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Abstract
Calculations of the electronic structure of a stacked dimmer sequence from the 

D-(GCAAACGTTTGC)2 B-DNA dodecamer resolved in a PDB file 1HQ7 are performed within 
density functional theory.  Seeking to understand the minimum level of theory that yields a reliable 
description for these systems, the basis sets 6-31g*, 6-31g*+BSSE, 6-311g*, 6-311g**, 6-311++g** 
along with the B3LYP and PBE0 exchange-correlation functionals were employed. These results 
are then used to implement a one-dimensional model of long stacked systems to obtain a new semi-
empirical method that can be employed at low computational cost.

Keywords: DFT calculations, B3LYP functional, PBE0 functional, Stacked systems.

1   Introduction

Semi-empirical calculations have been the most successful for the description of 
organic compounds, from calculations of electronically excited states of polyenes, (both 
cyclic and linear) [1,2] up to the investigation of physical properties of phenol compounds 
(steric energy, oxygen charge, ionization potential, dipole moment, LUMO and bond length) 
[3]. Besides, semi-empirical approaches have also been applied for a phenomenological 
approach to the treatment of the electronic properties of single-stranded DNA [4]. Semi-
empirical models should, however, be validated with accurate electronic structure results. 
Therefore, we undertook a study of the electronic structure based on density functional 
theory (DFT). Currently, an important number of publications show the efficiency of 
hybrid exchange-correlation (x-c) functionals like B3LYP and PBE0 to satisfactorily 
predict different features of organic [5,6] and biochemical [7,8]large size systems without 
requiring excessive amounts of computer time, memory, or disk space.

The goal of this work was to find the minimum level of theory that yields a reliable 
description of these systems and so, use the DFT output for each base pair as input for 
the one-dimensional model, which enables the description of much longer sequences. 
This procedure allows the description of arbitrarily low sequences by employing only the 
Kohn-Sham DFT energy levels (HOMO and LUMO) of individual pairs. The validation 
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of the model is carried out by comparing the model results for dimmers with those of DFT. 
These results allow calibrating our model to predict the highest occupied molecular orbital 
(HOMO), lowest unoccupied molecular orbital (LUMO), and other orbitals close to the 
HOMO-LUMO gap of long sequences of single- and double- DNA strands.

2  Methodology

From the D-(GCAAACGTTTGC)2 B-DNA dodecamer resolved in PDB file 1HQ7 
(Fig. 1), the central fragment that is an AC dimmer is extracted, namely an A-T pair stacked 
with a C-G pair in the B-DNA conformation; the HyperChem package was used [9]. 
Only Hydrogen optimization was performed for the AC dimmer. All electronic structure 
calculations were carried out with Gaussian 03 [10] on an IBM parallel PC cluster, using 1 
node and 2 processors. The B3LYP and PBE0 hybrid exchange-correlation (x-c) functionals 
and the most popular and successful basis sets for DNA-based stacked systems [11-13] 
were employed, namely 6-31g*, 6-31g*+BSSE, 6-311g*, 6-311g**, and 6-311++g**.

Figure 1. Structure of the dodecamer (PDB-ID 1HQ7) from which the stacked dimer AC was extracted.

3  Results and discussion

One of the most important parameters in the electronic structure is the energy gap 
between LUMO and the HOMO. The results for the HOMO-LUMO gap (ELUMO-EHOMO) 
with the different basis sets and x-c functionals are shown in Tables 1 and 2.

It is known that DFT underestimates the HOMO-LUMO gap in molecules and the 
band gap in semiconductors and insulators. Therefore, as a possible guideline in selecting 
the most accurate level of theory among different basis sets and exchange-correlation 
functional, one could select the method that produces the highest numerical value for the 
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∆Egap 

(eV) 
Ehomo 

(eV) 
Elumo (eV) Ehomo-Ehomo-1 

(eV) 
Etot (a.u.) ∆Etot(eV) 

3.503 -4.782 -1.279 0.978 -1858.98 0.000 
5.588 -5.911 -0.323 0.760 -1858.96 -0.544 

3.489 -4.993 -1.504 0.957 -1859.44 12.517 
3.464 -5.016 -1.551 0.964 -1859.49 13.878 
3.480 -5.258 -1.778 0.916 -1859.53 14.966 

∆Egap 

(eV) 
Ehomo 

(eV) 
Elumo (eV) Ehomo-Ehomo-1 

(eV) 
Etot (a.u.) ∆Etot(eV) 

3.894 -5.038 -1.144 0.991 -1856.96 0.000 
5.990 -6.183 -0.193 0.823 -1856.93 -0.816 

3.878 -5.201 -1.322 0.971 -1857.37 11.157 
3.850 -5.222 -1.371 0.980 -1857.43 12.789 
3.855 -5.429 -1.574 0.936 -1857.46 13.606 

B3LYP  
A...T  
C...G  

6-31g* 

6-311g* 
6-311g**  
6-311++g**  

PBE0  
A...T  
C...G  

6-31g*  
6-31g*+BSSE

 6-311g* 
6-311g**  
6-311++g**  

6-31g*+BSSE
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gap. Nevertheless, this is not obviously the best choice and the accuracy may depend on 
the gap, but also for the stability of the results: if for a very poor basis set the highest gap 
is obtained, and for all the other larger basis sets almost the same value results, and quite 
different from the highest value, the larger basis sets are the good choice. Indeed, the most 
reasonable rule is to select the smallest basis set that yields results agreeing with those 
obtained with the largest affordable basis set.

From Tables 1 and 2, we found that if one discards the basis set superposition error 
(BSSE), all the investigated basis sets with both B3LYP and PBE0 would yield similar 
numerical values for the HOMO-LUMO gap. Particulary, the B3LYP gaps obtained with 
the most extended basis set 6-311++g** and that obtained with the smallest basis set 6-31g* 
differ by only 0.023 eV. The same quantities obtained with the PBE0 functional differ by 
0.039 eV. Thus, if one is interested in physico-chemical properties that involve only the 
HOMO-LUMO gap and no other features of the electronic structure, the basis set 6-31g* 
would be a reasonable option. In general, the PBE0 x-c functional yields higher values of 
the fundamental gap and therefore it should be preferred.

Table 1. Values of electronic-structure and total-energy parameters obtained with the B3LYP x-c 
functional and different basis sets for an AC dimmer.

If one looks at the absolute energy levels of the HOMO and LUMO, the conclusion 
would be somewhat different; in fact, the smallest basis set, 6-31g*, significantly 
underestimates the positions of both the HOMO and the LUMO relative to the vacuum 
level, both with B3LYP and PBE0. Only the largest basis set. 6-311++g**. would be a 
safe choice.

Table 2. Values of electronic-structure and total-energy parameters obtained with the PBE0 x-c 
functional and different basis sets for AC dimmer
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The energy gap between the HOMO and HOMO-1, which are both occupied states and, 
consequently, well estimated within DFT, is somewhat overestimated by all small basis 
sets. The difference between the smallest and largest basis values is only 0.062 and 0.055 
eV with B3LYP and PBE0, respectively. Note that for each chosen basis set, the values of 
EHOMO-EHOMO-1 obtained with B3LYP and PBE0 are quite similar, while this is not true for 
the fundamental HOMO-LUMO gap. This agrees with the fact that the occupied energy 
levels in DFT are more accurate than the unoccupied ones and, therefore, energy differences 
between occupied states are not expected to depend strongly on the x-c functional.

Regarding the total energy, an error exists with small basis sets, independent of the 
adopted functional. Hence, for applications where the total energy is important, one must 
employ the largest basis set available, in this case 6-311++g**; although the 6-311g* and 
6-311g** sets are not dramatically off. To summarize the analysis of Tables 1 and 2, we 
infer that the extended basis set 6-311++g** is needed to produce reliable results on both 
the electronic structure and the total energy. For the fundamental gap only, even the smallest 
basis set 6-31g* would be satisfactory. Both explored functionals give the same trends and 
could, thus, be used with the same level of confidence. A slight preference for PBE0 is 
because it systematically yields higher values of the HOMO-LUMO gap for any basis sets.

On the other hand, the analysis of other quantities like isosurfaces that result from electronic 
structure DFT calculations could help us to identify the proper level of theory. Figure 2 
illustrates the isosurface plots of the orbitals around the fundamental gap obtained with 
the B3LYP functional and the 6-311g* basis set. From these plots, we can note that the 
HOMO is localized on the guanine, the LUMO on cytosine, and the HOMO-1 on adenine. 
The locations of the HOMO and LUMO on guanine and cytosine, respectively, agree 
with theoretical and experimental data on the order of ionization potentials of the four 
nucleobases [14]. The same result was obtained with other basis sets.

Figure 2. Isosurface plots of orbitals from Homo-1, Homo and Lumo, obtained with the B3LYP 
functional and the 6-311g* basis set.

4  Conclusions

The comparison of the HOMO and LUMO values extracted through different methods 
is not always correct. This is because the HOMOs are generated by the actual states of 
electronic interactions, while the LUMO’s values are virtual states and the description 
of these is not always accurate. However, for qualitative purposes it is possible to make 
comparisons with virtual levels because they can offer an idea of the physical behavior of 
the system. Selecting a method to calculate a system is not easy and it requires clarity on  
what parameters we want to calculate.

HOMO-1 HOMO LUMO
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For systems derived from B-DNA stacks, if we seek to describe load flow, it is possible 
to perform calculations with larger basis sets such as, 6-311++g**, because they have 
built-in polarization and diffuse functions. However, if we only were interested in the 
fundamental gap, even the smallest basis set, 6-31g*, would be satisfactory. Both functionals 
B3LYP and PBE0 give quite similar results, but a slight preference for PBE0 is because it 
systematically yields higher values of the HOMO-LUMO gap for any basis sets.
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