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Abstract 

 

The development of efficient and sustainable catalytic systems is a critical focus in 

modern organic synthesis. This thesis explores the design and application of visible-

light-responsive nanocarbon catalysts for radical-mediated organic transformations, a 

promising approach to achieving energy-efficient and environmentally friendly 

chemical processes. Nanocarbon materials, such as graphene oxide, functionalized 

nanocarbon, and carbon quantum dots offer unique properties, including a high surface 

area, tunable electronic characteristics, and exceptional photophysical behavior, making 

them ideal candidates for photocatalytic applications. The study investigates the 

synthesis, characterization, and catalytic activity of nanocarbon-based catalysts with 

tailored light absorption and radical-generation capabilities. Emphasis is placed on their 

ability to harness visible light to drive diverse organic reactions, including oxidative 

dehydrogenation, carbon-carbon bond formation, and carbon-nitrogen bond formation. 

Mechanistic insights into radical generation and reaction pathways are provided, 

highlighting the role of the nanocarbon materials structure and surface chemistry in 

modulating activity and selectivity. The research demonstrates that these catalysts not 

only reduce reliance on traditional metal-based systems but also enable mild reaction 

conditions, high efficiency, and scalability. Finally, progress towards a sustainable and 

green pathway for photochemical reaction optimization using nanocarbon photocatalyst. 

The summary of each chapter is described below. 

In chapter I, an introductory section presents the background of this research and 

general consideration of the state-of-the-art in the field of carbon catalysis, focusing on 

light sensitivity and applications for organic reactions. The carbon-based catalysts were 

initially applied for functional group transformations, such as oxidation and 

esterification reactions. Recently, they have been used to construct C–C bonds, which 

are fundamental reactions in synthesizing fine chemicals, medicinal and pharmaceutical 

agents, agrochemicals, and organic electronics materials. Therefore, catalysts from 

sustainable materials such as carbon nanomaterials are specifically attractive because of 

their mechanical and physicochemical properties. Graphene-based materials have a 
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large surface area and a 2D morphology making accessible most of the atoms that make 

these materials suitable as catalysts. This is one of the reasons why there is growing 

interest in exploring the potential of graphene-based materials as heterogeneous 

catalysts. Carbon nanomaterials as a photocatalyst have not been developed due to their 

low reactivity. With the rapid development of the photocatalysis field, graphene oxide 

has received increasing attention in carbon photocatalysis. Its high surface area, tunable 

electronic properties, and chemical stability make it a promising photocatalyst for 

organic transformation. 

In chapter II, visible-light-induced photocatalytic dehydrogenation of N-heterocycles 

was achieved by carbon catalyst. Herein, delineated the use of GO as a metal-free and 

recyclable photocatalyst for dehydrogenation under visible light irradiation. The 

reactions proceeded smoothly under mild reaction conditions and afforded the desired 

products in good to excellent yields. Unlike previously reported thermally induced GO-

promoted reactions, this system generates radicals and molecular hydrogen, which are 

confirmed by electron spin resonance and gas chromatography. Both light and GO were 

proved to be essential for this reaction; no desired product was observed when the 

reaction was conducted in the dark and the absence of GO. A metal-free, oxidant-free, 

and recyclable photocatalytic reaction was achieved by a carbon-based system for the 

first time. 

In chapter III, explores the radical properties of oxidized carbon materials under 

visible light irradiation. Oxidized carbon materials have abundant surface functional 

groups for generating radicals, there radicals play a crucial role in photocatalytic 

reactions. Unlike reactive oxygen species such as hydroxide or superoxide radicals that 

have been reported previously, oxidized carbon also produces stable carbon radicals 

under photo-irradiation. This has been confirmed through electron spin resonance. 

Among the various oxidized carbon materials synthesized, graphene oxide shows the 

largest number of carbon radicals when exposed to blue LED light. The resulting radical 

species are utilized for catalysis in the oxidative dehydrogenation of indoline and the 

oxidative coupling of benzylamine. The light absorption capacity, high surface area, and 

unique structural characteristics of oxidized carbon materials offer a unique function for 
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radical-mediated oxidative reactions. 

 

In chapter IV, visible-light-responsive nanocarbon was systematically synthesized via 

a one-step hydrothermal method using citric acid and Congo Red; this nanocarbon 

exhibited visible-light absorption at 516 nm and photocatalytic activity for the carbon-

carbon bond-forming reaction between benzylamine and ethyl cyanoacetate. Various 

characterization methods confirmed the structure and surface functional groups of 

nanocarbon. Mechanistic investigations proved that this system generates sulfur radicals 

from nanocarbon under irradiation of blue LED light, and the reactions proceed via 

radical pathways, which are confirmed by electron spin resonance. Both nanocarbon 

and visible light synergistically worked to control the progress of the reaction. A metal-

free, mildly conditioned, and recyclable photocatalytic reaction was achieved by the 

visible-light-responsive nanocarbon system. 

In chapter V, the conclusion of the research results obtained in the duration of the 

doctoral research has led to the following three points. 

1. Visible-light-induced photocatalytic dehydrogenation of N-heterocycles promoted by 

radicals from graphene oxide. 

2. Investigating the radical properties of oxidized carbon materials under photo 

irradiation and their application in catalytic reactions. 

3. Synthesis of visible-light-responsive nanocarbon using citric acid and Congo Red, 

and application for photocatalytic carbon-carbon bond formation. 
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1.1 General introduction to photocatalyst 

 

The word "photocatalysis" seemed to incorporate the idea of the application of zinc 

oxide (ZnO) illumination to the bleaching of the dark blue pigment as early as 1911.1 

The synthesis of formaldehyde under visible light was then investigated by Baly et al. in 

1921, employing ferric hydroxides and colloidal uranium salts as catalysts.2 Prussian 

blue bleaching by ZnO under illumination photocatalysis was first described by 

scientists in 1924. Subsequent studies employing ZnO as a photocatalyst for additional 

processes, like the reduction of Ag+ to Ag under light irradiation, have been motivated 

by this result.3 The groundbreaking efforts of Fujishima and Honda in the 1970s 

increased interest in this technology. 

The groundbreaking efforts of Fujishima and Honda in the 1970s increased interest in 

this technology. This seemingly insignificant project created a whole new range of 

opportunities for clean hydrogen production using inexpensive, plentiful water and 

sunlight.4 Numerous candidates with photocatalytic activity greater than those of TiO2 

have been investigated in the development of novel photocatalysts; the majority of these 

candidates have broad bandgaps and are only active when exposed to UV light.5 In 

parallel, visible light-absorbing photocatalysts have been sought for increased 

efficiency.6,7 In the meantime, scientists gained a better understanding of the 

fundamentals of photocatalysis. 

 

A photocatalyst is a substance that accelerates photoreaction by absorbing light and 

transferring the energy to reactants without undergoing permanent chemical change 

itself. Photocatalysts are crucial in various applications, especially in environmental 

cleanup, energy production, and organic synthesis.8-10 Photocatalysts offer several 

distinct advantages in organic reactions, making them increasingly popular in synthetic 

chemistry. The advantages of photocatalysts in organic reactions highlight their 

potential to revolutionize synthetic chemistry. By offering mild conditions, selectivity, 

energy efficiency, green chemistry benefits, innovative pathways, reusability, broad 

applicability, and enhanced reaction rates, photocatalysts provide powerful tools for 

developing more sustainable and efficient chemical processes.11,12 
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The catalyst forms electron-hole pairs to catalyze reactions in a typical photocatalytic 

process by absorbing photons to move from the ground state to the excited state. 

Photocatalytic processes can be classified as either homogeneous or heterogeneous 

based on the phases of the reactants and photocatalysts. Reactants and photocatalysts 

are present in the same phase for homogeneous photocatalysis. Stated differently, the 

reactants themselves become photoexcited by absorbing photons, resulting in active 

intermediates that can be utilized to catalyze a sequence of events.13,14 Heterogeneous 

photocatalysis is also used extensively in addition to homogeneous photocatalysis. 

Heterogeneous photocatalysis relies on carbonaceous materials since the light absorber 

and reactants are in a different phase (often liquid or gaseous) than photocatalysts. 

Photogenerated electrons and holes are produced when electrons are photoexcited from 

their ground state to their stimulated state in a typical heterogeneous photocatalytic 

process. Electrons and holes can go to the photocatalyst's surface locations to take part 

in catalytic reduction and oxidation half-reactions, respectively. Heterogeneous 

photocatalysts are better suited for industrial and research applications than 

homogeneous ones because they are easily recyclable and can be separated from 

reactants and products.15,16 The usage of heterogeneous photocatalysis in a variety of 

reactions, such as oxidation, dehydrogenation, aromatization, C-C coupling events, and 

C-N bond formation, has therefore increased dramatically in recent years.  

 

1.2 Carbon and its family 

 

One of the most prevalent elements in the earth's crust is carbon (Figure 1.1), which 

can form strong covalent bonds with other elements to create a variety of carbonaceous 

compounds that make up organic chemistry. Carbon differs from other elements due to 

its propensity to form strong covalent bonds with itself, which produces a variety of 

kinetically stable allotropes with varying sizes. A wide range of features, including 

fullerenes, graphite (sp2 hybridization), diamond (sp3 hybridization), carbon nanotubes 

(CNTs), and graphene, can be produced by the great structural diversity inherent in 

carbon materials (Figure 1.2).17,18  
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Figure 1.1 Carbon 

 

 

 

Figure 1.2 Carbon materials (a) graphite, (b) fullerene, (c) diamond, (d) CNTs, and (e) 

graphene. Reprinted with permission from referece18. Copyright 2024 Wiley.  

 

Fullerenes are composed of stacked graphene sheets of linked hexagonal, pentagonal, 

or heptagonal rings, and each carbon atom is bonded to three others, which is similar to 

graphite in structure.19 Iijima's discovery of carbon nanotubes (CNTs) ushered in a new 

age of carbon chemistry. According to recent research, CNTs may improve 

electrochemical reactivity and encourage electron transport.20,21 Since its realization in 

2004, graphene a one-atom-thick planar sheet in a honeycomb lattice has gained much 

attention due to its special qualities, which include the ambipolar electric field effect, 
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ballistic conduction of charge carriers, tunable band gap, high elasticity, and quantum 

hall effect.22-24 A new class of carbon catalyst, graphene also exhibits good ability due 

to its exceptional facility for a wide range of functions.25  

The mechanical and physicochemical characteristics of carbon nanomaterials, such as 

their enormous surface area, electrical characteristics, resistance to corrosion, and 

thermal stability, make them particularly appealing. These qualities have led to the 

widespread use of carbon materials as superior catalysis agents. Numerous nanocarbon 

compounds, such as graphene oxide (GO), carbon quantum dots (CQD), and graphite 

carbonitride (g-C3N4), have been produced recently (Figure 1.3).26-28 Graphite carbon 

nitride (g-C3N4) is a nonmetallic polymeric substance that has been widely used as a 

light-responsive photocatalyst due to its abundance of sources and ease of synthesis in 

the rapidly developing field of photocatalysis. According to this perspective, g-C3N4 has 

been regarded as a promising photocatalyst because of its low cost, environmental 

friendliness, intriguing electronic band topologies, and photochemical stability.29-31 As 

an intriguing family of carbon nanomaterials, carbon dots have already emerged as a hot 

topic in several areas of photoelectric study. Strong UV-vis optical absorption, 

adjustable energy-level configuration, exceptional charge transfer capability, 

outstanding physicochemical stability, ease of manufacturing, low toxicity, and high 

solubility have all attracted special attention as metal-free photocatalysts.32-33 
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Figure 1.3 Nanocarbon materials (a) g-C3N4, (b) CQD, and (c) GO. 

 

Because of its exceptional qualities, graphene and its derivatives have garnered a lot of 

attention from researchers lately in comparison to the rest of the carbon family. In 

contrast to the other carbon compounds in the nanostructure (100 to 1000 m2/g), 

graphene materials have a high surface area (2630 m2/g), as was previously mentioned. 

Furthermore, the large concentration of oxygen-containing functional groups on the 

surface of GO makes it simple to functionalize the materials in covalent, non-covalent, 

and ionic ways. This characteristic makes graphene materials perfect for a novel 

suitable heterogeneous catalytic system. 

 

1.3 History of carbon catalysts 

 

Carbon catalyst is defined as a catalytic system that uses carbon materials as a 

catalyst for organic transformations. It should be mentioned that carbon catalysts have 

been known since the initial discovery of carbon materials' catalytic properties decades 

ago.34 The behavior of active charcoal as a catalyst for the low-temperature oxidation of 

oxalic acid was reported by Rideal and Mary in 1925.35 In the absence of carbon 

materials, no conversion was seen.36 It is clear that the production of geminal diols 

begins with the aerobic oxidation of carbon. The diols additionally form peroxide 

intermediates when exposed to ambient oxygen, which further reacts with the substrate 

to produce water and carbon dioxide (Scheme 1.1).  

 

 

Scheme 1.1 Charcoal as a catalyst for the aerobic oxidation of oxalic acid. 

 

In 1988, the oxidative dehydrogenation process of ethylbenzene to styrene was 

catalyzed by activated carbon.37 A redox-type reaction mechanism was proposed by the 

evidence of oxygenated species present in the activated carbon and their involvement in 

oxidative dehydrogenation. Ritter oxidized 4-chlorophenol with graphite to produce 
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CO2, HCl, and H2O.38 It was discovered that the graphite catalyst has the same 

reactivity as Fenton’s reagent.39 However, at that time, there was little interest in 

carbon-based catalysts. Although most carbon-based catalysts have limited reactivity, 

they can catalyze a number of processes. To address these issues researchers 

concentrated on oxidized carbon compounds with a large surface area.  

 

1.4 General carbon catalysis 

 

1.4.1 Oxidation reaction 

 

Organic synthesis relies heavily on selective oxidation, and the chemical industry is 

looking for environmentally friendly, effective selective oxidation methods. In the 

synthesis of fine chemicals, the selective oxidation of alcohols is a crucial 

transformation.40 Since oxygen or air are employed as the terminal oxidant to replace 

stoichiometric metal oxides like chromates and manganese oxides, aerobic oxidation 

methods have drawn more attention recently. Benzyl alcohol and its substituted 

derivatives can be easily oxidized by oxygen under mild reaction conditions using a 

novel protocol called the nitric acid-assisted carbon-catalyzed oxidation system 

(NACOS), which provides high conversions and good selectivity into the appropriate 

aldehydes.41 Following acidic treatment and electrochemical oxidation, surface oxidized 

carbon black itself shows strong catalytic activity for the electrochemical oxidation of 

alcohols and water.42 Dehydrogenative oxidation of cyclohexane catalyzed by active 

carbon proceeds via a radical mechanism to produce benzene.43 The atomic hydrogen 

absorbed on active carbon was easily removed by oxygen, resulting in the high 

conversion of benzene. In the presence of activated carbon, 30% hydrogen peroxide 

(H2O2) was used to selectively oxidize a range of benzylic alcohols to their 

corresponding carbonyl compounds (Scheme 1.2).44 Anthrone, xanthenes, and fluorenes 

were among the alkylarenes that were successfully oxygenated to the carbonyl molecule. 
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Scheme 1.2 Activated carbon catalyzed oxidation of secondary benzyl alcohol. 

 

According to Bielawski, GO and other readily available and reasonably priced carbon-

based materials are utilized as catalysts to create aldehydes or ketones from various 

alcohols, alkenes, and alkynes (Scheme 1.3).45 The target products (aldehyde, ketone, or 

acid) were produced in good yields by these reactions, which were discovered under 

comparatively mild reaction conditions. Excellent chemoselectivity and activity were 

nevertheless attained, but a high GO loading (200 wt%) was required. 

 

 

Scheme 1.3 GO catalyzed oxidation of benzyl alcohol. 

 

Additionally, GO was discovered to be active in the oxidation of thiol to disulfides 

with high conversion rates, good selectivity, and no over-oxidation (Scheme 1.4).46 

When compared to GO, the catalytic activity of other carbons, including graphite, 

activated carbon, and hydrazine-reduced GO, was low. Alkyl-functionalized substrates 

were less reactive than arene-functionalized substrates. Additionally, GO use as a 

catalyst for the oxidation process of sulfide to sulfoxide was expanded. GO was reduced 

during the processes and functioned as an oxidant. 
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Scheme 1.4 GO catalyzed oxidation of thiophenol. 

 

Fan et al. used GO to illustrate the catalytic oxidation process of amines to imines 

using molecular oxygen as an oxidant (Scheme 1.5).47 The imine product yields are low 

when using natural flake graphite, multi-walled carbon nanotubes, activated carbon, and 

rGO in place of GO. ICP-MS measurements of the trace metal's impact in the GO-

catalyzed reaction revealed 30 ppb of manganese, whereas the other trace metals were 

determined to be below the detection limit. Although aliphatic amines and amines 

without a hydrogen atom at the α-carbon position were not reactive, primary and 

secondary amines have also undergone substantial yields of oxidation. Additionally, the 

synthesis of cyclic and asymmetrical imines was accomplished.  

 

 

 

Scheme 1.5 Oxidation of benzylamine to N-benzylidene benzylamine catalyzed by GO. 

 

Using rGO as a catalyst, Ma and co-workers demonstrated the one-pot synthesis 

method of Bis(aminothiocarbonyl) disulfide from secondary amines and carbon 

disulfide (Scheme 1.6). Under mild reaction conditions, the 

bis(aminothiocarbonyl)disulfides were produced in good to excellent yields with 

minimal catalyst loading. The rGO retains its catalytic activity and selectivity even after 

at least four recycling cycles.48 

 

Scheme 1.6 rGO catalyzed one-pot synthesis of Bis(aminothiocarbonyl)disulfide. 

 

High yields of thiuram disulfide were produced from alkylamine and cyclic secondary 
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amines. Secondary aromatic amines, on the other hand, were said to be less reactive and 

needed a strong base to speed up the reaction. The unpaired electrons at the graphene's 

edges, according to the authors, may also activate O2 to superoxide anion radicals, 

which in turn start a coupling process with dithiocarbamic acids to produce thiuram 

disulfide. 

 

1.4.2 Dehydrogenation of N-heterocycle 

 

In addition to their usual employment, as supports for transition metal nanoparticles or 

composites, activated carbons are increasingly being employed as catalysts on their own. 

The air-oxidized activated carbon catalyst for aerobic oxidative aromatization of N-

heterocycles was described by Lukas and his co-worker (Scheme 1.7). Active carbon is 

transformed into a weakly oxidized substance with a higher quinoidic content by a 

straightforward "reagent-free" thermal air treatment, which catalytically dehydrogenates 

saturated N-heterocycles to the corresponding aromatic compounds.49 

 

 

 

Scheme 1.7 Air-oxidized activated catalyzed aerobic oxidative aromatizations of N-

heterocycles. 

 

GO has been developed as a low-cost, metal-free, eco-friendly carbon catalyst for N-

heterocycle dehydrogenation. Important substances have been effectively employed as 

substrates, including quinazoline, quinoline, 3,4-dihydroisoquinoline, and indole 

derivatives (Scheme 1.8). The analysis of different oxygen-containing compounds with 

different conjugated systems revealed that this reaction requires both the large 𝞹-

conjugated systems and oxygen-containing groups in GO sheets.50 
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Scheme 1.8 GO catalyzed dehydrogenation of N-heterocycle. 

 

The acceptorless dehydrogenation of N-heterocycles is used to assess the catalytic 

capabilities of materials formed from graphene. Reduced graphene oxide (rGO) 

functions as an appropriate carbon catalyst to facilitate the acceptorless dehydrogenation 

of N-heterocycles, a more difficult thermodynamically uphill reaction, without the need 

for metal support. H2 must be eliminated from the solution for the reaction to begin, and 

the catalyst must be highly effective at creating equilibrium concentrations (Scheme 

1.9).51 

 

 

 

Scheme 1.9 rGO catalyzed acceptorless dehydrogenation of N-heterocycles. 

 

When molecular oxygen is used as a terminal oxidant in the ODH reaction of indoline, 

GO and rGO are appealing options (Scheme 1.10). The superoxide radical was 

implicated in the processes, according to electron spin resonance measurements. GO 

also aided in the reaction, however, due to the irreversible partial reduction of GO 

brought on by the reactions, it was unable to function as a catalyst. The degree of GO 

reduction had a significant impact on the catalyst performance because the catalytic 

activity increased as the recovered GO was further reduced.52
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Scheme 1.10 GO/rGO catalyzed ODH of indoline. 

 

1.4.3 C-C bond formation 

 

1.4.3.1 Oxidative coupling reactions 

 

According to Bielawski and colleagues, GO catalyzed the Claisen-Schmidt coupling 

reactions of several alkynes or methyl ketones with alcohols and aldehydes to produce 

compounds related to chalcones.53 The reactions take place in a tandem fashion: GO 

first hydrates or oxidizes different alcohols or alkynes to their respective methyl ketones 

or aldehydes, and then these species go through coupling reactions. β-naphthols undergo 

an oxidative homo-coupling process to produce binaphthols, which are commonly used 

as ligands and DNA cross-linking agents.54 Ranganath mentioned that GO is an 

effective catalyst for the oxidative coupling of 2-naphthols.55 When the reaction was 

carried out in aqueous media, it was found that the solvent was crucial because the 

result polymerized, but in organic solvents, the reactants selectively reacted with 

binaphthol (Scheme 1.11). Moreover, under ideal reaction circumstances, several 

carbon materials such as graphite, carbon nanotubes, functionalized carbon nanotubes, 

and activated charcoal were used as catalysts to counteract the effect of GO; nonetheless, 

decreased product yields were noted. To produce the product in 90% yield, additives 

like NaOH or KOH were needed; without the additive, only 20% of the desired product 

was produced. Although the active site and the impact of solvents are yet unclear, the 

GO catalyst has the potential to be recycled three times. 
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Scheme 1.11 Oxidative coupling of β-naphthol in basic media catalyzed by GO. 

 

Using a novel GO-promoted oxidation and alkylation approach, mild reaction 

conditions were created to get 3,3-bisindolylmethane derivatives with superior 

regioselectivity at 25 °C (Scheme 1.12).56 These findings show that GO has 

dichotomous catalytic behavior, acting as a Lewis acid in C-O bond cleavage and a 

transition metal-free catalyst in C-C bond oxidative coupling. According to the 

preliminary mechanism analysis, the putative mechanism differs from the published 

literature. 

 

 

 

Scheme 1.12 GO catalyzed oxidative coupling reaction of indole with tetrahydrofuran. 
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1.4.3.2 Aldol-type reaction 

 

The aldol reaction is one of the most significant carbon-carbon bond-forming reactions 

used in organic synthesis.57 One type of effective catalyst is an organic base, which 

helps to accelerate the reaction. However, catalyst separation is challenging since 

organic bases are typically utilized in homogenous environments. Additionally, because 

aldol derivatives dehydrate under basic circumstances, their selectivity is typically 

low.58 Because of its special surface characteristics and uses, graphene oxide (GO) has 

attracted a lot more attention in recent years. The aldol reaction between acetophenone 

and a variety of aromatic aldehydes that donate and withdraw electrons was investigated 

using GO as a catalyst in a solvent-free environment (Scheme 1.13).59 According to the 

authors of this study, GO functions as a base catalyst.  

 

 

 

Scheme 1.13: Aldol condensation between benzaldehyde and acetophenone catalyzed 

by GO. 

 

At room temperature and without the use of solvents, the ability of GO to function as a 

base catalyst for the Knoevenagel condensation of aldehydes and active methylene 

(malononitrile) compounds was also evaluated (Scheme 1.14).59 

 

 

 

Scheme 1.14 GO catalyzed Knoevenagel reaction of benzaldehyde with malononitrile. 
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In solvent-free conditions, GO effectively facilitates the stereoselective Mukaiyama 

aldol reaction of 2-(trimethylsilyloxy) furan, guaranteeing a high degree of 

diastereoselectivity (Scheme 1.15).60 The GO capacity to regulate the stereochemical 

route creates fresh opportunities for potential use in other synthetic reactions. 

 

 

Scheme1.15 GO catalyzed Mukaiyama aldol reaction of 2-(trimethylsilyloxy) furan 

with aldehyde. 

 

The GO catalytic activity in the Mukaiyama-aldol reaction is accomplished by a 

straightforward acidic activation by carboxylic and hydroxyl functionalities that can 

propel the synthesis of the anti-diastereoisomer, which is often seen for H-bond 

activation.61 To catalyze the crossed-aldol condensation reaction without the use of 

solvents, Mohammad and his co-workers studied the novel use of nano-GO catalytic 

activity as a heterogeneous catalyst made from graphite powder (Scheme 1.16).62 

 

 

Scheme 1.16 Nano-GO catalyzed cross aldol condensation of cyclopentanone with 

substituted benzaldehyde. 

 

In this reaction, the nano-catalyst proved to be quite effective, and good to outstanding 

yields of products were produced. The catalytic activity of nano-graphene oxide is 

significantly influenced by the functional groups on its edges and basal planes. 
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1.4.3.3 Friedel Craft-types reaction 

 

When Brønsted or Lewis acids are present, they can be readily synthesized through 

Friedel-Crafts reactions of indoles with α,β-unsaturated carbonyl compounds.63-66 A new 

class of carbon-based solid acids has garnered a lot of interest in the last ten years due to 

its potential as a stable, affordable, and environmentally friendly catalyst with excellent 

catalytic activity.67-70 In water or H2O/THF solvents at room temperature, it is 

worthwhile to investigate the effectiveness of a sulfonated amorphous carbon in 

catalyzing Friedel-Crafts reactions of indole and its derivatives with different α,β-

unsaturated carbonyl compounds.71 Interestingly, the direct Friedel-Crafts alkylation 

reaction of indoles with α,β-unsaturated ketone, or nitrostyrene was also successfully 

catalyzed by graphene-based materials (Scheme 1.17).72 A variety of indole derivatives 

were produced in yields ranging from satisfactory to outstanding. 

 

 

Scheme 1.17 GO catalyzes Friedel-Crafts alkylation reaction of indoles with α, β-

unsaturated ketone, or nitrostyrene. 

 

The electrophilic intermediate is thought to be impacted by graphene's surface 

electrons. Here, Feng and Michal took advantage of GO's special ability to generate 

valuable diaryl alkane products in high yields and with exceptional regioselectivity by 

using it as a catalyst for the Friedel-Crafts-type alkylation reaction of arenes with 

styrene and alcohol (Scheme 1.18).73 
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Scheme 1.18 Friedel-Crafts alkylation of styrene and alcohol catalyzed by GO. 

 

Guerra claimed that GO acted as a catalyst in the Friedel-Crafts reaction between 

epoxides and indole (Scheme 1.19).74 Carbon and graphite were tested as comparison 

catalysts, but they produced very little, indicating that the carboxylic and hydroxyl 

groups are most likely what gives GO its activity. The GO-catalyzed reaction was in 

SN2 fashion, as evidenced by the product's regioselective and fully inverted formation. 

 

 

 

Scheme 1.19 Regioselective ring-opening reactions of styrene oxide with indole 

catalyzed by GO. 

 

1.4.4 C-N coupling reactions 

 

1.4.4.1 Oxidative coupling 

 

The C-N bond's formation is important because it creates pathways for nitrogen to 

enter organic compounds.  The formation of the C-N bond remains a key barrier for 

organic chemists despite tremendous progress in this field since it frequently requires 

the employment of costly catalysts or harsh reaction conditions.75 Under solvent-free, 
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open-air conditions, the base and acid-treated graphene oxide exhibit efficient catalytic 

activity in the oxidative C-N coupling conversion of amines to imines yielding up to 

98% at 5 wt% percent catalyst loading (Scheme 1.20).76 The synergistic impact of 

carboxylic acid groups and unpaired electrons at the edge defects is the source of the 

increased catalytic activity, which is investigated in this work.  

 

 

 

 

Scheme 1.20 Oxidative coupling of primary amines catalyzed by ba-GO. 

 

High catalytic activity may be influenced by efficient surface modification, such as the 

creation of holes on the basal plane or the substitution of heteroatoms on the carbon 

sites,77,78 but certain oxy-functionalized groups in GO can also serve as active sites for 

catalytic transformations.79-81 Under mild reaction conditions GO can be used as an 

efficient heterogeneous catalyst for the cross-dehydrogenative coupling reaction of α-

ketoaldehyde and amines forming α-ketoamides with a wide range of substrates 

(Scheme 1.21).82 The GO surface's oxygen capabilities demonstrated dual activity as an 

oxidizing and acid catalyst, which was essential for the α-ketoamide production process. 

 

 

 

Scheme 1.21 GO catalyzed cross-dehydrogenative coupling reaction of α-ketoaldehyde 

and amines. 
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In the presence of air, porous graphene oxide can be employed as a metal-free catalyst 

for the oxidative coupling of primary amines (Scheme 1.22).83 Remarkably, this tandem 

approach can also be used to generate classes of potentially physiologically active 

heterocyclic compounds in moderate to good yields, such as the isoindolo-

benzodiazepine derivative and the analog of Tröger's base. Compared to as-made GO, 

highly porous GO (p-GO) exhibits a higher catalytic activity and a higher density of 

catalytically active defect sites. 

 

 

 

Scheme 1.22 p-GO-Catalyzed Tandem reactions of benzylamine with nucleophile. 

 

1.5 Carbon photocatalysis 

 

Photocatalysis represents a unique class of chemical transformations. Because of its 

critical significance in addressing the energy crisis and environmental degradation, 

photocatalysts have drawn more attention as the area of photocatalysis has developed 

quickly. Graphite carbonitride (g-C3N4) is a nonmetallic polymeric substance that has 

been utilized extensively as a visible-light-responsive photocatalyst due to its 

abundance of sources and ease of manufacture.84 Using a mesoporous graphite carbon 

nitride (mpg-C3N4) photocatalyst, Su and Blechert reported that amines may be 

aerobically oxidized into imines with excellent yields (Scheme 1.23).85 Even with high-

pressure O2, no oxidation took place in the absence of light or mpg-C3N4. N-

benzylidene benzylamine was produced by conversion of up to 60% with great 

selectivity (99%) using mpg-C3N4, light, and O2. 
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Scheme 1.23 mpg-C3N4 catalyzed by oxidative coupling of benzylamine under visible 

light irradiation. 

 

Benzothiazole is a unique structure that is commonly present in medicines and 

naturally occurring chemicals with biological activity. Benzothiazoles are often made by 

oxidatively cyclizing thiobenzanilides with a variety of oxidants, including metal salt, 

bromine, and hypervalent iodine.86-88 Despite these developments, photo-redox 

synthesis of benzothiazoles with a recyclable catalyst and a green oxidant in mild 

conditions is still highly desired. This article describes the first heterogeneous visible 

light-driven aerobic synthesis of benzothiazoles employing carbon nitride as a 

photocatalyst and intramolecular C-H functionalization/C-S bond formation of 

thiobenzanilides in ambient air (Scheme 1.24).89 

 

 

 

Scheme 1.24 Synthesis of benzothiazoles via intramolecular C-H functionalization. 

 

For desilylative and decarboxylative additions, allylations, and heteroarylations, 

visible light-induced g-C3N4 can function as a potent photo-redox catalyst. The recently 

developed techniques employ gentle reaction conditions, offer good yields, and cover a 

wide range of substrates. The catalyst can be recovered and reused without losing its 

reactivity due to the reaction system's heterogeneous character. The feasibility of this 

heterogeneous photocatalysis technique is demonstrated by the fact that the reaction 

may also be carried out in continuous flow form, even on a gram-scale, utilizing a 

straightforward and reusable continuous-flow photoreactor.90 



 

 

 

29 

Carbon quantum dots (CQDs), a novel form of carbon allotrope, are monodisperse, 

quasi-spherical carbon nanoparticles with a diameter less than 10 nm.91 When compared 

to other allotropic forms, graphene quantum dots have a comparatively high degree of 

crystallinity.92 Water solubility and the potential for additional functionalization are 

provided by the lattice spacings of graphite and oxygenic functional groups (5–50 wt%) 

on the surface of CQDs, which contain an amorphous or nanocrystalline core primarily 

composed of sp2 carbon.93-95 Because of their special characteristics, CQDs can be used 

in photocatalysis, where photogenerated electrons and holes carry out the task.96-98 An 

important and crucial transformation for the large-scale manufacture of fine chemicals 

is the selective oxidation of alcohols. Although UV and visible light-driven 

photocatalytic systems have been developed for the oxidation of alcohol, the long 

wavelength near-infrared (NIR) and infrared light have not been adequately utilized by 

the current photocatalytic systems. According to Haitao and his co-worker, when H2O2 

is present as an oxidant, CQDs can serve as an efficient NIR light-driven photocatalyst 

for the selective oxidation of benzyl alcohol to benzaldehyde with high conversion 

(92%) and selectivity (100%) (Scheme 1.25).99  

 

 

Scheme 1.25 Selective oxidation of benzyl alcohol to benzaldehyde with high 

conversion and selectivity under the irradiation of NIR light. 

 

In the aldol condensation, CQDs with a diameter of roughly 5 nm were effective 

photocatalysts for H-bond catalysis (Scheme 1.26). For H-bond catalysis with a range 

of aromatic aldehydes, CQDs demonstrated exceptional photo-enhanced catalytic 

capabilities. The effective electron-accepting characteristics of CQDs enhanced the O-H 

bond and activated the C-O bond to speed up the aldol condensation according to 

control catalytic tests.100  
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Scheme 1.26 Room-temperature aldol condensation between aromatic aldehydes and 

acetone in the presence of CQDs with visible light. 

 

Compared to 1-4 nm CQDs and 10-2000 nm graphite, which do not have as good 

catalytic activity, 5-10 nm CQDs are an efficient visible-light-driven and controlled 

acid-catalyst that can catalyze many organic reactions (esterification, Beckmann 

rearrangement, and aldol condensation) in water solution with high conversion (34-46%, 

respectively). An innovative use of carbon-based nanomaterials, 5–10 nm CQDs can be 

used as a light-responsive and controllable photocatalyst. This might greatly advance 

research in the existing catalytic industry, as well as environmental pollution and energy 

challenges.101  

 

Fullerene can activate molecular hydrogen102 and showed excellent nonmetal 

hydrogenation catalysts for the reduction of aromatic nitro compounds to the 

corresponding amine with excellent selectivity and conversion under 1 atm pressure of 

H2 and UV irradiation at ambient temperature (Scheme 1.27). The reaction mechanism 

might involve a synergistic excimer under light irradiation. Additionally, inductively 

coupled plasma (ICP) emission spectroscopy was used to detect and determine metal 

contaminates in fullerenes, and control experiments explained that traces of metal 

impurities in fullerene did not affect the catalytic hydrogenation of nitrobenzene.103,104 

 

 

Scheme 1.27 Fullerene catalyzed photoinduced reduction of nitrobenzene to aniline. 
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The distinctive characteristics and possible uses of GO make its photocatalytic activity 

in organic processes a subject of intense study interest. Pan and his colleague reported 

that GO and Rose Bengal together catalyzed the visible-light-responsive oxidative C-H 

functionalization of tertiary amines (Scheme 1.28). Stoichiometric quantities of peroxy 

compounds are not used as terminal oxidants in this reaction. Tri-alkyl amines, 

particularly chiral tertiary amines, benefit from this process. This reaction was 

demonstrated to involve both trifluoromethyl and cyanide nucleophiles, yielding α-

cyano and α-trifluoromethylated tertiary amines. The intrinsic high surface area of GO 

and the stabilization of iminium intermediates by slightly acidic GO may contribute to 

the rate enhancement.105 

 

 

Scheme 1.28 GO and Rose Bengal catalyzed oxidative C-H functionalization of tertiary 

amines. 

 

Organosulfur and organoselenium compounds have therapeutic value in the field of 

medicinal chemistry.106-109 The C3-chalcogenylation of indolines was developed, 

employing GO and visible light irradiation at room temperature under an air atmosphere. 

The reactions characteristics include gram-scalable synthesis, good yields, easy 

operation, and metal-free conditions. A variety of 3-arylthioindoles, 3-arylselenylindoles, 

and even 3-thiocyanatoindoles can be obtained with this technique in good to 

exceptional yields (Scheme 1.29). Based on the results of control experiments, GO 

could act as a radical initiator for progressing the reactions.110 
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Scheme 1.29 C3-chalcogenylation of indolines catalyzed by GO. 

 

Trifluoromethyl (CF3) group is a crucial component in the agrochemical and 

pharmaceutical sectors because it can significantly increase solubility, lipophilicity, and 

antioxidizability.7,8 GO has been used as a metal-free photocatalyst for the 

trifluoromethylation of arenes, using cheap CF3SO2Na as the source CF3 radical. It is 

demonstrated that when exposed to visible light, GO has appropriate bandgaps that 

activate CF3SO2Na to produce the electrophilic CF3 radical, which effectively triggers 

the trifluoromethylation of common benzene molecules and certain of their derivatives 

(Scheme 1.30).111 

 

 

 

Scheme 1.30 Trifluoromethylation of aromatic hydrocarbons using GO sheets as 

photocatalysts. 
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GO is a two-dimensional nanocarbon that has garnered a lot of attention lately because 

of its exceptional changeable characteristics under both thermal and photoexcitation 

modes. In sharp contrast to the behavior shown for the thermal reduction of hydroxyl 

and epoxy groups, photoexcitation selectively removes the oxygen atoms of epoxy 

groups from the basal plane of GO. When exposed to light, epoxide groups are 

selectively photoexcited which produces radicals reversibly.  This observation has 

enabled the preparation of the optimum GO for the intended applications and expanded 

the application scope of organic transformation under visible light irradiation.112,113  

 

1.6 Conclusion 

 

Carbon-based materials have emerged as versatile and sustainable catalysts for a wide 

range of thermal and photochemical reactions. Their unique properties, such as tunable 

porosity, high surface area, and diverse functionalization potential, make them highly 

adaptable to various catalytic processes. Thermal carbon-based catalysts demonstrate 

instability in high-temperature applications, while photoactive carbon materials exhibit 

remarkable efficiency in light-driven reactions. The review highlights that the 

integration of carbon nanostructures such as activated carbon, graphite carbo nitride, 

CQDs, fullerene, CNT, and GO has significantly advanced catalytic efficiency and 

selectivity. 

 

1.7 Objectives and scope of this thesis 

 

In thermal carbon catalysis (Table 1), carbon materials act as electron acceptors or 

donors, influencing reaction rates through charge transfer processes, adsorption-

desorption equilibria, acid-base assisted, and heat-driven activation of reactants. Driven 

by heat energy, which activates the carbon catalyst and the reactants. Reactions are 

conducted at high temperatures (ranging from 200°C to over 1000°C) depending on the 

process. Often highly efficient at elevated temperatures, with faster reaction rates. 

Selectivity can sometimes be lower due to excessive heat, which might cause side 

reactions. Energy-intensive due to high-temperature requirements. Conversely, photo 
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carbon catalysis (Table 1) involves photon absorption by the carbon catalyst, which can 

result in electron excitation and the generation of reactive species such as free radicals, 

singlet oxygen, or hydroxyl radicals. Driven by light energy typically from UV, visible, 

or infrared light. Photons activate the catalyst, leading to the generation of reactive 

species such as electrons and holes. Usually occurs at ambient temperatures but can be 

coupled with slight thermal activation for enhanced performance. Energy efficient since 

it leverages sunlight or artificial light, reducing the need for external heating. It tends to 

be more selective since the catalyst can be tuned to absorb specific wavelengths of light, 

minimizing side reactions. 

 

Table 1 Comparison of thermal and photo carbon catalysis. 

 

Feature Thermal Carbon Catalysis Photo Carbon Catalysis 

 

Energy Source 

 

Heat 

 

Light (UV, visible, NIR) 

 

 

Temperature 

 

 

High (200-1000 °C) 

 

Ambient or slightly elevated 

 

Mechanism 

 

Heat-driven charge transfer, 

adsorption-desorption, acid-base 

assisted 

 

 

Photon-driven electron 

excitation, radicals, reversible 

 

Efficiency 

 

Efficiency is high at elevated 

temperatures but energy-

intensive 

 

Efficiency depends on the light,  

 

Selectivity 

 

 

Moderate (heat-induced side 

reactions) 

 

 

Higher (light wavelength-

specific reactions) 

 

Environmental 

Impact 

 

High energy consumption, 

potential toxic by-products 

 

Low energy consumption, 

cleaner reactions 
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Scope 

 

Oxidation, aldol condensation, 

esterification, Friedel craft 

reaction, amidation, C-C bond 

formation 

 

 

Oxidation, aldol condensation, 

radical coupling reaction 

 

Advantages 

 

High reactivity 

 

Reusable, sustainable 

 

 

Disadvantages 

 

Non-reusable, use oxidant, high 

catalyst loading 

 

 

Low reactivity 

 

Based on the above observation the main drawbacks of thermal carbon catalysts are 

low stability, non-reusable, and high loading. However, in the photo carbon catalysis 

system reactions are proceeded by homolytic bond cleavage with reversible pathways. 

The supremacy of photo carbon catalysis system catalyst stability is high, reusable, and 

sustainable but reactivity is low. By using the unique feature of carbon photocatalysts 

and overcoming the drawbacks, I have focused on designing and synthesizing highly 

active, durable, easily recyclable nanocarbon photocatalysts for organic transformations 

under visible light irradiation. This dissertation also aims to provide an in-depth 

understanding of how the carbon photocatalyst works and participates in reactions for 

progressing organic transformation. 
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Chapter II 

 

Photocatalytic Dehydrogenation of N-Heterocycles 

Promoted by Radicals from Graphene Oxide 

 

Visible light-induced photocatalytic dehydrogenation of N-heterocycles was achieved 

by graphene oxide (GO). Unlike previously reported thermally induced GO-promoted 

reactions, this system generates radicals and molecular hydrogen, which are confirmed 

by electron spin resonance and gas chromatography. A metal-free, oxidant-free, and 

recyclable photocatalytic reaction were achieved by a carbon-based system for the first 

time. 
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2.1 Introduction 

 

Metal-based catalysis has been extensively studied for decades. However, 

metal-based catalysts have some drawbacks; toxicity, removal difficulty, and 

limited natural resources.1,2 Therefore, non-metallic systems in catalysis are 

attractive and valuable because of their environment friendliness, sustainability, 

and abundance of resources.3–7 Graphene oxide (GO) is a two-dimensional carbon 

material with various unique properties such as high surface area, durability, and 

tunable electron conductivity, and reactivity.8,9  GO works as a catalyst in several 

organic transformations, such as oxidation of benzyl alcohol to benzaldehyde,10 

aerobic oxidative coupling of amine to imine,11 arylation of benzene for biaryl 

construction,12 thiolation of indoles,13 cross-coupling of indoles with ethers,14 and 

Mannich type reactions.15 Recently, researchers have focused on the 

photocatalytic behaviour of GO, including oxidative C–H functionalization of 

tertiary amine,16 chalcogenylation of indoline,17 and carbon dioxide to 

methanol.18 Photocatalytic dehydrogenation was reported using Ir complex;19 

however, there has been no report on such a reaction using a carbon-based 

catalyst. In contrast, GO was reported to undergo redox-type reactions under 

thermal conditions.20  

Herein, delineate the use of GO as a metal-free and recyclable photocatalyst for 

the dehydrogenation of N-heterocycles by releasing molecular hydrogen under 

visible light irradiation (Scheme 2.1). 
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Scheme 2.1 Dehydrogenation of indoline by (i) Ir catalyst under photo-irradiation, 

generating hydrogen peroxide, (ii) GO under heating, generating water, and (iii) GO 

under photo-irradiation, generating molecular hydrogen. 

 

2.2 Result and discussion 

 

2.2.1 Screening of the reaction  

 

To optimize the reaction conditions for photocatalytic dehydrogenation, 

indoline (1a) was selected as a model substrate (Table 2.1 and 2.2). The mixture 

of indoline 1a (24 mg, 0.2 mmol), GO (12 mg) and CH3CN (1.0 mL) was stirred 

with irradiating Blue LED light under an air atmosphere at room temperature for 

up to 30 hours. After the reaction, the reaction mixture was analyzed by GC using 

n-dodecane as an internal standard. To check up screening of the reaction time 

dehydrogenation product was analyzed every six-hour interval during the reaction 

course (Table 2.1). An optimum yield was found at 24 hours reaction time up to 

93% (Table 2.1, Entry 4).  

 

Table 2.1 Screening of reaction timea 

 

 

 

Entry Time (hour) Yield (%)b 

1 6 27 

2 12 50 

3 18 71 

4 24 90±3c 

5 30 93 

 

aReaction conditions: Indoline 1a (0.2 mmol), GO (12 mg), CH3CN (1.0 mL) under air 

atmosphere, room temperature, 6-30 h. bGC yield, cn=5. 
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For checking reaction conditions different carbon materials were synthesized. 

Among various carbon materials, GO showed the highest catalytic activity, and 

indole (2a) was obtained in 93% yield under blue LED irradiation (Table 2.2, 

Entry 1). Other carbon materials such as reduce graphene oxide (rGO), nitrogen-

doped reduced graphene oxide (N-rGO), activated carbon, natural graphite, and 

carbon quantum dot (CQD) showed very low yield or no catalytic performance 

on the photocatalytic dehydrogenation of 1a (Table 2.2, Entries 2-6). As reported 

previously, GO worked as an oxidant under thermal treatment without photo-

irradiation (Table 2.2, Entry 7). Both light and carbon catalysts were proved to be 

essential for this reaction; no desired product was observed when the reaction was 

conducted in the dark and absence of GO (Table 2.2, Entries 8 and 9). 

Interestingly, the reaction proceeded in the absence of molecular oxygen (Table 

2.2, Entry 10), which is totally different from the thermally induced reaction 

using GO.20 

 

Table 2.2 Screening of the reaction conditions 

 

 

 

Entry Carbon Catalyst Yield (%)b 

1 GO 93 

2 rGO 10 

3 N-rGO 5 

4 activated carbon 5 

5 graphite 0 

6 CQD 0 

7 GOc 73 

8 GOd 0 

9 none 0 

10 GOe 91 

 

aReaction conditions: indoline 1a (0.2 mmol), carbon catalyst (12 mg), CH3CN (1.0 mL) 
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under air atmosphere at room temperature for 24 h. bGC yield. cHeating at 100 °C 

without photo-irradiation. dUnder dark without photo-irradiation. eReaction was 

performed under Ar atmosphere. 

 

2.2.2 Radical properties analysis  

 

To elucidate the reaction mechanism, in-situ electron spin resonance (ESR) 

experiments were designed in the absence and presence of blue LED irradiation. 

A mixture of 1a and GO in acetonitrile was subjected to irradiation and 

performed ESR analysis (Figure 2.1). No ESR signal appeared in the absence of 

light, in contrast, a strong ESR signal was observed in the presence of light. 

However, no peak was detected in the ESR spectra when rGO, activated carbon, 

or graphite was used. These results suggest the radicals are generated from GO, 

and they promoted the dehydrogenation reaction. 

 

 

Figure 2.1 ESR spectrum of the reaction mixture (a) with GO in the absence of light, 

(b) with GO under light irradiation, (c) with rGO under light irradiation, (d) with 

activated carbon under light irradiation, and (e) with graphite under light irradiation. 
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2.2.3 Mechanistic investigation 

 

To gain better insight into the mechanism of the reaction, tried to trap the radical 

intermediate by in-situ ESR analysis using 5,5-dimethyl-1-pyrroline N-oxide (DMPO). 

A mixture of indoline 1a, GO, and DMPO in acetonitrile was photo-irradiated and 

subjected to ESR analysis (Figure 2.2). A signal derived from the DMPO-hydroxyl 

radical adduct (DMPO-•OH)21 was observed only in the first cycle; in contrast, from the 

second to the fifth cycles, only carbon radical was detected. These results suggest that, 

in the first cycle, the reaction was promoted by •OH radical and/or carbon radical, and 

later cycles proceeded via only carbon radical. To confirm the radical pathway, radical 

scavenger 2,2,6,6-tetramethyl piperidine 1-oxyl (TEMPO) in the reaction mixture was 

added; as a result, only 3% of the product was obtained, suggesting the radical pathway. 

 

 

Figure 2.2 ESR spectrum of the reaction mixture with DMPO. (a) 1st cycle, (b) 2nd 

cycle, (c) 3rd cycle, (d) 4th cycle, and (e) 5th cycle. 

 

Based on the above observation, a plausible reaction mechanism after the second 

cycle is proposed (Scheme 2.2). Under the irradiation of blue LED light, band gap 

excitation generates radical species on GO (for simplicity, only epoxide functional 

group is shown).22 Indoline (1a) is activated by the GO radical, generating indoline 

radical (1a’). Finally, dehydrogenation from 1a’ gives indole (2a) and H2. 
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Scheme 2.2 Proposed reaction mechanism. 

 

Different from meta-catalyzed systems that require molecular oxygen as a terminal 

oxidant,23 GO photocatalytic system worked even under Ar atmosphere. It is reported 

that rGO produces molecular hydrogen in the dehydrogenation of N-heterocycles under 

thermal conditions.24 Also investigated to obtain evidence that molecular hydrogen was 

released from the reaction. The reaction was performed in a capped test tube reactor, the 

upper gas was pumped off by a syringe after the reaction, and the gas was measured by 

GC. As a result, molecular hydrogen was observed, revealing that GO photocatalytic 

system is dehydrogenative even in the presence of molecular oxygen (Figure 2.3). 
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Figure 2.3 GC spectrum of the gas phase of the reaction mixture. 

 

2.2.4 Recyclability test 

 

Next, the recyclability of the GO photocatalyst was investigated. The structural 

analysis before and after the reaction was investigated by FTIR spectroscopy) and 

X-ray photoelectron spectroscopy (XPS). The reactivity was maintained for at 

least five cycles (Figure 2.4) without significant structural changes of GO, 

explained in Figures 2.5 and 2.6.  
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Figure 2.4 Recyclability test of GO photocatalyzed dehydrogenation of indoline 1a. 

Reaction conditions: 1a (1.0 mmol), GO (60 mg), CH3CN (5.0 mL) under air 

atmosphere, room temperature, irradiation of blue LED for 24 h. aGC yield. 

 

FTIR spectroscopy is a powerful technique to characterize the presence of different 

functional groups in graphene oxide including oxygen-containing functional groups. 

The FTIR spectrum of GO (Figure 2.5), shows a broad peak appearing at 3381 cm-1 in 

the high-frequency area attributed to the stretching mode of the O-H bond, revealing the 

presence of hydroxyl groups in GO. The band observed at 1724 cm-1 was assigned to 

the C=O stretch of the carboxyl group while the peak around 1616 cm-1 is attributed to 

C=C stretches. The peaks at 1395 cm-1 and 1065 cm-1 correspond to the C-OH and C-O-

C groups, respectively. All peaks were reserved up to the fifth cycle of the reaction. 

 

 

 

Figure 2.5 FTIR spectra of GO. (a) 1st cycle, (b) 2nd cycle, (c)3rd cycle, (d) 4th cycle, 

and (e) 5th cycle. 

 

The XPS spectra of GO before reaction and after the reaction were also analyzed 

(Figure 2.6). In the expanded XPS spectrum before the reaction, the C1s peak binding 

energies of 284.1 eV, 286.8 eV, and 288.3 eV correspond to the C-C bond, C-O bond, 
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and C=O bond respectively. After the fifth cycle of reaction the C1s peak binding 

energies of 284.1 eV for C-C bond, 286.2 for C-O bond, and 287.8 for C=O bond. All 

peaks were retained the same after the fifth cycle of the photocatalytic reaction.  

 

Figure 2.6 XPS spectra of GO. (a) before reaction, and (b) after the 5th cycle. 

 

These results suggested that GO remained unchanged until the fifth cycle of the 

photocatalytic dehydrogenation reaction. These results also indicate that the •OH formed 

in the first cycle is negligible and does not significantly affect the product yield. 

 

2.2.5 Substrate scope 

 

 Then examined the substrate scope of the photocatalytic dehydrogenation reaction. 

The reaction proceeded with good to excellent yields (Table 2.3, Entries 1-3) when 

indoline derivatives having a methyl group at the C1, C2, or C5 position (3a-c) were 

used. In contrast, an acetyl group on the nitrogen atom of indoline inhibited the reaction 

due to the steric or electronic effect, and most of N-acetylindoline (3d) was recovered 

(Table 2.3, Entry 4). Electron withdrawing groups such as nitro and bromo groups at the 

C5 position (3e and 3f) did not affect the reactivity and formed corresponding indole 

derivatives (4e and 4f) in good yields (Table 2.3, Entries 5 and 6). Furthermore, not 

only indoline derivatives but also 1,2,3,4-tetrahydroquinoline and 1,2,3,4-

tetrahydroisoquinoline (3g and 3h) worked as substrates to give the corresponding 

dehydrogenation products (4g and 4h) in moderate to good yields (Table 2.3, Entries 7 

and 8). 
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Table 2.3 Substrate scope using GO as a photocatalysta 

Entry Substrate Product Yield (%)b 

 

1 

 

3a 

 

4a 

 

 

90 

 

2 

 

3b 

 

4b 

 

 

91 

 

3 

 

3c 

 

4c 

 

 

92 

 

4 

 

3d 

 

4d 

 

 

Trace 

 

5 

 

3e 

 

4e 

 

 

85 

 

6 

 

3f 

 

4f 

 

 

93 

 

7 

 

3g 

 

4g 

 

 

75 

 

8 

 

3h 

 

4h 

 

 

74 
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aReaction conditions: N-heterocycles (0.2 mmol), GO (12 mg), CH3CN (1.0 mL) under 

air atmosphere, room temperature, irradiation of blue LED for 24 h. bGC yield. 

 

2.3 Conclusion 

 

In conclusion, developed a metal-free carbon-based photocatalytic system for the 

dehydrogenation of N-heterocycles. The reactions proceeded smoothly under mild 

reaction conditions and afforded the desired products in good to excellent yields. The 

mechanistic study revealed that the reaction proceeded with the formation of radicals 

from GO under irradiation of blue LED light. Both GO and light synergistically worked 

for the dehydrogenation reactions. This is the first example of the detection of molecular 

hydrogen in dehydrogenation of N-heterocycles using GO photocatalyst. Based on the 

proposed reaction mechanism, the scope of the photocatalytic reaction would be 

expanded by tuning the band gap and functional group of carbon materials. 

 

2.4 Experimental 

 

2.4.1 Materials 

 

Graphite was purchased from NIPPON GRAPHITE Industries, Ltd. and activated 

carbon (Vulcan XC72) was purchased from Cabot Corporation. KMnO4, H2SO4, 30% 

aq. H2O2, hydrazine monohydrate, 5,5-dimethyl-1-pyrroline N-oxide (DMPO), 1-

acetylindoline, and 5-nitroindoline were purchased from FUJIFLIM Wako Pure 

Chemical Industries, Ltd. Indoline, 1-methylindoline, 2-methylindoline, 5-

methylindoline, 5-brormoindoline, 1,2,3,4-teterahydroquinoline and 1,2,3,4-

isoquinoline were purchased from Tokyo Chemical Industry Co., Ltd. All above-

mentioned reagents were used directly without further purification. Products (4a, 4b, 4c, 

4d, 4e, 4f, 4g, and 4h) are commercially available and identical to known data.  

 

2.4.2 General information 
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The light source was used as Kessil A360X tuna blue LED light, wavelength 470 nm 

and power 55×103 lux. The products were quantified by gas chromatography-mass 

spectrometry (GCMS-QP2010 Plus, Shimadzu), equipped with a flame ionization 

detector (FID). Hydrogen gas was detected by gas chromatography (GC-2014, 

Shimadzu), connected with a thermal conductivity detector (TCD). ESR analysis was 

performed using an electron spin resonance spectrometer (JES-X310) with microwave 

frequency 9.542 GHz, modulation frequency 100 kHz, power 1 mW, and weep time 1 

min. The functional groups on the surface of the GO were recorded by Fourier 

transform infrared spectrophotometer (FTIR; Shimadzu IRTracer-100). The samples for 

the FTIR were dried and mixed with KBr and then pressed into 1.3 cm-diameter pellets. 

Freeze-drying of the carbon catalysts was performed using ADVANTEC DRZ350WC. 

The surface chemistry of GO was performed using an X-ray photoelectron spectroscopy 

(XPS; JPS-9030) with a pass energy of 20 eV.  

 

2.4.3 Preparation of carbon materials 

 

Preparation of GO 

 

Graphite (3.0 g) was stirred in 95% H2SO4 (75 mL). KMnO4 (9.0 g) was gradually 

added to the solution keeping the temperature. The mixture was then stirred at 35 °C for 

2 h. The resulting mixture was diluted by water (75 mL) under vigorous stirring and 

cooling so that temperature does not exceed 50 °C. The suspension was further treated 

by 30% aq. H2O2 (7.5 mL). The resulting graphite oxide suspension was purified by 

centrifugation with water until neutralization and freeze-dried. 

 

Preparation of rGO 

 

GO (2.0 g) was dispersed in water (200 mL), then hydrazine monohydrate (2.0 mL) 

was added and stirred at 180 °C for 4 h. After cooling, rGO was purified by washing 

with water, and freeze-dried. 
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Preparation of (N-rGO) 

 

Nitrogen doping onto GO was conducted by dissolving 1 g of nitrogen source 

(Guanidine Carbonate) in 100 mL of 0.1 wt% GO solution to attain a 10:1 ratio of 

nitrogen source to GO. The mixture was transferred into a steel-based autoclave and 

subjected to hydrothermal treatment at 180 °C for 8 h. The autoclave was then allowed 

to cool down to room temperature naturally, after which the black precipitate was 

filtered and washed five times with deionized water and once with isopropanol. Finally, 

the product was dried in a freeze drier and labeled as N-rGO. 

 

Preparation of CQD 

 

Here, the solvothermal method was used for the synthesis of CQD. The solution was 

made using 0.76 g (3 mmol) of pyromellitic acid, 0.76 g (10 mmol) of thiourea, 0.108 

ml (1 mmol) of diethylene triamine in 10 ml of DMF, and then ultrasonicated for 15 min. 

The final solution was transferred into a Teflon-lined autoclave (50 ml) and heated at 

180 ºC for 8 h and then the autoclave was allowed to cool naturally, resulting in a strong 

fluorescent orange emissive CQD. 

 

2.4.4 ESR measurement technique 

 

The mixture of indoline 1a (24 mg, 0.2 mmol), GO (12 mg), CH3CN (1.0 mL), and 

DMPO (22 mg, 0.2 mmol) was stirred at room temperature for 5 minutes. After 5 

minutes the reaction mixture was taken in a 1-mm-internal-diameter, 50-mm-long 

quartz capillary tube and irradiated Blue LED light at room temperature for 24 h. After 

every 6 h intervals, ESR analysis was performed. 

 

2.4.5 Light on/off experiment 

 

The mixture of indoline 1a (24 mg, 0.2 mmol), GO (12 mg) and CH3CN (1.0 mL) was 

stirred with irradiating Blue LED light under an air atmosphere at room temperature for 
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6 h and kept in the dark at 6 h intervals. After every 6 h, the reaction mixture was 

analyzed by GC using n-dodecane as an internal standard (Figure 2.7). Light is 

necessary for the progress of dehydrogenation reactions. Reactions did not proceed in 

the absence of light.  

 

 

Figure 2.7 Profile of reactions with light on/off over time. 

 

2.4.6 The reaction with radical scavenger  

 

The mixture of indoline 1a (24 mg, 0.2 mmol), GO (12 mg), 2,2,6,6-

tetramethylpiperodine 1-oxyl (31 mg, 0.2 mmol) and CH3CN (1.0 mL) was stirred with 

irradiating Blue LED light under air atmosphere at room temperature for 24 h. After the 

reaction, the reaction mixture was analyzed by GC using n-dodecane as an internal 

standard. 

 

 

2.4.7 GC analysis of air and H2 
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The Air gave only one peak of O2 and H2 also gave one peak (Figure 2.8). Both Air 

(O2) and H2 peaks were matched with standard O2 and H2 peaks. GC spectrum of Air 

and H2 were compared with reaction mixture spectrum for identification of O2 and H2. 

 

 

Figure 2.8 GC spectrum of (a) Air (O2) and (b) H2. 
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Chapter III 

 

 

Investigating the Radical Properties of Oxidized 

Carbon Materials Under Photo-Irradiation: Behavior 

of Carbon Radicals and Their Application in Catalytic 

Reactions 

 

Oxidized carbon materials have abundant surface functional groups and customizable 

properties, making them an excellent platform for generating radicals. Unlike reactive 

oxygen species such as hydroxide or superoxide radicals that have been reported 

previously, oxidized carbon also produces stable carbon radicals under photo-irradiation. 

This has been confirmed through electron spin resonance. Among the various oxidized 

carbon materials synthesized, graphene oxide shows the largest number of carbon 

radicals when exposed to blue LED light. The light absorption capacity, high surface 

area, and unique structural characteristics of oxidized carbon materials offer a unique 

function for radical-mediated oxidative reactions. 
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3.1 Introduction 

 

Free radicals play a crucial role in many fields such as catalysis, chemical 

synthesis, biomedicine, and antioxidants in personal care products.1–3 Various 

free radicals used in many industries are toxic and explosive, and due to the 

coupling of individual radicals, they lack sufficient stability for long-term 

storage.4,5 Developing stable, low-cost, and environmentally friendly radicals 

remains challenging. Carbon-based materials have received growing interest due 

to their unique properties, such as high surface area, electron conductivity, 

biocompatibility, environmental sustainability, and versatility.6,7 Carbon 

materials can generate free radicals under thermal treatment8–10 and photo-

irradiation.11,12 However, in the thermal process, carbon materials are 

concurrently decomposed, and radicals rapidly disappear.13,14 Conversely, in the 

photo-irradiation process, carbon materials are mildly activated to produce free 

radicals.15–18 Electrons tend to localize at the edge or defect sites of the carbon 

plane, which enhances their reactivity and stability as free radicals.19–22 In this 

study, various oxidized carbon materials were produced, and investigated their 

properties for generating carbon radicals under visible light irradiation. The 

resulting radical species are utilized for catalysis in the oxidative 

dehydrogenation of indoline and the oxidative coupling of benzylamine.  

 

3.2 Result and discussion 

 

Various carbon materials such as graphite, activated carbon (AC), carbon black (CB), 

carbon nanotube (CNT), and nanodiamond (ND) were oxidized. After oxidation, 

oxidized carbon materials were described as follows: graphene oxide (GO) from 

graphite, oxidized activated carbon (O-AC) from AC, oxidized carbon black (O-CB) 

from CB, oxidized carbon nanotube (O-CNT) from CNT, oxidized nanodiamond (O-

ND) from ND. 
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3.2.1 Characterization 

 

Oxidized carbon materials were characterized by Fourier transform infrared (FTIR) 

and X-ray photoelectron spectroscopy (XPS). A broad peak of FTIR spectra ranging 

from 3600 cm-1 to 2600 cm-1 indicates the presence of hydroxyl groups (Figure 3.1). 

Characteristic peaks centered at 1735 cm-1 and 1030 cm-1 are carbonyl and epoxide 

groups, respectively. FTIR spectra showed that GO, O-AC, O-CB, and O-CNT have 

hydroxyl, carbonyl, and epoxide functional groups, but O-ND contains only carbonyl 

and epoxide groups (Figure 3.1e). In all oxidized carbon materials, the intensity of 

carbonyl group peaks was significant. In the case of GO (Figure 3.1a) and O-CNT 

(Figure 3.1d), the intensity of the epoxide peaks is higher than other oxidized carbon 

materials, probably because graphite and CNT have large sp2 domains. 

 

 

Figure 3.1 FTIR spectra of (a) GO, (b) O-AC, (c) O-CB, (d) O-CNT, and (e) O-ND. 
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All XPS survey spectra showed a similar pattern; a typical example of GO is shown in 

Figure 3.2a, and others are listed in Figures 3.3a-d. XPS survey spectra indicate that 

GO has more oxygen-containing groups than other oxidized carbons (Figure 3.2a). 

High-resolution XPS represents the C=C/C-C bonds at 284.2 eV, C-O bonds at 286.2 eV, 

and C=O bonds at 287.8 eV. XPS spectra at the C 1s region of GO show a larger 

number of C-O bonds than C=C bonds and C=O bonds (Figure 3.2b). O-AC has a 

lower quantity of C-O bonds than GO (Figure 3.2c) but higher than that of O-CB 

(Figure 3.2d). Moreover, O-CNT (Figure 3.2e) contains a greater number of C-O 

bonds than C=C bonds like GO. O-ND (Figure 3.2f) has a lower number of C-O and 

C=O bonds than all other oxidized carbon materials. 

 

 

Figure 3.2 XPS (a) survey spectra of GO, (b) C 1s region of GO, (c) C 1s region of O-

AC, (d) C 1s region of O-CB, (e) C 1s region of O-CNT, and (f) C 1s region of O-ND. 
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Figure 3.3 XPS survey spectra of (a) O-AC, (b) O-CB, (c) O-CNT, (e) O-ND. 

 

3.2.2 Photo-radical properties 

 

To elucidate the photo-radical properties, in-situ electron spin resonance (ESR) 

experiments were designed in the absence and presence of blue LED light 

irradiation (Figures 3.4a and 3.4b). A mixture of oxidized carbon materials in 

acetonitrile was irradiated and subjected to ESR analysis. For all oxidized carbon 

materials, a negligible ESR signal appeared in the absence of light (Figure 3.4a), 

in contrast, a strong ESR signal was observed by the irradiation of blue LED light 

(Figure 3.4b). Among oxidized carbons, GO showed the highest ESR peak 

intensity, suggesting that more carbon radicals are generated from GO than other 

oxidized carbon materials under the irradiation of blue LED light. It has been 

reported that epoxide can be selectively photoexcited under light irradiation, 

resulting in the reversible generation of carbon radicals.23,24 GO contains a greater 

number of epoxides, as evidenced by FTIR and XPS analysis, which explains why GO 

generates more carbon radicals under the irradiation of blue LED light. For the 
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consideration of the stability of GO radicals, it is more interesting that GO radicals are 

stable over 6 months (Figure 3.5). 

 

 

Figure 3.4 ESR spectra of (i) GO, (ii) O-AC, (iii) O-CB, (iv) O-CNT, and (v) O-ND. (a) 

in the absence of light, and (b) under irradiation of blue LED light. The standard Mn2+ 

peaks are observed at 323 and 332 mT. 

 

 

Figure 3.5 ESR spectra of GO after (a) 1st month, (b) 2nd month, (c) 3rd month, (d) 4th 

month, (e) 5th month, and (f) 6th month. 

 

3.2.3 Mechanistic investigation 
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To confirm that the carbon radicals are derived from epoxide, epoxide on GO was 

reacted with amine. The amine-functionalized GO (Am-GO) was synthesized by 

following the reported literature.25,26 GO (300 mg) was dispersed in distilled water (150 

mL) in a glass beaker using an ultrasonic probe sonicator. In a separate beaker, n-

butylamine (450 mg) was dispersed in 45 mL water via bath sonication for 10 min. The 

GO suspension was then transferred to a 500 mL round bottom flask in which the n-

butylamine suspension was also moved and the mixture was stirred in an oil bath at 

80 °C for 20 h. The black solution eventually obtained was left to stand undisturbed for 

24 h after which it showed a separation of the functionalized GO from the solvent 

suggesting its hydrophobic nature. The functionalized GO was then extracted via 

centrifugation. The obtained solid product was purified by centrifugation with water 

five times and freeze-dried to afford the pure amine functionalized GO. GO and Am-GO 

were irradiated under blue LED light and measured ESR. As a result, GO gave a 

significant ESR signal (Figure 3.6a), however, an insignificant ESR signal appeared for 

Am-GO (Figure 3.6b). This evidence proved that the epoxide bond opens under 

irradiation of light and gives radical species (Scheme 3.1). 

 

 

 

Figure 3.6 ESR spectra of (a) GO and (b) Am-GO under irradiation of blue LED. The 

standard Mn2+ peaks are observed at 323 and 332 mT. 
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Scheme 3.1 Mechanistic route of generation of radicals from GO and Am-GO 

under light irradiation (for simplicity, only the epoxide functional group is 

shown). 

 

3.2.4 Evaluation of catalytic performance 

 

It has been reported that carbon radicals function as catalysts; activation of O2 to 

generate reactive oxygen species for oxidation of various substrates has been well 

studied.27-29  Also reported was the oxidation of indoline by photo-irradiation of 

GO.24 In this research, the catalytic activity of oxidized carbon materials was 

evaluated by oxidation of indoline and oxidative coupling of benzylamine under 

irradiation of blue LED light. Using these reactions as models, the photocatalytic 

oxidation reactions of each oxidized carbon material were investigated. Table 3.1 

shows the results of the oxidation reaction of indoline (1) to indole (2). From all 

oxidized carbon materials, GO showed a highest yield of 85% (Table 3.1, Entry 

1); however, other oxidized carbon materials such as O-AC, O-CB, O-CNT, and 

O-ND gave lower yields of 12%, 10%, 7%, and 5%, respectively (Table 3.1, 

Entries 2-5). No desired product was observed when the reaction was conducted 

in the darkness and in the absence of oxidized carbon (Table 3.1, Entries 6-7). 

The reaction also proceeded under Ar atmosphere (Table 3.1, Entry 8), 

suggesting the dehydrogenative oxidation as reported previously.24 

 

Table 3.1 Evaluation of the catalytic activity of oxidized carbon materials by oxidation 

of indolinea 
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Entry Oxidized carbon Yield (%)b 

1 GO 85 
2 O-AC 12 
3 O-CB 10 
4 O-CNT 7 
5 O-ND 5 
6c GO 0 
7 - 0 
8d GO 85 

 

aReaction conditions: Indoline 1 (0.2 mmol), GO (5 mg), CH3CN (1.0 mL) under air 

atmosphere at room temperature, irradiation of blue LED for 25 h. bGC yield. cUnder 

dark. dUnder Ar. 

 

Table 3.2 shows the results of the oxidative coupling reaction of benzylamine (3) to 

imine (4). Of all oxidized carbon materials, GO showed a highest yield of 90% (Table 

3.2, Entry 1); however, other oxidized carbon materials gave lower yields (Table 3.2, 

Entries 2-5). Both light and oxidized carbon were proved to be essential for this 

reaction; no desired product was observed when the reaction was conducted in the 

darkness and the absence of oxidized carbon (Table 3.2, Entries 6-7). The reaction also 

proceeded under Ar atmosphere (Table 3.2, Entry 8). 

 

Table 3.2 Evaluation of the catalytic activity of oxidized carbon materials by oxidative 

coupling of benzylaminea 

 

 

Entry Oxidized carbon Yield (%)b 

1 GO 90 
2 O-AC 10 
3 O-CB 5 
4 O-CNT 7 
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5 O-ND 3 
6c GO 0 
7 - 0 
8d GO 90 

 

aReaction conditions: benzylamine 3 (0.2 mmol), GO (5 mg), CH3CN (1.0 mL) under air 

atmosphere at room temperature, irradiation of blue LED for 25 h. bGC yield. cUnder 

dark. dUnder Ar.  

 

Table 3.3 shows the screening results of the oxidative coupling reaction of 

benzylamine (3) to imine (4). Gave the highest yield of 90% in 25 hours when 5 mg of 

GO was used. In solvent screening, acetonitrile gave the best performance than 

tetrahydrofuran and dimethyl formamide. 

 

Table 3.3 Screening Reaction Conditions of Oxidative Coupling of Benzylaminea 

 

 

 

Entry GO (mg) Time (hour) Solvent Yield (%)b 

1 5 5 CH3CN 30 
2 5 10 CH3CN 51 
3 5 15 CH3CN 70 
4 5 20 CH3CN 80 
5 5 25 CH3CN 88±2c 
6 5 30 CH3CN 90 
7 3 25 CH3CN 72 
8 6 25 CH3CN 90 
9 10 25 CH3CN 88 

10 5 25 DMF 61 
11 5 25 THF 55 

 

aReaction conditions: benzylamine 3 (0.2 mmol), GO (5 mg), CH3CN (1.0 mL) under air 

atmosphere at room temperature, irradiation of blue LED for 25 h. bGC yield. cn=3.  

 

All oxidized carbon materials showed the presence of carbon radicals under irradiation 
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of blue LED light as shown in Figure 3.4b. Among them, GO radical peak intensity 

was the highest and gave the highest yield for oxidation of indoline and oxidative 

coupling of benzylamine. The radical peak intensity of O-AC, O-CB, O-CNT, and O-

ND were lower and yielded lower for the oxidation product. Moreover, both of the 

reactions also proceeded under Ar atmosphere, suggesting dehydrogenative reactions 

and carbon radicals were responsible for the proceeding of these reactions. 

 

3.3 Conclusion 

 

In conclusion, the radical properties of oxidized carbon materials are a consequence of 

their unique structure, functional groups, and chemical reactivity, allowing them to 

generate radicals. The amount of radicals differs in the types of oxidized carbons; GO 

showed a higher number of radicals under blue LED irradiation. The photoexcitation of 

GO under blue LED light irradiation offers a progression of various chemical 

transformations by radical pathways such as the oxidation of indoline and benzylamine. 

These properties will make them versatile materials for future applications in areas such 

as catalysis, environmental remediation, energy storage, and biomedical engineering. 

 

3.4 Experimental 

 

3.4.1 General information 

 

All the chemicals used in this study were purchased from commercial sources and used 

as received unless otherwise mentioned. Kessil A360X tuna blue LED light with a 

wavelength centered at 470 nm was used. The products were quantified by gas 

chromatography-mass spectrometry (GCMS-QP2010 Plus, Shimadzu), equipped with a 

flame ionization detector (FID). ESR analysis was performed using an electron spin 

resonance spectrometer (JES-X310) with microwave frequency 9.542 GHz, modulation 

frequency 100 kHz, power 1 mW, and weep time 1 min. The functional groups on the 

surface of the oxidized carbon materials were recorded by Fourier transform infrared 

spectrophotometer (FTIR; Shimadzu IRTracer-100). The samples for the FTIR were 
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dried and mixed with KBr and then pressed into 1.3 cm-diameter pellets. Freeze-drying 

of the oxidized carbon materials was performed using ADVANTEC DRZ350WC. The 

surface chemistry was performed using an X-ray photoelectron spectroscopy (XPS; 

JPS-9030) with a pass energy of 20 eV.  

 

3.4.2 General procedure for synthesis of oxidized carbon materials 

 

Various carbon materials such as graphite, AC, CB, CNT, and ND were oxidized using 

the following procedure. Carbon material (1.0 g) was dispersed in 95% H2SO4 (30 mL). 

After cooling the mixture in an ice bath, KMnO4 (3.0 g) was gradually added to the 

solution, keeping the temperature below 55 °C. The mixture was stirred at 35 °C for 2 h. 

The generated suspension was again cooled down, after which 60 mL of deionized 

water was added slowly to keep the temperature below 50 °C. The suspension was 

further treated by 30% aq. H2O2. The resulting suspension was purified by 

centrifugation with water five times and freeze-dried to afford oxidized carbon materials. 

 

3.4.3 FTIR spectra of Am-GO 

 

 

Figure 4.7 FTIR spectra of Am-GO. 

 

 

3.4.4 XPS Spectra of GO and Am-GO 
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Figure 3.8 XPS spectra at C 1s region of (a) GO and (b) Am-GO. 

 

 

 

Figure 3.9 XPS spectra (a) survey and (b) N 1s region of Am-GO. 

 

3.4.5 EI-Mass spectra of product 4 

 

 

 

Figure 3.10 EI-Mass spectra of Product 4. 
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Chapter IV 

 

 

Synthesis of Visible-Light-Responsive Nanocarbon and 

Application for Photocatalytic Carbon-Carbon Bond 

Formation  

 

Visible-light-responsive nanocarbon was systematically synthesized via a one-step 

hydrothermal method, using citric acid and Congo Red; this nanocarbon exhibited 

visible-light absorption at 516 nm and photocatalytic activity for the carbon-carbon 

bond-forming reaction between benzylamine and ethyl cyanoacetate. Mechanistic 

investigations proved that this system generates radicals, and the reactions proceed via 

radical pathways, which are confirmed by electron spin resonance. A metal-free, mildly 

conditioned, and recyclable photocatalytic reaction was achieved by the visible-light-

responsive nanocarbon system. 
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4.1 Introduction 

 

Visible-light-responsive photocatalysis presents an environmentally sustainable 

approach to synthesis, offering substantial avenues for developing synthetic 

methodologies for fine chemicals.1,2 The past decade has witnessed the rapid 

development of photo-redox systems in homogeneous catalysis using transition metal 

complexes, enabling C-H arylation,3 enone cycloaddition,4 reductive dehalogenations,5 

C-C bond formation,6 acylations of C(sp3)-H bond,7 thioetherification,8 C-N bond 

formation,9 C-H hydroxyalkylation.10 In addition, metal catalyst light absorption 

capability directly impacts the catalytic performance in the C-C bond formation.11–13 

However, metal-based catalysts have some drawbacks; they are often expensive, toxic, 

difficult to remove, and limited natural resources.14,15 Like as metal catalysts, organic 

dyes have been used as photocatalysts in several organic transformations, such as 

oxidative hydroxylation of arylboronic acid,16 arylation of heteroarene with aryl 

diazonium salt,17 functionalization of thiazole derivatives,18 dehydrogenative 

coupling,19 and C-C bond forming radical reaction.20 Furthermore, using dyes as 

catalysts introduces disadvantages, necessitating additional additives for catalyst 

activation, complicating catalyst-product separation, and hindering catalyst 

recyclability.21,22 To solve these problems, focus on carbon-based photocatalysts because 

of their high surface area, electron conductivity, easy separation, reusability, and 

environment friendliness.23–25 There are reports on nanocarbon-based photocatalysis, 

including oxidation,26 esterification,27 transamidation,28 and reductive photocleavage.29 

This indicates that only a few reaction systems have been developed by nanocarbon-

based photocatalysis. Moreover, there is no report on the C-C bond formation reaction 

using nanocarbon photocatalyst. This is attributed to the predominant absorption of 

most nanocarbons in the ultra-violet region, while weakly absorbing the visible 

light.25,26 Therefore, focused on the synthesis of visible-light-responsive nanocarbons 

from visible-light-responsive dye molecules and investigated their application for 

photocatalysts in the C-C bond-forming reactions. 
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4.2 Result and discussion 

 

4.2.1 Optimization course 

 

First, optimize the nanocarbon synthesis. Our strategy is to use citric acid as a main 

component of nanocarbon and add another component to express visible-light 

absorption properties. investigated various combinations, using citric acid as a carbon 

source with various chromophore molecules as a result, found the combination of citric 

acid and Congo Red with a 3:1 ratio showed visible-light absorption (516 nm) (Table 

4.1, Entry 1). As controls, only citric acid or Congo Red was treated under the same 

condition, but the products adsorbed shorter wavelengths (Table 4.1, Entries 2 and 3). 

Other chromophore molecules such as methyl orange, methylene blue, rose bengal, and 

eosin Y gave absorption in lower wavelengths (Table 4.1, Entries 4-7). Previously 

reported functional nanocarbon using urea,30 thiourea,30 D-proline,31 ammonia,32 and 

ethylenediamine33 were also investigated, but they did not show visible-light absorption 

(Table 4.1, Entries 8-12). 

 

Table 4.1 Synthesis of various carbon materialsa 

 

 

Entry Carbon 

source 

Chromophore 

molecule 

Product Temperature 

(°C)  

Time 

(hour) 

λ-max 

(nm) 

1 citric acid Congo Red C1 185 4 516 

2 citric acid none C2 185 4 294, 370 

3 none Congo Red C3 185 4 390 

4 citric acid  methyl orange C4 160 4 260 

5 citric acid methylene blue C5 160 4 - 

6 citric acid rose bengal C6 180 2 290 

7 citric acid Eosin Y  C7 200 3 295 

8 citric acid urea C8 220 5 340 
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9 citric acid thiourea C9 185 4 314 

10 citric acid D-proline C10 185 4 286 

11 citric acid ammonia C11 185 4 265 

12 citric acid ethylenediamine C12 185 4 354 

 
aCarbon source (600 mg), chromophore molecule (200 mg), and water (5 mL) were 

mixed in an autoclave and heated in an oven.  

 

4.2.2 Characterization 

 

Among the synthesized carbon material, C1 composed of citric acid and Congo Red 

only showed visible-light absorption; therefore, this material was extensively 

characterized. An elemental analysis technique was used to understand the elemental 

composition of C1, presenting 66% carbon, 5% hydrogen, 6% nitrogen, 4% sulfur, and 

19% oxygen. This result confirms the presence of carbon, hydrogen, nitrogen, sulfur, 

and oxygen, respectively.  

 

The UV-visible spectra of C1 showed a broad characteristic absorption peak at around 

516 nm is attributed to the absorption of hydroxyl, amine, thiol, and carboxyl groups on 

the surface of C1 (Figure 4.1a). Furthermore, as it is evident from the UV-vis spectrum, 

the presence of a tail ranging from about 450 nm to 650 nm (visible region) suggests 

that the C1 possesses photocatalytic activity under visible light irradiation. Fourier 

transform infrared (FTIR) spectroscopy showed the presence of surface functional 

groups of C1 (Figure 4.1b); a broad absorption peak ranging from 3600 cm-1 to 2600 

cm-1 was detected, suggesting the presence of a plethora of hydroxyl and amine groups, 

and a shoulder peak at 2526 cm-1 corresponds to the S-H stretch. Similarly, a 

characteristic peak centered at 1701 cm-1 confirmed the presence of carbonyl groups. 

The peaks at 1385 cm-1, 1178 cm-1, and 1083 cm-1 were assigned to the stretching 

vibration of C-OH, C-C, and C-N bonds, respectively.  

The X-ray diffraction (XRD) patterns of C1 exhibit two significant broad peaks at 9° 

and 20°, indicating that carbonization and surface modification have occurred (Figure 
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4.2). The characteristic diffraction peak of C1 corresponding to the (001) plane was 

observed at 2θ = 9°, which suggests the stacking of carbon frameworks containing 

functional groups on the surface.34 The broad diffraction peak centered at 2θ = 20° 

suggests the amorphous carbon of C1.35 The chemical composition and surface 

modification structure of the C1 was analyzed by X-ray photoelectron spectroscopy 

(XPS). High-resolution XPS at the C 1s region presents predominant C-C/C=C bonds at 

284.5 eV and minor C-OH/C-N/C-S bonds at 286.4 eV, indicating the carbonization 

while maintaining functional groups of the starting materials. The other significant 

peaks at 288.5 eV and 290.7 eV are assigned to C=O and π-π interaction, respectively 

(Figure 4.1c).36 The S 2p region can be deconvoluted into two peaks at 163.5 eV and 

165.1 eV, which could be ascribed to the S 2p3/2 and S 2p1/2 of the C-S-H bond, 

respectively (Figure 4.1d).37,38  

Raman spectra of a general amorphous carbon material are composed of two peaks: D-

band (1320-1360 cm-1) and G-band (1500-1600 cm-1).39 Raman spectra of C1 gave two 

peaks corresponding to the D-band at around 1315 cm-1 and the G-band at 1588 cm-1 

(Figure 4.1e). This observation reveals the amorphous structure of C1. Scanning 

electron microscopy (SEM) image of C1 showed spherical particles ranging from 35-45 

nm in size (Figure 4.1f). The average diameter of C1 is 40 ± 5 nm, suggesting the 

narrow particle size distribution. 
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Figure 4.1 Characterization of C1 by (a) UV-vis, (b) FTIR spectra, (c) XPS at C 1s 

region, (d) XPS at S 2p region, (e) Raman, and (f) SEM. 
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Figure 4.2 XRD pattern of C1. 

 

4.2.3 Reaction screening 

 

First, optimized the reaction conditions for the C-C bond formation reaction of 

benzylamine with ethyl cyanoacetate under irradiation of blue LED light (Table 4.2). 

Nanocarbon C1 gave maximum yield when using a 5 mg sample and an optimum 

reaction time of 28 h (Table 4.2, Entries 1-8). The yield was higher when using 

acetonitrile (CH3CN) as a solvent (Table 4.2, Entry 4) while using other solvents such 

as DMF and THF was not so effective and gave a low yield (Table 4.2, Entry 9 and 10). 

 

Table 4.2 Screening of the Reaction Conditionsa 

 

 

Entry C1 (mg) Time (hour) Solvent Yield (%)b 
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1 5 7 CH3CN 28 

2 5 14 CH3CN 50 

3 5 21 CH3CN 71 

4 5 28 CH3CN 88±2c 

5 5 30 CH3CN 90 

6 3 28 CH3CN 76 

7 6 28 CH3CN 90 

8 10 28 CH3CN 88 

9 5 28 DMF 67 

10 5 28 THF 58 

 

aReaction conditions: 1a (0.2 mmol), 2a (0. 3 mmol), C1 (5-10 mg), CH3CN (1.0 mL) 

under air atmosphere at room temperature, irradiation of blue LED for 7-30 h. bGC yield, 

cn=3  

 

4.2.4 Evaluation of catalytic activity 

 

Then applied nanocarbon C1 to catalyze the C-C bond formation reaction. The 

condensation of primary amines with active methylene compounds furnishes substituted 

electrophilic alkenes. In this research, the coupling reaction of benzylamine with ethyl 

cyanoacetate was evaluated under irradiation of blue LED light (wavelength: 470 nm). 

Nanocarbon C1 showed a high yield of 90% (Table 4.3, Entry 1); however, a carbon 

material prepared without Congo Red C2 showed only 5% yield (Table 4.3, Entry 2), 

other carbons C3 – C12 and Congo Red itself showed no catalytic performance (Table 

4.3, Entries 3-12). Both light and visible-light-responsive carbon were proved to be 

essential for this reaction. No desired product was observed when the reaction was 

conducted in the darkness and in the absence of C1 (Table 4.3, Entries 14 and 15). 

Moreover, the reaction also proceeded under Ar atmosphere and gave a low yield under 

control UV light irradiation (Table 4.3, Entries 16 and 17). 

 

Table 4.3 Evaluation of the catalytic activity of nanocarbon C1a 
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Entry Catalyst Yield (%)b 

1 C1 90 

2 C2 5 

3 C3 0 

4 C4 0 

5 C5 0 

6 C6 0 

7 C7 0 

8 C8 0 

9 C9 0 

10 C10 0 

11 C11 0 

12 C12 0 

13 Congo Red 0 

14c C1 0 

15 none 0 

16d C1 88 

17e C1 30 

 

aReaction conditions: 1a (0.2 mmol), 2a (0.3 mmol), C1 (5 mg), CH3CN (1.0 mL) under 

air atmosphere at room temperature, irradiation of blue LED for 28 h. bGC yield. cUnder 

dark. dUnder Ar. eUnder UV. 

 

4.2.5 Substrate scope 

 

After that, the substrate scope of the photocatalytic C-C bond formation reaction of 

benzylamine derivatives was examined. The reaction proceeded with good to excellent 

yields of 90% and 91% (Table 4.4, Entries 1 and 2) when benzylamine contained 

electron-donating methyl and methoxy groups. Electron-withdrawing halogen groups 
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such as chloro and bromo at the para position (1d and 1e) did not affect the reactivity 

and formed corresponding acrylate derivatives (3d and 3e) in good yields (Table 4.4, 

Entries 3 and 4). Furthermore, the benzylamine having a strong electron-withdrawing 

nitro group also worked as a substrate to give the corresponding products (3f) in good 

yield (Table 4.4, Entry 5). 

 

Table 4.4 Substrate scope using C1 as a photocatalysta 

 

Entry Substrate Product Yield 

(%)b 

 

 

1 

   

 

1b 
 

3b 

 

 

90 

 

 

2 

 

 

1c 
 

3c 

 

 

91 

 

 

3 

 

 

1d 

 

3d 

 

 

87 

 

 

4 

  

 

1e 

 

3e 

 

 

88 

 

 

5 
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1f 3f 

 

aReaction conditions: benzylamine derivatives 1 (0.2 mmol), 2a (0.3 mmol), C1 (5 mg), 

CH3CN (1.0 mL) under air atmosphere at room temperature, irradiation of blue LED for 

28 h. bGC yield. 

 

4.2.6 Mechanism investigation 

 

To gain better insight into the mechanism of the reaction, tried to trap the radical 

intermediate by in-situ electron spin resonance (ESR) analysis using 5,5-dimethyl-1-

pyrroline N-oxide (DMPO) as a spin trap agent. A mixture of benzylamine, ethyl 

cyanoacetate, nanocarbon C1, and DMPO in acetonitrile was prepared. No ESR signal 

appeared in the absence of light (Figure 4.3a); in contrast, a strong ESR signal derived 

from the DMPO-sulfur radical adduct (DMPO-•S) was observed under blue LED 

irradiation (Figure 4.3b).40 These results suggest that the reaction was promoted by 

sulfur radicals. To confirm the radical pathway, radical scavenger 2,2,6,6-tetramethyl 

piperidine 1-oxyl (TEMPO) in the reaction mixture was added; as a result, only 4% of 

the product was obtained, suggesting the radical plays an important role in the reaction.  

 

 

Figure 4.3 ESR spectra of the reaction mixture with DMPO (a) in the absence of light, 

and (b) under irradiation of blue LED. 323 and 332 mT are the standard Mn2+ peaks. 
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Next, confirmed the role of the SH group on C1. I employed H2O2 to oxidize the SH 

group, which was confirmed by FTIR (Figure 4.4).41 After oxidation, C1 was used as a 

catalyst; as a result, most of the benzylamine and ethyl cyanoacetate recovered, and 

only 5% of the product was found. This observation confirmed that SH is the reactive 

functional group of nanocarbon C1, which generates the radical intermediate. 

 

Figure 4.4 FTIR spectra of C1 after oxidation by H2O2. 

 

Based on the above observations, a plausible reaction mechanism is proposed (Scheme 

4.1). Nanocarbon C1 produces sulfur radical under irradiation of blue LED light. The 

resulting sulfur radical attacks the benzylamine 1 to form aminomethyl radical 2 and 

then furnishes imine intermediate 3 with H2 generation, as reported previously.42,43 The 

formation of imine intermediate 3 was confirmed by the following experiment:44 in the 

presence of water, benzylamine was converted to benzaldehyde identified by GC-MS. 

Subsequently, imine intermediate 3 coupled with ethyl cyanoacetate 4 to form 

intermediate 5, and finally give the product 6 through the release of ammonia.45,46 
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Scheme 4.1 Proposed reaction mechanism. 

 

4.2.7 Recyclability test 

 

Finally, the stability and recyclability of nanocarbon C1 were investigated, an 

important indicator for the practical applicability of the heterogeneous catalyst. Notably, 

C1 was recycled and reused at least five times without any significant loss of reactivity 

(Figure 4.5).  
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Figure 4.5 Recyclability test of nanocarbon C1. Reaction conditions: 1a (1.0 mmol), 2a 

(1.5 mmol), C1 (25 mg), CH3CN (5.0 mL) under air atmosphere at room temperature, 

irradiation of blue LED for 28 h. aGC yield. 

 

The structural analysis after the reaction was investigated by FTIR and XPS. All 

characterization peaks were reserved up to the 5th reaction cycle, confirming the 

negligible structural change (Figures 4.6 and 4.7). 

 

Figure 4.6 FTIR spectra of C1 after the 5th reaction cycle. 
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Figure 4.7 XPS spectra (a) at the C 1s region, and (b) at the S 2p region after the 5th 

reaction cycle. 

 

4.3 Conclusion 

 

In summary, a visible-light-absorbing amorphous nanocarbon C1 was synthesized by 

hydrothermal treatment of citric acid and Congo Red. Various characterization methods 

confirmed the structure and surface functional groups of C1. More interestingly, C1 

exhibited high catalytic performance under irradiation of blue LED for the C-C bond 

formation reaction of benzylamine with ethyl cyanoacetate. The reactions proceeded 

smoothly under mild reaction conditions and afforded the desired product in high yield. 

The mechanistic study revealed that the reaction proceeded with forming sulfur radical 

from nanocarbon C1 under irradiation of blue LED light. Both C1 and visible light 

synergistically worked for the progress of the reactions. This report on the synthesis of 

visible-light-responsive nanocarbon photocatalysts for carbon-carbon bond-forming 

reactions will enhance the opportunity for future photocatalytic applications.  

 

4.4 Experimental 

 

4.4.1 General Information 

 

All the chemicals used in this study were purchased from commercial sources and used 

as received unless otherwise mentioned. Kessil A360X tuna blue LED light with a 

wavelength centered at 470 nm was used. The products were quantified by gas 
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chromatography-mass spectrometry (GCMS-QP2010 Plus, Shimadzu), equipped with a 

flame ionization detector (FID). ESR analysis was performed using an electron spin 

resonance spectrometer (JES-X310) with microwave frequency 9.542 GHz, modulation 

frequency 100 kHz, power 1 mW, and weep time 1 min. The functional groups on the 

surface of the synthesized nanocarbon were recorded by Fourier transform infrared 

spectrophotometer (FTIR; Shimadzu IRTracer-100). The samples for the FTIR were 

dried and mixed with KBr and then pressed into 1.3 cm-diameter pellets. Freeze-drying 

of the carbon catalysts was performed using ADVANTEC DRZ350WC. The surface 

chemistry was performed using an X-ray photoelectron spectroscopy (XPS; JPS-9030) 

with a pass energy of 20 eV. Particle size was measured by scanning electron 

microscope technique (SEM; HITACHI-9000). Inductively coupled plasma mass 

spectrometry (ICP-MS) was analyzed by Agilent7500cx. 

 

4.4.2 Experimental procedure for synthesis of carbon 

  

Synthesis of carbon materials from citric acid and dye molecules was performed by a 

one-step hydrothermal method. In more detail, 600 mg of citric acid and 200 mg of 

Congo Red were added to 5 mL of water. Then the mixture was sonicated and heated in 

a Teflon-lined autoclave at 185 °C with a constant heating rate of 10 °C per minute. 

Finally, the solution was kept at that temperature for 4 h. The obtained product was 

cooled down naturally to room temperature, redispersed in water, and centrifuged at 

10000 rpm for 20 min (three times). Finally, the dark brown color residue part was 

collected and dried in a freeze drier. 

 

4.4.3 UV-visible spectra 
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Figure 4.8 UV-vis absorption spectra of C2. 

 

 

Figure 4.9 UV-vis absorption spectra of C3. 
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Figure 4.10 UV-vis absorption spectra of C4. 

 

 

Figure 4.11 UV-vis absorption spectra of C5. 
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Figure 4.12 UV-vis absorption spectra of C6. 

 

 

Figure 4.13 UV-vis absorption spectra of C7. 
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Figure 4.14 UV-vis absorption spectra of C8. 

 

Figure 4.15 UV-vis absorption spectra of C9. 
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Figure 4.16 UV-vis absorption spectra of C10. 

 

Figure 4.17 UV-vis absorption spectra of C11. 
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Figure 4.18 UV-vis absorption spectra of C12. 

 

4.4.4 ESR measurement technique 

 

The mixture of benzylamine 1a (0.2 mmol), ethyl cyanoacetate 2a (0.3 mmol), C1 (5 

mg), and DMPO (0.2 mmol) was stirred at room temperature for 5 minutes. After 5 

minutes, the reaction mixture was taken in a quartz capillary tube and irradiated blue 

LED light at room temperature for 28 h. After every 7 h intervals, ESR analysis was 

performed. 

 

4.4.5 The reaction with radical scavenger 

 

The mixture of benzylamine 1a (0.2 mmol), ethyl cyanoacetate 2a (0.3 mmol), C1 (5 

mg), 2,2,6,6-tetramethylpiperodine 1-oxyl (0.2 mmol), and CH3CN (1.0 mL) was stirred 

with irradiating blue LED light under an air atmosphere at room temperature for 28 h. 

After the reaction, the reaction mixture was analyzed by GC using n-dodecane as an 

internal standard. 
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4.4.6 Identification of benzaldehyde via imine formation 

 

The mixture of benzylamine 1a (0.2 mmol), H2O (0.02 mmol), C1 (5 mg), and CH3CN 

(1.0 mL) was stirred with irradiating blue LED light under an air atmosphere at room 

temperature for 28 h to give benzaldehyde 3x. After the reaction, the reaction mixture 

was analyzed by GC-MS and confirmed the formation of benzaldehyde via an imine 

intermediate. 

 

 

 

 

Figure 4.19 GC spectra of 3x. 
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4.4.7 ICP-MS 

 

Table 4.5 ICP-MS Analysis 

 Concentration (ppb) 

Elements C1 H20 Background 

Li 0.033 1.000 0.043 

Be <0.004 0.005 <0.003 

B 62.104 10.535 3.921 

Na 361.381 1.442 4.638 

Mg 6.179 0.557 0.754 

Al 39.198 20.138 0.661 

Si 2001.850 15.773 36.535 

P 5.436 <0.014 5.436 

S 3914.516 151.020 799.096 

Cl 665.725 25.197 180.374 

Ca 19.572 6.389 2.618 

Sc 0.686 <0.001 0.080 

Ti 0.513 0.046 0.015 

V 0.085 0.007 0.001 

Cr 0.267 0.019 0.011 

Mn 7.061 0.025 0.030 

Fe 4.237 1.500 6.275 

Co 0.007 1.000 0.001 

Ni 0.184 0.063 0.010 
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Cu 0.417 1.029 0.024 

Zn 0.522 7.174 0.038 

Ga 0.080 <0.001 0.002 

Ge 0.017 0.003 0.014 

As 0.022 0.010 0.005 

Br 5.850 0.194 0.772 

Se 0.268 <0.048 0.583 

Rb 0.175 <0.001 0.045 

Sr 0.211 0.074 0.008 

Y 0.000 1.000 0.002 

Zr 0.094 <0.001 <0.001 

Nb 0.004 <0.001 0.000 

Mo 0.208 <0.003 <0.002 

Ru <0.003 <0.003 <0.002 

Rh 0.000 0.000 0.000 

Pd 0.123 0.018 <0.002 

Ag 0.520 0.008 <0.001 

Cd <0.005 <0.005 <0.004 

In 0.001 0.001 0.000 

Sn 0.171 0.021 0.028 

Sb 0.454 0.002 0.003 

Te <0.029 <0.029 <0.022 

I 0.777 0.036 0.628 

Cs 0.022 0.001 0.001 
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Ba 0.019 0.025 0.013 

La 0.001 0.030 0.001 

Ce 0.002 1.000 0.002 

Pr 0.000 0.001 0.000 

Nd <0.002 <0.002 <0.002 

Sm <0.002 <0.002 <0.002 

Eu <0.001 0.002 <0.001 

Gd 0.002 0.006 0.002 

Tb 0.000 0.000 0.000 

Dy <0.001 <0.001 <0.001 

Ho 0.000 0.000 0.000 

Er <0.001 <0.001 <0.001 

Tm 0.000 0.000 0.000 

Yb <0.002 <0.002 <0.001 

Lu 0.000 0.000 0.000 

Hf <0.001 <0.001 <0.001 

Ta 0.00 0.00 0.00 

W 0.044 <0.002 <0.001 

Re <0.001 <0.001 <0.001 

Os <0.002 <0.002 <0.002 

Ir <0.001 <0.001 <0.001 

Pt 0.008 0.018 <0.002 

Au 0.036 <0.001 <0.001 

Hg 0.008 <0.005 <0.005 
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Tl <0.001 1.000 0.003 

Pb 0.017 0.085 0.002 

Bi 0.017 0.001 <0.001 

Th <0.001 <0.001 <0.001 

U <0.001 0.001 <0.001 

 

Sample dissolution method: The samples were completely acid-digested in a closed 

polytetrafluoroethylene (PTFE) vessel. An accurately weighed portion of the powdered 

sample 250 mg was weighed into PTFE vessel with the subsequent addition of 6 ml of 

concentrate HNO3 (60%) and 2 ml of H2O2 (30%). The vessel was closed, placed into a 

steel pressurized bomb, and heated in an oven up to 130 °C for 2 h. The obtained digest 

sample was cooled down naturally to room temperature. The final digest was diluted to 

30 ml in a volumetric flask with milli-Q water and centrifuged at 6000 rpm for 30 min. 

Finally filtered by filter paper and collected a liquid sample. 

 

4.4.8 GC and mass spectra of product 3a 

 

 

 

Figure 4.20 GC spectra of product 3a. 
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Figure 4.21 Mass spectra of product 3a. 

 

4.4.9 NMR spectra of product 3a-f 

Ethyl-2-cyano-3-phenyl acrylate (3a) 

1H NMR (CDCl3) δ ppm: 8.23 (s, 1H), 7.98-7.96 (m, 2H), 7.55-7.48 (m, 3H), 4.37(q, 

2H,), 1.38 (t, 3H).  

13C NMR (CDCl3) δ ppm: 62.39, 153.51, 133.61, 133.62, 127.81, 116.64, 115.45, 

102.52, 82.79, 14.14. 

 

Figure 4.22 1H NMR spectra of product 3a. 
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Figure 4.23 13C NMR spectra of product 3a. 

Ethyl-2-cyano-3- (4-methylphenyl) acrylate (3b) 

1H NMR (CDCl3) δ ppm: 8.20 (s, 1H), 7.88 (d, 2H), 7.28 (m, 2H), 4.35 (q, 2H,), 2.41 (s, 

3H) 1.38 (t, 3H).  

13C NMR (CDCl3) δ ppm: 162.77, 155.01, 144.65, 131.25, 130.03, 128.85, 115.79, 

101.54, 62.59, 21.87, 14.17. 
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Figure 4.24 1H NMR spectra of product 3b. 

 

 

Figure 4.25 13C NMR spectra of product 3b. 

Ethyl-2-cyano-3- (4-methoxyphenyl) acrylate (3c) 

1H NMR (CDCl3) δ ppm: 8.15 (s, 1H), 7.98 (m, 2H), 6.97 (m, 2H), 4.34 (q, 2H,), 3.8 (s, 
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3H), 1.36 (t, 3H).  

13C NMR (CDCl3) δ ppm: 163.10, 154.38, 154.36, 133.61, 124.32, 116.21, 114.73, 

99.30, 62.41, 55.59, 14.18. 

 

Figure 4.26 1H NMR spectra of product 3c. 
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Figure 4.27 13C NMR spectra of product 3c. 

Ethyl-2-cyano-3- (4-chlorophenyl) acrylate (3d) 

1H NMR (CDCl3) δ ppm: 8.19 (s, 1H), 8.01 (m, 2H), 7.20-7.16 (m, 2H), 4.36 (q, 2H,), 

1.38 (t, 3H).  

13C NMR (CDCl3) δ ppm: 162.1, 153.4, 132.6, 132.2, 130.2, 128.2, 115.2, 103.6, 62.8, 

14.1. 

 

Figure 4.28 1H NMR spectra of product 3d. 
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Figure 4.29 13C NMR spectra of product 3d. 

Ethyl-2-cyano-3- (4-bromophenyl) acrylate (3e) 

1H NMR (CDCl3) δ ppm: 8.16 (s, 1H), 7.83 (m, 2H), 7.62 (m, 2H), 4.37(q, 2H,), 1.38 (t, 

3H).  

13C NMR (CDCl3) δ ppm: 162.92, 153.31, 132.37, 132.02, 129.88, 127.93, 115.04, 

103.40, 62.68, 13.92. 

 

Figure 4.30 1H NMR spectra of product 3e. 
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Figure 4.31 13C NMR spectra of product 3e. 

Ethyl-2-cyano-3- (4-nitrophenyl) acrylate (3f) 

1H NMR (CDCl3) δ ppm: 8.19 (s, 1H), 8.02 (m, 2H), 7.20-7.16 (m, 2H), 4.36 (q, 2H,), 

1.38 (t, 3H).  

13C NMR (CDCl3) δ ppm: 162.39, 153.50, 133.61, 133.55, 127.81, 116.78, 116.63, 

115.44, 62.79, 14.14. 
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Figure 4.32 1H NMR spectra of product 3f. 

 

Figure 4.33 13C NMR spectra of product 3f. 

All the 1H and 13C NMR spectra are matched with the literature data.42-45 
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Carbon-based catalysts have emerged as versatile and sustainable tools in organic 

synthesis due to their unique properties and structural diversity. In chapter I, the active 

site and reactivity of carbon-based catalyst (Figure 5.1a-e) were reviewed and 

summarized for thermal and photochemical reactions. Thermal reaction requires high 

temperatures, which consume significant amounts of energy, while photocatalysis uses 

light energy, making the process energy-efficient and environmentally friendly. My 

research aim is to design and develop a visible-light-responsive carbon catalyst for 

organic transformations. As to continuing research aim this thesis presents the 

development and exploration of visible-light-responsive nanocarbon catalysts for 

organic transformations, focusing on elucidating the mechanistic pathways and the role 

of radical intermediates. The study demonstrates the efficiency of nanocarbon materials 

in harnessing visible light for catalytic processes, offering a sustainable approach to 

organic synthesis.  The research also underscores the versatility of nanocarbon materials, 

particularly their tunable electronic properties, and light absorption capabilities, which 

make them promising candidates for diverse photocatalytic applications. 

 

Figure 5.1 Carbon-based catalyst (a) g-C3N4, (b) fullerene, (c) CNT, (d) GO, and (e) 

CQD. 
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 Firstly, a visible-light-driven metal-free carbon-based system was developed for the 

dehydrogenation of N-heterocycles that proceed via a radical pathway (Scheme 5.1) 

mentioned in Chapter II. Reactivity was compared with various carbon materials such 

as GO, rGO, N-rGO, activated carbon, graphite, and CQD, while GO showed the 

highest catalytic activity. GO was recycled and reused at least five times without 

significant structural change. The mechanistic study revealed that the reaction 

proceeded with the formation of carbon radicals from GO under irradiation of blue LED 

light (Figure 5.2a). Both GO and light synergistically worked for the dehydrogenation 

reactions. This is the first example of the detection of molecular hydrogen for 

dehydrogenation of N-heterocycles using GO photocatalyst (Figure 5.2b). Based on the 

proposed reaction mechanism, the scope of the photocatalytic reaction would be 

expanded by tuning the band gap and functional group of carbon materials. 

 

Scheme 5.1 Dehydrogenation of indoline by GO under photo-irradiation, generating 

molecular hydrogen. 

 

 

Figure 5.2 (a) ESR spectrum of the reaction mixture with GO under irradiation of light, 

(b) GC spectrum of the gas phase of the reaction mixture for detection of H2 gas. The 
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standard Mn2+ peaks are observed at 323 and 332 mT. 

 

The results were quite encouraging as carbon was found to be active in the 

dehydrogenation reaction. Further investigation was carried out to scrutinize the role of 

radicals and oxidized surface functional groups for other important organic 

transformations. In chapter III, explored the radical properties of oxidized carbon 

materials under visible light irradiation. Oxidized carbon materials are a consequence of 

their unique structure, functional groups, and chemical reactivity, allowing them to 

generate radicals for organic transformations. Various carbon materials such as graphite, 

activated carbon, carbon black, carbon nanotube, and nanodiamonds were oxidized and 

investigated their properties for generating carbon radicals under visible light irradiation 

(Figure 5.3). The number of radicals differs in the types of oxidized carbons; GO 

showed a higher number of radicals under blue LED irradiation. The photoexcitation of 

GO under blue LED light irradiation offers a progression of oxidation benzylamine by 

radical pathway (Scheme 5.2). These properties make oxidized carbon materials 

versatile for potential applications in catalysis, as well as environmental remediation, 

energy storage, and biomedical engineering. 

 

 

Figure 5.3 ESR spectra of (a) GO, (b) oxidized activated carbon, (c) oxidized carbon 
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black, (d) oxidized carbon nanotube, and (e) oxidized nanodiamond under irradiation of 

blue LED light. The standard Mn2+ peaks are observed at 323 and 332 mT. 

 

 

 

Scheme 5.2 Mechanistic outline of GO-catalyzed oxidation of benzylamine under 

irradiation of light. 

 

To understand the radical properties of the surface functional carbon, in Chapter IV, a 

visible-light-absorbing amorphous nanocarbon was synthesized by hydrothermal 

treatment of citric acid and Congo Red (Scheme 5.3). Among the synthesized carbon 

materials, this nanocarbon C1 composed of citric acid and Congo Red, showed only 

visible-light absorption (Figure 5.4a); therefore, this material was extensively 

characterized. More interestingly, C1 exhibited high catalytic performance under 

irradiation of blue LED for the C-C bond formation reaction of benzylamine with ethyl 

cyanoacetate. The mechanistic studies suggested that the reaction proceeded with 

forming sulfur radicals from nanocarbon under irradiation of blue LED light (Figure 

5.4b). This report on the synthesis of visible-light-responsive nanocarbon photocatalysts 

for carbon-carbon bond-forming reactions will enhance the opportunity for future 

photocatalytic applications. 

 

Scheme 5.3 Synthesis reaction route of nanocarbon C1. 
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Figure 5.4 (a) UV-vis spectra of nanocarbon C1, (b) ESR spectra of the reaction 

mixture with DMPO (i) in the absence of light, and (ii) under irradiation of blue LED. 

323 and 332 mT are the standard Mn2+ peaks. 

 

Through detailed mechanistic investigations, the critical functions of photogenerated 

radicals were identified, providing insights into reaction pathways and facilitating the 

design of more effective photocatalysts. These findings highlight the potential of 

nanocarbon-based systems to address challenges in green chemistry and pave the way 

for future advancements in photocatalysis. Future challenges need to address the 

following points.  

i. Developing advanced nanocarbon catalysts with improved light absorption, 

enhanced radical generation efficiency, and better stability under reaction 

conditions.  

ii. Exploring new classes of radical-mediated transformations and extending the 

applicability of nanocarbon catalysts to more complex organic reactions. 

iii. Scaling up catalytic processes for industrial applications, particularly in 

pharmaceuticals, fine chemicals, and sustainable chemical manufacturing.  

iv. Investigating the use of nanocarbon catalysts in photochemical processes for 

environmental remediation and renewable energy conversion. 
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