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We report how strongly the energy and electronic properties of carbon nanostructures with the unconventional framework 
calculated by means of density functional theory (DFT) depend on the choice of DFT-functional on the example of carbon 
[n,5]prismanes. For comparative analysis we used such characteristics of molecular system as the values of binding energy 
and energy difference between the highest occupied molecular orbital and the lowest unoccupied molecular orbital (HOMO-
LUMO gap). We obtained the binding energies and HOMO-LUMO gaps using seven different functionals B3LYP, X3LYP, 
M11, B3PW91, PBE0, PW, PBE, which belong to generalized gradient approximation and hybrid functionals, and standard 
6-31G(d) electronic basis set. We show that the binding energies obtained for the long [n,5]prismanes with the efficient length 
of ~150 Å within the various DFT-functionals can differ by a factor of 1.1, and corresponding HOMO-LUMO gaps can differ 
by a factor of 23. Additional precision calculations at CCSD(T) level of theory of [2,5]prismane allow us to conclude that 
for determining the binding energies of carbon nanostructures with the unconventional framework, the hybrid functionals 
B3LYP, X3LYP, and M11 are the best choice, whereas for the HOMO-LUMO gap estimation M11 gives the closest to CCSD(T) 
result. The reported study is of methodological interest for carrying out the correct DFT-calculations with respect to novel 
nanomaterials with unconventional carbon framework such as hypercubane system, fullerene composites or pillared graphene.
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1. Introduction

All modern methods of electronic structure calculation 
can be conventionally divided into three categories: ab 
initio techniques, semi-empirical schemes and empirical 
approaches. Density functional theory (DFT) is traditionally 
considered to be ab initio methods. Although DFT is 
computationally expensive, it is rather accurate. So, 
DFT is a very useful tool employed in studies of various 
physicochemical characteristics of different types of materials 
and their possible technological applications. DFT is based 
on the Schrödinger equation that describes the many-body 
problem [1]. Numerical solving of this problem is a rather 
complicated task. Therefore, the exchange-correlation 
functional describing the many-body electron interactions is 
approximated for simplification [1]. However, the functional 
choice is a very responsible stage, because different functionals 
may describe various characteristics of a substance in different 
ways, and the results obtained may not be consistent with 
each other [2, 3]. This is especially true for the nanostructures 

with a complex carbon-nitrogen atomic structures [4 – 9].
In this paper, we calculate ground-state properties of 

carbon nanostructures with the unconventional geometry of 
the framework, namely, polyprismanes using different DFT-
functionals. Carbon polyprismanes or [n,m]prismanes can 
be regarded as stacked layers of dehydrogenated cycloalkane 
molecules, where m is the number of vertices of the closed 
carbon ring and n is the number of layers [10, 11]. For large n, 
they represent single-walled carbon nanotube analogs with an 
extremely small cross-section as a regular polygon. However, 
unlike carbon nanotubes, polyprismanes have rectangles on 
their surfaces instead of hexagons. So, the angles between 
covalent C-C bonds are different from the value 109.5° usual 
for the sp3-hybridized carbon orbitals. Here we study in detail 
the family of [n,5]prismanes (see Fig. 1) at zero temperature 
and pressure.

We are interested in the behavior of the binding energy 
and the HOMO-LUMO gap with the increasing of n, and we 
analyze how various exchange-correlation functionals affect 
these characteristics.
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2. Computational details

All DFT-calculations in the presented study were performed 
using GAMESS program package [12]. The main statement 
of the density functional theory is that the electronic energy 
E of the ground state of any quantum system can be found 
by minimizing some functional depending only on the total 
electron density ρ(r) of the given system [1]

E[ρ] = Ts[ρ] + Ene[ρ] + J[ρ] + EXC[ρ], (1)

where Ts is the kinetic energy of a non-interacting system, Ene 
refers to the interaction between nuclei and electrons, J is the 
energy of the Coulomb interaction between electrons, and 
the last term EXC is an exchange-correlation functional, whose 
exact analytical form is unknown. Various DFT approaches 
differ from each other only by choosing the form of EXC 
functional. In this study we choose seven different exchange-
correlation functionals that can be assigned to two broad 
categories. The first category includes PW [13] and PBE 
[14] functionals. These functionals refer to the generalized 
gradient approximation (GGA) [13]. It is assumed that at 
GGA approximation the functional computed for a certain 
point of space depends on the electron density at this point, 
but electron spin and the density gradient (and higher order 
gradients) are also taken into account

EXC
GGA[ρ↑, ρ↓] = ∫ εXC(ρ↑, ρ↓, ∇ρ↑, ∇ρ↓, …) ρ(r)dr. (2)

Despite the GGA functionals do not contain any adjustable 
parameters, they possess acceptable accuracy for a wide range 
of problems, and are computationally efficient. The second 
category includes B3LYP [15, 16], X3LYP [17], M11 [18], 
B3PW91 [16], and PBE0 [19] functionals. These functionals 
are so-called hybrid exchange-correlation functionals, and 
they are usually constructed as a linear combination of 
the Hartree-Fock exact exchange functional EX

HF and any 
number of exchange EX

DF and correlation EC
DF explicit density 

functionals
EXC

HYB = aEX
HF + ∑

i
bi(EX

DF)i + ∑
j

cj (EC
DF)j . (3)

The parameters determining the weight of each individual 
functional are typically specified by fitting the functional 
predictions to experimental or accurately calculated 
thermochemical data. For example, one of the most popular 
hybrid PBE0 functional mixes the PBE exchange energy and 
Hartree-Fock exchange energy in a set 3 to 1 ratio, along with 
the full PBE correlation energy

EXC
PBE0 = ¼EX

HF + ¾EX
PBE + EC

PBE
 , (4)

where EX
HF is the Hartree-Fock exact exchange functional, 

EX
PBE is the PBE exchange functional, and EC

PBE is the PBE 
correlation functional. Note that for all functionals used, 
the calculations were carried out using the standard Pople 
6-31G(d) electronic basis set [20, 21].

3. Results and discussion

First of all, we performed structural optimization of 
[n,5] prismane family with n = 2 ÷ 10 using all above 
mentioned DFT-functionals. After that, binding energies and 
HOMO-LUMO gaps were obtained. The binding energies of 
[n,5]prismanes ClHk are calculated by the equation

Eb = 1/Nat 
[kE(H) + lE(C) – Etot(PP)], (5)

where Nat = k + l is the total number of atoms in the 
polyprismane, E(C) and E(H) are the energies of isolated 
carbon and hydrogen atoms, respectively, and Etot(PP) is 
the total energy of the corresponding polyprismane. The 
polyprismane with higher binding energy Eb (lower potential 
energy) is more thermodynamically stable and vice versa. 
HOMO-LUMO gap ΔHL is defined as the energy gap between 
the highest occupied molecular orbital and the lowest 
unoccupied molecular orbital. The binding energies and the 
HOMO-LUMO gaps obtained for some [n,5]prismanes are 
summarized in Tables 1 and 2, respectively. From the Figs. 2 
and 3, one can see that the DFT-functional choice significantly 
affects the values of binding energies and HOMO-LUMO 
gaps.

For a better understanding of the differences in values of 
binding energies and HOMO-LUMO gaps obtained using 
various DFT-functionals, we approximate the dependencies 
Eb(n) and ΔHL(n) for the case of large n → ∞. Approximations 

Fig. 1. Atomic structure of carbon [n,5]prismanes. Dark balls are the 
carbon atoms, and light balls are the hydrogen ones.

Fig. 2. Binding energies Eb versus the number of C5-rings n obtained 
in the frame of density functional theory using various functionals: 
direct calculations (a) and further approximation (b).

Fig. 3. HOMO-LUMO gaps ΔHL versus the number of C5-rings n 
obtained in the frame of density functional theory using various 
functionals: direct calculations (a) and further approximation (b).
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were made using SciDAVis program package [22]. The 
corresponding analytical forms (see Figs.  2b and  3b, 
respectively) are

Eb(n) = A – Bn–1,   ΔHL(n) = A + Bn–1. (6)

The A and B coefficients are presented in Tables 3 and 4 for 
every DFT-functional used. From the Figs. 2 and 3, one can 
see that the minimum value of binding energy corresponds 
to the B3LYP functional, and the maximum one corresponds 
to the PBE functional, whereas the minimum value of 
HOMO-LUMO gap corresponds to the PBE functional, and 
the maximum one corresponds to M11 functional. It can be 
estimated that

PBE M11
HL

B3LYP PBE
HL

1.1, 23.b

b nn

E
E →∞→∞

∆
≈ ≈

∆  (7)

Thus, the choice of DFT-functional especially in the case of 
electronic properties calculations should be made carefully.

To formulate the recommendations for the using of 
specific DFT-functional in the case of carbon systems 
with the unconventional geometry of the framework, we 
made additional precision calculations at CCSD(T) level of 
theory [23] of the smallest [2,5]prismane. The same basis 
set 6-31G(d) is used for coupled-clusters calculations. At 
this level of theory the binding energy and HOMO-LUMO 
gap of [2,5]prismane are equal 4.54 eV / atom and 15.9 eV, 

Table 1. Binding energies (eV / atom) of [n,5]prismanes obtained using different DFT-functionals and 6-31G(d) electronic basis set.

Functional PW PBE PBE0 B3LYP X3LYP B3PW91 M11
n
2 4.94 4.94 4.85 4.71 4.72 4.79 4.71
3 5.10 5.10 4.97 4.76 4.80 4.90 4.79
4 5.24 5.23 5.09 4.84 4.87 5.00 4.88
5 5.36 5.36 5.18 4.90 4.94 5.09 4.95
6 5.43 5.44 5.25 4.95 4.99 5.15 4.99
7 5.49 5.50 5.30 4.98 5.02 5.19 5.03
8 5.54 5.55 5.34 5.01 5.05 5.22 5.07
9 5.58 5.60 5.37 5.03 5.07 5.26 5.08

10 5.62 5.63 5.40 5.05 5.10 5.29 5.10

Table 2. HOMO-LUMO gaps (eV) of [n,5]prismanes obtained using different DFT-functionals and 6-31G(d) electronic basis set.

Functional PW PBE PBE0 B3LYP X3LYP B3PW91 M11
n
2 6.76 6.75 9.18 8.68 8.84 8.74 13.75
3 3.28 3.27 5.57 5.17 5.33 5.14 10.05
4 2.03 2.01 4.17 3.78 3.95 3.76 8.49
5 1.81 1.80 3.82 3.44 3.60 3.43 8.02
6 1.65 1.65 3.65 3.28 3.44 3.26 7.77
7 1.53 1.51 3.47 3.13 3.28 3.09 7.74
8 1.23 1.21 3.11 2.76 2.91 2.73 7.10
9 1.14 1.13 3.03 2.69 2.83 2.65 6.99

10 1.32 1.30 3.17 2.86 3.00 2.82 7.11

Table 3. Coefficients A and B in the Eb(n) = A – Bn–1 dependence for the different DFT-functionals.

Functional PW PBE PBE0 B3LYP X3LYP B3PW91 M11
Coefficient

A 5.738 5.753 5.499 5.106 5.158 5.372 5.174
B 1.734 1.775 1.419 0.892 0.966 1.273 1.020

Table 4. Coefficients A and B in the ΔHL(n) = A + Bn–1 dependence for the different DFT-functionals.

Functional PW PBE PBE0 B3LYP X3LYP B3PW91 M11
Coefficient

A 0.265 0.248 1.932 1.633 1.769 1.593 5.698
B 8.308 8.327 10.169 9.829 9.931 9.893 12.376
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respectively. Thus, for the binding energies calculation of 
carbon nanostructures with the unconventional framework, 
the hybrid functionals B3LYP, X3LYP, and M11 give the 
closest to CCSD(T) results, whereas for the HOMO-LUMO 
gap estimation M11 is a good choice. Unfortunately, data 
obtained by PW and PBE functionals poorly matched with 
the CCSD(T) results. So, although GGA functionals are 
successfully used for calculation of various physicochemical 
properties of crystals, they are poorly suited for describing 
the energy and electronic characteristics of isolated molecules 
with a non-traditional structure of the carbon framework.

4. Conclusions

In this paper, we have reported the values of binding energies 
and HOMO-LUMO gaps predicted employing seven various 
DFT-functionals for carbon [n,5]prismanes with n = 2 ÷ 10. 
It is shown that the binding energies and HOMO-LUMO 
gaps obtained for [n,5]prismanes can significantly vary 
depending on the chosen functional. One can see that B3LYP 
and PBE functionals yield results for binding energies at 
two extreme ends, whereas the same statement is true for 
M11 and PBE functionals in the case of HOMO-LUMO 
gaps calculation. Data comparison with the results obtained 
within the more strict coupled-clusters theory shows that the 
hybrid functionals are better suited for describing the energy 
and electronic characteristics of isolated molecules with a 
non-traditional structure of the carbon framework than the 
GGA functionals.
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