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ABSTRACT

The effect of chemical functionalization on the electronic properties of graphene nanoribbon superlattices 
with zigzag and armchair terminations is investigated using the density functional theory. The calculated 
positive binding energies imply that all the considered structures are stable before and after chemical 
modifications. The superlattices with armchair edges are characterized by a wide energy gap while those 
with zigzag edges have a narrow energy gap. The energy gap in superlattices with armchair edges nearly 
independent of their length while it strongly decreases and almost closes in superlattices with zigzag 
edges. The energy gap is comparably sensitive to the width variations in both types of the superlattices. It 
was found that the electric dipole moment increases with increasing the width in the case of armchair 
while it oscillates in zigzag superlattices. The electric dipole moment can be enhanced by chemical 
functionalization with COOH and NH2 groups. The effect of this functionalization is moderate for the 
energy gap, but the adsorption of tetracyanoquinodimethane transforms the system from insulator 
(Eg=2.66 eV) to a narrow band gap semiconductor (Eg=0.25 eV). The adsorption energy of 
tetracyanoquinodimethane and tetrathiafulvalene molecules can be enhanced by chemical 
functionalization which makes graphene superlattices useful for sensor applications and wastewater 
treatment.

Keywords: Graphene nanoribbons, Superlattices; Density functional theory (DFT); Chemical 
functionalization; Electronic properties; Molecular adsorption.
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1. INTRODUCTION

Nowadays quasi-one-dimensional carbon nanostructures called graphene nanoribbons can be produces by 
a variety of methods such as chemical vapor deposition (CVD) growth [1], epitaxial side wall growth [2], 
nanolithography [3], plasma etching [4], self-assembling of molecular precursor [5] or wet synthesis [6]. 
Among these techniques the self-assembling stands out for its ability to produce structures with 
fascinating complexity and yet atomic precision [7]. The development of this technique has triggered a 
theoretical research on electronic [8], magnetic [9], optical [10] and transport  [11] properties of so-called 
chevron-type ribbons or graphene nanowigglers. Due to the same reason a class of zigzag-shaped 
graphene nanoribbons superlattices garnered attention and received an impulse of development. The first 
theoretical study by Wu and Zheng [12] was inspired by pre-self-assembling attempts in producing ultra-
smooth graphene edges [13]. Then, using first principles calculations, Cuong at el.  [14] studied the 
energetic and electronic properties of zigzag-shaped superlattices with pure zigzag and mixed (zigzag and 
armchair) edges and reported their stability and the absence of the edge states at the corners of such 
structures. In the tight-binding model, the electronic properties of the structures with 60° and 120° angles 
and pure zigzag and armchair terminations have been reported for both cases without [15] and with [16] 
external electric field. In addition to the asymmetric superlattices consisting from two fragments of 
straight ribbons of unequal lengths [15,16], a generalization of the zigzag-shaped ribbon to the case when 
it consists of two straight fragments of unequal width has also been proposed and the band gap 
dependence on these parameters has been explored [17]. Within extended tight-binding model Szczȩśniak 
et al.  [18] have investigated 120° and 150° zigzag-shaped ribbons with equal lengths of straight 
fragments and reported the band gap dependence as a function of corner-corner distance that was in good 
agreement with the first principles results in Ref.  [14]. In all these works, the ribbons are considered as 
being infinitely long. In reality, however, all self-assembled graphene nanoribbon samples are 
characterized by the distribution of finite lengths [5,19,20]. Therefore, revealing the effect of length is of 
great importance. Lately, we investigated the optical absorption [21] in finite-length self-assembled 
graphene nanoribbon superlattices produced in [19]. We found that in the 25 nm long nanoribbons the 
low-energy optical selection rules of infinitely long nanoribbons are well reproduced. Additionally, the 
density functional theory calculations of the band gap of ultra-short clusters have shown good 
agreement with the experimental results in Ref. [22]. The rapid and quite successful development of 
molecular self-assembling approach has led to synthesis of the graphene nanoribbon superlattices not only 
on surface of the noble metals [5,23] but also in liquid solutions [24–26]. This allows one to transfer such 
structures to different substrates as well as to conveniently functionalize their edges with different 
functional groups [27]. The purpose of the present research is to investigate the effect of length in greater 
detail and reveal the influence of chemical functionalization on ribbons stability, electronic properties, 
chemical activity and intrinsic electric dipole moment. This is crucial for a number of recently proposed 
applications, for instance gas sensing [26], nanophotonics [28-30], digital electronics [31-33] and 
quantum information [34]. In what follows, we present the structures in question and details of the 
computation model in Section 2, present and discuss results in Section 3 and provide summary in Section 
4.
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2. ATOMIC STRUCTURE COMPUTATIONAL MODEL

In this paper, we adopted the structure description developed in Refs. [15–17,35]. In brief, the unit cell of 
the superlattice is determined by a trio of chief vectors ,  and . The first two vectors specify the 1L 2L W

edge profile, while the third one defines the width of the structure. Being crystal vectors of graphene 
hexagonal lattice the chief vectors can be factorized into a product of some integer and an elementary 
vector: , where stands for any crystal vector of hexagonal graphene lattice,  is the integer,  vC d C d v
is the elementary vector. Then the set of the elementary vectors ,  and  uniquely identifies the 1l 2l w

superlattice type, whereas the set of three integers determines the particular structure within this  w,, 21 

type. By using this approach the atomic coordinates of the unit cell can be generated [36]. The finite 
length structure is produced by translating the generated unit cell certain number of times by the 
superlattice translation vector . Thus, similar to previous research [37], the length in determined by the T
number of unit cells in the given structure. That is why we supplement the standard superlattice notation 
by additional label: <number of unit cells>, where L stands for “length”. The constructed nanoribbon L

superlattices are then converted to Gaussian09 [38] input files to perform the density functional theory 
(DFT) calculations [39,40]. The Becke-threeparameters-Lee-Yang-Parr hybrid functional (B3LYP) 
[41,42] is employed to calculate the electronic properties of the selected supercells. The 3-21g basis set is 
adopted in our calculation which has shown adequacy in size with respect to larger basis such as 6-31g 
[43,44].

3. RESULTS AND DISCUSSION

For the model study, we select superlattices with the apex angle equal to 120 degrees. These structures are 
found to be more stable as compared to the others characterized by different apex angles or even straight 
edges [14]. In what follows, we choose for the model study structures with  and  indexes equal to 3. 1 2

Therefore, for structures A120 (3,3,1)L1 we simplify notation as A120(1)L1. Similar convention applies 
to the superlattices with zigzag edges. Namely, Z120( )L  stands for Z120(3,3, )L  which means that w  w 

the width index of the structure is equal to , while the length of the structure is equal to  elementary w 

translation periods.

3.1. HYDROGENATED NANORIBBON SUPPERCELLS

In this subsection we study the optimized structure and the electronic properties of armchair and zigzag 
nanoribbon superlattices with different lengths and widths. Fig. 1 presents the optimized structures of 
various superlattices, from A120(1)L1 to A120(1)L3 and A120 (1)L1 to A120 (3)L1 for armchair 
nanoribbons, and similarly for zigzag ones, to show the effect of increasing the length or the width of the 
nanoribbons on their stability and electronic properties. The binding energy is calculated to study the 
stability of the present nanoribbon superlattices; it is defined as the total energy of carbon atom multiplied 
by the total number of C-atoms plus the total energy of hydrogen atom multiplied by the total number of 
H-atoms minus the total energy of the hydrogenated superlattice. It is found that the binding energy (EB), 
and therefore structure stability, increases with increasing the length or the width as given in Table l. 
However, the increment in the binding energy due to increasing width as in Fig. 1 (a), (e), and (h) is 
considerably higher that its increment due to the increase in the length as shown in Fig. 1 (a), (b), (c), and 
(d). The bond length between carbon atoms in armchair nanoribbons ranges from 1.34 to 1.50 Å while in 
zigzag ones this range is 1.35-1.48 Å. The long bonds that are observed at the edges of the supercells are 



ACCEPTED MANUSCRIPT

4

different from the C-C bond length (dcc=1.42 Å) in infinite graphene by 4.2% in zigzag and 5.6% in 
armchair structures. These values are slightly higher than the 3.5% reported for infinitely long armchair 
ribbons in Ref. [45]. 

Fig. 1 The optimized structures of various hydrogenated armchair (a-h) and zigzag (i-p) nanoribbon 
supercells.

Let us now consider the electronic properties of the selected systems. It is clearly seen from Table 1 and 
Fig. 2 (c) that the armchair clusters are characterized by a wide energy gap. The gap gently decreases as 
the superlattice cluster length increases, namely Eg=3.88 eV in A120(1)L1 and Eg=3.81 eV in A120(1)L3 
as shown by filled squares in Fig. 2 (a). However, upon increasing the width index  from 1 to 3, as w

shown in Fig. 1 (a), (e), and (h), the energy gap drops from 3.88 to 2.1 eV (see filled circles in Fig. 2 (a)). 
The situation is completely different in zigzag superlattices. The narrow energy gap of about 1.13 eV for 
Z120(2)L1 in Table 1 rapidly decreases with increasing length index  (by 1 or 0.5 corresponding to 1 
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and 0.5 translation vectors) and moderately decreases with increasing width index . This effect is w

especially well seen in panel (b) of Fig. 2.

In order to understand better the origin of the wide/narrow energy gap in armchair/zigzag nanoribbon 
superlattices and the gap behavior for increasing  and  in both types of the superlattices, we calculated  w

their electronic energy levels. We also calculated the electronic wave functions to reveal the nature of the 
highest occupied molecular orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO). As 
seen from Fig. 2 (c) and (d), the A120(1)L3 superlattice has a wide energy gap of about 4 eV, whereas 
Z120(2)L3 has a tiny Eg=0.09 eV due to the appearance of two energy states inside the size gap region. 
Note, however, that Esize,g=3.1 eV that is comparable to the Eg in A120(1)L3 superlattice. The HOMO and 
LUMO in A120(1)L3 are different, as shown in Fig. 2 (e). The HOMO is distributed in the center of the 
nanoribbon, while the LUMO distributes only over the arms, both of them are antisymmetric (i.e. there 
is a mirror symmetry with respect to the vertical line passing via center of the structure up to phase 
factor equal to π) and π-bonding orbitals. The HOMO and LUMO of p-electron nature in Z120(2)L3 are 
localized at the ends of the finite superlattice rather than edges as in finite zigzag graphene quantum dots 
[46], infinitely long zigzag nanoribbons [47,48], or zigzag-shaped superlattices [14]. As one can see from 
Fig. 2 (f), the major parts of the HOMO and LUMO wave functions in Z120(2)L3 are localized within 

 distance from the structure ends. It should be noticed that similar to A120(1)L3 the HOMO of 2/T

Z120(2)L3 is antisymmetric. At the same time, the LUMO is symmetric since there is the mirror 
symmetry with respect to the vertical line passing via center of the structure.

Table 1. The binding energy (EB), the energy gap (Eg), and the total electric dipole moment (TEDM) of 
the optimized armchair (A120) and zigzag (Z120) graphene superlattices at the b3lyp/3-21g level of 

theory.

Structure dCC (Å) EB(eV) Eg (eV) TEDM (D)
A120 (1)L1 1.34-1.50 6.119 3.845 0.0039
A120 (1)L2 1.34-1.50 6.255 3.819 0.0054
A120 (1)L2.5 1.34-1.50 6.284 3.813 0.0001
A120 (1)L3 1.34-1.50 6.319 3.809 0.0014
A120 (2)L1 1.34-1.49 6.993 2.674 0.1468
A120 (2)L1.5 1.34-1.49 7.116 2.665 0.0000
A120 (2)L2 1.34-1.49 7.182 2.658 0.1490
A120 (2)L2.5 1.34-1.49 7.223 2.653 0.0001

A120

A120 (3)L1 1.34-1.49 7.388 2.104 0.3018

Z120 (2)L1 1.35-1.48 6.3528 1.13 0.1592
Z120 (2)L2 1.35-1.48 6.5745 0.19 0.1747
Z120 (2)L2.5 1.35-1.48 6.6243 0.12 0.0000
Z120 (2)L3 1.35-1.48 6.6584 0.09 0.1758
Z120 (3)L1 1.36-1.48 6.7932 0.52 0.1216
Z120 (3)L1.5 1.36-1.48 6.9733 0.21 0.0005
Z120 (3)L2 1.36-1.48 7.0704 0.14 0.1344
Z120 (3)L2.5 1.36-1.48 7.1307 0.102 0.0002

Z120

Z120 (4)L1 1.36-1.48 7.0552 0.3559 0.0456
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These orbitals are of the antibonding π-type, they have high energy and loosely bound to the structure. 
Therefore, zigzag nanoribbons superlattices must be highly interactive with the surrounding medium 
through its ends whereas the most interactive sites in armchair ones are situated in their center. The 
interactivity also enhances with increasing the total electric dipole moment (TEDM) of the system. The 
TEDM for various armchair and zigzag nanoribbons superlattices are given in Table. 1. The value of 
TEDM in A120 structure increases with increasing the width , while, in deep contrast, it decreases in w

the Z120 structure. In armchair superlattices increasing the width leads to the increase of the number of 
C-H bonds in the width direction. As seen in Fig. 1 (g) the local dipoles generated from these bonds 
increase the total dipole in the width direction, namely from TEDM=0.0039 D in A120(1)L1 to 0.3018 D 
in A120(3)L1. These values seem to be rather small, however, if we passivate the edges with fluorine that 
have high electronegativity with respect to carbon, the TEDM attains value of 1.57 D in A120 (1) L1 and 
1.97 D in A120(3)L3. For the zigzag case, the additional C-H bonds are aligned horizontally as seen in 
Fig. 1 (o) with little tilting in the negative width direction. Therefore, the local dipoles from these 
additional bonds decrease the total dipole in the width direction as seen in Fig. 1 (p). Further increase in 
the zigzag superlattice width results in a minimum TEDM in the opposite direction (TEDM= 0.029 D in 
Z120(5)L1). Then the magnitude increase in the other direction (TEDM= 0.2989 D in Z120(6)L1) and so 
on (TEDM= 0.0632 D in Z120(8)L1) leading to an oscillation in the magnitude and direction of TEDM 
with increasing the width. Moreover, the TEDM almost vanishes in half-length cases in both armchair 
and zigzag regardless of the width, such as A120(1)L2.5 and Z120(3)L1.5. This effect can be explained in 
terms of the edge atoms (see the encircled atoms in Fig. 1 (c)) where in the case of A120 (1) L2.5 the 
local dipoles from the upper encircled bonds cancel those dipoles from the lower ones. 
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Fig. 2 The electronic properties of A120 and Z120 finite-length superlattices: (a), (b) the energy gap 
dependence on the width and length of A120 and Z120 structures; (c), (d) the electronic energy levels and 

(e), (f) the corresponding HOMO/LUMO of A120(1)L3 and Z120(2)L3 superlattices, respectively.
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3.2 FUNCTIONALIZED GRAPHENE NANORIBBON SUPERCELLS

In this subsection, we consider the effect of edge functionalization on the energy gap and the total electric 
dipole moment of armchair and zigzag superlattices having width index  and length index . The 2w 2

chemical groups considered here are CH3, CHO, CN, COCH3, COOH, NH2, and OH. The groups are 
attached as shown in Fig. 3. This figure shows selected groups that are useful for the discussion on the 
dipole moment. The stability analysis in Gaussian 09 package resulted in only positive frequencies 
thereby confirming stability of the finite-length graphene nanoribbon superlattices under different 
functionalization. The lengths (dXC) of bonds between the attached groups and the edge carbon atoms are 
given in Table. 2. The first dxc value in Table 2 corresponds to the length of the bond between the 
chemical group and the outer edge atoms of the supercells (they are almost the same). The second dxc 
value in Table 2 represents the length of the bond between the attached group and the carbon edge atom at 
the center of the superlattice. The variations in the energy gap and total electric dipole moment due to the 
attachment of all groups are given in the fourth and fifth columns of Table. 2, respectively. It must be 
noted that the effect on the energy gap in both armchair and zigzag cases is negligible. However, their 
effect on the TEDM is significantly higher, namely dipole moments up to 18.43 D (armchair) and 13.23 
D (zigzag) are obtained by attaching COOH and CN groups to the edges of the superlattice, respectively. 
It worth noting that, the attachment of CN groups to graphene quantum dots also provides a considerable 
enhancement to the TEDM [49].

Fig.3 The optimized structures, charge distribution, and the total dipole moment of A120 and Z120 
nanoribbons superlattices functionalized with different chemical groups. 

The attachment of COOH produces giant dipole TEDM=18.43 D in A120 structures and a moderate 
TEDM=6.74 D in Z120 structures. In the case of attaching COOH to A120(2)L2 (see Fig. 3 (c)) the large 
local dipole moments from the C=O and C-O in the COOH group sum up in y-direction yielding total y-
dipole moment=16.6 D and the O-H bond results in a net x-dipole moment=8 D. The x- and y-dipole 
moments sum up to the TEDM=18.43 D in the direction shown in Fig. 3 (c). In the case of attaching 
COOH to Z120(3)L2 superlattice (Fig. 3 (e)), the bonding between COOH and the edge atoms takes an 
orientation in which total dipole moments in x- or y-directions dramatically decrease to 6.74 D because of 



ACCEPTED MANUSCRIPT

9

the cancelation of some local dipoles. Thus, one can see the edge termination affects significantly the total 
electric dipole moment and plays an important role in controlling TEDM value. We have seen that among 
the selected groups CN and COOH groups provide the largest enhancement of the TEDM. Due to the 
high electronegativity of O and N compared to that of C, the groups containing C-O and C-N bonds have 
high electric dipole moments. The small difference between the electronegativity of C and H atoms in 
groups with C-H bonds like CH3 leads to a small net dipole moment. 

Table 2. The bond length between the attached group and the superlattice edge atoms (dxc), the energy gap 
of the functionalized system (Eg) and the total electric dipole moment (TEDM) for A120 and Z120 

structures functionalized with different chemical groups.

The effect of chemical modification on the band gap can be enhanced through the adsorption of typical 
organic molecules such as tetracyanoquinodimethane (TCNQ) and tetrathiafulvalene (TTF) on the edges. 
These molecules have shown strong ability to drastically change the electronic properties of graphene and 
phosphorene sheets when adsorbed on them [50,51]. Fig. 4 presents our proposition for the adsorption 
process of these molecules on the edges of the graphene superlattices to disclose the effect of adsorption 
on the electronic properties and the effect of chemical functionalization on the adsorption itself. Once 
these molecules are placed at distance 6 Å from the core edge atom as shown in Fig. 4 (a), the minimum 
energy configuration and adsorption site are obtained by performing the DFT optimization. The 
adsorption of TCNQ (TTF) on the edges of the hydrogenated A120 cluster, Fig. 4 (a-e), dramatically 
decreases the energy gap from 2.66 to 0.25 (0.7) eV. Such decrease has not been achieved by attaching 
any of the other considered chemical groups. This small energy gap persists even when the A120 
superlattices are functionalized by COOH groups (see Fig. 4 (d), (e)) but it slightly increases to 0.27 and 
0.8 eV for the adsorption of TCNQ and TTF, respectively. In the case of TCNQ and TTF adsorption on 
Z120 superlattices, the energy gap is almost the same as before adsorption, namely Eg~ 0.14-0.15 eV after 
the adsorption. It is worth noting that the energy gap in Z120 superlattices-TCNQ has a negative value 
(Eg~ -1.35 eV) because the HOMO has higher energy than the LUMO which means that the resultant 

Structure dXC (Å) Eg (eV) TEDM (D)
CH3 1.51, 1.52 2.6904 2.3808
CHO 1.47, 1.48 2.5399 12.8469
CN 1.42, 1.43 2.5845 16.9497
COCH3 1.48, 1.50 2.6525 10.2498
COOH 1.48, 1.50 2.5709 18.4264
NH2 1.37 2.53339 11.8837

A120(2)L2

OH 1.38, 1.39 2.6697 4.6183

CH3 1.50, 1.52 0.134 2.3110
CHO 1.44, 1.47 0.130 9.2917
CN 1.39, 1.42 0.129 13.2276
COCH3 1.45, 1.50 0.130 6.5110
COOH 1.44,  1.48 0.129 6.7361
NH2 1.36, 1.37 0.151 11.6247

Z120(3)L2

OH 1.37, 1.38 0.137 1.7184
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structure is a semimetal. This structure transformed to semiconductor with Eg= 0.15 eV by attaching three 
NH2 groups to the edges. 

Fig. 4. (a) Initial configuration of the adsorption of TCNQ by A120(2)L2, (b) the corresponding 
optimized structure, and (c) the optimized structure of TTF adsorbed by the A120(2)L2 . Adsorption of 
TTF and TCNQ by 3COOH-functionalized A120(2)L2, (d) and (e) respectively. (f) TTF adsorption on 

the edges of Z120(3)L2.

The adsorption energy (Ead) of TCNQ and TTF on the edges of the structures with and without chemical 
functionalization is calculated to study the effect of chemical functionalization on the adsorption ability of 
the finite graphene nanoribbon superlattices. We found that the adsorption energy is greatly enhanced by 
attaching COOH groups to the A120(2)L2 superlattice, as depicted in Fig. 4 (d), (e). Namely, for the 
adsorption of TTF (TCNQ) by A120(2)L2-COOH the adsorption energy increases from Ead=1.5 (0.51) eV 
in the non-functionalized superlattices to 2.7 (0.53) eV in the functionalized ones. Similarly, in 
Z120(3)L2 clusters the adsorption energy of TTF/TCNQ increases from Ead=1.47/0.34 eV in the non-
functionalized cluster to 2.33/2.01 eV when it is functionalized with three NH2 groups. Hence, the 
adsorption ability can be significantly enhanced by attaching proposed chemical groups to the 
superlattices. 



ACCEPTED MANUSCRIPT

11

4. CONCLUSION

In summary, first principles calculations have been performed to investigate the electronic properties of 
graphene nanoribbon superlattices. The effects of finite length and chemical functionalization of such 
nanoribbon superlattices have been considered for armchair and zigzag edge termination. Seven chemical 
groups, namely CH3, CHO, CN, COCH3, COOH, NH2, and OH have been considered for the 
functionalization. It has been obtained that all the structures are stable before and after the chemical 
modification. The superlattices with armchair edges are characterized by a wide energy gap whereas those 
with zigzag ones have a narrow gap. The narrow energy gap arises from a pair of energy states localized 
at the opposite ends, i.e. in longitudinal direction rather than in transversal direction in conventional 
periodic structures. The effect of the superlattices length on the energy gap is negligible in armchair 
clusters while in zigzag the same increase in the length almost closes the energy gap. Additionally, in 
armchair the magnitude of the dipole moment increases by increasing the width whereas, in deep contrast, 
it oscillates in zigzag by increasing the width. The reason behind this peculiar difference is the 
arrangement of C-H bonds at the edges. At armchair edges the local dipoles from these C-H bonds sum 
up to increase the total electric dipole moment, while at zigzag edges local dipoles decrease the original 
value of the total dipole leading to oscillation of its value as a function of the superlattice width. 

Chemical functionalization of the edges with such groups as COOH and NH2 significantly increases the 
total electric dipole moment of A120 and Z120 superlattices, respectively. However, other groups, like 
CH3 and OH, have a moderate effect on the total dipole moment. It is also found that the physical 
adsorption of tetracyanoquinodimethane on the edges of A120 superlattice decreases the energy gap from 
2.66 eV to 0.25 eV, while that adsorption on edges of Z120 structure keeps the energy gap almost 
unaltered. The adsorption increases from 1.5 eV in non-functionalized A120 superlattice to 2.7 eV in 
COOH functionalized ones. The adsorption energy of the same molecules on the zigzag clusters also 
increases from 0.34 to 2.01 eV after attaching three NH2 groups to the edges of the Z120 superlattice. 
This shows graphene nanoribbon superlattices great potential for such applications as sensors and 
wastewater management. The current study demonstrates the effects of size, edge morphology, and 
chemical modification on the electronic and adsorption properties of single layer nanoribbon 
superlattices. A future research on this subject shall be studying the effects of these parameters on 
bilayer and multilayer structures which can exhibit new electronic features and provide additional 
enhancement of sensing properties.
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Highlights

- The electronic properties of finite graphene nanoribbons superlattices are investigated 
before and after chemical functionalization.

- The electronic properties are strongly depend on the superlattices edge termination and 
chemical modification.

- The superlattices with zigzag edge are characterized by tiny energy gap while the ones 
with armchair termination have a wide gap.

- The total dipole moment increase by increasing the superlattice width in armchair flakes 
while in zigzag-shaped ones it oscillates in magnitude and direction.

- The adsorption energy of small organic molecules, such as tetrathiafulvalene, 
significantly increases by chemical functionalization.

 


