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Abstract: Background: The unique ability of carbon to form a wide variety of allotropic modifica-
tions has ushered in a new era in material science. Tuning the properties of these materials by func-
tionalization is a must-have tool for their design customized for a specific practical use. The expo-
nentially growing computational power available to researchers allows for the prediction and thor-
ough understanding of the underlying physicochemical processes responsible for the practical prop-
erties of pristine and modified carbons using the methods of quantum chemistry.  

Methods: This review focuses on the computational assessment of the influence of functionalization 
on the properties of carbons and enabling desired practical properties of the new materials. The first 
section of each part of this review focuses on graphene with nearly planar units built from sp2-
carbons. The second section discusses patterns of sp2-carbons rolled up into curved 3D structures in a 
variety of ways (fullerenes). The overview of other types of carbonaceous materials, including those 
with a high abundance of sp3-carbons, including nanodiamonds, can be found in the third section of 
each manuscript’s part.  

Conclusion: The computational methods are especially critical for predicting electronic properties of 
materials such as the bandgap, conductivity, optical and photoelectronic properties, solubility, ad-
sorptivity, the potential for catalysis, sensing, imaging, and biomedical applications. We expect that 
introduction of defects to carbonaceous materials as a type of their functionalization will be a point 
of growth in this area of computational research. 

Keywords: Computation, functionalization, carbonaceous materials, graphene, nanomaterial, allotropic modifications. 

1. INTRODUCTION 

The unique ability of carbon to form a wide variety of al-
lotropic modifications has ushered in a new era in material 
science, which resulted in the Nobel Prizes for the discovery 
of fullerenes [1] and graphene [2]. The carbonaceous com-
ponents are common building blocks of novel materials with 
applications ranging from catalysis to drug delivery. Gra-
phene-based electrodes brought tremendous improvement in 
energy storage devices, replacing traditional heavyweight, 
costly and transient cycle life electrodes with flexible, high 
performance, cost-effective, and long-lasting cycle life ones 
[3-5]. Tuning the properties of these materials by function-
alization is a must-have tool for their design customized for a 
specific practical use. On the other end, the exponentially 
growing computational power available to researchers allows 
for the prediction and thorough understanding of the under-
lying physicochemical processes responsible for the practical 
properties of pristine and modified carbons using the meth-
ods of quantum chemistry. The purpose of this review is to  
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explore the recent advances in the computational chemistry 
of carbonaceous materials as a toolbox for further design of 
the experimental methods of their functionalization, charac-
terization, and customization for the wide range of practical 
applications in modern technology.   

The first part of this review focuses on the computational 
assessment of the influence of functionalization on the prop-
erties of carbons, which is a starting point for the design of 
new materials. Therefore, we look at the modifications that 
enable certain practical material properties and refer to such 
modifications as “functionalizations”. Once we know what 
type of functionalization would bring about the desired prop-
erties, we need to experimentally perform the functionaliza-
tion and lay the ground for this by computational modeling 
of its process, which is discussed in the second part of the 
manuscript. The third part deals with further functionaliza-
tion of already functionalized carbons and takes advantage of 
the potential ability of a functional group to facilitate the 
introduction of other groups of interest.  

The first two parts of the manuscript are divided into 
three sections, each devoted to a specific type of carbon atom 
in the material and its way of making up a 3D structure. The 
first section focuses on graphene, which has nearly planar 
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units built from sp2-carbons. The second section discusses 
patterns of sp2-carbons rolled up into curved 3D structures in 
a variety of ways (fullerenes). The overview of other types 
of carbonaceous materials, including those with a high abun-
dance of sp3-carbons, including nanodiamonds, can be found 
in the third section of each manuscript’s part.  

2. FUNCTIONALIZED CARBONS 

2.1. Functionalized Graphene 

Graphene is a material made of a single or several 2D 
sheets of sp2 carbons usually accompanied by various types 
of defects (Fig. 1) [6]. Both the type and distribution of de-
fects as well as the interaction between 2D sheets profoundly 
affect the physicochemical properties of graphene.  

The natural ability of the extended conjugated network of 
sp2 carbons in a graphene sheet prompted a computational 
study that will help develop better insulating materials for 
high voltage electric cables [7]. The team explored how dop-
ing of single vacancy graphene with B, N, and Si and epoxi-
dation of graphene influences its ability to intercept electrical 
charges and prevent electrical treeing in cross-linked poly-
ethylene insulators. The electronic structures of pristine and 
modified graphenes were calculated using the spin-polarized 
density functional theory (DFT) calculations with the Per-
dew–Burke–Ernzerhof (PBE) functional [8] with Vienna Ab 
initio Simulation Package (VASP) by the projected–
augmented wave (PAW) method [9, 10]. It is found that 
doped graphene oxides have strong adhesion to the polymer 
matrix and relatively low chemical activity, which are pre-
ferred qualities for suppression of electrical treeing and deg-
radation of the polymer matrix. The Nobel Prize-winning 
DFT theory became a gold standard for quantum chemistry 
computational studies of extended structures like graphene. 
In this review, utilization of the DFT theory will be implied 
unless specified otherwise.  

Interestingly, doping of -OH or -NH2 - functionalized 
graphene with B and N substantially affects its interaction 
with four amino acids [11]. However, this effect is much less 
pronounced for -COOH - functionalized graphene. This dif-
ference is attributed to H-bonding that can be tuned by the 
solvent, providing an opportunity for the design of selective 
protein sensors. This computation was performed on the 
GAUSSIAN09 platform [12], using the PCM model to ac-
count for the solvent effect. 

Calculations performed by the SIESTA code [13] have 
shown that partial hydrogenation of graphene allows to sys-
tematically change its bandgap, providing another tool to 
design semiconductors for optoelectronic devices [14]. The 
bandgap of graphene can also be energetically tuned by cy-
cloaddition of various quantities of carbenes [15].  Adsorp-
tion of methane and carbon dioxide on edge-functionalized 
graphene was examined using the Quantum-ESPRESSO 
program [16]. It was shown that the presence of the -NH2, 
NO2, -COOH, and -H2PO3 groups increased adsorption of 
both methane and carbon dioxide while highly selective ef-
fective adsorption of these gases remains a challenge [17]. 
According to GAUSSIAN09-based computations, function-
alization of the edge “dangling” bonds with alkyl, alkenyl, 
and alkynyl groups affects the bandgap and electron delocal-
ization in the graphene benzene rings [18]. Another SIESTA 
[13] computation examined the role of vacancy defects as 
well as B, N, P, and S dopants on the interaction of graphene 
with the atoms of Na [19]. It was found that the vacancy and 
dopant defects attract hydroxy-groups; therefore, the control 
of oxidation plays a critical role in the performance of gra-
phene-sodium batteries [19].  

Doping of graphene with Al substantially increases its in-
teraction with a series of halomethanes, moving its energy 
from the physisorption to the chemisorption region [20]. The 
presence of a vacancy defect in graphene substantially in-
creases its ability to adsorb Hg, keeping the energy of ad-
sorption in the area of physisorption [21]. Doping the va-
cancy with Al further improves adsorption of Hg, pushing it 
to the area of chemisorption [21]. The Pd atoms in Pd-doped 
graphene retain their ability to adsorb H2, activating the 
molecule for several reactions [22]. Therefore, doping of 
graphene opens the door for the design of graphene-based 
sensors and catalysts. For example, graphenes doped by Fe 
or Pt by adsorption are able to effectively adsorb H2S and 
catalyze its dissociation to S and H2 [23] according to the 
DMol [24] calculations. A group from Argentina reports that 
defective graphene catalyzed the decomposition of H2O2 
much more efficiently than pristine graphene because the 
defective sites better accept the OH-groups without the need 
of rearranging the carbonaceous surface. Functionalization of 
the defective sites by carboxy groups further improves the 
catalytic activity [25]. Embedding atoms of Ge or Ga into 
the vacancy defects of graphenes is likely to enable the mate-
rial to catalyze the reduction of N2O by CO, with Ge being 
more promising [26].  

 

Fig. (1). Structure and examples of defects of a 2D-graphene sheet. (A higher resolution / colour version of this figure is available in the 
electronic copy of the article). 
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Due to the higher reactivity of the defective sites, the in-
troduction of defects to graphene can be considered as an-
other method of its functionalization. A variety of DFT-
based methods led to the consistent result that the formation 
of addition or vacancy defects requires a high energy barrier. 
In the case of multilayered graphite, the vacancy defects tend 
to interact with interstitial defect atoms forming a perfect 
graphene domain [27]. The core binding energies consistent 
with the XPS experiments have been calculated for pristine 
and defective graphene functionalized with hydrogen- and 
oxygen-based sorbates [28], using the GPAW simulation 
package [29]. 

An efficient application of defected graphene was ex-
plored by Huang et al. [30], where they investigated a facile 
mechanism of converting N2 to NH3. They predicted that the 
magnetic moment of a single Fe atom placed on a single 
vacancy defect of graphene could tune the catalytic conver-
sion of N2 to NH3, pointing at a possible alternative to the 
traditional Haber-Bosch process. Yang et al. have predicted 
that intercalation of Na in the bilayer graphene with vacancy 
and Stone-Wales defects is more favorable than simple ad-
sorption of Na, which could improve tuning formation ener-
gies, electronic and magnetic properties as well as migration 
energy barriers in the new materials for energy storage and 
nanomagnetic devices [31]. 

2.2. Functionalized Fullerenes 

The simplest types of fullerenes are cage-like structures 
of nearly spherical shape (buckyballs), of which C60 is 
among the most common examples. Elongation of a bucky-
ball in one direction brings us to single-wall carbon nano-
tubes (SWCNT) with closed ends, which can be either metal-
lic or semiconductors depending on their structure. Selective 
opening of the more curved and therefore more chemically 
reactive “end caps” produces SWCNT with open ends (Fig. 
2). 

Preparation of carbon nanotubes usually yields an assem-
bly of nanotubes of different diameters inside one another, 

which are termed multiple wall carbon nanotubes 
(MWCNT). The higher curvature of fullerenes accounts for 
their higher reactivity than graphene, for instance, toward 
cycloaddition. Calculations by the B3LYP potential imple-
mented in the GAMESS program revealed that the addition 
of one to six carbenes to a C60 fullerene increases electron 
emission from the molecule without a substantial change of 
the HOMO-LUMO gap [32]. Functionalization of C60 with 
differently substituted pyrrolidines by [2+3] cycloaddition 
from glycine derivatives allows for tuning of the energy and 
location of HOMO [33]. This leads to the increased conduc-
tivity (-NH2 substituent) and electron emission (-NO2 
substituent) while all pyrrolidine derivatives are predicted to 
be more soluble in water, and their semiconductor properties 
are transformed to the n-type [33]. Another way of 
increasing electron emission from C60 is its functionalization 
by either [2+2] cycloaddition of 2,5-dioxabicyclo[4.2.0]octa-
1(8),6-diene, [4+2] addition of 2,3-dimethylene-1,4-dioxane 
[34], or [4+2] cycloaddition of 2,3-dimethyl-1,3-butadiene 
[35]. The electron emission increases even more with the 
number of reacted 2,3-dimethyl-1,3-butadiene molecules 
[35]. Functionalization of C60 with malonate enables its 
binding with uranyl due to chelating with the carboxyl 
groups, which is claimed to help with nuclear waste 
management [36]. However, it is unclear what is the 
advantage of C60 as a malonate carrier for this application. 

It was predicted that depending on their diameter and 
length, SWCNTs are able to adsorb an Ag atom placed in-
side the tube. Functionalization of the SWCNT edges with 
either -OH (less effective) or carboxy- (more effective) func-
tional groups enables much stronger binding with Ag replac-
ing the hydrogen atom [37].  Chemical adsorption of Cl or F 
atoms by the walls of zigzag semiconductor SWCNT re-
duces the bandgap, while for the metallic armchair SWCNT, 
it separates the doubly degenerate states crossing the Fermi 
level. An additional energy level emerged in all modified 
systems, and their electronic properties, such as metallic or 
semiconductor behavior, have been substantially altered 
[38]. Doping of Stone-Wales defective SWCNT with Si was 

 
Fig. (2). Structure of a single-wall carbon nanotube (SWCNT). A. Metallic armchair (4,4) SWCNT. B. Semiconducting zigzag (8,0) 
SWCNT. C. Multiwall carbon nanotube (MWCNT). (A higher resolution / colour version of this figure is available in the electronic copy of 
the article). 
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explored as a potential way to modify the electronic proper-
ties of SWCNT [39]. The sidewalls of SWCNT are also pre-
dicted to adsorb glycine. The energy of adsorption can be 
substantially increased by the functionalization of the side-
wall with a carboxy-, aldehyde-, or -OH - group [40]. Func-
tionalization of the edge carbon with a variety of electron-
donating and electron-withdrawing substituents (−CH2NO2, 
−CH2CN, −CH2Ph, −CH3, −CH2NH2) led to an increase in 
the HOMO/LUMO energy gap of SWCNT. For electron-
withdrawing substituents, LUMO, HOMO, and Fermi levels 
were shifted to lower energies. Therefore, this type of func-
tionalization may lead to an increment change of the electron 
emission [41]. Unfortunately, in the calculations, the sub-
stituent was simply attached to the edge carbon without re-
moval of the capping hydrogen, which does not model well 
an actual material. Binding of SWCNTs edge-functionalized 
with 6-aminohexylamide to Ag+ decreases the bandgap due 
to the charge transfer, which stabilizes the complex and in-
creases the electrical conductivity of the material [42]. 

2.3. Functionalized other Carbons 

The common nanodiamonds of 4 nm size are too large 
for the DFT calculations, which prompted the use of the Mo-
lecular Mechanics (MM) geometry optimization of the sp3-
carbon core followed by DFT calculations on a carbon clus-
ter of interest. Two types of functionalities were modeled: 
carbonyl group by capping of a truncated carbon and car-
boxy group as a substituent of capping hydrogen [43]. It was 
predicted that in a vacuum, the carbonyl functionality pro-
moted graphitization, and the carboxy group prefers the 
edges of the nanocrystal versus its corners [43]. Three years 
later, in 2014, a set of similar structures functionalized by 
hydrogenation, fluorination, chlorination, oxidation, nitro-
genation, and carboxylation was computed by the quantum 
chemistry methods [44]. The LUMO-HOMO gap was found 
to be sensitive to the type of functionalization, while fluori-
nation increased the stability of the whole nanoparticle [44]. 
In 2018, a detailed DFT study explored a range of triangu-
larly or hexagonally shaped graphene flakes of various sizes 
(graphene quantum dots, GQD) with the edges functional-
ized with amino-, nitro-, cyano-, isopropyl-, or aldehyde 
groups in the zigzag or armchair fashion [45]. The energy 
gap can be tuned through edge functionalization. Depending 
on the position and mutual positions of attached groups, the 

total dipole moment can be increased, decreased, or com-
pletely eliminated [45]. The group has found that the energy 
gap significantly decreases when using cluster passivation 
with oxygen for triangular and hexagonal graphene quantum 
dots with armchair termination, but the zigzag terminated 
triangular graphene quantum dots need passivation with 
fluorine, which is more electronegative than oxygen.  

3. FUNCTIONALIZATION OF CARBONS 

3.1. Functionalization of Graphene 

In 2010, two experimental groups reported functionaliza-
tion of graphenes by 1,3-dipolar cycloadditions of azome-
thine ylides generated in situ from an N-glycine derivative 
and paraformaldehyde [46] or from N-methyl-glycine and 
3,4-dihydroxybenzaldehyde [47]. In both reactions, a 1,3-
dipole is generated after decarboxylation of the intermediate 
4 (Fig. 3) and is assumed to add to a C=C double bond on a 
face side of the sp2-carbon plane of graphene (Fig. 4). Next 
year, the energy of the 1,3-dipolar addition of azomethine or 
carbonyl ylide dipoles to the center, edges, and corners of a 
series of graphene flakes (Fig. 5). was explored by the DFT 
method [48]. It was found that corners and especially edges 
of the graphene flakes are much more reactive than center 
because of lesser distortion of the planar geometry of the 
flake. It was concluded that the experimentally observed 1,3-
dipolar functionalization of graphene proceeds, in fact, by 
the edges as opposed to the center of the graphene flake [48]. 

Calculations of both the reaction energy and activation 
barriers for 1,3-dipolar addition and addition of 1,3-
butadiene to coronenes (models of graphene) were consistent 
with the low reactivity of an internal C=C double bond of a 
flat polyaromatic system [49]. Contrary to 1,3-dipoles, a 
series of substituted carbenes were predicted to be able to 
add to the center of a graphene flake [15]. The addition of 
the next molecule of carbene was more favorable than the 
addition of the existing one and enabled the tuning of the 
material’s bandgap. Similar to 1,3-dipolar addition, the edges 
of graphene are more reactive than its inner bonds toward 
carbenes. However, the accumulation of the added carbenes 
to the edges did not substantially affect the bandgap [15]. 
Both the site selectivity of carbene addition and its influence 
on the bandgap are consistent with the stronger interference 

Fig. (3). Formation and 1,3-dipolar addition of an azomethine dipole. 
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of the added carbene with the electronic structure and ge-
ometry of graphene. For the calculations of the energy of 
intermediates and transition states for the HF-catalyzed fluo-
rination with F2, coronene was also employed as a model of 
graphene [50]. Similar to the addition of carbenes, fluorina-
tion of an inner C=C double bond seems to be feasible and is 
likely to produce a mixture of 1,2- and 1,4-products of addi-
tion. In both cases, the energies of transition states for the 
addition of the first and second fluorine atoms are compara-
ble [50].  

 

 

Fig. (4). Products of 1,3-dipolar addition of an azomethine dipole to 
graphene. 

 

Fabrication of van der Waals heterojunction is a very ef-
fective way to improve the electronic and optoelectronic 
properties of carbonaceous materials. Graphene has dangling 
free bonds which can form van der Waals heterojunctions 
with many other 2D materials. Tan et al. investigated the 
heterojunction between graphene and a 2D Bi2O2Se crystal 
for its performance in photodetectors and field-effect transis-
tors and have shown appropriateness of the hybrid materials 
for this type of device [51].  

3.2. Functionalization of Fullerenes 

Although fluorination of graphene is predicted to occur 
both in 1,2- and 1,4-fashion, the curvature of SWCNT makes 
the addition more regioselective [50]. A (7,7) armchair 
SWCNT was treated by the ONIOM method, where a curved 
coronene patch was treated at a higher level of theory than 
the rest of the system. Contrary to graphene, all identified 
transition states led to the 1,4-axial product of addition as a 
consequence of the curvature [50]. However, HF-catalyzed 
migration of fluorine atoms is possible, leading to 1,2-
adducts [50]. Fluorination is an example of the covalent 
functionalization of SWCNT sidewalls. The 3D structure of 
SWCNT allows for other functionalization modes, such as 
functionalization of edge carbons, non-covalent π-π func-
tionalization, and inclusion of guest molecules inside the 
tube, covered in a comprehensive review [52].    

The electron-deficient nature of fullerenes allows for 
their direct amination with amines. The relationship between 
reactivity and curvature was explored for the amination of 
C50, C60, and capped and open armchair (5,5) and zigzag 
(10,0) SWCNT by methylamine [53]. It was found that car-
bons at the sites with higher curvature have higher reactivity, 
such as pentagon-pentagon fusions on C50, the 7-5-5-7 defect 
on the sidewall of a nanotube, junction of two nanotubes, the 
end caps, and defect sites [53]. In general, the defect sites in 
SWCNT are much more reactive and may be introduced to 
the structure intentionally, for instance, by oxidation [52].  

Similar to graphene, a reported 1,3-dipolar addition of 
azomethine ylides to SWCNT is proposed to occur at the 
sidewall locations [54]. However, according to the ONIOM 
model computations of cycloaddition of three dipoles 
(azomethine ylide, fulminic acid, and methylene nitrone) and 
1,3-butadiene to C60 and SWCNT, only the 1,3-dipolar cy-
cloadditions of azomethine ylide and fulminic acid to (5,5) 
SWCNT are exothermic. The rest of the cycloaddition reac-
tions are unfavorable. It was also found that the [6,6] bond of 
C60 is the preferred addition site for all dipoles and butadiene 
[54]. Therefore, the reported dipolar addition [55] may or 
may not proceed exclusively at the SWCNT walls. The dipo-
lar addition to fullerenes is proposed for building nanovec-
tors for drug delivery. Thus, an azomethine dipole generated 
from isoniazid-derivatized glycine can thermodynamically 
add to both C60 and SWCNT. The predicted energies of sol-
vation suggest better solubility in water for isoniazid-
derivatized fullerenes [54]. The 1,3-dipolar addition of C60 
with additional dipoles (nitriloxide and azide) was predicted 
to be feasible as well [56]. 

Another study was focused on the sequential cycloaddi-
tion of one to six molecules of 2,3-dimethyl-1,3-butadiene to 
C60 [35]. The reaction was found to be regioselective with 
the preference of addition to the B66 bond of C60. The energy 
of the reaction is decreased with each next molecule of 
added 2,3-dimethyl-1,2-butadiene [35]. Carbene also adds 
selectively to the B66 bond of C60 based on the analysis of the 
interaction between the SOMO orbital of the carbene and 
LUMO of C60. Similar to the addition of a diene, the reaction 
energy is decreased with each next molecule of the added 
carbene [32]. Due to its inability to adopt an s-cis conforma-
tion, C60 acts as a dienophile even with the electron-deficient 
1,2-benzoquinone in inverse electron-demand Diels-Alder 
cycloaddition [57]. This group also found that electron-
withdrawing substituents in 1,2-benzoquinone favor the re-
action according to their electron-withdrawing activity.     

One of the first methods of SWCNT functionalization 
was the Tour’s arylation by the decomposition of diazonium 
salts [58].  

The computations are consistent that interaction between 
SWCNT and aryl radicals is feasible, depending on the tube 
diameter, chirality, and the number of already added aryl 
groups [59]. The aryl groups interact with metallic SWCNTs 
that are significantly stronger than with semiconducting 
SWCNTs. The aryl radicals interacting with (8,0) SWCNT 
prefer the pair arrangement, which is consistent with the free 
radical character of the material with the odd number  
of added aryl radicals. Further, SWCNTs functional- 
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Fig. (5). SWCNT functionalized with aryl radicals. (A higher reso-
lution / colour version of this figure is available in the electronic 
copy of the article). 

 

ized with an odd number of aryl groups have a smaller band-
gap and a higher conductivity than their counterparts with an 
even number of aryl groups [59]. This work provides a 
pathway for SWCNT applications in chemical sensors, elec-
tronics, and other nanoscale materials. Generation of the aryl 
radical from a variety of electrophilic reagents would be en-
abled by placing a negative charge on an SWCNT. In a joint 
theoretical and experimental study, it was found that at low 
K:C ratios (<1:200), adsorption of a potassium atom is al-
ways preferred on metallic SWCNT versus semiconducting 
ones independently of the tube diameter [60].   

Non-covalent interaction plays an important role in the 
development of composite materials as well as simple, fast, 
and clean procedures for functionalization. For the extended 
π-electron systems such as ones present in fullerenes, the 
effect of π-π stacking is expected to play a major role in the 
non-covalent functionalization. A computational study con-
ducted side-by-side with the experiment explored the interac-
tion of SWCNT with a polymer containing pyrene groups. 
For the synthesized and well-characterized complex, the ad-
sorption energy via π-π stacking interaction was calculated 
at the M06-2X/6-31G(d) level of theory after eliminating the 
basis set superposition errors and was found to be -23.55 
kcal/mol [61]. The noncovalent adsorption of 4,4’-methylene 
diphenyl diisocyanate and toluene-2,4-diisocyanate (TDI) on 
(6,0) SWCNT) was studied using GGA (PBE) functional 
including dispersion energy correction for the proper de-
scription of van der Waals interactions. It was found that 
both benzene rings and isocyanate groups substantially par-
ticipate in the energy of adsorption [62]. If the functionaliza-
tion relied on the interaction between SWCNT and the ben-
zene rings only, this method could be useful for the simple 
functionalization of SWCNT with reactive isocyanate 
groups. 

Due to the variable energy bands, unique geometry, and 
possibility of chirality, SWCNTs are very efficient materials 
for solar cells, light-emitting diodes, and especially in field-
effect transistors. Their performance can be improved by 
tuning their conductivity and energy bands by functionaliza-
tion with fullerenes and thus strengthening performance in 
real-life devices [63].  

3.3. Functionalization of Other Carbons 

While the bulk of diamond is made of a chemically inert 
core of sp3 carbons, the “dangling” bonds on the surface are 
very reactive, and if left uncapped, form strained C=C dou-
ble bonds capable of cycloaddition (Fig. 6).  

 

Fig. (6). Fragment of a nanodiamond structure. 

 

A possibility to functionalize the diamond surface by cy-
cloaddition of 1,3-butadiene was explored by computing 
reaction energies and activation barriers for both [2+2] and 
[4+2] additions [64]. The lower activation barrier and low 
product energy for the [4+2] reaction predict that the [4+2] 
product will be the dominant surface product. A [2+2] reac-
tion is possible. This agrees with experimental evidence that 
dienes form the [4+2] cycloaddition product [65, 66] while 
alkenes form the [2+2] product [67].  

Doping of carbon quantum dots that can have graphene, 
diamond, or other structures, is a very efficient way to intro-
duce new energy states. Yaswenth et al. investigated the 
density of states and work function of nitrogen-phosphorus 
co-doped carbon quantum dots by the first principle theory 
[68]. They revealed that co-doping carbon quantum dots 
with nitrogen and phosphorus facilitates the transfer of elec-
trons toward the photocatalytic activity site, which results in 
the improved photocatalytic activity of the quantum dot-base 
device. According to Matta et al., carbon quantum dots func-
tionalized by -OH and -COOH groups enhance their ability 
to transport holes in perovskite solar cells [69]. By using the 
density functional theory, they identified the functionalized 
hexagonal carbon quantum dots as suitable materials for hole 
transport in perovskite solar cells. 

Adjizian et al. applied the DFT method to elucidate the 
role of sulfur in the production of graphite by the procedure 
of graphitization. Their calculation suggests that sulfur can 
form cross-links with defect sides and that the zigzag and 
armchair edges of graphite are more favorable for cross-
linking, which results in more stable graphene edges [70].  

4. FURTHER FUNCTIONALIZATION OF FUNC-
TIONALIZED CARBONS 

Once functionalized, a carbonaceous material may in-
crease or decrease its affinity to further functionalization by 
the same modifier or be enabled for a different type of func-
tionalization. Thus, the introduction of each 1,3-butadiene 
molecule to C60 reduces the energy of cycloaddition with the 
next molecule of 1,3-butadiene [35]. A similar trend is pre-
dicted for the addition of carbene to C60 [32]. For 1,3-dipolar 
addition, the reactivity of C60 toward the dipole depends on 
its type. While the addition of each molecule of azomethine 
decreases the reactivity of the particle toward the next mole-
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cule, the addition of nitriloxides or azides has the opposite 
effect [56]. The reactivity trend of SWCNTs with aryl radi-
cals fluctuates depending on the number of added aryl 
groups. The addition of an odd number of aryl groups sig-
nificantly increases reactivity toward the next group because 
of the free radical nature of both the modified SWCNT and 
the incoming aryl radical [59]. Replacement of one atom of 
carbon in C24 with boron and hydrogenation or alkylation of 
the adjacent carbon activates the system toward polymeriza-
tion [71]. 

Presence of carboxy-, aldehyde-, or -OH - groups on the 
sidewall of an SWCNT significantly increases the energy of 
adsorption of glycine, which opens the path for the further 
functionalization of SWCNT with polar molecules [40]. An-
other study explored how the introduction of new carboxy 
groups to the SWCNT edges is affected by the existing edge 
carboxy groups [72]. It was found that the existing edge car-
boxy groups favor the introduction of more carboxy groups. 
The energy of carboxylation increases nearly linearly with 
the number of the edge carboxy groups. The replacement of 
hydrogen at the edge of a zigzag SWCNT with a carboxy 
group is more exothermic than for armchair SWCNT, which 
indicates that zigzag SWCNT are more prone to carboxyla-
tion than their armchair counterparts. Further, up to nine 
carboxy groups can be introduced to one end of a zigzag 
SWCNT. However, one hydrogen must remain unsubstituted 
at the end of an armchair SWCNT because of crowding and 
rim deformation [65]. As expected, functionalization of the 
edges SWCNTs with 6-aminohexylamide increases their 
binding to Ag+ in the gas phase due to the affinity of amines 
to silver, which is helpful in the design of nanoscale metal 
ion sensors. The study identified two active sites for interac-
tion with Ag+: nitrogen of the amino group and oxygen of 
the carbonyl group [42]. Charging of SWCNTs by their in-
tercalation with potassium atoms [73] increases their reactiv-
ity with diazonium cations, which finally leads to arylation. 
Increasing the K to SWCNT ratio to the sub-stoichiometric 
leads to the introduction of -OH groups due to oxidation of 
the negatively charged sites and hydrogen atoms due to their 
protonation [74].    

CONCLUSION 

The increasing computing power and discovery of the 
DFT method have met the demand for theoretical assistance 
in the design of numerous carbonaceous building blocks for 
modern nanotechnology. The computational methods are 
especially critical for predicting electronic properties of ma-
terials such as the bandgap, conductivity, optical and photoe-
lectronic properties, solubility, adsorptivity, the potential for 
catalysis, sensing, imaging, and biomedical applications. At 
this moment, most computational papers are purely theoreti-
cal with a few joint theoretical-experimental studies. They 
cover a wide range of modification techniques such as dop-
ing, functionalization by covalent or non-covalent coupling, 
and the introduction of defects and electrical charges. The 
site selectivity of modification, especially with regard to 
functionalization of defects, is given consideration when it 
comes to the chemistry of SWCNT. We expect that in the 
future, this work to be expanded to the area of functionaliza-
tion of defects in graphene. Functionalization of multiwall 
carbon nanotubes (MWCNT) and carbon quantum dots is 

still awaiting computational research, which is understand-
able considering the structural complexity and diversity of 
these objects. MWCNTs seem to be completely left out of 
the field. However, the functionalization of Si, Ge, and Sn 
quantum dots has already drawn the attention of computa-
tional chemists [75]. There are still very few computational 
works addressing the re-functionalization of carbonaceous 
materials where their modification enables or alters further 
functionalization. Keeping in mind that the introduction of 
defects can be considered as a type of functionalization, re-
functionalization of carbonaceous materials seems to be a 
point of growth in this area of computational research.   
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