MOF after ten catalytic cycles. 

 

 

Figure A92. UV-Vis absorption spectra of (a) NHC-MOF, (b) Cu(I)@NHC-MOF and (c) 

recycled sample of Cu(I)@NHC-MOF after ten catalytic cycles. 
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Figure A93. Calibration curve of MP-AES analysis for Cu(I)@NHC-MOF. 

 

 

Figure A94. SEM image of (a) NHC-MOF, (b) Cu(I)@NHC-MOF, (c) recycled sample of 

Cu(I)@NHC-MOF after ten catalytic cycles, EDS plot of (d) NHC-MOF and (e) 

Cu(I)@NHC-MOF. 
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Figure A95. Carbon dioxide adsorption isotherm of Cu(I)@NHC-MOF carried out at 273 K. 

The solid line shows the best fit to the data using the Langmuir-Freundlich equation. 

 

 

Figure A96. Carbon dioxide adsorption isotherm of Cu(I)@NHC-MOF carried out at 298 K. 

The solid line shows the best fit to the data using the Langmuir-Freundlich equation. 
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Figure A97. Enthalpy of carbon dioxide adsorption for Cu(I)@NHC-MOF determined using 

the Clausius-Clapeyron equation. 

 

 

Figure A98. Calculation of Henry gas selectivity constants for gases (a) CO2, (b) N2 and (c) 

O2. 
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Table A21. Catalyst optimization towards carboxylation of 2-methyl-3-butyn-2ol.
a
 

 

Sl. No. Catalyst Pressure Conversion (%)
c
 

1 - 1 atm CO2 - 

2 NHC-MOF 1 atm CO2 - 

3 Cu(NO3)2.6H2O 1 atm CO2 - 

4 CuCl 1 atm CO2 78 

5 Cu(I)@NHC-MOF Bubbling of laboratory 

air 

21 

6 Cu(I)@NHC-MOF 1 atm (CO2:N2 = 13:87) 67 

7 Cu(I)@NHC-MOF 1 atm CO2 88
b
 

8 Cu(I)@NHC-MOF 1 atm CO2 99 

Reaction Conditions, a: 2-methyl-3-butyn-2-ol (4 mmol), catalyst (0.005 mmol), DBU (0.05 

equivalent), DMF (2 mL), temperature (RT), time (12 h), b: time (10h) and c: The percentage 

of conversion was determined by 
1
H NMR analysis. 

 

 

Figure A99. FT-IR spectra of (a) NHC-MOF, (b) Cu(I)@NHC-MOF, (c) 2-methyl-3-butyn-

2-ol, (d) NHC-MOF treated with 2-methyl-3-butyn-2-ol, and (e) Cu(I)@NHC-MOF treated 

with 2-methyl-3-butyn-2-ol. 
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Scheme A1. A plausible mechanism for the three-component reaction between CO2, 

propargylic alcohol and primary amine catalysed by Cu(I)@NHC-MOF. 

 

 

Figure A100. FTIR spectra of (a) TBPP(M), (b) POF(Co), and (c) POF(Zn). 
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Figure A101. 
13

C CP-MAS (cross-polarized magic angle spinning) NMR spectra of 

POF(Zn).  

 

 

Figure A102. PXRD plot of (a) POF(Co), (b) POF(Zn), (c) activated POF(Co), and (d) 

recycled POF(Co) after catalysis. 
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Figure A103. UV-Vis absorption spectra of (a) POF(Co), and (b) POF(Zn). 

 

 

Figure A104. Bandgap plots for (a) POF(Co), and (b) POF(Zn). 
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Figure A105. XPS survey scan for POF(Co).  

 

 

Figure A106. (a) CO2 adsorption isotherms of POF(Co) (i and iii ), POF(Zn) (ii and iv) 

carried out at 273 and 298 K, respectively, and (b) recyclable CO2 adsorption carried out at 

298 K. 
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Figure A107. Carbon dioxide adsorption isotherm of POF(Co) carried out at 273 K. The 

solid line shows the best fit to the data using the Langmuir-Freundlich equation. 

 

 

Figure A108. Carbon dioxide adsorption isotherm of POF(Co) carried out at 298 K. The 

solid line shows the best fit to the data using the Langmuir-Freundlich equation. 
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Figure A109. Carbon dioxide adsorption isotherm of POF(Zn) carried out at 273 K. The 

solid line shows the best fit to the data using the Langmuir-Freundlich equation. 

 

 

Figure A110. Carbon dioxide adsorption isotherm of POF(Zn) carried out at 298 K. The 

solid line shows the best fit to the data using the Langmuir-Freundlich equation. 
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Figure A111. Enthalpy of carbon dioxide adsorption for (a) POF(Co), and (b) POF(Zn) 

determined using the Clausius-Clapeyron equation. 

 

 

Figure A112. Calculation of Henry gas selectivity constants for gases (a) CO2, (b) CH4, and 

(c) N2. 
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Figure A113. Recyclability of photocatalytic CO2 reduction.  

 

 

Figure A114. Calibration curve of MP-AES analysis for detection of Co metal.  
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Theoretical section 

 The geometry optimization of the primitive structure of metal-containing POF unit, 

HOMO, and LUMO energies was carried out using Density Functional Theory (DFT) with 

gradient exchange-correlational functional of B3LYP. The Pople basis of 6-31G* has been 

used for all main group elements of H, C, N, and the LANL2DZ basis set was implemented 

for the Co and Zn transition metals.
21

 Acetonitrile and water mixed solvent is used under the 

conductor-like polarizable continuum solvation model (CPCM). The electronic absorption 

spectra (ligand to metal charge transfer, LMCT) have been performed by the time-dependent 

density functional theory (TD-DFT) method, scanning across 300 excited states. All 

calculations were performed using Gaussian 09 software. The reaction-free energy change 

(∆G) has been calculated from the reaction-free energy difference between the final and 

initial intermediates. The Zero-point vibrational energy (ZPVE) and thermal correction have 

been considered in total electronic energy to obtain the reaction-free energy at 298 K 

temperature and 1 atm pressure. The Natural bond orbital (NBO) calculations have also been 

considered on some intermediates to investigate the natural charges.
22

 

 

 

Figure A115. The frontier molecular orbital and simulated absorption spectra of POF(Co).  
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Figure A116. The frontier HOMO-LUMO molecular orbital of POF(Zn/Co). 
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