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Abstract. Nucleic acid based electronic devices have attracted particular interest over the past two 
decades due to its ability of long-range charge transport and self-assembly. The 𝜋𝜋-𝜋𝜋 interactions 
of the stacked bases are believed to be responsible for the long-range charge transport. The 
insertion of intercalators could alter electronic structure of the host nucleic acids which may 
influence the charge transport through the nucleic acid. The influence of intercalators on charge 
transport through the host nucleic acids largely depends on ionization potentials of the 
intercalators. Therefore, in this work we intend to determine vertical and adiabatic ionization 
potentials of the nucleic acid intercalators by using density functional theory calculations using 
Gaussian 16 package. We also explore the role of solvent and discuss the significance of ionization 
potential values in comparison with the ionization potential values of nucleic acid bases. Ionization 
Potential values of these intercalators range from 7.67 eV to 11.12 eV and 4.5 eV to 6.46 eV in 
vacuum and aqueous medium, respectively. Daunomycin is found to have lowest ionization 
potential value in vacuum as well as in aqueous medium. On the other hand, Proflavine 
(Anthraquinone) has highest ionization potential value in vacuum (aqueous medium). Non-planar 
intercalators exhibit distinct vertical and adiabatic ionization potential values and decrease 
drastically upon solvation. 
Introduction 
Nucleic acids have been found to conduct electrical current. This has led to an idea of nucleic acid, 
particularly deoxyribonucleic acid (DNA), based electronic devices. Therefore, it has attracted 
significant research interest over the past two decades. This is mainly due to DNA’s ability of 
long-range charge transport and self-assembly. Apart from this, these devices offer 
biocompatibility [1] and the possibility of electronics beyond the limits of lithography [2]. The π-
π  interactions of the stacked bases are believed to be responsible for the long-range charge 
transport. Further understanding and control of electrical conductivity of a given DNA molecule 
would further expedite the engineering of DNA based electronic systems. As a result, prodigious 
efforts [3,4] are put into understanding the charge transport in DNA. Apart from this, the basic 
building blocks of DNA bases have distinct electronic properties such as ionization potential (IP). 
The distinct IP values of DNA bases and base pairs allows one to construct DNA based electronic 
barriers and wells [5,6].  
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However, the major hurdle for further advent in DNA based electronic devices is the floppiness 
of the DNA molecule [7]. Native DNA can exist in several different structural forms including A-
form, B-form, and Z-form, and the specific structure depends on local environmental variables 
such as ion concentration, humidity, strain and pH. The coupling between bases in the duplex will 
change depending on the conformation of the DNA, and the structure can be changed in a variety 
of ways. For instance, a DNA duplex can be switched from B-form into A-form by dehydrating 
the duplex in an ethanol solution, and preliminary studies indicate a counter intuitive result in that 
A-form DNA has a ~10x higher conductance than B-form [3]. 

Intercalators such as Daunomycin [8] are the small molecules inserted between nucleic acid 
bases. Intercalation of such molecules in DNA leads to profound changes in the structure of the 
double helix. Therefore, intercalation in DNAs can introduce the measurable change in the 
electronic properties of the molecule [9]. This leads to an idea that intercalation in DNA can offer 
the requisite stability for its electronic applications and control on electronic behavior of DNA. 
The influence of intercalators on charge transport through the host DNAs will mainly depend on 
the IPs of the intercalators. Therefore, in this work we intend to determine vertical (IPV) and 
adiabatic ionization potentials (IPA) of the intercalators by using density functional theory (DFT). 
As these systems, intercalated DNA are often solvated. Therefore, we also explore the role of 
dielectric constant and discuss the significance of IP values in comparison with that of the DNA 
bases.  
Computational Details 
In this study, we determine IP values of four intercalators i.e, Daunomycin, Proflavine, Berberine 
and Anthraquinone using DFT calculations. All the structural optimizations are performed using 
micromechanics with universal force field (UFF) [10].  The DFT calculations with B3LYP 
functional and 6-31g(d,p) basis set are performed using Gaussian 16 package. The effect of 
aqueous medium is considered implicitly using asolvent in polarizable continuum model (PCM) 
model. Vertical ionization potential as well as adiabatic ionization potential values are determined. 
The IPA is determined by applying the following procedure. First, the total energies of a molecule 
with physiological charge E(G) and radical cation with additional +1 charge E(G+) are calculated. 
The ionization energy is then obtained by, 

  

IPA= E(G+) – E(G)  (1) 

 
Whereas, IPV is defined as, 
 

IPV= E(G+*) – E(G)  (2) 

 
where E(G+*) is the energy of structurally optimized ionic states of intercalators with +1 charge 

in addition to their physiological charge. Proflavine, Berberine and Daunomycin have 
physiological charge of +1, whereas Anthraquinone is neutral. The structures of intercalators are 
shown in Fig. 1. 

 



Functional Materials and Applied Physics - FMAP-2021  Materials Research Forum LLC 
Materials Research Proceedings 22 (2022) 89-93  https://doi.org/10.21741/9781644901878-12 

 

 

 91 

 
 

Fig. 1. Intercalating Molecules 
 

Results and Discussions 
The calculated values of IPA and IPV are presented in Table 1. We find that the IP values of these 
intercalators range from 7.673 eV to 11.123 eV in vacuum and in aqueous medium from 4.5 eV to 
6.219 eV. Daunomycin has been found to have lowest IPA and IPV values in vacuum as well as 
in aqueous medium. On the other hand, Proflavine shows highest IP values in vacuum but 
Anthraquinone shows highest IP value in aqueous medium. We do not see major difference 
between IPA and IPV of these molecules (max 146 meV in vacuum and 127 meV in aqueous) as 
these are relatively smaller and largely planar molecules. The difference in IPA and IPV is almost 
negligible for completely planar molecules, i.e., Anthraquinone and Proflavine in vacuum. 
Although IP values of all the intercalators are influenced by consideration of aqueous medium, the 
major difference is in the non-planar molecules, Berberine and Daunomycin. We find that the 
values of IPA as well as IPV decrease substantially when aqueous medium is considered by means 
of changing dielectric constant of the molecule’s surrounding. Higher dielectric constant of water 
screens the electrostatic interactions between the atoms. The screening is more effective for non-
planar molecules. Therefore, IP values of non-planar molecules are significantly smaller than those 
of in vacuum. IP value of Anthraquinone is reported to be 9-9.40 eV[11], which is quite close to 
what has been obtained in this work, 8.726 eV in vacuum. To the best of our knowledge, this is 
the first study to report IP values of Berberine, Proflavine and Daunomycin. 
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Fig. 1. HOMO Localization of Daunomycin in Vacuum and in Water Medium. 
 

Range of IPV (in eV) of DNA and RNA bases, Uracil, Thymine, Cytosine, Adenine and 
Guanine, are 9.4-9.6, 9.0-9.2, 8.8-9.0, 8.3-8.5 and 8.0-8.3, respectively [12]. Therefore, all these 
intercalators in aqueous medium are expected to influence the charge transport when intercalated 
in DNA. It is most likely to assist the charge transport as the intercalators have IP values lower 
than DNA bases in aqueous medium. On the other hand, the intercalation may suppress the charge 
transport in vacuum. 
Summary 
In this work, we report vertical and adiabatic ionization potentials of four common intercalators, 
Anthraquinone, Berberine, Proflavine and Daunomycin, by using DFT calculations. To the best of 
our knowledge, this the first report on IP values of Berberine, Proflavine and Daunomycin. IP 
values of these intercalators vary over wider range, i.e. 7.673 eV to 11.123 eV in vacuum than in 
aqueous medium from 4.5 eV to 7.219 eV. Daunomycin is found to have lowest IP value in 
medium. Non-planar intercalators have distinct vertical and adiabatic ionization potential values 
and decrease drastically upon solvation. Planar intercalators have almost no influence on IP values 
and HOMO localization. The solvation decreases IP values of all the intercalators due electrostatic 
screening which also plays a major role in HOMO orbital localization. Smaller IP values of 
intercalators compared to nucleic acid bases in aqueous medium indicates that intercalators could 
significantly affect the charge transport in intercalated nucleic acids. 
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