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Abstract 

In this study, 4-nitrophenylboronic acid is used as a radical precursor for functionalizing fullerene 

soot nanoparticles with 4-nitrophenyl and 4-nitrophenoxy groups. The oxidative deboration of 4-

nitrophenylboronic acid for the formation of 4-nitrophenyl radical is carried out by employing 

potassium persulfate as oxidant and copper (II) sulfate as catalyst dissolved in water/dichloromethane 

under autoclave, oil-bath, or microwave heating conditions. The 4-nitrophenoxy radical is formed 

from the corresponding phenolic byproduct in the presence of persulfate/copper (II). The potentially 

energetic solid containing 4-nitrophenoxy groups involved in ether linkages is produced in the 

absence of fullerene soot. The 4-nitrophenyl and 4-nitrophenoxy radicals are efficiently trapped in 

the presence of fullerene soot to eventually afford samples with high nitrogen contents. The reaction 

conditions are optimized against temperature, time, and the amounts of starting materials. The 

characterization of products is performed by EDX and elemental maps, FT-IR, XRD, FESEM, and 

TGA-DSC. Results show that the oxidative deboration reaction can occur even in the absence of a 

catalyst. However, copper (II) catalyst can be used to obtain samples with more nitrogen content (up 

to 19.60 wt.% by EDX line scan) and better energetic performance. DSC thermograms of these 

samples exhibit a significant exothermic peak assigned to the decomposition of energetic groups. 
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1. Introduction 

 

The preparation of high-energy compositions based on 

carbon nanomaterials has recently attracted considerable 

attention, because using carbon nanomaterials in energetic 

compositions would greatly improve their combustion 

performance, thermal stability, and sensitivity [1]. 

Graphene, graphene oxide, carbon nanotubes, and 

fullerene have been introduced to prepare core-shell 

structured explosives due to their unique electrical, 

thermal, mechanical, and structural properties [2]. These 

carbon materials can be utilized to desensitize the 

explosives significantly with a low additive amount [2]. 

Also, due to their large surface areas, they have 

demonstrated promising results as burn rate modifiers for 

propellants [3]. 

Fullerenes and their derivatives are important for 

applications in energetic materials, which are used as 

energetic components, combustion catalysts, 

desensitizers, and stabilizers [4]. They show good thermal 

performance as energetic components [4]. They can 

reduce the activation energy of energetic materials as 
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combustion catalysts [4]. They can reduce the friction 

sensitivity and impact sensitivity of explosives as 

desensitizers [4]. They have a high scavenging rate of 

nitrogen oxide radicals as stabilizers [4]. Also, C60, due to 

the large mass, low first ionization potential, and large 

electron impact ionization cross-section, has the potential 

for significant increases in engine efficiency as an ion 

engine propellant [5].  

The addition of fullerene and fullerene soot additives 

to nitroglycerine as an important ingredient of dynamite 

markedly accelerates its liquid phase decomposition [6]. 

Also, the solid phase decomposition of nitrocellulose and 

the liquid phase decomposition of RDX are accelerated by 

the addition of fullerene soot [6]. Fullerene and fullerene 

soot additives can improve the burning rate and promote 

the combustion efficiency of RDX composite modified 

double-base (RDX-CMDB) propellants [7-9].  

By incorporating the fullerene derivatives, the burn 

rate of the ammonium perchlorate-based propellants 

increases, accompanied by a rise in their calorific value 

[3,10,11]. The use of fullerene soot in the ammonium 

nitrate-based propellants can provide an increase in 

burning rate [12]. Fullerene-based lead salt has potential 

application as a combustion catalyst in solid propellant 

[13]. The fullerene hydrazine nitrate, as a new potential 

energetic combustion catalyst, can accelerate the 

decomposition of RDX and HMX [14]. The 

polynitrofullerene has been introduced as buckybomb, 

which can be used to design novel energetic materials 

[15]. The polyaminofullerene nitrate with high nitrogen 

content has potential application in explosives and 

propellant additives [16]. 

It has been reported that carbon nanomaterials become 

energetic when decorated with one or more nitroaromatic 

substituents [17-22]. Addition of nitroaryl groups 

(NO2Ar–) to these compounds increases their energy 

density and enhances their energy-releasing properties 

[17-22]. The –NO2 substituted aryl radicals (NO2Ar•) have 

been generally used to functionalize carbon nanomaterials 

[17-27].  

The currently used aryl radical precursors include 

nitroaryl diazoniums (NO2ArN2
+X−) [17,19,24,25], 

nitroaryl carboxylic acids (NO2ArCO2H) [21,22,26], and 

nitroaryl carboxylates (NO2ArCO2
−M+) [27]. The purpose 

of the current study involves the development of a new 

synthetic method for functionalizing fullerene soot 

nanoparticles with energetic groups using nitroaryl 

boronic acids (NO2ArB(OH)2) as radical precursors. 

Boronic acids can be considered as safe and 

environmentally friendly compounds [28] compared to 

diazonium salts, which are hazardous [29].  

To avoid the handling of hazardous compounds, 

nitroaryl diazonium salts are generated in situ from amine 

precursors and further react without isolation [30,31]. 

While nitroaryl boronic acids are chemically stable under 

standard ambient conditions and can be stored as dry when 

tightly closed or under inert gas [32]. 

Fullerenes, due to the highly π-conjugated system, and 

their soot analogues are known to behave like a radical 

sponge [33-35]. They have scavenging capacity towards 

carbon- and oxygen-centered radicals [36-43]. Fullerene 

soot is a carbonaceous material that contains fullerenes 

and carbon blacks [44]. The nanoparticles of fullerene 

soot are onion-like, curved graphitic layers that contain 

voids and defects [45]. The bonds at the edges of the 

defects, so-called dangling bonds, are usually free radical 

[45]. The fullerene moiety of the fullerene soot acts as a 

carbon-centered radical scavenger while the non-fullerene 

part operates as an oxygen-centered radical scavenger 

[36]. The radical scavenging activity of fullerene soot is 

higher than that of fullerenes, especially after the 

treatment with oxidants [36,37].  

Arylboronic acids are one of the main sources of aryl 

radicals [46-48]. These compounds generate aryl radicals 

under oxidative conditions [46]. The aryl couplings 

proceed efficiently with arylboronic acids [49-56], even 

on the multi-layer graphitic materials [57] and carbon 

nanotubes [58]. 4-Nitrophenylboronic acid is a solid acid 

with the pKa of 7.15 [59] that is generally used as a reagent 

in a variety of metal-catalyzed cross-couplings [60]. 

Recent advances in the radical reactions involving the 

nitro group have been reviewed [61]. The hydroxylation 

of arylboronic acids is a useful alternative pathway to 

phenol synthesis [62-64]. Potassium persulfate is an 

oxidant used for radical arylation [46]. Copper (II) is one 

of the most active catalysts used for oxidative coupling of 

organoboron compounds [65]. Copper/persulfate is an 

interesting coupling system due to its versatile activation 

pathways with the formation of multiple radical and 

nonradical species [66]. Other catalysts may be used 

instead of copper(II) for such oxidative coupling 

reactions, such as salts of manganese(III), silver(I), iron(II 

or III), nickel(II), bismuth(III), and palladium(II) [48,65]. 

In this study, we report a new process for 

functionalizing fullerene soot nanoparticles with energetic 

groups using copper-catalyzed oxidative deboration of 4-

nitrophenylboronic acid (4-nitrophenylboronic acid as 

radical precursor, potassium persulfate as oxidant, and 

copper (II) sulfate as catalyst dissolved in 

water/dichloromethane) under autoclave, oil-bath, or 

microwave heating.  

The reaction conditions are optimized against 

temperature, time, and the amounts of starting materials. 

The characterization of products is performed by energy-

dispersive X-ray spectroscopy (EDX) line scan and 

elemental maps, Fourier transform infrared spectroscopy 

(FT-IR), X-ray diffraction (XRD) measurements, field 

emission scanning electron microscopy (FESEM), 

thermogravimetry analysis (TGA), and differential 

scanning calorimetry (DSC). 
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2. Experimental section 

 

2.1. Materials and instruments 

 

Fullerene soot nanoparticles with fullerene content ≥ 5.0 

% and 4-nitrophenylboronic acid (4-NO2PhB (OH)2) were 

purchased from Sigma-Aldrich. Potassium persulfate 

(K2S2O8), copper (II) sulfate (CuSO4), and 

dichloromethane (CH2Cl2) were purchased from Merck 

Chemical Co. 

The TESCAN MIRA III Field Emission Microscope 

was used for EDX line scan and elemental maps, as well 

as FESEM analysis. The Thermo Nicolet 6700 Fourier 

transform infrared spectrophotometer was used to record 

FT-IR spectra in the range of 400-3500 cm−1 using KBr 

pellets. The Bruker D8-Advance X-ray diffractometer 

with CuKα radiation was used for XRD measurements in 

a 2θ range of 5-80°. The TA Q600 thermal analyzer 

instrument was used for TGA-DSC analysis in an air 

atmosphere in a range of 25-850 °C with a heating rate of 

10 °C/min. 

 

2.2. Functionalizing fullerene soot nanoparticles 

under autoclave heating 

 

Initially, a fixed amount of fullerene soot (15 mg) and 

various amounts of the starting materials with 

different equivalent (equiv.) ratios of reactant, oxidant, 

and catalyst (0:3:0.2, 1:3:0.2, 1:3:0, 1:3:1, and 1:1:0.2) 

were weighed (Table 1). Then, the mixture of fullerene 

soot and reactant (4-nitrophenylboronic acid) in 5 mL of 

dichloromethane solvent was added to the solution of 

oxidant (potassium persulfate) and catalyst (copper(II) 

sulfate) in 5 mL of deionized water under stirring 

conditions. The resulting mixture was transferred to a 30 

mL PTFE-lined stainless-steel autoclave and then heated 

with a hot plate at 60 °C or 120 °C under stirring for 1, 6, 

or 12 hours (Fig. 1). After cooling (aging time 12 h), the 

obtained solid sample was separated from the solution by 

centrifugation, washed with solvents, and centrifuged 

again. The final product was collected after air-drying on 

a glass plate. 

 

2.3. Functionalizing fullerene soot nanoparticles 

under oil-bath heating 

 

Initially, a fixed amount of fullerene soot (15 mg) and 

various amounts of the starting materials with 

different equivalents. Ratios of reactant, oxidant, and 

catalyst (1:3:0 and 1:3:0.2) were weighed (Table 1). Then, 

the mixture of fullerene soot and reactant (4-

nitrophenylboronic acid) in 5 mL of dichloromethane 

solvent was added to the solution of oxidant (potassium 

persulfate) and catalyst (copper(II) sulfate) in 5 mL of 

deionized water under stirrer conditions. The resulting 

mixture was transferred to a 25 mL glass flask equipped 

with a reflux condenser and then heated in an oil bath with 

a stirrer/hot plate under reflux conditions for 6 or 12 hours, 

where the oil bath temperature was set at 60 or 120 °C 

(Figure 1). After cooling (immediately), the obtained solid 

sample was separated from the solution by centrifugation, 

washed with solvents, and centrifuged again. The final 

product was collected after air-drying on a glass plate. 

 

2.4. Functionalizing fullerene soot nanoparticles 

under microwave heating 

 

Initially, a fixed amount of fullerene soot (15 mg) and 

various amounts of the starting materials with 

different equivalents. ratios of reactant, oxidant, and 

catalyst (1:3:0 and 1:3:0.2) were weighed (Table 1). Then, 

the mixture of fullerene soot and reactant (4-

nitrophenylboronic acid) in 5 mL of dichloromethane 

solvent was added to the solution of oxidant (potassium 

persulfate) and catalyst (copper (II) sulfate) in 5 mL of 

deionized water under stirrer conditions. The resulting 

mixture was transferred to a 25 mL glass cup sealed with 

aluminum foil and then heated in a microwave oven for 

0.5 hour, where the power was set at 100 W (Fig. 1). After 

cooling (immediately), the obtained solid sample was 

washed with solvents and centrifuged. The final product 

was collected after air-drying on a glass plate. 

 

3. Results and Discussion 

 

3.1. Proposed mechanism for functionalizing 

fullerene soot nanoparticles 

 

Experimental conditions used in this study for 

functionalizing fullerene soot nanoparticles with energetic 

groups using copper-catalyzed oxidative deboration of 

nitrophenylboronic acid are indicated in Fig. 1. Here, 4-

nitrophenylboronic acid (reactant), potassium persulfate 

(oxidant), and copper(II) sulfate (catalyst) in 

water/dichloromethane (solvent) are selected as starting 

materials for functionalizing fullerene soot nanoparticles 

with 4-nitrophenyl (4-NO2Ph–) and 4-nitrophenoxy (4-

NO2PhO–) groups under autoclave, oil-bath, or 

microwave heating conditions. 

The aryl (Ar–) and aryloxy (ArO–) groups (Ar = 4-

NO2Ph) can be obtained from the corresponding 

arylboronic acid (ArB(OH)2) as radical precursor. In the 

proposed mechanism (Fig. 2), under high temperature 

[67] or microwave irradiation [68], persulfate ion (S2O8
2−) 

is converted to a powerful oxidant known as the sulfate 

radical anion (SO4
•−), which initiates the formation of aryl 

radical (Ar•) from arylboronic acid. The aryl radical 

formation occurs either directly at the phase boundary or 

in the aqueous phase through diffusion of arylboronic acid 

[69].  
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Figure 1. Experimental conditions used in this study (autoclave, oil-bath and microwave heating) for functionalizing fullerene soot nanoparticles with 4-

nitrophenyl and 4-nitrophenoxy groups from the reaction of fullerene soot with 4-nitrophenylboronic acid (reactant) in the presence of potassium persulfate 

(oxidant) and copper(II) sulfate (catalyst) dissolved in water/dichloromethane (solvent) 

 

There is an ionic equilibrium in the aqueous phase 

between the neutral and anionic forms of arylboronic acid 

[70]. The addition of H2O to arylboronic acid is necessary 

to form the redox-active borate (ArB(OH)3
−) [71], which 

is subsequently oxidized by persulfate or copper(II) or 

both when persulfate is present in large excess. In the 

absence of a catalyst (Fig. 2a), ArB(OH)3
− can transfer an 

electron to SO4
•− to generate SO4

2−. In the presence of a 

catalyst (Fig. 2b), ArB(OH)3
− can transfer an electron to 

Cu(II) to generate Cu(I). Then, Cu(I) reacts with SO4
•− to 

generate Cu(II) and SO4
2−. This process involves a 

catalytic cycle between Cu(I) and Cu(II) [72]. The aryl 

radical is formed as boric acid (B(OH)3), leaving group 

eliminated [71]. Also, phenol (ArOH) can be derived from 

arylboronic acid in aqueous media (Fig. 2c) in the 

catalytic Cu or oxidant involved systems [62-64,73-76], 

even in the presence of fullerene [77]. The aryloxy (ArO•) 

radical is formed from the corresponding phenolic 

byproduct in the presence of persulfate/copper(II) (Fig. 

2c). Catalysts such as Cu(II) salts have been used in the 

homolytic dissociation of alcohol/phenol O–H bonds [78]. 

It has been reported that 4-nitrophenoxy radical (4-

NO2PhO•) is the most favorable intermediate for the 

degradation of 4-nitrophenol (4-NO2PhOH) in the 

aqueous phase [79]. However, 4-nitrophenoxy radical can 

undergo resonance to generate resonance-stabilized 

carbon-centered radicals [80]. The possible coupling 

products generated in thermally activated persulfate 

oxidation of nitrophenols are polynitrophenols, nitrated 

biphenyls, and nitrated diphenyl ethers, of which the latter 

two are formed by the combination of resonance-

stabilized radicals [80].  

Similarly, the diphenyl ether (Ar–O–Ar) and biphenyl 

(Ar–Ar) are identified as the coupling products of 

persulfate/silver(I) oxidation of arylboronic acid 

(ArB(OH)2) in water/dichloromethane [53], confirming 

the formation of aryl and aryloxy radicals during the 

reaction. It is believed that the ether product originates 

from the radical species reacting with water to form 

phenol, which then undergoes a C–O coupling reaction to 

produce the ether product [53]. Since aryl and aryloxy 

radicals are less soluble in the aqueous phase [69], they 

can transfer to dichloromethane, where fullerene soot 

nanoparticles mainly exist.  

The carbon-centered radicals add to the carbon-carbon 

π-bonds of fullerene soot, providing the new carbon-

carbon σ-bonds [36]. The oxygen-centered radicals have 

a weak affinity to the addition mechanism [36]. The 

surface of soot is composed of many unpaired electrons 

(dangling bonds) with higher reactivity for scavenging 

both carbon- and oxygen-centered radicals [36,37,81,82]. 

The mechanistic explanation for the interactions of aryl 

and aryloxy radicals with the polyaromatic radicalic 

centers of fullerene soot through addition to C=C bonds 

and reacting with dangling bonds is illustrated in Figs. 2d 

and 2e, respectively. 

 

3.2. Optimizing reaction for functionalizing fullerene 

soot 

 

Experimental conditions used in this study for optimizing 

the reaction of fullerene soot with 4-nitrophenylboronic 

acid in the presence of potassium persulfate and copper(II) 

sulfate are presented in Table 1.  
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Figure 2. The proposed mechanisms for the formation of aryl (a, b) and aryloxy (c) radicals from arylboronic acid by employing persulfate ion as oxidant 

in the absence (a) or presence of copper(II) as catalyst (b, c), and the interactions of aryl and aryloxy radicals with the polyaromatic radicalic centers of 

fullerene soot through addition to C=C bonds (d) and reacting with dangling bonds (e) 

 

To prepare samples with high nitrogen content, the 

reaction conditions for temperature (60 °C and 120 °C), 

time (0.5, 1, 6, and 12 hours), amounts of starting 

materials (equiv. or mmol ratios), and heating conditions 

(autoclave, oil-bath, and microwave) are optimized. The 

use of water/dichloromethane as bi-phasic solvent system 

is ideal for dissolving any polar and nonpolar byproducts. 

Dichloromethane has a low boiling point, so autoclave 

heating is recommended. Additionally, dichloromethane 

is a very low microwave absorbing solvent which can be 

heated to temperatures well above its boiling point [83]. 

The microwave heating is an eco-friendly and faster 

strategy than conventional heating methods to synthesize 

the nanomaterials and nanocomposites [84,85]. Sample 1 

is a brown insoluble powder (Figure S1, supporting 

information) prepared in the absence of fullerene soot 

with equiv. ratio of 1:3:0.2 for reactant, oxidant, and 

catalyst in water/dichloromethane at 120 °C. 
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Table 1. Optimizing reaction conditions for functionalizing fullerene soot nanoparticles with 4-nitrophenyl and 4-nitrophenoxy groups using copper-

catalyzed oxidative deboration of 4-nitrophenylboronic acid (reactant) in the presence of potassium persulfate (oxidant) and copper(II) sulfate (catalyst) 

dissolved in water/dichloromethane (solvent) 

 

Sample 

number 

Fullerene 

soot (mg) 

Reactant 

Equiv. 

(mmol) 

Oxidant 

Equiv. (mmol) 

Catalyst 

Equiv. 

(mmol) 

Heating type 
Temperature 

(°C) 

Time 

(h) 

1 - 1 (0.125) 3 (0.375) 0.2 (0.025) Autoclave 120 6 

2 15 1 (0.125) 3 (0.375) 0.2 (0.025) Autoclave 120 6 

3 15 1 (0.125) 3 (0.375) 0.2 (0.025) Autoclave 120 12 

4 15 1 (0.125) 3 (0.375) 0.2 (0.025) Autoclave 120 1 

5 15 1 (0.125) 3 (0.375) 0.2 (0.025) Autoclave 60 6 

6 15 - 3 (0.375) 0.2 (0.025) Autoclave 120 6 

7 15 1 (0.125) 1 (0.125) 0.2 (0.025) Autoclave 120 6 

8 15 1 (0.125) 3 (0.375) - Autoclave 120 6 

9 15 1 (0.125) 3 (0.375) 1 (0.125) Autoclave 120 6 

10 15 1 (0.125) 3 (0.375) - Oil-bath 60 12 

11 15 1 (0.125) 3 (0.375) 0.2 (0.025) Oil-bath 60 12 

12 15 1 (0.125) 3 (0.375) 0.2 (0.025) Oil-bath 120 12 

13 15 1 (0.125) 3 (0.375) 0.2 (0.025) Oil-bath 120 6 

14 15 1 (0.125) 3 (0.375) - Microwave 100 W 0.5 

15 15 1 (0.125) 3 (0.375) 0.2 (0.025) Microwave 100 W 0.5 

 

According to the literature review [53,80,86-98] and 

further analysis described in the next sections, sample 1 

might be an amorphous solid containing 4-nitrophenoxy 

groups involved in ether linkages produced from the 

coupling of the corresponding aryloxy radicals. The C–O 

coupling of aryloxy radicals produces the ether linkages, 

while the C–C coupling of aryloxy radicals leads to the 

formation of quinone moieties [86]. When the reaction is 

carried out under the same conditions but without water, 

this product cannot be formed, because it is formed from 

the corresponding phenolic byproduct in water. 

Samples 2-15 are the black insoluble powders prepared 

in the presence of fullerene soot and various equiv. ratios 

of reactant, oxidant and catalyst in water/dichloromethane 

at 60 and 120 °C or 100 W. Sample 6 is prepared in the 

absence of reactant with equiv. ratio of 3:0.2 for oxidant 

and catalyst. In this condition, the oxidation of C=C bonds 

of fullerene soot can occur. Samples 8, 10 and 14 are 

prepared in the absence of catalyst with equiv. ratios of 

1:3 for reactant and oxidant in different heating 

conditions. The other samples are prepared with equiv. 

ratios of 1:3:0.2, 1:3:1 and 1:1:0.2 for reactant, oxidant 

and catalyst. In both absence or presence of catalyst, aryl 

(i.e. 4-nitrophenyl) and aryloxy (i.e. 4-nitrophenoxy) 

radicals are efficiently trapped by fullerene soot 

nanoparticles to eventually afford samples with high 

nitrogen contents. The potential applications of the high 

nitrogen content samples could include high-energy 

materials such as explosives, propellants, or other 

advanced energetic materials [99]. Also, the nitrogen-

containing carbon materials could be designed for use in 

energy conversion and storage, catalysis, sensors, 

electronic nanodevices, environmental protection, and 

biology-related applications [100-102]. 

3.3. Characterization of fullerene soot after 

functionalizing 

 

3.3.1. EDX line scan and elemental maps 

 

SEM-EDX elemental maps of the main samples 2 

(prepared in the presence of reactant, oxidant, and 

catalyst), 6 (prepared in the presence of oxidant and 

catalyst), and 8 (prepared in the presence of reactant and 

oxidant) are shown in Figs. 3-5, respectively. The 

corresponding data for the other samples are indicated in 

the supporting information (Figures S2-S6). The prepared 

sample in the absence of reactant (4-NO2PhB(OH)2) has 

only C, O, S, K, and Cu elements identified by EDX 

spectrum (Fig. 4). The prepared sample in the absence of 

a catalyst (CuSO4) contains C, O, N, S, and K elements 

(Fig. 5). The prepared sample in the presence of reactant 

and catalyst has all the C, O, N, S, K, and Cu elements 

(Fig. 3).  

Since fullerene soot does not contain nitrogen (EDX 

analysis of this compound shows only the presence of C 

and O elements [17]), the presence of N in the prepared 

samples is attributed to the successful functionalization of 

fullerene soot nanoparticles with 4-nitrophenyl and 4-

nitrophenoxy groups. The averages of elemental 

composition calculated from EDX line scan (15 data 

points) for the selected samples are listed in Table 2. 

According to these data and elemental maps shown in Fig. 

S1, sample 1, prepared in the absence of fullerene soot, 

contains 70.03 wt.% C, 17.53 wt.% O and 10.33 wt.% N 

along with relatively small amounts of S, K, and Cu 

impurities (2.10 wt.%) trapped in the sample texture. The 

oxygen content in this sample is greater than the nitrogen, 

suggesting this sample contains higher ether linkages. 
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Figure 3. SEM-EDX elemental maps of sample 2 (prepared with 1 equiv. of 4-NO2PhB(OH)2 as reactant, 3 equiv. of K2S2O8 as oxidant and 0.2 equiv. of 

CuSO4 as catalyst in autoclave at 120 °C for 6 h) 

 

The EDX line scan and elemental maps of sample 6 

(Fig. 4), prepared in the absence of reactant, show only the 

presence of C (89.67 wt.%) and O (8.35 wt.%) elements 

along with the small amounts of S, K, and Cu (1.98 wt.%). 

While the EDX line scan and elemental maps of sample 2 

(Fig. 3), prepared under similar conditions in the presence 

of reactant, show a significant amount of N (17.24 wt.%) 

along with C (72.00 wt.%), O (9.52 wt.%), and small 

amounts of S, K, and Cu elements (1.23 wt.%).The 

nitrogen content in this sample is greater than oxygen, 

indicating a higher number of 4-nitrophenyl than 4-

nitrophenoxy groups. All of the other samples prepared in 

the presence of reactant also have significant nitrogen 

contents (6.69 to 19.60 wt.%), which are higher than the 

previously reported values for the samples prepared by 

other radical precursors (i.e. nitroaryl diazoniums (6.27 

wt.% [17]), nitroaryl carboxylic acids (6.10 wt.% [21]) 

and nitroaryl carboxylates (5.79 wt.% [27]). These results 

confirm the successful functionalization of fullerene soot 

nanoparticles using copper-catalyzed oxidative 

deboration of 4-nitrophenylboronic acid. The EDX line 

scan and elemental maps of sample 4 (Figure S2), 

prepared with a shorter reaction time (1 h) than sample 2 

(6 h) at the same temperature (120 °C) and other 

conditions, do not indicate a significant variation in the 

nitrogen content (17.48 wt.%). 
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Figure 4. SEM-EDX elemental maps of sample 6 (prepared with 3 equiv. of K2S2O8 as oxidant and 0.2 equiv. of CuSO4 as catalyst in autoclave at 120 °C 

for 6 h, in the absence of 4-NO2PhB(OH)2 as reactant) 

 

Although the oxygen content in this sample decreases 

(6.59 wt.%). These results show that functionalizing 

fullerene soot can occur in shorter reaction times. 

However, in the longer reaction times, the surface of 

fullerene soot is more oxidized, which leads to increased 

oxygen content. The EDX line scan and elemental maps 

of sample 5 (Figure S3), prepared at the lower reaction 

temperature (60 °C), compared to sample 2 (120 °C), with 

the same reaction time (6 h) and other conditions, do not 

indicate a significant variation in the nitrogen content 

(17.17 wt.%). Although the oxygen content in this sample 

decreases (6.97 wt.%). These results confirm successfully 

functionalizing fullerene soot by 4-nitrophenylboronic 

acid at the lower reaction temperatures. However, at the 

higher temperatures, more oxidation of the fullerene soot 

occurs, which results in an increase in the oxygen content. 

The oxidant to reactant equiv. ratio of 3:1 is used in the 

preparation of the samples described above. 
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Figure 5. SEM-EDX elemental maps of sample 8 (prepared with 1 equiv. of 4-NO2PhB(OH)2 as reactant and 3 equiv. of K2S2O8 as oxidant in autoclave at 

120 °C for 6 h, in the absence of CuSO4 as catalyst) 

 

To check the influence of the oxidant, the preparation 

of sample 7 is carried out on the oxidant to reactant equiv. 

ratio of 1:1, while the other conditions are constant. The 

EDX line scan and elemental maps of sample 7 (Figure 

S4) do not show a significant variation in oxygen (9.36 

wt.%) and nitrogen (16.82 wt.%) contents compared to 

sample 2, indicating that the reaction occurs successfully 

with an equiv. amount of oxidant. The catalyst to reactant 

equiv. ratio of 0.2:1 is used in the preparation of the 

samples described above.  

To check the influence of the catalyst, functionalizing 

fullerene soot is performed in the absence of the catalyst. 

The EDX line scan and elemental maps of sample 8 

(Figure 5) show the lower nitrogen (16.29 wt.%) and 

oxygen (7.23 wt.%) contents compared to sample 2. The 

presence of the significant content of nitrogen in this 

sample confirms that the reaction of fullerene soot with 4-

nitrophenylboronic acid occurs even in the absence of 

catalyst. However, 0.2 equiv. copper(II) catalyst can be 

used to obtain samples with more nitrogen content. 
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Table 2. The average of elemental composition calculated by EDX line scan (15 data points) of the selected samples 

 

In the following, the catalyst to reactant equiv. ratio of 

1:1 is used for the preparation of sample 9. The EDX line 

scan and elemental maps of sample 9 (Figure S5) indicate 

a significant decrease in nitrogen (14.87 wt.%) and a 

significant increase in oxygen (10.34 wt.%), when the 

amount of catalyst is increased. Therefore, in the presence 

of extra amounts of catalyst and/or oxidant, the surface of 

fullerene soot is more oxidized. Additionally, using 1 

equiv. copper(II) catalyst leads to decrease in nitrogen 

content. 

All samples described above are prepared under 

autoclave heating conditions. To investigate the influence 

of the type of heating, samples 10 and 11 are prepared in 

the absence and presence of a catalyst in an oil-bath 

heating at 60 °C, respectively. The EDX line scan and 

elemental maps (Figure S6) show the more significant 

changes compared to the samples prepared in an 

autoclave, so that in the presence of the catalyst, the 

nitrogen content is increased from 6.69 to 19.60 wt.% and 

the oxygen content is decreased from 56.99 to 13.94 wt.%. 

According to the results of Table 2 and elemental maps, 

sample 11 was prepared in the presence of a catalyst with 

equiv. ratio of 1:3:0.2 for reactant, oxidant and catalyst in 

an oil-bath heating conditions has higher nitrogen content 

among other samples. 

 

3.3.2. FT-IR spectral analysis 

 

FT-IR spectra of the selected samples prepared in 

different conditions compared to fullerene soot are shown 

in Figure 6. FT-IR spectrum of the sample 1 containing 4-

nitrophenoxy groups (Figure 6a) indicates the significant 

peaks at 3433 cm−1 (OH stretching), 1488 and 1612 cm−1 

(C=C stretching), 1643 cm−1 (C=O stretching of quinone), 

1060 and 1122 cm−1 (C–O stretching), and 1350 and 1581 

cm−1 (NO2 stretching).  

The presence of a sharp characteristic peak at 1207 

cm−1 in this sample is attributed to the Ph–O–Ph linkages. 

These assignments are supported by previous findings 

about a series of polymeric compounds with similar 

functional groups. For instance, the strong peak appeared 

at about 1245 cm−1 in the FT-IR spectrum of 2,2’-bis(p-

phenoxyphenyl)-4,4’-dinitrodiphenyl ether demonstrates 

the presence of Ph–O–Ph linkages [94]. Also, the strong 

peaks appeared at 1345 and 1588 cm−1 of this compound 

are due to symmetric and asymmetric stretching of NO2 

groups, respectively [94]. The Ph–O–Ph linkages in the 

FT-IR spectrum of 1,1-bis [4-(4-nitro-2-

trifluoromethylphenoxy) phenyl]-1-phenyl-2,2,2-

trifluoroethane appear at 1268 cm−1 [95].  

The nitro groups of this compound give two 

characteristic bands at 1353 and 1533 cm−1 [95]. A strong 

band seen at 1610 cm−1 in the FT-IR spectrum of 

poly(phenylene oxide) is indicative of C=O stretching 

[96]. The peaks at 1467 and 1601 cm−1 of this compound 

are corresponded to the C=C vibrations and the peak at 

1180 cm−1 is referred to the vibration of C–O bond [89]. 

The peak at 1196 cm−1 in the FT-IR spectrum of 

poly(phenylene oxide) is assigned to the C–O stretching 

vibrations of phenylene oxide [97]. The peak at 

the 1207 cm−1 region represents the ether groups (Ph–O–

Ph) of poly(phenylene oxide) [98]. 

FT-IR spectrum of fullerene soot (Figure 6g) is 

relatively simple [21,27] and indicates weak peaks 

belonging to OH (3444 cm−1), C=C (1458 and 1620 cm−1), 

C=O (1735 cm−1), and C–O (1084 cm−1) groups. The 

intensity of these peaks increases significantly, and the 

characteristic absorption bands of the nitro group appear 

in the samples functionalized by 4-nitrophenylboronic 

acid.  

The main peaks in the FT-IR spectra of functionalized 

fullerene soot samples 2 (Figure 6b), 8 (Figure 6d), 10 

(Figure 6e), 13 (Figure 6c) and 15 (Figure 6f) belong to 

OH stretching (3429 to 3470 cm−1), C=C stretching (1423 

to 1485 and 1627 to 1651 cm−1), C=O stretching (1700 to 

1766 cm−1), C–O stretching (1049 to 1223 cm−1), NO2 

symmetric stretching (1358 to 1361 cm−1) and NO2 

asymmetric stretching (1531 to 1593 cm−1) vibrations. 

The stretching vibration peak of Ph–O–Ph linkages is seen 

at near 1207 cm−1. These results confirm the successful 

functionalization of fullerene soot with both 4-nitrophenyl 

and 4-nitrophenoxy groups. 

 

Sample 

number 

                                                         Weight% (Atomic%) 

C O N S K Cu 

1 70.03 (75.66) 17.53 (14.26) 10.33 (9.60) 0.17 (0.07) 0.17 (0.06) 1.76 (0.36) 

2 72.00 (76.42) 9.52 (7.59) 17.24 (15.71) 0.10 (0.04) 0.10 (0.03) 1.03 (0.21) 

4 73.97 (78.39) 6.59 (5.25) 17.48 (15.91) 0.19 (0.08) 0.16 (0.05) 1.61 (0.32) 

5 73.85 (78.34) 6.97 (5.55) 17.17 (15.65) 0.18 (0.07) 0.16 (0.05) 1.67 (0.34) 

6 89.67 (93.06) 8.35 (6.51) - 0.14 (0.06) 0.15 (0.05) 1.69 (0.33) 

7 72.22 (76.77) 9.36 (7.51) 16.82 (15.33) 0.19 (0.08) 0.26 (0.09) 1.15 (0.23) 

8 75.85 (79.43) 7.23 (5.69) 16.29 (14.66) 0.32 (0.13) 0.31 (0.10) - 

9 73.33 (77.86) 10.34 (8.25) 14.87 (13.56) 0.11 (0.05) 0.13 (0.04) 1.22 (0.24) 

10 34.50 (40.81) 56.99 (51.64) 6.69 (6.83) 0.69 (0.31) 1.14 (0.42) - 

11 65.34 (70.10) 13.94 (11.62) 19.60 (18.01) 0.11 (0.04) 0.10 (0.03) 0.91 (0.19) 
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Figure 6. FT-IR spectra of the selected samples 1 (a), 2 (b), 8 (d), 10 (e), 13 (c) and 15 (f) compared to fullerene soot (g) 

3.3.3. XRD measurements 

 

XRD patterns for the selected samples prepared in 

different heating conditions in the absence or presence of 

catalyst, compared to fullerene soot, are shown in Figure 

7.  

The XRD pattern of fullerene soot shows a broad 

region of diffracted intensity between 2θ angles of 10 to 

50 with maximum intensity at 2θ = 25° [17], which is very 

closein position to the (002) reflection in graphite [103]. 

However, the XRD peak is broad, which is indicative of 

the amorphous nature of this compound. 
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Figure 7. XRD patterns of the selected samples prepared in autoclave (samples 1, 2, 8 and 9), oil-bath (samples 10-13) and microwave (samples 14 and 15) 

compared to fullerene soot 

 

The sample 1 consists of both crystalline and 

amorphous regions. The sharp diffraction peaks of this 

sample at 2θ = 27.6, 31.6, 37.6, 42.5, and 46.0° may be 

due to impurity. These peaks are matched with the main 

peaks of K2S2O8 (JCPDS 00-012-0483), K2SO4 (JCPDS 

01-081-0190), CuO (JCPDS 01-078-0428), and Cu2O 

(JCPDS 01-075-1531). The diffraction pattern of the 

amorphous region shows a continuous background at 2θ 

= 10-40°, like those known for amorphous polymers such 

as poly(2,6-dimethyl-1,4-phenylene)oxide (2θ = 5-30°) 

[104,105] and polyamides derived from 2,2’-bis(p-

phenoxyphenyl)-4,4’-diaminodiphenyl ether (2θ = 10-

40°) [94]. The XRD patterns of the selected functionalized 

fullerene samples 2-15 are also amorphous. 
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Figure 8. FESEM images and particle size histogram of sample 2 (prepared in autoclave) 

However, the significant difference in the intensity, 

width, and position of the diffraction patterns of the 

samples prepared under different heating conditions in the 

presence or absence of the catalyst, compared to the 

fullerene soot, can be seen. These changes are much more 

pronounced for the samples prepared in the presence of 

the catalyst. The XRD patterns for samples 2, 8, and 9 

prepared under an autoclave (Figure 7, top) are wider, 

while samples 14 and 15 prepared under a microwave 

(Figure 7, bottom) are narrower. Also, the XRD patterns 

of the samples 11 and 12 prepared under oil-bath heating 

seem sharper (Figure 7, middle). Therefore, the samples 

prepared in an autoclave have a more amorphous nature 

than the samples prepared in an oil bath and a microwave, 

because heat and pressure during the reaction in an 

autoclave cause a rise in the amorphism degree of the 

product. The samples obtained with microwave due to low 

microwave power in a short reaction time have less 

amorphous character. The oil-bath heating with a higher 

functionalization degree is found to enhance the 

crystallinity of the product. 

 

3.3.4. FESEM analysis 

 

FESEM images and particle size distribution histogram 

for samples 2, 13, and 15 prepared with the same equiv. 

ratio of starting materials but under different heating 

conditions (autoclave, oil-bath, or microwave) are shown 

in Figures 8-10, respectively. These data for pure fullerene 

soot can be seen in our previous publications [17,21,27].
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Figure 9. FESEM images and particle size histogram of sample 13 (prepared in oil-bath) 

Fullerene soot has a narrower range of particle sizes 

(20-100 nm) with the average particle size of 48.9 nm 

[17,21,27]. While the fullerene soot samples 

functionalized with 4-nitrophenyl and 4-nitrophenoxy 

groups have greater average particle sizes and broadened 

particle size distributions (20 to 450 nm). The average 

particle size in sample 2 prepared under an autoclave, is 

195.5 nm, which is smaller than that for samples 13 (249.4 

nm) and 15 (245.6 nm) prepared under an oil bath and 

microwave, respectively. According to FESEM images, 

the morphology of fullerene soot after functionalizing is 

spherical; however, the samples prepared under autoclave 

and microwave have a more uniform texture than the 

sample prepared in an oil bath. Microwave gives 

homogenous heating to the reaction mixture, which leads 

to the formation of samples with a uniform size. The aging 

time in the autoclave promotes the formation of uniform-

sized nanoparticles. 

 

3.3.5. TGA-DSC analysis 

 

TGA-DSC thermograms in an air atmosphere for the 

selected samples are shown in Figure 11. The results of 

this analysis for fullerene soot can be seen in our previous 

publication [21]. The total weight loss from room 

temperature to 850 °C for fullerene soot is 98.3 % [21], 

which suggests that the decomposition of this compound 

is nearly complete.  
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Figure 10. FESEM images and particle size histogram of sample 15 (prepared in microwave) 

The amorphous solid sample 1 and the selected 

functionalized fullerene soot samples, during heating until 

850 °C, undergo decomposition with 13-32 % remaining 

residue. The final residue is probably due to the mixture 

of inorganic and carbonaceous matter. The presence of 

inorganic matter in the texture improves the thermal 

stability of the prepared samples compared to fullerene 

soot. Fullerene soot is thermally stable up to 360 °C [21]. 

The weight loss of fullerene soot below this temperature 

is 1.9 % [21]. The weight loss during the decomposition 

of fullerene soot at 360-690 °C is 95.9 % [21].  

The weight loss of fullerene soot above this range is 

0.5 % [21]. Thermal decomposition of sample 6 (Fig. 11a) 

prepared in the absence of 4-nitrophenylboronic acid 

proceeds through the sample weight loss below 150 °C 

(5.6 %), 150-360 °C (13.7 %), 360-600 °C (25.1 %), and 

above 600 °C (24.0 %). The surface of nanoparticles in 

this sample is functionalized by –OH and –COOH groups 

generated during the oxidation of fullerene soot by 

persulfate/copper(II).  

The weight loss below 150 °C is generally corresponds 

to the loss of adsorbed water [106]. The loss of organic 

functional groups occurs below 360 °C [107,108], while 

decomposition of fullerene soot [21] needs higher 

temperatures. 

 Like fullerene soot, there is no exothermic peak 

observed in the DSC thermogram of sample 6. For the 

samples prepared in the presence of 4-nitrophenylboronic 

acid, an exothermic peak attributed to the decomposition 

of energetic groups is observed.  
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Figure 11. TGA-DSC thermograms of the selected samples 1 (e), 2 (b), 3 (c), 6 (a) and 12 (d) in air atmosphere 

 

The surface of nanoparticles in these samples is 

functionalized by –OH, –COOH, 4-NO2Ph–, and 4-

NO2PhO– groups. Decomposition of 4-nitrophenyl and 4-

nitrophenoxy groups is exothermic, which occurs at 360-

600 °C. DSC thermogram of sample 2 (Fig. 11b) prepared 

with equiv. ratio of 1:3:0.2 for reactant, oxidant and 

catalyst at 120 °C for 6 h under autoclave shows a 

relatively small exothermic peak with a heat release of 

534.1 J/g around 556 °C. The most significant weight loss 

in the TGA thermogram of this sample occurs between 

250 and 600 °C (35.7 %). The weight loss below and 

above this range is 10.3 and 23.9 %, respectively. DSC 

thermogram of sample 3 (Fig. 11c) prepared under similar 

conditions but with the longer reaction time (12 h) 

indicates a stronger exothermic peak started at 576 °C 

with a heat release of 1668 J/g. The most significant 

weight loss in the TGA thermogram of this sample occurs 

between 200 and 650 °C (68.1 %). The weight loss below 

and above this range is 5.2% and 14.3 %, respectively. 

The total weight loss for sample 3 is higher than that for 

sample 2 (87.6 % versus 69.9 %), which indicates that this 

sample is more functionalized with energetic groups in the 
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longer reaction times.  The best energetic performance is 

obtained for sample 12, prepared in the same conditions, 

but under oil-bath heating. DSC thermogram of this 

sample (Fig. 11d) shows a higher broad exotherm started 

at 383 °C with a heat release of 13983 J/g and peak 

maximum temperature of 480 °C. The most significant 

weight loss in the TGA thermogram of this sample occurs 

between 350 and 600 °C (78.4 %). These results agree 

with previous investigations.  

For instance, the nitro aromatic compounds show mild 

exothermic activity at 300-350 °C, after which there are 

relatively large exotherms around 450 °C [109]. The 

single-walled carbon nanotubes functionalized with 

NO2Ar– groups show exothermic peaks at 300-330 °C 

[19]. The fullerene soot functionalized with NO2Ar– 

groups show exothermic decomposition at 400-600 °C 

[21]. 

The pure 4-nitrophenol exothermically decomposes at 

260 °C [110]. Compared to nitrophenols, the exothermic 

peaks of nitrophenolates are more intense [111]. It has 

been reported that the violent decomposition of 

nitrophenols is caused by the intermolecular catalysis 

effect of the nitrophenoxy groups [111]. In consistent with 

these data, the amorphous solid sample 1 contained 4-

nitrophenoxy groups, which also have energetic potential. 

DSC thermogram of this sample (Fig. 11e) indicated a 

strong exothermic peak started at 367 °C with a heat 

release of 18116 J/g and peak maximum temperature of 

452 °C.  

The most significant weight loss in the TGA 

thermogram of this sample occurs below 360 °C (40.7 %) 

and 360-500 °C (39.2 %). The increase in weight at 

temperatures higher than 500 °C is generally attributed to 

the further oxidation of residual inorganic matter [26]. 

This sample is like the nitro-substituted cyclic oligomers 

of phenol (decomposition temperatures 363-376 °C), 

which can be considered as a nitro-based thermally stable 

energetic compound with ether linkages [112,113]. 

 

4. Conclusions 

 

In this study, 4-nitrophenylboronic acid was used as a 

radical precursor for functionalizing fullerene soot 

nanoparticles with 4-nitrophenyl and 4-nitrophenoxy 

groups. The formation mechanisms of 4-nitrophenyl and 

4-nitrophenoxy radicals from oxidative deboration of 4-

nitrophenylboronic acid by employing potassium 

persulfate as oxidant and copper (II) sulfate as catalyst 

were discussed.  

To obtain samples with high nitrogen contents, the 

reaction conditions were optimized against temperature, 

time, and the amounts of starting materials. The 

characterization of products was performed by EDX and 

elemental mapping, FT-IR, XRD, FESEM, and TGA-

DSC. 

Since fullerene soot and the sample prepared in the 

absence of 4-nitrophenylboronic acid do not contain 

nitrogen, the presence of nitrogen in the EDX data of the 

samples prepared in the presence of 4-nitrophenylboronic 

acid is attributed to the successful functionalization of 

fullerene soot.  

The prepared samples have up to 19.60 wt.% nitrogen, 

which is higher than the previously reported values for the 

samples prepared by other radical precursors (i.e., 

nitroaryl diazoniums, nitroaryl carboxylic acids, and 

nitroaryl carboxylates). The reaction could occur even in 

the absence of a catalyst. However, a catalyst could be 

used to obtain samples with more nitrogen content and 

better energetic performance.  

The equiv. ratio of 1:3:0.2 for reactant, oxidant and 

catalyst is preferred than 1:3:0, 1:3:1 and 1:1:0.2. The 

nitrogen content in samples prepared in autoclave is 

greater than the oxygen, indicating the higher number of 

4-nitrophenyl groups than 4-nitrophenoxy groups. At 

higher temperatures or in longer reaction times or in the 

presence of extra amounts of catalyst and oxidant, the 

surface of fullerene soot is more oxidized.  

The highest oxygen content is found for the sample 

prepared with excess oxidant and without catalyst in oil-

bath. The characteristic absorption bands of –NO2 and Ph–

O–Ph groups are observed in FT-IR spectra of the samples 

functionalized by 4-nitrophenylboronic acid. The XRD 

patterns of the samples prepared under autoclave are 

wider, while the samples prepared under microwave are 

narrower, and for the samples prepared under oil-bath are 

sharper. The samples prepared in the autoclave have a 

more amorphous nature than the samples prepared in the 

oil bath and microwave.  

The samples prepared under autoclave and microwave 

according to FESEM data have a more uniform texture 

than the sample prepared in oil-bath. The functionalized 

samples have greater average particle sizes and broadened 

particle size distributions compared to fullerene soot. Like 

fullerene soot, no exothermic peak is observed in the DSC 

thermogram of the sample prepared in the absence of 4-

nitrophenylboronic acid. For the samples prepared in the 

presence of 4-nitrophenylboronic acid, an exothermic 

peak assigned to the decomposition of energetic groups is 

observed. The potentially energetic solid containing 4-

nitrophenoxy groups with high thermal stability is 

produced in the absence of fullerene soot. The oxygen 

content in this sample is greater than the nitrogen, 

suggesting this sample contains higher ether linkages. The 

samples prepared in the longer reaction times and the 

higher temperatures have more energetic properties. The 

sample prepared in the presence of a catalyst in an oil bath 

has higher nitrogen content and better energetic 

performance among others. These findings may be helpful 

for the development of novel energetic compositions from 

carbon nanomaterials.  
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