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ABSTRACT 
The study of the new materials potentially usable for organic electronics and photonics are getting very 

important from the point of ecological view. This work is focused on study of properties of biological 

materials which can be used in organic electronic. The interest in the knowledge about fundamental and 

also advanced properties of organic and biological materials which can be potentially used in electronics 

and photonics brings new question which can contribute to progress in the field of organic electronics. In 

order to investigate fundamental processes related to the optical and electrical properties of these 

materials such as optically induced charge transfer different techniques and methods were used for the 

characterization of the materials. 

First part of this work is focused on review of properties of inorganic and organic materials enabling their 

possible application in organic electronics and photonics, second part provides state-of-the-art of advanced 

biological materials and their properties related to the scope of this work. Third part presents experimental 

methods used and summarized experimental results. Finally, the relations between the observed 

phenomena and the structure of the studied materials on molecular level are discussed. 

ABSTRAKT 
Studium  nových  materiálů  potenciálně  využitelných  pro  organickou  elektroniku  a fotoniku získává velmi 

důležitý  význam  z hlediska  ekologie.  Tato  práce  je  zaměřena  na  studium vlastností biologických  materiálů,  

které   by   našly   uplatnění   v aplikační   sféře. Zájem o znalosti v oblasti základních a pokročilých   vlastností  

organických a biologických materiálů,  které  mohou  být  potenciálně  využity  v oblasti organické elektroniky 

a fotoniky  přináší  nové  otázky,  které  mohou  přispět  k rozvoji této oblasti. Ke  studiu   základních  procesů  

souvisejících  s  optickými  a  elektrickými  vlastnostmi  materiálů, jako  je  například  přenos  náboje,  jsme  využili  

různé  techniky  a  metody  charakterizace. 

První  část  práce  je  zaměřena  na  souhrn vlastností anorganických a organických  materiálů  umožňující  jejich  

možné  využití  v  organické  elektronice  a  fotonice, druhá  část  práce  poskytuje  nejnovější  přehled z oblasti 

pokročilých  biologických materiálů a  jejich  vlastností  související  se  záměrem  této  práce.  Třetí  část práce pak 

shrnuje experimentální metody a shrnuje získané výsledky. Nakonec je diskutován vztah mezi pozorovanými 

jevy  a  strukturou  studovaných  materiálů  na  molekulární  úrovni. 
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1  INTRODUCTION 
After many years of development, noteworthy progress has been made in the design and fabrication of 

organic electronic devices. High performance organic light emitting devices (OLEDs), solar cells, transistors 

and memory have been developed.  

Organic semiconductors have been studied for decades. The distinction of what is exactly an organic 

material is rather unclear, but generally speaking it is all those materials that contain carbon. Until 1970s 

organic materials were classified and used as insulating materials. From the beginning of research of organic 

materials only limited numbers of materials were   studied.   Gradually   the   attention   was   focused   to   π-

conjugated polymers. First studies were performed in fifties of the twentieth century on anthracene. 

Progress on this field continued with different studies and interest in field of organic electronic increased in 

1970s when Alan J. Heeger, Alan G. MacDiarmid, Hideki Shirakawa published their works about metallic 

conductivity in iodine-doped trans-polyacetylen [1]. This field really started attracts major attention after 

the demonstration of the first organic light emitting device (OLED) in 1987 by Tang and Van Slyke [2]. Alan 

J. Heeger, Alan G. MacDiarmid, Hideki Shirakawa were in 2000 awarded the Nobel Prize for chemistry and 

opened a new field called organic electronics. 

The future of electronics, especially electronics based on organic materials, has been envisioned as soft and 

rubbery [3]. Current organic materials for organic materials now offer numerous applications and a number 

of products were introduced on the market. Organic electronics has over the past two decades developed 

into exciting and thriving area of research [4]. Nonetheless, in this era of heightened environmental 

awareness and of increasing demand for more eco-sustainable manufacturing process, a major challenge is 

moving from non-renewable energy manufacturing to eco-sustainable processes [5]. European Union 

supported research in the field of organic electronics to find new possibilities of using of these materials 

and their technological integration in industry and different area of applications [5]. 

The organic electronics field stands at the interface with biology. Bioelectronics is aimed at the direct 

coupling of biomolecular function units of high molecular weight and extremely complicated molecular 

structure with electronic or optical transducer devices [4]. But not only biomaterials can revolutionize future 

electronic applications. There are also new synthetic materials which can lead to ground-breaking use. On 

one hand there are synthetic organic materials which are designed for specific applications and as a rule 

have relatively high and tuneable efficacy. On the other hand natural systems provide maybe less effective 

performance however with more versatile applications. The advantage of the latter group is their 

renewability, low-cost production and compatibility with the environment. Natural materials are time-

tested and nature-tested ingredients which are inspiration of chemists, physicists and material scientists for 

synthesis and production of artificial materials which are based on natural materials. 
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Furthermore materials which were used in different applications (for example xerography, as dye pigments 

etc.) are studied and used for organic electronics and photovoltaics.  

However, the application of organic materials lies not in the area of fast electronics but rather in the area 

of cheap electronics, large-area electronics, or electronic devices that cannot be made or are difficult to be 

prepared from classical materials [6]. 

Although field of electronics and photonics based on organic semiconductors attracts enormous attention, 

because of low production costs, printing manufacturing, easy liquidation, new application area, chemical 

tailoring; it is necessary explore in detail these materials and obtain more knowledge about them. Especially 

because of low mobility of charge carriers, low efficiency of solar conversion, light instability of some organic 

materials, unknown lifetime period of organic semiconductors. It is required to study elementary electronic 

and optical processes during photogeneration of charge carriers, which allow achieving higher efficiency of 

organic solar cells, study of charge transfer between electron donor and electron acceptor materials, 

influence of preparation of thin layer on their properties. 

The interest in the progress of organic electronics based on biomaterials grows with the possibility of their 

new applications and these facts show growing interest in the study of biomaterials and give the reasons 

why we deal with research of organic electronics based on biomaterials. In order to create a significant 

knowledge background for a future application of biomaterials in bioelectronics devices it is necessary to 

understand optical and electrical properties with emphasis on charge transfer. 

In theoretical parts I strove to describe properties of organic materials (biomaterials) which are important 

for organic electronics. Theory of inorganic semiconductors is also presented, because these materials can 

serve as “model  materials”  for  investigation  of  organic  semiconductors – we are looking for materials with 

similar electric properties.  

The major part of the experimental work is focused on the study of charge transfer process in DNA which 

can be investigated by optical methods such as fluorescence measurement. DNA oligonucleotides were 

selected as a suitable model biomaterial, because it allows to study the relationship between structure of 

the biomaterials and their properties at molecular level. Therefore, in cooperation with the Institute of 

Organic Chemistry and Biochemistry AS CR, v.v.i the various types of oligonucleotides were prepared. 

Subsequently the influence of their structure on selected properties with on charge transfer were studied. 

Czech Republic, with its relatively large deposits of lignite, the best resources for the humic acid extraction, 

is an ideal country for the research and production of humic substances. Faculty of chemistry has long 

history in study of humic substances, and over the years it has been found that number of properties (for 

example structure, optical properties etc.) is very similar to properties of materials which are used and 

studied for application in organic electronics. This work involved primarily study  of  “basic”  parameters  of  

humic substances which could be useful for application in organic electronics – optical and optoelectrical 

properties. 
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2  ORGANIC  SEMICONDUCTING  MATERIALS 
2.1 INORGANIC SEMICONDUCTORS 

This chapter contain short overview of the theory of inorganic semiconductors, which in many cases serve 

as a base for description of some properties (e.g. conductivity) of organic semiconductors and thus precedes 

chapters related organic semiconductors and biomaterials.  

A difference between metal, semiconductor and insulator is given in Figure 1 [7]. Electrical doping in charge 

transporting materials can reduce the contact resistance between the electrodes and materials and can 

enhance the electrical conductivity [8], [9]. 

 

Figure 1  Energy diagram of a metal, an insulator, semiconductor [7]. 

 

Inorganic materials are grouped under following three categories depending on their ability to conduct 

electricity: 

x Conductors  

x Semiconductors 

x Insulators 
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Figure 2 Band diagram of inorganic semiconductors: Energy bandgap (EG), Fermi level (EF), work function 

(IW), and electron affinity are depicted. 

A semiconductor material with no impurities added is called and intrinsic (pure semiconductor) – the 

number of electrons in the conduction band is equal to the number of holes in the valence band (Figure 3). 

This is due to the fact that the electron in conduction band has been excited and has left a vacant state, a 

hole, in the valance band. The whole crystal structure of the intrinsic semiconductor is replica of one section 

of the structure. We usually refer to the density of electrons and holes in the intrinsic semiconductor as ni 

and pi respectively, and give these values as carriers/cm3. It is important that these parameters depend 

strongly on the temperature since these densities are due to electron-hole pair generation.  

In an intrinsic semiconductor, conduction is due to the holes and electrons drifting in opposite directions 

under the influence of applied electric field. Thus, in an intrinsic semiconductor, the probability of getting 

electrons and holes is equal (50:50). Hence, Fermi level in intrinsic semiconductor lies in the middle of 

energy gap (EG) (see Figure 2). Band diagram of inorganic semiconductors is depicted in Figure 2, valence 

band, energy bandgap and conduction band is showed and important parameters are described: work 

function is defined as the energy required in removing an electron from Fermi level to vacuum, electron 

affinity is the energy required in removing an electron from Fermi level to vacuum, electron affinity is the 

energy required in removing an electron from the bottom of the conduction band EC to the vacuum 

When impurities are added (e.g. by doping) to a semiconductor it is said to be an extrinsic semiconductor. 

At equilibrium the extrinsic semiconductor is said to has carrier concentrations n0  and p0, both different 

from ni. At T=0 K, n0  = p0 = ni = 0. This exceptional state is sometimes called freeze-out.  

There are two main classes of impurities (dopants): 

x acceptors which are dominant at p-type semiconductor, 
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x donors which are dominant at n-type semiconductor [10]. 

Doping of semiconductors is a prerequisite to reach sufficient conductivity and to engineer built-in electric 

fields at heterojunction interfaces. While in inorganic semiconductors the dopant concentrations is in the 

range of ppm, in organic semiconductors concentrations in the range of a few to tens percent are common 

[11]. Types of semiconductors are depicted in Figure 3. 

 

 

Figure 3 Types of semiconductors. 

 

At 0 K any semiconductor behaves as an insulator. Some electron-hole pairs may get generated due to 

thermal energy at room temperature (300 K). The conductivity of intrinsic semiconductor increases with 

increasing temperature and the resistivity decreases with increase in the temperature therefore 

semiconductors have negative temperature coefficient of resistance.  

Figure 4 presents Arrhenius plot of the temperature-dependent conductivity of extrinsic semiconductor. 

When the temperature is increased, electrons are excited (thermally) from valence band to conduction 

band and both bands contribute to conduction. This thermally activated conduction can be only observed 

in a low energy-gap insulator, also termed intrinsic semiconductors. The curve contains three parts. At high 

temperatures the domain is characterized by thermally activated behaviour. The middle part is the so-called 

saturation (respectively exhaustion) regime and the conductivity is here practically independent of 

temperature. At low temperature the charge carriers are frozen. For electronic devices the part of interest 

is only in saturation (exhaustion) regime, where the density of charge-carriers equals that of the dopant. 

Most semiconductors contain approximately equal amounts of n-type and p-type doping impurities; these 

materials are called compensated and behave like intrinsic semiconductors.  
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Figure 4 Arrhenius plot of the temperature-dependent conductivity of extrinsic semiconductor. 

Drift current  

In absence of any electric field the free electrons move randomly in Brownian motion but with application 

of the electric field, electrons get accelerated in opposite direction of the electric field. This movement is 

called drift. The drift velocity is proportional to the electric field and related as: 

                                                                                     𝑣 ∝ 𝐸                                                                                  (1) 

or 

                                                                           𝑣 = 𝜇𝐸,                                                                                 (2) 

where P is mobility of carriers. 

This description describes basic properties and behavior of inorganic semiconducting materials. For organic 

semiconducting materials description is more complicated and it is different from inorganic materials. 

Structure and properties of organic semiconductors is strongly influenced by properties of atoms which 

form these materials (C, H, N, O). In contrast to inorganic materials where atoms are held together by ionic, 

covalent or metallic bonding, solid state of organic semiconductors is held together by Van-der Waals 

interactions – thermal vibrations at room temperature can acquire amplitudes that prohibit coherent 

propagation of charges and lead to localization into polarons [12]. Because of this interaction electron 

exchange is smaller and also energy of crystal lattice is small and hence melting and sublimation points are 

low. Important consequence of weaker intermolecular bonding is weaker delocalization of electronic 

wavefunctions which has direct implications for optical properties and charge carrier transport [12], [13]. 

Differences between organic and inorganic materials are summarized in Table 1. 
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Table 1 Comparison of organic and inorganic materials [14], [15]. 
 Inorganic semiconductors Organic semiconductors 

Bonding Ionic, Covalent, Metallic (2–4 eV) Ionic or covalent within molecule, but 

solid state is held together by Van-der 

Waals interactions (0.01 eV) 

Charge carrier Electrons, holes, ions Polarons, excitons 

Transport Band Hopping 

Mobility 102–104 cm2·V·s-1 10-6–45 cm2·V·s-1 

Exciton Wannier-Mott Frenkel, charge transfer 

Luminescence Band to band recombination Exciton recombination 

Theory of 

semiconductors 

Band theory Gaussian distribution of energy state 
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2.2 ORGANIC SEMICONDUCTORS 
This thesis is focused on organic materials, especially on biomaterials, which have potential for application 

in organic electronics. First organic materials which were studied for application in organic electronics were 

materials with conjugated S-electron system and showed significant properties coming from electron 

structure. Due to conjugated S-electron system electrons are delocalized along molecule. Delocalization of 

electrons then causes electric conductivity of organic materials, when electrons can move along molecule. 

Backbone of the molecule is created by σ bonds (σ and S�bonds are depicted in Figure 5). It can be seen 

from Figure 6 that the  lowest  electronic  excitation  is  π-π*  transition  with  absorption gap between 1.5 and 

3 eV. This absorption gap leads to light absorption in the visible spectral range. Electronic properties of the 

molecule depend on conjugation length or the presence of electron donating or withdrawing groups (Table 

2). Therefore optoelectronic properties of semiconducting materials can be tuned in a wide range. Also 

rotation of chain in polymer materials can influence optoelectrical properties of the materials. Conjugation 

of chain decreases with grow of monomeric units rotation and energy band gap increases (Figure 7) [16]. In 

these materials terms HOMO (the highest occupied molecular orbital) and LUMO (the lowest unoccupied 

molecular orbital) are established. The energy difference between HOMO and LUMO defines the width of 

band gap and sometimes serves as a measure of excitability, excitation is possible by light or by heat. HOMO 

level in organic materials is analogy for valence band in inorganic materials, LUMO is analogy to conduction 

band.  

Figure 5 Backbone of the molecule (σ and S�bonds). 
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Figure 6 π  and  σ  bonds in ethane, the graph  shows  the  energy  levels  of  a  π-conjugated molecule, the lowest 

electronic  excitation  is  between  the  bonding  π  orbital  and  the  π*  orbital.  In  solid  form,  the  resulting  HOMO  

and LUMO states take a form of bands [17].  

Table 2 Dependence of optical properties on conjugation length,  in  the  table  the  E  denotes  energy,  the  λ  

denotes wavelength [17]. 

Name Formula E (kJ·mol-1) O�(nm) Colour 

Benzene 

 

471 255 colourless 

Naphtalene 

 

383 311 colourless 

Anthracene 

 

324 370 colourless 

Tetracene 

 

261 460 orange 

Pentacene 

 

207 580 purple 

Hexacene 
 

173 693 bluish-green 
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Figure 7 Influence of chain rotation on energy of band gap. 

 

Band gap of majority of organic semiconductors is in average three times higher than in inorganic 

semiconductors. Mobility of charge carriers is mostly lesser than mobility of charge carriers in inorganic 

materials (for example mobility of charge carriers in silicon is about 1000 cm2·V-1·s-1, the highest mobility of 

charge carriers for organic materials was achieved in meta-stable structure of 2,7-

dioctyl[1]benzothienol[3,2-b][1]benzothiophene C8-BTBT and the hole mobility was up to 45 cm2·V·s-1, 

25 cm2·V·s-1 on average) [15].  

Conjugated organic materials can be divided with respect to the width of the band gap (in terms of 

conductivity) to the two categories: 

a) materials with narrow band gap: they are well-conductive, they need just smaller amount of energy 

for excitation and therefore generally absorb in the visible range of light and these materials are 

mostly coloured, 

b) materials with wider band gap: they need bigger amount of energy for excitation, they generally 

absorb blue or UV light and these materials are mostly yellowish or transparent, their conductivity 

is not so high, but if the charge gets into a chain his mobility remains high. 

There exist three major classes of materials which are used as organic semiconductors: monomers, 

oligomers and polymers. These three classes of materials have in common already mentioned a conjugated 

S-electron system. Important differences between low-molecular weight materials and polymers are ways 

how they form thin layers and also that low-molecular weight materials (monomers and oligomers) are able 

to form molecular crystals. Low-molecular weight materials can be deposited also by evaporation, whereas 

polymers can be casted only from solution e.g. by spin-coating, spray-coating, electrophoretic deposition 
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or by printing methods [17]. Example of materials which are used in organic material are given in Figure 8. 

Materials can be either p-type or n-type. 

 

Figure 8 Structure of organic semiconductors (PPV= poly(para-phenylenevinylene), PFO= polyfluorene, 

P3AT= poly(3-alkylthiophene), CuPc=phtalocyanine, C60=fullerene), Alq3= tris-8-hydroxy-quinolato 

aluminum) [17]. 

Organic materials play an important role in production of novel electronic devices. These materials like new 

organic polymers, chromophores derivatives and more multistable molecular systems have found great 

interest for actual new industrial technologies. The contribution of organic electronics to printed electronics 

devices, flexible solar cells, rollable displays and future energy technologies is essential and necessary for 

the future. S-conjugated materials and mostly polymers are essential for the preparation of the charge-

transporting and the emissive layers of organic solar cells and OLED. Polymer light emitting diodes (PLEDs) 

are perfect candidates as they can offer low operating voltage, film forming abilities via spin coating, tunable 

luminescence properties, potential full-colour flat panel and flexible displays as well as easy fabrication at 

low cost. The contribution of polymers to electronics is a major advancement in the modern field of organic 

electronics. Polymer, containing chromophore subunit, prepared by polycoupling reaction recently 

appeared into another progressive area which is nonlinear optics (NLO), concretely two-photon absorption 

(TPA). TPA fields of application are numerous like: microfabrication and lithography, 3D 

photopolymerization, imaging, optical power limiting, photodynamic therapy, optical data storage [18]. 

2.3 OPTICAL PROPERTIES OF ORGANIC SEMICONDUCTORS 
The study of processes in organic materials which are caused by light is very important for understanding 

of elemental electronic processes in organic semiconductors such as generation of long living geminate 

pairs. The creation of long living geminate pairs is preferred process in the organic solid prior to fast free 

charge carrier generation, which is predominated in inorganic semiconductors. Processes like 
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photoconduction and photoluminescence have been studied intensively for a long time since the 

recombination of excess carriers is of high relevance for device applications such as solar cells or sensors. 

Due to the weak electronic delocalization optical absorption and luminescence spectra of organic molecular 

solids are very similar to the spectra in the gas phase or in the solution. Intramolecular vibrations play an 

important role in solid state spectra. Term oriented gas is used for molecular crystals (Figure 9) [17].  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 9 Schematic representation of optical spectra of organic molecules in different surroundings. 
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As a consequence of the weak electronic delocalization the organic semiconductors exhibit: 

1. The existence of singlet and triplet state like in isolated molecules (Figure 10). 

2. Optical excitations are localized on one molecule [17]. 

2.3.1 Photon absorption and formation of excitons  

The excitation of organic molecules is caused by incident with light. Electron-hole pair is generated and it is 

called singlet exciton. Exciton is electrically neutral and electron and hole are attracted to each other by the 

Coulomb forces (this force affect to distance >10 nm and it is called Coulombic interaction radius). If system 

overcomes the Coulomb attraction (to achieve long-range charge separation) free charge carriers are 

generated [19]. This is also difference between organic and inorganic semiconductors. In inorganic 

semiconductors free charge carriers are generated preferentially but in organic semiconductor the creation 

of geminated pair (exciton) is preferred. This is due to low dielectric constant of organic semiconductors, 

the presence of phonon (electron-lattice interaction) and electron-electron correlation effect [20].  

 

 

Figure 10 Energy level scheme of organic molecule (S0 singlet ground state, S1 singlet excited state, S2 higher 

singlet state, T1 triplet excited state, T2 second triple excited state, T3 third triple excited state, k kinetic 

constants of processes) . 
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There are exist 3 types of excitons, which are also depicted in Figure 11 [14]: 

a) Frenkel excitons: are located on the same molecule and moves as a unit through the crystal lattice, 

radius  of  the  Frenkel  exciton  is  ≤5 Å (in order one lattice constant). This type of excitons was first 

described by Frenkel and Peierls, 

b) Wannier-Mott excitons: this type of excitons are typical for inorganic systems, where the interaction 

energy is great and the dielectric constant is high, the radius of excitons is 40–100 Å (in order of 

several lattice constant),  

c) Charge transfer excitons: radius is only one or two times the nearest-neighbour intermolecular 

distance, typical for organic systems.  

 

Figure 11 Types of excitons. 

 

The exciton binding energy in organic semiconductors is about 0.5 eV (this binding energy is for electron-

hole pair at a distance of 10 Å in a medium with a dielectric constant of 3 yields) [17]. The binding energy is 

proportional to the electron-hole Coulomb attraction E: 

 
r

eE
r0

2

4 HSH
 , (3) 

where e is elementary charge, H0 is the permittivity in vacuum and Hr the relative permittivity of material, 

relatively low for organic materials (Hr |2�4) and r is the hole-electron distance. Excitons are neutral 

“particles“ and therefore their motion is independent of electric field [21].  

Energy is necessary for the generation of exciton. This energy has to be higher or equal as the band gap 

energy Eg (band gap energy is defined as difference of the highest occupied molecular orbital (HOMO) and 

the lowest unoccupied molecular orbital (LUMO). This can be described by the equation: 
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where λex is the wavelength of the light, h is Planck constant, c is speed of the light. 

The band gap of polymers is influenced by conjugated length. All the phenomena influencing band gap can 

be described as a sum of energy contributions:  

     crystsolv subdist bb g E EEE EE ���� ,  (5) 

where Ebb is the electronic transition energy of the unsubstantiated planar backbone, Edist the hypsochromic 

energy shift induced by distortion from planarity in the equilibrium geometry, Esub the energy shift induced 

by the positive/negative inductive or mesomeric effects of chemical substituents (in most cases a negative 

number), Esolv the bathochromic (red) solvent shift compared to the value in vacuum, and Ecryst the 

bathochromic shift induced by intermolecular interactions in the solid state [22]. 

Efficiency of the absorption is dependent on the layer thickness. Organic semiconducting materials have 

high absorption coefficients (in 107 m-1 order). Therefore for example thickness of organic solar cells is 

usually only around hundred nanometres. Light interference plays significant role on light absorption. The 

light is absorbed by material according to the equation: 

)exp(0 dII D� ,     (6) 

where I0 is initial intensity of light, D is absorption coefficient and d is distance [23]. 
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2.3.2 Termination of excitons 
Observation of lifetime of excitons is very important for study of processes in organic materials. Excitons 

may be disappeared by radiative transitions or by non-radiative processes. For our study the most important 

phenomenon is fluorescence emission (radiative transition) and charge transfer (non-radiative transitions). 

Radiative pathways – Fluorescence emission 
                                                                               Qh�o 01 SS                                                  (7) 

During light excitation, photons are absorbed by the atom or molecule and therefore an electron is 

promoted from the ground state S0 to the upper transition allowed excited state S1 of higher energy. 

Following the Franck-Condon principle which states that since electronic motions are much faster than 

nuclear motion, electronic transitions occur most favourably when the nuclear structure of the initial and 

final states are most similar. The transition from the ground state S0 to the excited state S1 corresponds to 

the absorption of a photon or thermal energy, promoting the molecule to higher excited state energy level. 

When absorbing a photon of the necessary energy, the molecule makes a transition from the ground 

electronic state to the excited electronic state. In the electronic excited state molecules quickly relax to the 

lowest vibrational level (Kasha's rule), and from there can decay to the lowest electronic state via photon 

emission. 

Fluorescence corresponds to the spontaneous emission of a photon and a transition of the molecule's 

electron from the excited state S1 to the ground state S0. The fluorescence is the photon released when the 

excited electron on S1 falls back to the ground state according to the allowed transitions S0 →  S1 →  S0.  

Another emitting process is phosphorescence, this process is much slower than fluorescence and it is 

transition from triplet T1 to the ground state S0. Good loosing properties would require a low concentration 

of dye molecules and noncompeting processes like phosphorescence or non-radiative transitions. The 

triplet state has a long lifetime and if it is at lower energy than the singlet one, it competes with the 

populating of the excited state S1 and therefore lowering the quantum yield of the fluorescence. 

Fluorescence and phosphorescence are depicted in Figure 12, Jablonski diagram [25], [26].  In most cases, 

according to Pauli exclusion principle, electrons in the electronic ground state are paired. Most of the 

electronic ground states of molecules are singlet states, represented as S0. With the absorption of photons, 

one of the paired electrons in the outmost layer is excited. According to the different spin directions of 

electrons, we classify them into different electronic excited states. If the electron keep the spin orientation 

along the excitation, the excited state is still singlet state S state. We use symbols S1, S2 to represent the 

first excited singlet state and the second excited singlet state, which are ordered by the magnitude of 

energies. On the other hand, the spin multiplicity M equals to 3 when they are parallel spins. In this case, 
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the excited states are triplet states (T), represented as T1, T2….and  so  on.  They  are  grouped  according  to  

multiplicity into horizontally displaced columns. Usually, molecules can be excited to their electronic excited 

states by absorbing energy from ultraviolet light or visible light. In the electronic excited states, molecules 

are very active. Radiative transitions are transitions involve the absorption and emission. Transition from 

the lowest excited electronic state is associated with emission of photons (light). If the transition occurs 

between states in the same spin, like from lowest singlet excited state (S1) to the ground state (S0), 

fluorescence may occur, the radiative transition between different spin states, for example, transition from 

triplet T1 state to S0 state, can give rise to phosphorescence. 

 

Figure 12 Jablonski energy diagram [27]. 

Franck-Condon principle 

Franck-Condon principle is the approximation that an electronic transition is most likely to occur without 

changes in the positions of the nuclei in the molecular entity and its environment. The resulting state is 

called a Franck–Condon state, and the transition involved a vertical transition. Electronic transitions have 

the same energy in both absorption and fluorescence. The Franck-Condon principle for vibronic transitions 

in a molecule is illustrated in Figure 13.  
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Figure 13 Franck-Condon principle. 

The now excited molecule may lose its energy by radiative process emitting a photon (spontaneous 

emission) by fluorescence or non-radiative loss of energy (like heat, relaxation) allowing the molecule to 

relax to its lower stable ground state [26]. 

Non-radiative pathways  
x Internal conversion                                               heatSS 01 �o                                           (8) 

In most cases excitons decay this way due to the phonon interaction to the ground state. Characteristic time 

of the process is from 10-11 to 10-9 s. This process can be suppressed by cooling of the samples. 

x Intersystem crossing                                            11 TS o                                                          (9) 

Intersystem crossing is a spin forbidden transfer which leads to long living triplet excitons. Characteristic 

time constant of the process varies between 10-10 and 10-8 s. Energy of the phosphorescence light is typically 

0.7 eV lower compared to the energy of fluorescence light. 

x Energy transfer to a quencher                           *
01 QSQS �o�                                       (10) 

Energy transfer is caused by a quencher, which can be represented by chemical or structural defect. This 

effect was observed between donor and acceptor, when fluorescence of acceptor is detected instead of 

charge transfer and generation of charge carriers. Energy transfer can be realized by irradiative or non-
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irradiative pathway. Irradiation mechanism is caused by reabsorption of fluorescence emission of donor by 

acceptor  and  doesn’t  affect  donor  exciton  lifetime.  Non-irradiative energy transfer causes shorter donor 

exciton lifetime. Energy transfer is also possible in the triplet excited state. This mechanism represents an 

alternative photogeneration process, which was experimentally confirmed [24], [25].  

x Exciton dissociation to a charge pair             �� ��o ehSS 01                                          (11) 

This process leads to direct charge generation in a pristine material. Separated charges are long-living, in 

the range of milliseconds and seconds. Anyway, direct photogeneration process is the less probable 

pathway for organic materials due to the strong Coulomb attraction between hole and electron. 

x Singlet-singlet exciton annihilation              *
1011 SSSS �o�                                             (12) 

 or                                                                                  heSSS 011 ��o�                                           (13) 

or                                                                                     *
1

*
111 TTSS �o�                                             (14) 

x Singlet-triplet annihilation                           *
1011 TSTS �o�                                              (15) 

x Triplet-triplet exciton annihilation             *
1011 TSTT �o�                                              (16) 

or                                                                                     *
1011 SSTT �o�                                              (17) 

Exciton-exciton annihilation leads to the singlet or triplet exciton in higher vibronic-electronic state, which 

can decay radiatively. These processes result in observation of delayed fluorescence or phosphorescence.  

x Charge transfer                                            > @ > @-* ADAD x�x�o�                                            (18) 

This process is essential for photovoltaic conversion of organic solar cells. Charge transfer (CT) between 

exited electron donor and electron acceptor is the one of many possible pathways of excitons extinction. 

Charge transfer is an effect, which leads to charge transport, either within a molecule or between two 

molecules of the donor to the acceptor group. It is therefore an oxidation-reduction process, which yields 

electron-hole pairs. Thanks to the presence of them the material in an electric field becomes 

photoconductive [25].  Information about excitons are summarized in Table 3.  
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Table 3 Summarized properties of excitons in organic semiconductors [25]. 

Excitons in semiconducting materials* 

Type of excitons Frenkel excitons, Charge transfer excitons 

Binding energy ≈0.5 eV 

Lifetime of excitons 100 ps–1 ns 

Diffusion length of excitons 5–14 nm 

Termination Radiative Fluorescence emission:          Qh�o 01 SS  

Non-radiative Internal conversion:               heatSS 01 �o  

Intersystem crossing:             11 TS o  

Energy transfer to a quencher: *
01 QSQS �o�  

Exciton dissociation to charge pair: 
�� ��o ehSS 01  

Singlet-singlet exciton annihilation: 
*
1011 SSSS �o�  or heSSS 011 ��o�  or 

*
1

*
111 TTSS �o�  

Singlet-triplet exciton annihilation:
*

1011 TSTS �o�  

Triplet-triplet exciton annihilation: 
*

1011 TSTT �o� or *
1011 SSTT �o�  

Charge transfer: > @ > @-* ADAD x�x�o�  

* This table is specially given for polymeric semiconducting materials 
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2.4 CHARGE CARRIER TRANSPORT 
The optoelectronic properties of organic semiconductors differ from that of conventional inorganic 

crystalline semiconductors in many aspects and the knowledge of organic semiconductor physics is 

imperative to advance further with the associated semiconductor applications. A central problem is the 

understanding of the mechanisms related to charge transport. This chapter focuses on the electronic 

transport of organic semiconductors. Modern optoelectronic devices, such as light-emitting diodes, field 

effect transistors, and organic solar cells are based on charge transport. The understanding of the processes 

that control charge transport is therefore of paramount importance for designing materials with improved 

structure property relations. Description of charge carrier transport and hence the electrical conductivity is 

a central issue of electrical characterization of materials. In this field of research there is effort to find 

general model for description of charge carrier transport as well as in inorganic material. Mobility of charge 

carrier is much lower than in inorganic materials (electron mobility in germanium is 4500 cm2·V-1·s-1 and in 

anthracene 1.06 cm2·V-1·s-1 at 300 K). But this is very complicated process (diversity and complexity of 

materials-polymers, monomers, molecular crystals, orderliness, disorder etc.). There are several models of 

transport which are in good agreement with experimental measurements for some specific systems [28]-

[30]. Charge transport in organic materials can be described by three basic mechanisms. First mechanism is 

transport along the conjugated chain, second mechanism is jumping between molecules and last 

mechanism is tunnelling between conductive segments. Transport in inorganic materials is described as 

average drift velocity (Qd) per applied electric field (E). In disordered system such as conductive polymers, 

transport is predominantly realized by hopping between localized states. Electron transport through the 

volume of solid materials is limited by intermolecular distances. They act as potential barriers which have 

be overcome by jumping or tunnelling (Figure 14) [31], [32]. 

 

Figure 14 Jump and tunnelling of electron. 
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Transport of charge carrier in materials without applying electric field is controlled purely by diffusion and 

the charge mobility is described by Einstein-Smoluchowski equation:  

                                                                                     𝜇 =  ,                                        (19) 

where kB is Boltzmann constant, e is the electron charge, D is the diffusion and T is temperature [34], [33]. 

 Depending on the degree of order, the charge carrier transport mechanism can fall between four cases: 

a) band transport, 

b) hopping transport, 

c) polaron transport, 

d) trap limited transport. 

a) Band transport (in highly purified molecular crystals at low temperature) 

Band-like charge transport in molecular crystals was investigated experimentally in the 1980s and 1990s.If 

the interaction energy with nearest neighbour, is large compared to any other energy present such as the 

effects of dynamic or static disorder, charge transport takes place through a band. The charge carrier 

delocalizes to form a propagating Bloch wave that may be scattered by lattice vibrations. Band transport 

can only occur if the bands are wider than the energetic uncertainty of the charge carrier. For organic 

semiconductors, band transport occurs if P = 10 cm2 V–1·s –1. Very large numbers of interacting atoms form 

an energy band where the gap is very low or become indistinct. Any solid has a large number of energy 

bands, but not all these bands are filled with electrons. The probability to filling band by electrons is given 

by Fermi-Dirac statistic equation. On basis this statistic, solids can be divided on insulators, metals and 

semiconductors. In insulators, HOMO is completely filled and LUMO is absolutely empty. At metals, both 

bands are partly filled and semiconductors are specific case of insulator where the energy gap between the 

top of the valence band and the bottom of the conduction band is small enough that, at non-zero 

temperature, conduction band is partly filled by numbers of states and the same numbers is empty at the 

top valence band. 

The Drude model assumes that carriers are free to move under applied electric field, but includes collisional 

inhibit forces. Scattering centres are phonons (acoustical or optical phonons) or impurities. In this theory 

temperature dependence of the mobility can be given by relationship: 

     𝜇 ∝ 𝑇 ,     (20) 
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where µ is mobility, T is temperature and n=1...3. This equation is not met in the presence of the traps and 

deviations from such behaviour are observed, n is mostly positive, so mobility decreasing when the 

temperature increasing. 

For less pure crystals, the mobility is temperature activated with an activation energy that is given by the 

difference of the HOMO (LUMO) levels between host and guest. This proves that transport is trap limited. 

The temperature at which the transition from band to trap limited transport occurs depends on the trap 

concentration and the trap depth. In view of the narrow width of valence and conduction bands in molecular 

crystals the charge carrier mean free paths are only a few lattice sites at most. This implies that transport is 

on the borderline between being coherent and incoherent. 

b) Hopping transport or disorder-based transport (disordered organic solid) 

This type of transport leads to much lower mobility values [17]. If fluctuations in the intermolecular 

distances and orientations give rise to a large variation in the site energy and transition probability 

amplitude compared to the other terms, the static disorder dominates the charge transport. A charge 

carrier moves by uncorrelated hops in a broad density of states. Thermal activation is required to overcome 

the energy differences between different sites. 

In disorder materials, the carrier mobility is thermally activated with dependence: 

                                                                                                                                                                          ln𝜇 ≈ √F ,                                                                      (21) 

where F is magnitude of electric field. 

Conwell and Mott suggested one model for hopping transport, where transport is in surrounding of constant 

density of state (DOS). He said that jump to a longer distance or jump into higher energies are equally 

important. Conductance can be then described according equation: 

     𝜎 ∝ 𝑒𝑥𝑝 −
/

,     (22) 

where 𝑇 = 128/9𝜋𝑎 𝑁 𝑘 , NF is density of states at Fermi level, a is magnitude of localized state [31].  

Another model of hopping transport was suggested by Miller and Abrahams. This model is used for 

disordered organic solids. Probability of jump between the occupied state i to empty state j depends on 

magnitute of energy barriers Ej−Ei and distance Rij between states i and j. In the case of low electric field 

conductance is given by equation: 

   𝜎 = ∆ ∝ 𝑒𝑥𝑝 −2𝛼 𝑅 − | |
,  (23) 
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where 𝜇 is defined as chemical potential, I is current, ∆𝜇 = 𝜇 − 𝜇 ≪ 𝑘 𝑇, in this equation 𝜇 ≈ 𝜇 ≈ 𝜇. 

This equation was introduced by Miller and Abrahams in 1960. Even if the energies are moderately 

distributed, the exponential dependence of 𝜎     on these energies makes them enormously broadly 

distributed. They were first to calculate the hopping conductivity σ using reduced networks. They supposed 

that the statistical distribution of the resistances depends only on Rij and not on the site energies. This gave 

reasons because the experimental data for some semiconducting materials indicated that the impurity 

conduction exhibits a well-defined activation energy [32]. Mott et al. notified that the exponential 

dependence of the resistances on the site energies can´t be ignored in most cases. When a carrier close to 

the Fermi energy hops away over a distance R with an energy ΔE, it has 𝜋𝑅 𝜌∆𝐸  sites to choose from, 

where ρ is the site density function. In general, the carrier will jump to a site for which  ∆𝐸 is as small as 

possible. The restriction to find a site within a range (R, ∆𝐸) is given by   𝜋𝑅 𝜌∆𝐸 ≈ 1 [31]: 

𝜎 ∝ 𝑒𝑥𝑝 −2𝛼𝑅 − ( / ) .    (24) 

The more practical behaviour of mobility on temperature is given by the Pool-Frenkel equation: 

                                                                                                                          𝜇 = 𝜇 (∆ )/ ,                                                                      (25) 

where E is Pool-Frenkel factor.  

The Bässler´s disorder model rests in the assumption that the polarization energy of charge carrier is located 

on the molecule. The transport is described as hopping between localized states where the density of states 

(DOS)  has  Gaussian  distribution  σ  and  energetic  disordering  has  Gaussian  distribution  Σ.  The  equation  using  

this assumption is described as: 

                                              𝜇 = 𝜇 𝑒𝑥𝑝 − 𝑒𝑥𝑝 𝐶 − 6 √𝐹,                                       (26)    

where C is an empirical constant. 

c) Polaron transport  

Polaron is charged particle in organic semiconductors with polarization around the charge and whole 

polarization moves with charge through the material. 

Temperature dependence of mobility can be described as effective mass by equation: 

                      𝑚 (𝑇) = 𝑚 (0)𝑒 ,                  (27) 
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where meff is polaron effective mass at zero temperature.  

For alternative describing of charge transport in polarizable media can be used Marcus´s electron transfer 

theory. This theory uses the assumption of transfer from an electron donor to an electron acceptor as a 

reaction 

𝐴 + 𝐷 → 𝐴 +𝐷       (28)  

It represents the reaction where reactants transfer to products with energy barrier Ep that has to be 

exceeded and electronic transfer integral t that decrease the high of a barrier. 

∆= − 𝑡                                                                                                (29) 

Transfer integral can be estimated as simple approach of spatial overlap between the two molecular orbitals 

in interaction. Transfer integral depends on structural organisation. The basic assumption is given by 

Arrhenius behaviour, where the electron transfer rate kET is described as: 

𝑘 = 𝐴𝑒𝑥𝑝                                                                                  (30) 

Where λ is reorganization energy and A is constant depending on frequency of jumping electrons over the 

barrier [35].  

d) Trap limited transport 

The charge transport in organic semiconductors is very often limited by defects and unwanted impurities. 

These defects induce that carriers are localized on site longer time and thus significantly decrease charge 

carrier mobility. Multiple trapping and thermal release (MTR) and variable range hopping (VRH) models are 

usually used to describe trap limited transport. 

MTR model is suitable for characterization of hopping transport in disordered materials and VRH model is 

usually applied on ordered materials. These models assume that the distributions of localized energy levels 

are in vicinity of transport band edge. The carriers move through delocalize band they interact with traps 

immediately with probability equal one. The trapped carriers are then released by thermally activated 

process [36]. 

2.4.1 Methods of characterization of charge transport 
In inorganic materials, charge transport is measured by the Hall´s effect or conduction measurement. Drift 

mobility is then linked with Hall mobility, which is determined by scattering factor. This factor is dependent 

on scattering mechanism and distribution function of carriers. These two methods are not useful for high 
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resistance polymers with low mobility. For standard volt-ampere  curves,  mobility  of  charge  carrier  can’t  be  

measured because in ohmic area current is given by density of charge and their mobility. For this reason, 

mobility has to be measured by different methods. Organic semiconductors can be broadly classified into 

two categories: small molecules or oligomers (usually processed in vacuum) and polymers (usually 

processed by wet chemical techniques). In each case, various materials have been designed over the years 

that preferentially transport holes or electrons. The key quantity that characterizes charge transport is the 

carrier mobility. Charge mobilities can be determined experimentally by various techniques. Results from 

methods that measure mobilities over macroscopic distances (a1 mm) are often dependent on the purity 

and order in the material. Methods that measure mobilities over microscopic distances are less dependent 

on these characteristics. We briefly describe below the basic principles of some of the most widely 

referenced methods [37]. 

Time-of-Flight methods (TOF) 
Time-of-flight (TOF) methods are based on measure of time where charge is transported through sample in 

form of sandwich from one electrode to second electrode. The material is first irradiated by a laser pulse in 

the proximity of one electrode to generate charges. Depending on the polarity of the applied bias and the 

corresponding electric field, the photogenerated holes or electrons migrate across the material toward the 

second electrode. The current at that electrode is recorded as a function of time. A sharp signal is obtained 

in the case of ordered materials while in disordered systems a broadening of the signal occurs due to a 

distribution of transient times across the material. Laser pulse generates charge at near of one electrode. 

The thickness of sample is usually in range from 5 to 20 Pm. Photo generation materials have to be used 

for generation layer (for example copper phtalocyanine) [37].  

Field-Effect Transistor configuration 
The carrier mobilities can be extracted from the electrical characteristics measured in a field-effect 

transistor (FET) configuration. In FETs, the charges migrate within a very narrow channel (at most a few 

nanometres wide) at the interface between the organic semiconductor and the dielectric. Transport is 

affected by structural defects within the organic layer at the interface, the surface topology and polarity of 

the dielectric, and/or the presence of traps at the interface (that depends on the chemical structure of the 

gate dielectric surface). The mobility can sometimes be found to be gate-voltage dependent, this 

observation is often related to the presence of traps due to structural defects and/or impurities (that the 

charges injected first have to fill prior to establishment of a current) and/or to dependence of the mobility 

on charge carrier density. The dielectric constant of the gate insulator also affects the mobility [37]. 
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Diode configuration 
The charge carrier mobility can be derived from electrical characteristics of diodes as sandwich layer 

between two electrodes. Basic presumption of this method is that transport is bulk limited and not contact 

limited. The choice of the electrodes is generally made in such a way that only electrons or holes are injected 

at low voltage. At low voltage J-V characteristic are linear (show Ohmic behaviour), but at higher voltages 

(V) J-V characteristic becomes space charge limited. It corresponds to the current obtained when the 

number of injected charges reaches a maximum because their electrostatic potential prevents the injection 

of additional charges [37]. 

Pulse radiolysis Time-resolved Microwave conductivity (PR-TRMC) 
Here, the sample is first excited by a pulse of highly energetic electrons (in the MeV range) to create a low 

density of free carriers. The change in electrical conductivity induced by the pulse is then measured via the 

change in microwave power reflected by the sample and is therefore frequency dependent. With this 

technique, the charges are directly generated in the bulk; their transport properties are probed on a very 

local spatial scale. PR-TRMC is a contact-free technique that is not affected by space-charge effects and can 

be applied to bulk materials as well as to single polymer chains in solution. The charges held by traps of 

impurities and structural defects are not responsive. The AC mobility from this technique is upper limit for 

low fields. With compares PR-TRCM that measure AC mobility versus TOF methods that measure DC 

mobility the mobility obtained from TOF is often kept lower [37].  

Method of charge extraction by linear increasing voltage 
The charge extraction by linear increasing voltage method (CELIV) is method, that using linearly increasing 

voltage applied at one electrode  and  transient  current  is  used  to  calculate  mobility  that  come  from  “doping-

induced”  charge  carriers.  The  CELIV  do  not  have  transparent  electrode  and  layer  can  be  much thinner than 

at TOF method and can be used to measure reversed biased solar cells or LEDs [37]. 
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2.5 ADVANCED BIOMATERIALS 

2.5.1 Biomaterials for organic electronic devices 
The traditional interface of organic electronics with biology, biotechnology and medicine occurs in the 

general field of sensing biological phenomena. Endogenous bioelectric signals play critical roles in a near-

infinite number of ubiquitous biological processes such as energy harvesting, rapid communication, and 

inter-/intracellular synchronization. Specific examples include photosynthesis, vision, carbohydrate 

metabolism, neurophysiology, wound healing, tissue regeneration, and embryonic development [38]. The 

role of electronics in biology suggests several intriguing corollaries:  

1. nature must be able to design and synthesize biologically derived materials and assemble those species 

into useful structures that can harvest, sense, transduce, and manipulate electrical signals, 

2. synthetic electronic devices may be designed to precisely measure physical aspects of bioelectric 

processes such as ion flows and voltage gradients in biological systems, quantifying these phenomena 

provides insight into the underlying physiological mechanisms [39].  

Recently, the potential use of natural and synthetic biomaterials as structural components of electronic 

devices has been explored. It was shown, that the fabrication of electronically active systems using 

biomaterials-based components has the potential to produce a large set of unique devices including 

environmentally biodegradable systems and bioresorbable temporary medical devices [39]. Of particular 

interest is the potential to fabricate biomaterials into the structural components of organic electronic 

devices. In principle, it is possible to fabricate biomaterials into each of the major materials sets that are 

employed in the construction of an organic transistor including the bulk substrate, dielectric interface and 

even the active semiconducting layer and electrode [40]. 

Materials selection and the subsequent quality of the biotic-abiotic interface play central roles in the 

prospective success and impact of many of these emerging technologies. 

What  is  “Bio”? 

In  recent  years,  the  syllable  “bio”  has  become  a  powerful  attribute  to  attract  public  attention  for  designated  

“green”  processes.  Products  are  considered  as  bio-based when they are made of materials derived from 

living (or once living) organisms. Often they are denoted as biomaterials – but this term is also widely used 

for any interaction between biological and non-biological systems. Bio-based materials are often 

biodegradable with a few exceptions (mainly composites where the degradable compound is combined 

with non-degradable materials). According to the chemical structure of classic organic semiconductors, 

the  water  solubility  will  be  very   low  for  the  majority  of  this  material  class  due  to  their  extended  π-
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system and the lack of highly polar functional groups. At the same time, there are plenty of aromatic 

compounds, structurally very similar to organic semiconductors, which are classified as toxic. Thus, it 

is   mandatory   to   carefully   investigate   the   hazardous   impact   of   each   designated   “biodegradable”  

compound [41]. 

Biomaterials can be used in organic electronics as: 

x structural components, 

x active components  

a) insulator and dielectric materials, 

b) natural semiconductors, 

c) optically-active biomaterials, 

x polymeric biomaterials as in vitro interfaces, 

x soft materials for in vivo device interfaces [39]. 

 Example of potential using of biomaterials in organic electronics is in Figure 15.  
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Figure 15 Naturally-derived biomaterials for organic electronic devices (virtually all of the essential 

components of the organic thin film transistors can be composed of naturally-derived biomaterials. 

Semiconducting active layers can be fabricated from a variety of small molecule dyes and pigments. 

Hydrophilic biopolymers are perfectly suitable for gate dielectrics while a wide range of polymers, both 

natural and synthetic, are appropriate for use as flexible device substrates with additional capabilities such 

as compostability and bioabsorbability) [39].  

2.5.2 Biomaterials as structural components in organic electronic devices 
Advances in substrate development have been directed at expanding the overall functionality of the super-

positioned organic electronic devices. For example, efforts to fabricate flexible electronic circuits were 

focused on developing processes that are compatible with flexible plastic substrate materials such as 

poly(ethylene terephthalate) [42]. Other capabilities have been explored to realize electronic circuits that 

are not only flexible, but also foldable. Substrate materials such as aluminium foil and paper have been 

studied to accommodate these expanded functionalities [43]. Utilizing paper-based substrates are a 

potentially very important strategy for widespread deployment of simple electronic devices. Recent 
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developments have explored the potential use of mechanically robust, water insoluble, natural proteins as 

substrates for silicon electronics [40]. Example of paper-based circuits is depicted in Figure 16. 

      

 

Figure 16 Paper-based electronic circuits [38]. 

 

2.5.3 Biomaterials as active components in organic electronic devices 
Materials such as pigments and dyes play critical roles in light-harvesting, photoconversion, charge 

transport, and free radical scavenging. The specialized function of these compounds mandates specific 

electronically active properties, which are usually derived from polyconjugated or polyaromatic motifs. 

Consequently, the unique electronic signatures of highly evolved biological materials can be harnessed into 

device architectures. Materials that can be isolated from the native environment and repurposed into thin 

film technologies may serve as useful device technologies.  

Insulator and dielectric materials  
The vast majority of natural and synthetic polymeric biomaterials are electrically insulating and therefore 

possess suitable material properties for gate dielectrics and semiconductor-interface engineering. For 

example, poly(vinyl alcohol) (PVA) is a highly polar water-soluble polymer with a large dielectric constant. 

PVA can also be used in combination with photosensitizers such as ammonium dichromate to enable a 

simple photolithographic dielectric material platform. These collective properties suggest that PVA is 

amenable for use as an insulating material in organic electronics.  PVA has also been explored as a 

biomaterial for many applications including drug delivery and hydrogel networks. The insulating properties 

of most natural biopolymers suggests other materials may also be used as dielectric interfaces [44]. For 

example, also some work has demonstrated that DNA molecules can be processed into gate dielectrics [40], 

[45]. 
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x Hydrated materials 

In general, the use of electronically active devices for biomedical applications implies that these systems 

will be eventually exposed to aqueous environments. From one perspective, this inevitability suggests that 

device performance must not be adversely affected in a negative manner by hydrated conditions. Second 

strategy is using aqueous phase as an active component in device design. For example, the highly polar 

nature of liquid water may be harnessed for use as a gate dielectric for low-voltage organic thin film 

transistors [46].  

The ever-present aqueous environment in biological systems presents a convenient source of ions that can 

be harnessed by active device components. There are a wide range of naturally derived hydrophilic 

biopolymers that play critical roles in biological function. Heparin sulphates are essential for natural 

regulation of thrombogenicity while hyaluronic acid, alginate, dextran, lectins, cellulose, chitin, chitosan, 

and the corresponding derivatives play instrumental roles in defining the physical properties of the 

extracellular matrix in various microenvironments. Both the extreme hydrophilicity and the ability to 

process these naturally-derived biopolymers into nanofibers suggest that this class of materials may be used 

as a matrix for ionic conduction [39] 

x Polypeptides 

The monodisperse nature of isolated proteins suggests that they may be useful for the fabrication of high 

fidelity dielectric films. Albumin is an ubiquitous protein that is present in large quantities in many 

organisms. Aqueous albumin solutions isolated from chicken eggs can be rapidly processed into pristine 

films or crosslinked networks for use as gate dielectrics in thin film transistors. Thin film transistors using 

pentacene or C60 as active layers and albumin dielectrics exhibit hole and electron mobilities that are 

comparable for the respective semiconducting materials [47].  

Natural semiconductors 
While the vast majority of natural biomaterials are insulating, there are a few notable examples of 

semiconducting biomolecules with potentially intriguing electronic properties. Perhaps the most widely 

studied naturally occurring class of semiconducting biomaterials are eumelanins (melanins), an ubiquitous 

pigment found within mammals (Figure 17). Eumelanins are a class of optoelectronically active natural 

molecules. The precise structure of eumelanins has yet to be elucidated. Eumelanins are macromolecular 

species with a high degree of heterogeneity at the molecular and supramolecular length scales. The 

broadband absorption and efficient photon-phonon coupling of these pigments suggests that these 

molecules play critical roles as photo-protective agents against UV irradiation. Although the specific 

mechanism of charge transport was not addressed explicitly, recent evidence suggests that hydration-
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mediated proton transport is the dominant process that governs conductivity in eumelanins [48]-[50]. 

Melanins are extremely difficult to process into form factors that might be useful for device applications 

because of the lack of solubility in many organic solvents. The preparation of melanin films by 

electrodeposition represents an alternative fabrication strategy to solution processing. Conformal melanin-

like films can be fabricated through the electrochemical polymerization of 5,6-dimethoxyindole-2-carboxylic 

acid (DMICA). Thin films composed of PDMICA exhibit unique properties including an electrochromic effect, 

a highly porous microstructure, and a degree of crystallinity that has not yet been observed in naturally 

occurring melanins. The combination of enhanced biocompatibility, in situ cellular integration, and 

appreciable electrical conductivities suggests that melanin is advantageous for hybrid devices such as 

biosensors. Melanin films degrade in vivo, which is a potentially attractive attribute for future in vivo 

applications [39], [51]. Aside from melanin, there are number of article that have detailed the charge 

transport in a variety of biological compounds: carotenoids (b-carotene,  bixin,  astacene…)   [52], indigo is 

another biomolecule that exhibits adequate performance in biomaterials-based thin film organic 

transistors. Indigo can be incorporated into thin film devices by thermal evaporation [53]. The vast majority 

of naturally-occurring proteins are electronic insulators. However, some polypeptide sequences have 

evolved to exhibit reasonable intrinsic electronic conductivities [54]. The intrinsic optoelectronic activity of 

many types of biologically-derived soft matter is attributed to aromatic components. Electron delocalization 

is also present in the conjugated structures found in pigments and dyes. The subsequent optoelectronic 

properties are critical for many essential biological processes. However, they can also be repurposed to 

fabricate synthetic electronic devices for specific applications [39]. 

 

 

 

 

 

Figure 17 Eumelanine.  

 

Optically-active biopolymers 
Optically transparent biologically-derived materials can be fabricated into optoelectronic materials that 

may be of interest to the biomaterials community. Silk fibroin can be processed from aqueous solutions into 

nanometer-scale structures for use as diffraction gratings or optical fibres [55]. Optical transparency may 

be a key property of implantable biomaterials in order to facilitate minimally-invasive interrogation. Natural 

proteins exhibit many advantages as a material for use in optoelectronically active device components [39]. 
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There is a broad spectrum of metal alloys derived from biological components that may serve as electrical 

conductors in the fabrication of biomaterials-based electronic implants – for example magnesium. 

Magnesium may serve as a bioabsorbable material for use in electrically conducting device components 

such as leads, interconnects, antennae, or electrodes in biodegradable electronic devices [56].  

2.5.4 Polymeric biomaterials as in vitro interfaces 
Biologically-inspired electronic materials can serve as an enabling technological component for studying in 

vitro models that use bioelectric communication. Such processes extend beyond obvious bioelectric 

phenomenon such as neuronal signalling and coordination of cardiac function. Fundamental processes such 

as cell adhesion, proliferation, migration, and differentiation may be elucidated by fabricating artificial 

bioelectric cell-material constructs to test emerging hypotheses [39]. 

Cell adhesion and migration are critical processes that underpin highly complex supercellular progressions 

involved in embryonic development, wound repair, and tissue pathologies. PEDOT derivatives can be used 

as electroactive materials for programmed adhesion of cultured mammalian cells. Cell adhesion is also 

highly sensitive to the ionic species that may be integrated into conducting polymer films [57]. Poly(pyrrole) 

(PPy) can be used as a substrate for the attachment and maintenance of rat fetal neural stem cells. PPy has 

been extensively used as an electronically active polymer for the electrical stimulation of neuronal lineages 

[58]. 

2.5.5 Soft materials for in vivo device interfaces 
There is an urgent and unmet need to design flexible electronic components that are mechanically 

compliant, conformal, and able to be integrated with soft curvilinear tissue structures such as the brain and 

the heart [39].  

The advances in organic electronics have generated a vital and growing interest in searching for new 

materials which can potentially revolutionize future electronic applications. On one hand, there are 

synthetic molecules such as DPP pigments which are designed for specific applications and as a rule have 

relatively high and tuneable efficiency. On the other hand natural systems may provide less effective 

performance however with more versatile applications. The advantage of the latter group is their 

renewability, low-cost production and compatibility with the environment. In order to use natural systems 

in organic electronic and other applications it is necessary to understand their behaviour. Bettinger et al. 

published  “mini-review”  about  biomaterials-based organic electronic devices and demonstrated utilization 

of different type of biomaterials in this field [40]. 

Natural systems which were studied in the context of my work for potential application in organic 

electronics are: 
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a) natural pigments (humic substances), 

b) naturals biopolymers (DNA).  

DNA nucleotides were used as a perfect model system with precisely defined structure. On the contrary, 

humic acids represent bigger system with very complex structure. Structures of humic substances and 

DNA are in Figure 18. 

 

Figure 18 Structure of natural systems (a) DNA, b) humic substances) [59], [63]. 

 

2.5.6 Humic substances 
Humic  substances  (HSs)  belong  to  the  most  widely  distributed  organic  substances  on  the  Earth’s  surface.  

They are ubiquitous in soils, waters, sediments, peat and younger types of coals [60]-[63]. An alleged 

absence of a well-defined structure characteristic for humic substances appears to be a remaining stumbling 

block for acceptance of the compounds as discrete chemical entities [64]. From the chemical point of view, 

HSs consist of a mixture of predominantly amphiphilic, aliphatic as well as aromatic molecules [63]. Mainly 

the latter are light-absorbing moieties involved in a number of photochemical natural processes and have 

been reported to play an important role, among others, in the fate of chemicals [65], [66]. 

Macroaggreagates of humic substances contain a wide spectrum of conjugated olefinic, aromatic, phenolic-

semiquinone-quinone structures with functional groups (–C=O, –COOH, –OH, –NH–, –NH2, –N=) and 

chromophores  that  are  capable  of  absorbing  electromagnetic  radiation  up  to  about  λ=1.5 mm [65], [66], 

[67]. Physical structures of different substances in humic acids (HA) might be key factors influencing their 

particular photochemical behaviour. It is well-known that chlorophyll in plants plays a key role during their 

living period. Under sunlight irradiation, chlorophyll might result in a series of electron transfer steps due 
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to the presence of extended π-conjugated structure, and thus it could affect the transfer and transformation 

of other coexisting organic compounds. After their life cycle finishes, plants gradually decompose and 

become smaller organic substances (humic substances) through humification. Some basic chemical units or 

groups in the original plants would remain in humic substances. Therefore, it is reasonable to expect that 

chlorophyll-like structures might exist in humic substances [68]. Other precursors of humic substances are 

lignins. Lignin is one of the most important precursors of humic acids. It has been recognized and recently 

confirmed that native lignin can conduct the electric current [69], [70]. The mechanism is considered as the 

“mixed  type”  while  the  greatest  contribution  is  made  by  the  electronic  and  ionic  components  [69]. Some 

works indicate the existence of repeating units in native lignin (which might be the reason of the formation 

of   π-π   interactions   between   lignin   monomers)   facilitating   the   charge   transfer   along   the   polymer.   The  

structure of lignin, however, strongly depends on the extraction conditions and obtaining of the 

reproducible structure on microscale level is very demanding [69]. Recently, some other natural materials 

were reported to present semiconducting properties, such as terpenoid molecules [71], the indigo based 

compounds family and its (further synthetic) derivatives [72], as well as engineered, but non-toxic and air-

stable hydrogen bonded pigments derived from the acene molecules (such as epindolidione and 

quinacridone) [73].  

A numbers of authors became interested in humic substances as material which can be used in electronic 

applications. Venancio et. al studied interaction between HSs and conducting polymers for sensor 

application, they studied solution of these materials as well as thin films [74]. Also large numbers of articles 

were published about optical and electrical properties of HSs in solution. Richard et al. published work about 

role of low molecular size fraction of soil humic acids for fluorescence and photoinductive activity [75]. 

Aguer et al. studied differences of photoinducive properties in commercial, synthetic and soil-extracted 

humic substances [65]. Wandruzska et al. investigated dynamic conductivity in humic and fulvic solutions 

[76]. Very interesting work was done by Yu et al. when they separated phtalocyanine-like substances from 

humic acids, phtalocyanines are dyes and pigments which are widely used in organic electronics [66]. Silva 

et al. published article where carbon paste electrode for cyclic voltammetry were modified by humic 

substances [77]. Recently, the so-called lignosulfonates (LS) have been introduced as well. They are 

produced by controlled biodegradation of various (mainly paper-mill) organic waste materials and show 

similar composition and properties as humics [78]. Lignosulfonates are nowadays similarly emerging in the 

bioorganic electronics field, for example as conjugates with Ag-nanoparticles (for heavy metal (mainly Ni2+) 

ion spectrophotometric sensing and employable also as nanoparticulate films) [79], composites with poly(o-

methoxyaniline) [80], again as dopants for poly(pyrroles) [81] or coatings with poly(pyrrole) for cotton fabric 

supercapacitor electrodes [82]. 
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Humic substances (humics) can be viewed as a supramolecular system of various molecules originating from 

dead animal bodies and plant tissues. Due to a myriad of transformation processes they got a unique 

structure with versatile functions in environmental systems, mainly in soils [83]. Lovley et al. showed the 

role of humic substances, the most important part of soil organic matter, as a shuttle of electrons which 

underlines the importance of functionalized aromatic moieties in soil oxidation-reduction reactions [84]. 

The most abundant aromatics in humic acids are various conjugated and quinoid moieties, while the 

quinones can serve as both electron acceptors (A) and (in case of hydroquinones, phenols or indoles) as 

electron donors (D) [84], [85]. Humics exhibit a high absorption without any distinct bands, while the 

absorption coefficient is increasing exponentially with decreasing wavelength. Emission spectra are broad 

and featureless in solid state and with several maxima in liquid state along with the decrease in intensity 

and shift to the red region with the increase in excitation wavelength. Since luminescence originates from 

the lowest-energy excited state, the luminescence quantum yield (Φ) is independent on the excitation 

wavelength (λexc)   and   unlike   the  most   in   visible   region   absorbing   π→π*   organic chromophores, the Φ 

magnitude of humics is generally low [86], [87].  

Humic acids were found to stabilize carbon nanotube dispersion [88], solubilize C60fullerenes [89] as well as 

decrease the toxicity of Ag nanoparticles in aqueous solutions [90]. Recently, both the electron donating 

(and therefore antioxidant) capacities [91] as well as fully regenerable and sustainable (even in anoxic 

environments) electron accepting capacities of humics were re-confirmed again [92]. 
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2.5.7 DNA 
One of the materials which attracts attention of researcher in the field of organic electronics is DNA. DNA 

is one of the most important biopolymers. DNA contains the genetic instruction used in development and 

functioning of all known living organisms. DNA is very interesting material of nano sizes with fascinating 

properties which are unique just for DNA. DNA belongs among self-assembly materials. It is considered the 

use of DNA for conducting electrical current in future molecular electronic elements. Conductivity 

properties of DNA probably will find their place in the actual detection and analysis of DNA, rapid 

identification of pathogens in humans, animals and plants [93]. Charge transport in DNA was investigated 

by Giese where electrons migrate over long distance along DNA in a multistep hopping process. Electron 

transport rate is not determined only by each hoping step but also by reactions with water. It was also 

observed that DNA-binding enzymes influences charge transport [94]. But the question of single step is not 

still clear. Individual DNA bases were studied for application in OFETs by Irimia-Vladu et al. They used 

guanine with C60, Cytosine with C60, Aluminium oxide-adenine-C60/pentacene, Aluminium oxide-thymine 

with C60, Aluminium oxide-guanine/adenine-indanthrene, Aluminium oxide-adenine/guanine-perylene 

diimide. They showed that different type of of nucelobases can be used in OFETs [95]. Stadler et al. also 

used DNA as gate dielectric in n-type and p-type OFETs [96]. Currently published researches deal with 

several controversial issues of the DNA conductivity and charge transport. There are results of DNA as a 

conductor [97], semiconductor [98] as well as insulator [99]. These different conclusions can be caused by 

differences between samples or environment of measurement and used technique.  

 

2.5.8 Charge transfer in DNA 
The first observation that oligonucleotides might serve as pathway for charge migration-transfer along or 

through molecules-was published over 40 years ago [100]. Four major forms of DNA are double stranded 

and connected by interactions between complementary base pairs. These are terms A-form, B-form, C-form 

and Z-form DNA. As a pathway for charge transfer serves a B-form of DNA (different forms of DNA are shown 

in Figure 19 and Table 4). B-form is the most common form, present in most DNA at neutral pH and 

physiological salt concentrations. Charge transfer in DNA is subject of interest for decades and the study of 

this problem brings a lot of contradictory results and is still debated. Whether charge transfer reactions can 

be incorporated into the design of new molecular electronic devices depends upon a clear understanding 

of these questions. That is why the study of charge transfer through DNA is so important. Charge transfer 

has been investigated by various experimental techniques [100], [104], [109]-[115], [132]-[136].  
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Table 4 Conformation of DNA [101]. 

Form of DNA Description 

A-form 10.9 nucleotides per turn, right-handed 

B-form 
10–10.5 nucleotides per turn, the most common, 

right-handed 

C-form 9.3 nucleotides per turn, right-handed 

Z-form 12 nucleotides per turn, left-handed 

 

 

Figure 19 Different conformations of DNA. 

 

Nowadays the most important question is not whether DNA can mediate long range transport but how DNA 

mediates charge transport, how DNA structure and sequences affect transport and if it is physiologically 

important.  
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The  molecular  π-stack of DNA double helix shares some characteristics with solid state stacked materials, 

but there are also critical differences. For   instance,  unlike  solid  state  π-stacked systems, DNA is a highly 

dynamic molecule, and undergoes dynamic motions on a timescale from picoseconds to milliseconds. The 

structure of DNA is constantly modulated by the close interactions of water molecules and counterions. The 

electronic   coupling  within   the   π-stack,  which   is   necessary   for   the   conductivity   of   all   π   systems,   is   very  

sensitive to the motions of bases. The  π-stack consists of four distinct bases that generate variations in 

redox potentials and electronic coupling along the helical axis. Consequently, CT in DNA is highly dependent 

on the conformational dynamics of DNA (conformational dynamics modulate base-stacking interactions, 

redox potentials, and electronic coupling between DNA bases) and is much more complicated than in solid 

state materials [102], [103]. 

2.5.9 Studying of charge transfer in DNA (experimetal approaches and assemblies) 
It was already mentioned above that different conclusion in charge transport in DNA can be caused by 

differences between samples or environment of measurement and used technique. In general, various 

techniques for characterization of charge transport in DNA were reported: 

Physical techniques 

The first studies involved physical measurements of current flow in DNA fibers and solid gels-direct 

measurement of conductivity. These experiments led to different conclusions related to the conductivity of 

DNA: superconductor, conductor, semiconductor and even isolator [100], [104]. Fink et al. used more 

sophisticated method for studying charge transport and reported direct measurements of electrical current 

as a function of the potential applied across a few DNA molecules associated into single ropes at least 

600 nm long and their conclusions indicate that DNA is good semiconductor [105]. But still these physical 

studies gave contradictory results 

Probes and assemblies 

Chemists have focused on photophysical and photochemical studies of well-defined oligonucleotide 

assemblies. These assemblies contain donors and acceptors-redox probes and CT is measured with 

fluorescence quenching [106]. Since the first photochemical experiments were carried out more than 20 

years ago [107], [108] a whole range of donors and acceptors bound to DNA have been employed to 

characterize charge transport through DNA. Among the redox probes, metallointercalators played an 

important role [109]-[115]. The essential question was how to control location of donors and acceptors 

along the double helix. The first experiment involving tethered metallointercalators was reported in 1993 

[106]. Due to these experiments the importance of stacking was proved, for the first time in 1995 by Meade 

and Kayyem [116]. Importance of stacking of DNA was then reported in other articles [106]-[108] [117], 
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[118], [121]-[125]. These studies demonstrate that effective CT reaction with a shallow distance 

dependence can take place with donors and acceptors that are well coupled with the base pair stack 

through intercalation. Experiments with well-characterized assemblies became crucial in characterizing 

DNA charge transport.  

Also using DNA bases (modified bases) themselves as reactants, the donors and acceptors is another 

possibilities in study of charge transport in DNA (Figure 20). Modified bases serve for tuning of redox 

properties [126], [127], [128] chemical reactivity and photophysics of the bases with minimal impact to DNA 

structure and dynamics. The modification of DNA bases lowers the oxidation potential of the bases. For 

example inosine, a guanine analogue lacking the exocyclic amine, is 200 mV more difficult to oxidize than 

ordinary guanine [129].  

Studies with DNA bases or modified DNA bases served as foundation for experiment using photooxidants 

for   exploring   DNA   charge   transport   and   established   “chemistry   at   distance”   on   DNA   [119], [120]. 

Photophysical studies that involved direct reaction with DNA bases were also carried out. These 

experiments allowed measurements of reaction rates and yields [126]. 

In our studies we used 2-Aminopurine (analogues of adenine). 2-Aminopurine (Ap) is modified base paired 

and stacked in DNA and is very similar to adenine but 2-Aminopurine has high fluorescence in solution 

(natural DNA bases are essentially non-fluorescent) [130], [131]. Due to 2-Aminopurine, it is possible to 

selectively excite and create photooxidant on the DNA chain – Ap: E0(*/-) ≈ 1.5 V [129]. Fluorescence emission 

from Ap is sensitive to the DNA environment. 

 

 

 

 

Electrochemistry using DNA films 

Another tool to describe charge transport in DNA has been electrochemistry experiments in DNA films 

[132]-[136]. The construction and application of self-assembled monolayers with redox-active probe 

molecules on gold electrode surface has enabled the systematic evaluation of charge transport as a function 

of distance, sequence, and base-stacking using electrochemistry. Barton and coworkers used DNA-modified 

gold electrodes, which contained well-packed DNA duplexes and bound intercalators as redox probe. Study 

Figure 20 Structures of modified DNA bases: a) 2-Aminopurine, b) Inosine, c) Methylindole. 
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of intercalator reduction was monitored using cyclic voltammetry, chronocoulometry, and other common 

electrochemical methods [133]. Charge transport in these studies is not measured using photooxidation but 

the efficiency is measured using intercalator reduction through DNA-mediated charge transport. These 

studies prove that DNA can serves as a medium for rapid, long-range transport. In a typical configuration, 

redox-active head groups are attached to thiol-terminated alkyl chains of variable length, and are 

subsequently self-assembled into well-ordered monolayers on a gold surface (Figure 21). Electrons (or 

holes) are then pushed through the linker to the head group, and the rates of charge transport are measured 

by evaluating the resulting electrochemical current. Disadvantage of electrochemical studies is that 

processes occur on much longer timescale than photochemical systems and involve reactants in ground 

electronic states. As a result, they provide complementary information about charge transport in DNA. 

 

   

 

 

 

 

 

 

Biochemical measurements of oxidative damage 

The most common biochemical technique is to use probe for oxidative damage in DNA. Such damage is 

observed primarily at guanine (G) (predicted by theoretical and experimental studies which have 

determined that G is the most easily oxidized base). The specific residues of damage, usually  the  5’  G  in  a  

5’-GG-3’   or   5’-GGG-3’   sequence,   are   correlated  with   the  oxidation   potential   of  G   in   different   sequence 

contexts [137], [138]. 

In these biochemical studies, photooxidants are appended to a DNA duplex at a given site spatially 

separated from guanine doublet or triplet sites, the targets for oxidative damage; the yield of oxidative 

damage can then be analyzed as strand breaks using gel electrophoresis [139]. 

 

Figure 21 DNA self-assembled monolayers on a gold surface [133]. 
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Contribution and advantage of this method: 

a) prove that charge transport can occur over long distance (200 Å) [140], 

b) such transport may be factor leading to the DNA damage within the cell [141], 

c) ability to observe the final chemistry results initiated by charge transfer: chemistry at distance, 

d) these studies formed basis for much more work that followed these experiments. 

 

Photophysical studies of DNA-mediated charge transport. 

The interaction between light and DNA is a thematic issue for long time. Nevertheless, the photo science of 

DNA is inactive until the double-helical structure of DNA was discovered in 1953. Especially in recent years, 

the development of spectroscopic and computational techniques have brought immense interests into this 

field. When exposed to ultraviolet (UV) light, the nucleic acids are promoted to the excited electronic states. 

Fortunately, DNA is intrinsically photo-stable and it can dissipate the excess electronic energy before photo-

reaction happens. This photostability arises from the intrinsic geometric and electronic structures, which 

are the result of evolution. There are great efforts by different groups in understanding the relaxation 

pathway of excited electronic states in DNA, and lots of proposed factors, such as base pairing, base 

stacking, exciton and excimers, or charge and proton transfer, are still under debate. 

One of the most useful method employed to study of DNA charge transport has been spectroscopy (time-

resolved and steady state-spectroscopy).  

In work of Treadway et al. a hole donor was excited by near visible or far UV light. This created an excited 

state which had enough energy to oxidize a hole acceptor located somewhere else along the DNA double 

helix. Examination of excited-state lifetimes allowed them to determine the timescale for charge transfer 

events. They found out that faster electron transfer depleted the donor excited state population more 

rapidly than the same population in the absence of the acceptor, showing up in time-resolved emission 

spectra as a faster decay. Time-resolved transient absorption gave them a chance to identify spectrally the 

charge transfer intermediates and search for back electron transfer events [142]. 

In another work Lewis et al. studied the dynamics of photoinduced charge separation and charge 

recombination processes in synthetic DNA hairpins. It has been investigated by means of femtosecond 

transient absorption spectroscopy [143].  
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Larsen et al. DNA studied DNA hairpins in which individual adenines were replaced by their fluorescent 

analog 2-Aminopurine (Ap). The temperature dependence of the time evolution of polarized emission 

spectra was monitored with picosecond time resolution. Four isotropic decay components for each 

oligonucleotide indicated the coexistence of at least four conformations. The fluorescence for three of these 

was significantly quenched, which is explained by hole transfer from Ap to guanine(s). An approximately 8-

ps component was ascribed to direct hole transfer, the approximately 50-ps and approximately 500-ps 

components are ascribed to structural reorganization, preceding hole transfer [144]. 

In our study, a hole donor was excited by near visible or far UV light and this created excited states of hole 

donor which had enough energy to oxidize a hole acceptor which was located along the DNA double helix.  

 

2.5.10  Mechanism of charge transfer in DNA 
Scientists discovered that DNA double helix is efficient medium for charge transfer, the mechanism of 

charge transfer remains still unclear and controversial. For example distance dependence was observed in 

the measurement of DNA CT over short distances [145], [118], [146] but on the other hand, oxidative 

damage experiments shown shallow distance dependence in long range DNA CT [140]. It is very important 

to understand how charge transfer proceeds through DNA so two main theories have been proposed (and 

also theories which combined both of them). It is important that energetic level of the DNA bridge in relation 

to the energetic levels of donor and acceptor determines molecular wire-like behavior or charge transfer 

via the superexchange mechanism (Figure 22) [147], [148]. 

 

 

 

 

 

 

 

 

Figure 22 Comparison of charge transfer via superexchange and via molecular wire [148]. 
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Superexchange (tunnelling theories) 

From Figure 22 it can be seen that the bridge states energy lies above the level of donor, consequently the 

electron is transferred in one coherent jump and is never localized within the bridge. Charge tunnels from 

donor to the acceptor through the bridge in nonadiabatic process. Tunnelling mechanisms predict that the 

rate of the charge transport will decrease exponentially with distance between donor and acceptor.  

Multistep hopping theories 

For hopping mechanism the situation is different. The bridge states are energetically comparable to the 

level of donor and the electron is localized within the bridge and moves incoherently to acceptor and, the 

distance dependence is expected to be much more shallow. If the rate of charge migration is faster than 

trapping, the charge should be able to migrate over long distances before getting trapped (Figure 23). 

Among the four bases, guanine has the lowest oxidizing potential and guanine can be easily oxidized [149]  

 

 

 

 

But sometimes it is not accurate to describe charge transfer in DNA by simple hopping or superexhange 

mechanism. Models derived solely upon base energetics do not provide a reasonable rationale for the 

sensitivity of charge transfer to sequence-dependent structure and dynamics. So alternative mechanistic 

proposals were suggested: 

 

 

Figure 23 Superexchange and multistep hopping mechanism of charge transfer, r is distance between donor 

and acceptor, E is crucial parameter to describe the distance dependence of transfer in DNA (for hole 

transfer it can be found in a wide range from 0,1 Å to 1.5 Å). 
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1. Domain hopping mechanism 

Barton and co-workers proposed model where charge migrates through the DNA bridge among 

delocalized domains. All bases are involved in charge transfer. DNA domains can be described as 

extended S-orbitals formed transiently depending on DNA sequence and dynamics. Charge is 

transiently delocalized over domains depending upon their sequence and dynamical motions 

Charge hopping and propagation are gated by sequence dependent DNA flexibility, allowing charge 

transport from one delocalized domain to the next [150] (see Figure 24).  

 
 

 
 
 
 
 
 
 

 

 

2. Phonon-assisted polaron-like hopping mechanism 

Domain hopping model is distinct from models which invoke polarons (polaron is a structural 

distortion created by a charge over which the charge can delocalize; this creates a shallow energy 

minimum in which the hole becomes self-trapped). This polaron model was proposed by Schuster 

and co-workers. In this model, a transient polaron is formed upon the injection of charge, and the 

polaron migrates through DNA as a consequence of normal vibrational fluctuations (phonons). This 

model accommodates the fact that DNA is a dynamic structure on the time scale of charge transfer. 

It also implies that the injected charge is the cause of such distortion [151]. 

 

3. Combination of superexchange and hopping mechanism 

One interesting proposal was described by Meggers and co-workers in 1998 [152]. This mechanistic 

consideration is based on the sequence dependence of DNA. It was proposed that charge transport 

occurs by hopping between guanine bases and tunnelling through intervening TA (thymine-

adenine) steps. 

 

 

 

Figure 24 Domain hopping mechanism. 
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2.5.11  Parameters affecting charge transport in DNA 
As already mentioned, DNA behaves as insulator, semiconductor and even conducting wire. This 

heterogeneity of results tells us that charge transport is affected by various effects and parameters:  

Perturbations to the S stack and stacking 
One  way  to  disrupt  the  flow  of  charge  to  distal  sites  down  the  helix  is  to  introduce  disorder  into  the  π  stack.  

Perturbations represent defects and perturbations disrupt the flow of current [121]. Examples of 

perturbations are shown in Figure 25.  

 
 
 

 

 

 

 

 

 

 

 

A single-base mismatch in DNA, where bases opposing one another in the duplex do not represent Watson-

Crick A-T or G-C pairs, provides such a perturbation in the base stack. The sensitivity of DNA charge transport 

to intervening mismatches was realized first in photophysical experiments. The experiments with 

mismatches and perturbations established important points: 

a) The path of the charge transfer is through the DNA double helix. 

Figure 25 a) A 3-base bulge disrupts the S-stack and decreases the yield of guanine damage at a distal site, 

b) C-A (cytosine-adenine) mismatch inhibits fluorescence quenching whereas well-stacked G-A (guanine-

adenine) mismatch efficient quenching, c) mismatches prevent reduction of the intercalator methylene blue 

in DNA duplexes tethered to a gold electrode, d) poorly stacked mismatches inhibit oxidative charge 

transport.  
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b) Stacking of the bases is critical if DNA is to serve as a medium conductive to charge transport. 

The efficacy of charge transport through a given DNA mismatch was found to correlate simply with how 

well the bases in the mismatch are stacked within the helix. 

It was proved that DNA charge transfer is extremely sensitive to base pair stacking. The importance of the 

stacking of the electron donor and acceptor within the DNA base stack was highlighted in experiments 

measuring base-base electron transfer [129]. Base-base electron transfer also established that in B-DNA 

duplexes the rate of intrastrand electron transfer is ~ 100 times faster than interstrand transfer. The 

preference for intrastrand transfer is understandable based upon the structural constraint of intrastrand 

but not interstrand base stacking in B-DNA. First experiments have shown that stacking by intercalators 

generally yielded more efficient DNA charge transport. Conversely, donors and acceptors that were poorly 

coupled into the base pair stack showed, at best, inefficient charge transport [154], [153], [154]. 

 

Influence of Hg 
The ability of oligonucleotides to mediate charge transfer provides the basis for novel molecular devices 

and plays a role in the processes of sensing and repair of molecule damage. Giese published a paper where 

he described that guanine triplet sequence tends to undergo on electron oxidation reaction and charge 

transfer can move through the adenine-thymine base pair [155].  

One of the most promising approaches to modifying DNA properties is to form metal-DNA complex. Matsui 

et al. used Pt complex (cisplatin, antitumor drugs), Pt was located on N7 atom of guanine (outer region of 

the duplex) and caused distortion of DNA structure [156]. Recently a lot of papers dealing with incorporation 

of Hg in structure were published, for example Tanaka et al. [157], Yamaguchi et al. [158],  Šebera  et  al.  

[159], Kondo et al. [160], Kratochvílová et al. [161], Uchiyama et al. [162]. DNA/Hg complexes play important 

role in probing defects in the DNA or the presence of Hg in the environment, for example designing of 

devices for possible application in DNA-based biosensors [163].  

Properties of DNA in the presence of Hg: 

x Thermally induced transition profile of duplex containing the T-T mismatch is shifted to higher 

temperature in the presence of Hg(II) ions [164]. 

x The T-HgII-T is even more stable than Watson-Crick A-T [164], [166], [167]. 
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3  SUMMARY  OF  THE  STATE  OF  THE  ARTS 
x Humic substances (HSs) belong to the most widely  distributed  organic  substances  on  the  Earth’s  

surface, other precursors of humic substances are lignins. 

x Native lignin can conduct the electric current. 

x Some other natural materials were reported to present semiconducting properties, such as 

terpenoid molecules, the indigo based compounds family and its (further synthetic) derivatives, as 

well as engineered, but non-toxic and air-stable hydrogen bonded pigments derived from the 

acene molecules (such as epindolidione and quinacridone).  

x Humic acids were found to stabilize carbon nanotube dispersion, solubilize C60fullerenes as well as 

decrease the toxicity of Ag nanoparticles in aqueous solutions.  

x Humic substances were successfully studied for electronic application. 

x DNA is one of the most important biopolymers. 

x DNA is very interesting material with nanosized structure with fascinating properties which are 

unique just for DNA. 

x The first observation that oligonucleotides might serve as pathway for charge migration-transfer 

along or through molecules-was published over 40 years ago. 

x The  molecular  π-stack of DNA double helix shares some characteristics with solid state stacked 

materials. 

x CT in DNA is highly dependent on the conformational dynamics of DNA (conformational dynamics 

modulate base-stacking interactions, redox potentials, and electronic coupling between DNA 

bases) and is much more complicated than in solid state materials. 

x Different conclusion in charge transport in DNA can be caused by differences between samples or 

environment of measurement and used technique. 

x More theories about mechanism of charge transfer in DNA have been proposed (and also theories 

which combined both of them) – superexchange, multistep hopping, domain hopping, phonon-

assisted polaron-like hopping theories. 
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4  GOAL  OF  THE  DOCTORAL  THESIS 
The aim of this work is to contribute to the knowledge of the problematic of biomaterials which can be 

potentially used in organic electronic applications. As it can be seen in the above-mentioned paragraphs, 

the potential humic substances and DNA applied in organic electronics and photonics is enormous. 

Therefore, the main goal of this work is the detail studies of optical and electrical properties of these 

materials with focus on charge transfer processes in DNA. Although humic acids are object of many studies, 

they possess a hidden potential and it is an unexplored area in the field of organic electronic. On the other 

hand, utilization of DNA for electronic application is widely studied but there are still some questions which 

have to be solved and deepen.  

Optical methods, fluorescence spectroscopy, time-resolved spectroscopy and spectroscopy in UV-VIS area 

were used for investigation of charge transport in DNA. Dependence of fluorescence on temperature was 

used for investigation of charge transport in DNA. 

Basic optoelectrical methods (j-V characterization) and also advanced techniques (impedance spectroscopy) 

were used to describe electrical properties of humic acids. 

Also preparation of defined humic layers was one of the goal of this work.  

Goals of the work are summarized in next chapter: 

1. describe of the state of the art in the area of application of humic acids and DNA in organic 

electronics and photonics, 

2. develop and optimize procedure of preparing of thin layers from humic acids with defined thickness, 

3. electrical characterization of prepared layers, 

4. study of charge transfer in DNA through optical characterization (optical spectroscopy in UV-VIS 

area, fluorescence spectroscopy, time resolved spectroscopy), 

5. reveal difference in charge transport between DNA/DNA and RNA/DNA duplexes, 

6. study impact of mercury and temperature on charge transport in DNA. 

Besides this work a variety of other materials such as DPP, humic substances, DNA materials were 

characterized, subsequently the results were published in international journals [1], [2], [4] and conferences 

[1]-[8]. 

However, in order to the keep the recommended range of the thesis as well as their cohesion and focus, 

the results are not included in this thesis. 
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5  EXPERIMETAL  PART 
In experimental part I focused on two promising materials for organic electronics – humic substances and 

DNA materials. This part of work deals with description of used materials, sample preparations and 

characterization methods which were used in experiments to achieve new information about charge 

transport in DNA and in study of potential application of humic substances in organic electronic application.  

5.1 HUMIC SUBSTANCES 
Humic substances (HSs) belong to the most widely distributed organic substances on the Earth’s  surface.  

They are ubiquitous in soils, waters, sediments, peat and younger types of coals [60]-[63]. Some interesting 

facts about humic substances were already mentioned: 

x Czech Republic has relatively large deposits of lignite, the best resources for the humic acid 

extraction, it makes Czech republic an ideal country for the research and production of humic 

substances.  

x  Faculty of chemistry has long history in study of humic substances, and over the years it has been 

found that number of properties (for example structure, optical properties etc.) is very similar to 

properties of materials which are used and studied for application in organic electronics. 

x It is possible to prepare thin layer of humic substances (important precondition in organic 

electronics). 

x  I focused on study  of  “basic”  parameters  of  humic  substances which could be useful for application 

in organic electronics – optical and optoelectrical properties. 

 

This work should demonstrate the semiconductive properties of humic substances in order to show their 

future perspectives in organic bioelectronics. A novel preparation of thin layers of humic substances by spin-

coating and material printing is reported to show such characteristics. Simultaneously, the modulated 

charge transport in humic substances reveal their unique property such as a cascade quenching of exited 

states assumingly important for natural processes such as adsorption and quenching of high energy 

irradiation and its transformation into energies more compatible with soil microorganisms.  

For   the   experiments,   parental   lignite   (mine   Mír,   Mikulčice,   owner   ÚVR   Mníšek   pod   Brdy,   a.s.,   Czech  

Republic) humic acid and humic acid extracted from pre-oxidized (regenerated) lignite were used. For pre-

oxidation, lignite was mixed with the oxidizer (nitric acid conc., p.a.) 1:10 w/w and kept for 30 minutes at 

30 °C. For the conc. nitric acid treatment a round bottom flask with a reflux Allihn condenser and an 

ice/water cooling bath were used due to strong heat evolution. Then, the mixture was filtered and the solid 

part was used for extraction of regenerated humic acids. Extraction was performed using slightly modified 
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method of Swift [60] (shortly the humic material was extracted from lignite utilizing the mixture of 0.5 M 

NaOH and 0.1 M Na4P2O7; the liquid part was separated using ultracentrifuge, purified using hydrofluoric 

acid, dialyzed against distilled water until chloride free, converted into K+ salts and freeze-dried; the same 

extraction procedure was used for parental lignite). Details can be consulted with the paper of Dr. David et 

al. [61].  

All the chemicals employed were of analytical grade and purveyed from either Lach-Ner or Penta Chemicals 

(Neratovice and Prague respectively, Czech Republic), or SigmaAldrich Co., Steinheim, Germany. Humic 

substances materials are more described in Table 5.  

Table 5 Description of humic substances. 

Materials Description Solubility in water 

KHA Potassium humate from parental lignite YES 

LS Potassium lignosulfonate from AMAGRO s.r.o. YES 

RHA65N Humic acid from lignite regenerated by conc. HNO3 NO 

KRHA65N Potassium humate from lignite regenerated by the 

conc. HNO3 

YES 

KRHA40N Potassium humate from lignite regenerated by the 

40 % HNO3 

YES 

KRHA20H Potassium humate from lignite regenerated by the 

20 % H2O2 

YES 

KRHA10H Potassium humate from lignite regenerated by the 

10 % H2O2 

YES 
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5.1.1 Samples 
Two types of samples were prepared: 

1) samples for optical measurements and for measurement of thickness (morphology) – thin films,  

2) samples for optoelectrical measurements – structure substrate/electrode/active layer/electrode, 

examples of samples are depicted on Figure 26.  

 

Figure 26 Example of samples for photovoltaic measurement: A – structure prepared under ambient 

conditions, B – encapsulated prototype made on Ossila´s substrate, made in glovebox (controlled 

conditions). 

Solutions of humic substances 
Solutions which were used for preparation of thin layers of humic substances were prepared in ordinary 

chemical laboratory under ambient atmosphere, room temperature (25 °C), atmospheric pressure and 

without special requirements against the dust. The concentration of humic substances were 5, 10 and 

15 g·∙L–1, humates were dissolved in water and humic acids was dissolved in N,N-dimethylformamide (DMF, 

≥99 %, SigmaAldrich Co., Steinheim, Germany). 

Solid samples of humic substances 
The samples in many cases were prepared in same way as solutions (ordinary chemical laboratory) but in 

November 2012 new class C clean rooms (clean lab) have been opened. The clean lab is equipped with MB-

200B MBRAUN gloveboxes (M. Braun Inertgas-Systeme GmbH, Garching, Germany), it is depicted on Figure 

27. Gloveboxes have allowed the preparation of samples in nitrogen atmosphere with minimal content of 

oxygen and water (less than 0.1 ppm). Amount of dust in glovebox is also reduced due to tidiness of clean 

lab. Samples prepared in glovebox were encapsulated under epoxy resin (EE1 Encapsulation epoxy, Ossila) 

and glass for their protection. Epoxy resin was cured for 30 min under ultraviolet light. 
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Figure 27 Cleanlab with gloveboxes. 

 

Morphology and thickness measurements of humic substances were realized on glass sided or glass 

substrate with ITO (indium tin oxide) electrode. The glass had to be pre-treated by the ultrasonic cleaning 

in baths: 

1. detergent Neodisher (Miele, Inc., NJ, USA), 10 minutes, 

2. deionized water (20 minutes), 

3. acetone (p.a.) and isopropyl alcohol (p.a.) (10 minutes).  

Also glass substrate with ITO for optoelectrical measurement had to be treated by the ultrasonic cleaning 

bath. Substrates were supplied by Sigma Aldrich or Ossila companies. Preliminary experiments were carried 

with Sigma Aldrich substrates and it was necessary to shape the ITO electrode by bleaching in mixture of 

HCl with elementary zinc. Substrates with ITO were cleaned by the same procedure as normal glasses. Glass 

substrates with ITO from Ossila was also pre-treated by the same way as normal glasses. 

Deposition methods 
For deposition of thin films of humic substances we chose two methods: 

a) spin-coating methods 

b) inkjet printing (Material printing). 

For deposition of Al or Au electrodes we used vacuum deposition.  
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Spin-coating 

Spin-coating is the most used laboratory technique for deposition of thin films from solution. For spin-

coating, the KW-4A spin coater (Chemat Technology, Northrigde CA, USA) was set at 400 rpm for 15 seconds 

and further 1 000 rpm for 1 minute. The 15 g·∙L–1 potassium humate aqueous solutions (KHA and KRHA65N) 

were filtered through the 0.45 μm  PTFE  syringe  filters  (ThermoFisherScientific,  Pardubice,  Czech  Republic)  

and spin-coated onto ITO glass substrates (indium tin oxide, SnIn2O3; Ossila Ltd., Sheffield, United Kingdom) 

in clean lab environment. 

 

Figure 28 Spincoater. 

Inkjet printing 

Alternative deposition methods from solutions were studied – the inkjet printing (material printing). For 

printing by means of DMP 2831 material printer (Fujifilm Dimatix Inc., Santa Clara, CA, U.S.A.) – Figure 29, 

the protonized form of humic acid was chosen and dissolved in the 15 g·∙L–1 concentration in N,N-

dimethylformamide (DMF, ≥99 %, SigmaAldrich Co., Steinheim, Germany) and blended with common inkjet 

ink solvent - ethylene glycol monopropyl ether (propoxyethanol) (99.4 %, SigmaAldrich Co., Steinheim, 

Germany) – in order to condition the ink viscosity, surface tension and to prevent cavitation as well as 

clogging of the jets. The solutions were filtered through 0.45 μm  PTFE  syringe  filters  and  transferred  via  

syringe into 2 mL Dimatix Materials Cartridge to which was subsequently attached the 16-nozzle 10 pL 

piezoelectric jetting printhead. Further, the cartridge with printhead was mounted into the printer. Drop 

formation process was controlled employing the stroboscopic camera; while another fiducially camera was 

employed for precise substrate positioning and aligning of subsequent print layers. The drop formation tests 

showed that only the RHA65N humic acid DMF solution was printable. 

During inkjet printing on a nonporous, non-absorbing surface, the surface tension of printed ink and the 

surface energy of the substrate have to closely match in order to ensure optimal wetting behavior and 

smooth, but well defined wet layer formation. Moreover, substrate temperature is also another crucial 
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factor influencing the printed wet layer formation [62]. Lower temperatures may result into slow drying and 

mottling, especially if the wetting behavior of the ink is not optimal. Ossila ITO coated glass slides were 

briefly heated up to 450 °C in a calcination furnace in order to burn out all organic contaminants and prime 

the surface. Cooled slides were washed in deionized water, dried in air flow and rinsed in 2 vol% ethanol 

solution of commercial aliphatic hydrocarbon   based   hydrophobization   agent   “Waterstop”   (TOKO   AG,  

Altstätten, Switzerland). This treatment, together with substrate heating to 60 °C during printing, improved 

the wetting behavior significantly. We were able to print fairly smooth and homogeneous layers of the one 

studied humic substances – the RHA65N. 

During  the  preliminary  testing  phase  the  optimal  printing  conditions  were  defined:  „Dimatix  Model  fluid  2“  

voltage profile waveform was used to drive the piezo elements of the printhead, 16 V driving voltage, nozzle 

temperature left at ambient temperature (cca 28 °C), nozzle span was set to 30 μm,  the  Ossila  ITO  glass  

substrates were treated according to previous paragraph conditions. All 16 nozzles of the printhead were 

used and the printhead was set up to sabre angle of 10 °. 

 

Figure 29 Material printer Dimatix. 

Vacuum deposition 

Vacuum deposition technique was used for preparation of Al or Au electrodes. Materials were sublimated 

in   initial   vacuum  2·∙10-4 Pa and were condensed again on the substrate, where their thin layer growed. 

Depositions  were  performed  in  the  U311B  Tesla  vacuum  evaporator  (Tesla,  Opočno,  Czech  Republic)  or  in  

the glovebox in MB-ProVap-5 vacuum deposition chamber from MBRAUN (MB-ProVap-5 vacuum 

evaporator MBraun GmbH, Garching, Germany), process was controlled via the SQC 310 TF evaporation 

controller with quartz microscales (Inficon Co., Syracuse NY, U.S.A.). Aluminum was evaporated from 

molybdenum boat with the rate of 0.1–0.2  nm·∙s–1 (Figure 30). 
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Figure 30 Vacuum deposition chamber:MB-ProVap-5 MBRAUN in glovebox. 

Post-Treatment 

Thin layers of humic substances were treated by thermal annealing (elimination of residual solvent in layer). 

The films were dried in vacuum and 60 °C for at least 1 hour (Vacuo-Temp vacuum dryer; J.P. Selecta s.a., 

Barcelona, Spain). 

 

5.1.2 Experimental methods 

Mechanical Characterization of Thin Layers of Humic Substances 
Efficiency, functionality of electronic devices in organic electronics is affected by properties of thin layers. 

It is mainly thickness of layers, morphology of layers and surface roughness.  

Thicknesses of prepared layers were measured in two ways: 

1. Confocal laser scanning microscopy (CLSM). 

2. Mechanical profilometry. 

CLSM  was  used  in  preliminary  test  for  investigation  of  thickness  of  thin  layers  (if  we  are  able  to  make  „thick“ 

layers). We used microscope LEXT OLS 3000, Olympus.  

In final experiments the layer thicknesses were determined on the Ossila ITO glass substrates using Bruker 

Dektak   XT   contact   profilometer   via   the   “Hills   &   Valleys”  measurement   setup,   in   the   range   of   6.5 μm,  

employing the 12.5 μm  stylus  with  0.3 mg force and the speed of measurement of 13–15 μm·∙s-1. 

Thin layers morphology (crystallinity, materials distribution and others) and quality in micrometer range 

were checked by the optical microscope Nikon Eclipse E200 (Nikon Corp., Tokyo, Japan).  
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Topography and surface roughness of the samples were investigated again on the Ossila ITO glass substrates 

exploiting the Atom Force Microscopy (AFM; Veeco Nanoscope V, Veeco Corp., Plainview NY, U.S.A.). The 

images were captured using tapping mode with phosphorus doped silicon probe having a force constant 

5 N·∙m–1 and tapping frequency 125–169 kHz. For each sample, the images were captured at four different 

points with a scan size of 2 µm × 2 µm.  

Optoelectrical characterization  
Optoelectrical methods (UV-VIS spectroscopy, current-voltage characteristic) were used to investigate 

fundamental electronic properties of studied materials. All methods used in humic substances research are 

first hint in this problematic and serve for clarification of properties which are important in the field of 

organic electronics. We focused on basic research which could be developed in consequential research. 

Absorption study of humic substances in UV-VIS area 

Optical properties of thin layers of humates were investigated by absorption spectroscopy in UV-VIS area. 

UV-VIS absorption spectra were obtained by Varian Cary 50 UV-VIS spectrometer.  

Characterization of electrical properties 

Electrical properties of thin layers deposited on Ossila ITO glass substrates contacted with aluminum Ossila 

electrical connection legs were investigated by means of current–voltage (j–V) characteristics in sandwich 

configuration using a Keithley 6487 picometer (Keithley Instruments Inc., Cleveland OH, U.S.A) generally 

from –2 to 2 V, with the step of 0.02 V and 0.5 s interval between voltage application and current 

measurement. The experiments were performed via the Ossila Pixelated Anode USB Test Board at room 

temperature in glovebox with N2 atmosphere (MBraun GmbH, Garching, Germany) and data were evaluated 

employing the in-house developed LabView application. Structure of the samples for electrical 

measurements is depicted on Figure 31.  

glass

ITO

humic acid / potassium humate

Al

 

Figure 31 Sandwich architecture of electrical properties measurements. 
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5.2 DNA DUPLEXES 
DNA is among the material that attracts attention of researcher in the field of organic electronics. At the 

same time, DNA is one of the most important biopolymers. It is considered as one of the materials that will 

be used for conduction of electrical current in future molecular electronic elements for bioelectronics 

applications. Conductivity properties of DNA probably will find their place in the actual detection and 

analysis of DNA, rapid identification of pathogens in humans, animals and plants [93]. Oligonucleotides 

conduct electric charge via various mechanisms and their characterization and understanding is a very 

important and complicated task. In our study temperature dependent steady state fluorescence 

spectroscopy and time-resolved fluorescence spectroscopy were combined to study charge transfer 

processes in DNA/DNA and RNA/DNA duplexes with virtually equivalent sequences. For this purpose we 

used DNA oligonucleotides with various base-pairing patterns. We wanted to show how the states and 

conformations of oligonucleotide chains might affect charge transfer. Specially, to distinguish the 

fluorescence quenching originating from charge transfer and the fluorescence quenching arising from 

different processes, the spectroscopic measurements were calibrated against redox-inactive sample, where 

guanine was replaced by inosine. Charge transfer could be used as a probe of even tiny changes of molecular 

structures and settings.  

Four general types of duplexes were studied: DNA/DNA composed of two DNA strands, RNA/DNA composed 

of complementary RNA and DNA strands. Donor-acceptor pair was always represented by 2-Aminopurine 

(Ap) and guanine (G). This pair was separated by two or three bases (it can be seen from Table 6). The 

duplexes containing the Ap-G pair are called redox active, in redox-inactive duplexes G is replaced by redox-

inactive Inosine (I). Ap represents an optically excitable fluorescent redox probe – a hole donor. The charge 

developed from Ap was trapped by hole acceptor G. In second part we also investigated the impact of 

mercury bonded to mismatched DNA bases (T-T and T-Hg(II)-T). 

To obtain information about the influence of metal incorporated in the DNA on the CT processes, we also 

investigated complexes of DNA with Hg. DNA-Hg complexes may play important role in sensing DNA defects 

or in detecting the presence of Hg in environment. A fundamental way of characterizing DNA-Hg complexes 

is to study the way the electric charge is transferred through the molecular chain. The main goal of this part 

of the work was to investigate the impact of mercury metal on charge transfer through DNA molecule and 

compare the findings with charge transfer efficiencies in standard DNA and DNA with mismatched T-T base 

pairs. For this purpose we also analysed the temperature dependence of steady state fluorescence of the 

DNA molecules. 
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We also examined absorption spectra in UV-VIS and near IR area for DNA/DNA and RNA/DNA duplexes. UV-

VIS spectroscopy was also used for establishing melting temperatures of the studied duplexes. The studied 

samples are described in Table 7. 

We also studied the influence of buffer on the observed charge transfer to account for the environment 

induced effects. For this purpose we used samples which are summarized in Table 8.  

The oligonucleotides were synthesized using the standard phosporamidite protocol. The synthesis was 

performed at Institute of Organic Chemistry and Biochemistry, Academy of Sciences Czech Republic by 

Ing. Ondřej  Páv,  Ph.D.  

Sequences which were used for comparison of charge transfer in DNA/DNA and RNA/DNA duplexes are 

described in Table 6. 

Table 6 Description of samples used for comparison of charge transfer in short and long DNA/DNA 
duplexes and RNA/DNA duplexes. 

Sample description Sequence 

DNA/DNA redox active (DNA-B2) 5´-d(TIA ITAp AAG TTA IA)-3´                                    

3´-d(ACT CAT TTC AAT CT)-5´ 

DNA/DNA redox inactive (DNA-B1) 5´-d(TIA  ITAp AAI TTA IA)-3´                                               

3´-d(ACT CAT TTC AAT CT)-5´ 

RNA/DNA redox active (RNA-A2) 5´-d(TIA  ITAp AAG TTA  IA)-3´                                     

3´-r(ACU CAU UUC AAU CU)-5´ 

RNA/DNA redox inactive (RNA-A1) 5´-d(TIA  ITAp AAI  TTA   IA)-3´                                     

3´-r(ACU CAU UUC AAU CU)-5´                                             

DNA/DNA long redox active 5´-d(ITA ITAp AAAG TTA IA)-3´                                 

3´-d(ACT CAT TTTC  AAT CT)-5´ 

DNA/DNA long redox inactive 5´-d(ITA ITAp AAAI TTA IA)-3´                                   

3´-d(ACT CAT TTTC AAT CT)-5´ 

RNA/DNA long redox active 5´-d(TIA ITAp  AAAG TTA   IA)-3´                                  

3´-r(ACU CAU UUUC AAU CU)-5´ 
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RNA/DNA long redox inactive 5´-d(TIA ITAp   AAAI  TTA  IA)-3´                                  

3´-r(ACU CAU UUUC AAU CU)-5´ 

 

Table 7 Used samples for UV-VIS spectroscopy in UV-VIS area. 

Sample description Sequence 

DNA/DNA redox active (DNA-B2) 5´-d(TIA ITAp AAG TTA IA)-3´                                    

3´-d(ACT CAT TTC AAT CT)-5´ 

DNA/DNA redox inactive (DNA-B1) 5´-d(TIA  ITAp AAI TTA IA)-3´                                               

3´-d(ACT CAT TTC AAT CT)-5´ 

DNA/DNA mismatch redox active (DNA-D2) 5´-d(TIA  ITAp ATG TTA IA)-3´                                      

3´-d(ACT CAT TTC  AAT CT)-5´    

DNA/DNA mismatch redox inactive (DNA-D1) 5´-d(TIA  ITAp ATI TTA IA)-3´                                           

3´-d(ACT CAT TTC  AAT CT)-5´    

DNA/DNA mismatch redox active (DNA-C2) 5´d-(TIA ITAp TAG TTA IA)-3´                                    

3´-d(ACT CAT TTC AAT CT)-5´ 

DNA/DNA mismatch redox inactive (DNA-C1) 5´-d(TIA  ITAp TAI TTA IA)-3´                                      

3´-d(ACT CAT TTC AAT CT)-5´ 

DNA/DNA redox active (DNA-A2) 5´-d(TApI AGI TIT  TAT  IA)-3´                                    

3´-d(ATC TCC ACA ATA CT)-5´ 

DNA/DNA redox inactive (DNA-A1) 5´-d(TApI  AII  TIT  TAT  IA)-3´                                    

3´-d(ATC TCC ACA ATA CT)-5´ 

RNA/DNA redox active (RNA-A2) 5´-d(TIA  ITAp AAG TTA  IA)-3´                                     

3´-r(ACU CAU UUC AAU CU)-5´ 

RNA/DNA redox inactive (RNA-A1) 5´-d(TIA  ITAp AAI  TTA   IA)-3´                                     

3´-r(ACU CAU UUC AAU CU)-5´                                             

RNA/DNA mismatch redox active (RNA-B2) 5´-d(TIA  ITAp TAG TTA  IA)-3´                                     

3´-r(ACU CAU UUC AAU CU)-5´ 
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RNA/DNA mismatcg redox inactive (RNA-B1) 5´-d(TIA  ITAp TAI  TTA   IA)-3´                                     

3´-r(ACU CAU UUC AAU CU)-5´                                             

RNA/DNA mismatch redox active (RNA-C2) 5´-d(TIA  ITAp ATG TTA  IA)-3´                                     

3´-r(ACU CAU UUC AAU CU)-5´ 

RNA/DNA mismatcg redox inactive (RNA-C1) 5´-d(TIA  ITAp ATI  TTA   IA)-3´                                     

3´-r(ACU CAU UUC AAU CU)-5´                                             

 

Table 8 Samples which were used for study of influence of buffer on charge transfer through DNA. 

Sample description Sequence 

DNA/DNA redox active (DNA-B2) 5´-d(TIA ITAp AAG TTA IA)-3´                                    

3´-d(ACT CAT TTC AAT CT)-5´ 

DNA/DNA mismatch redox active (DNA-D2) 5´-d(TIA  ITAp ATG TTA IA)-3´                                      

3´-d(ACT CAT TTC  AAT CT)-5´    

DNA/DNA mismatch redox active (DNA-C2) 5´d-(TIA ITAp TAG TTA IA)-3´                                    

3´-d(ACT CAT TTC AAT CT)-5´ 

DNA/DNA mismatch redox inactive (DNA-C1) 5´-d(TIA  ITAp TAI TTA IA)-3´                                      

3´-d(ACT CAT TTC AAT CT)-5´ 

 

For comparison of charge transfer efficiencies in standard DNA and DNA with mismatched T-T base pair 

and DNA with a T-Hg-T base we used samples which are summarized in Table 9. 
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Table 9 Description of samples which were used in study of impact of mercury on charge transfer through 
DNA. 

Sample description Sequence 

DNA/DNA redox active (DNA-B2) – standard 

DNA 

5´-d(TIA ITAp AAG TTA IA)-3´                                    

3´-d(ACT CAT TTC AAT CT)-5´ 

DNA/DNA redox inactive (DNA-B1) – standard 

DNA 

5´-d(TIA  ITAp AAI TTA IA)-3´                                               

3´-d(ACT CAT TTC AAT CT)-5´ 

DNA/DNA mismatch redox active (DNA-C2) 5´d-(TIA ITAp TAG TTA IA)-3´                                    

3´-d(ACT CAT TTC AAT CT)-5´ 

DNA/DNA mismatch redox inactive (DNA-C1) 5´-d(TIA  ITAp TAI TTA IA)-3´                                      

3´-d(ACT CAT TTC AAT CT)-5´ 

DNA mismatch Hg(II) redox active, Hg is 

incorporated between T-T in complementary 

strands (DNA-C2-Hg) 

5´-d(TIA  ITAp TAG TTA IA)-3´                                    

3´-d(ACT CAT TTC  AAT CT)-5´                

DNA mismatch Hg(II) redox inactive, Hg is 

incorporated between T-T in complementary 

strands (DNA-C1-Hg) 

5´-d(TIA  ITAp TAI TTA IA)-3´                                      

3´-d(ACT CAT TTC  AAT CT)-5´             

  

5.2.1 The samples 
For optical measurements the synthesized oligomers were dissolved in 50mM sodium phosphate buffer (pH 

= 7), the final duplex concentration was 5 µM. The samples were blended with 4 mL of phosphate buffer, 

heated to 50 °C for 5 minutes and after cooling down were ready for measurement. Samples with Hg(II) 

were prepared by using DNA duplexes containing T-T mismatched base pairs, 2 mL of duplexes was blended 

together with 2µl (2 equiv) of HgCl2. DNA T-T mismatched samples with added Hg were then heated to 80 °C 

for 5 minutes and after cooling down, the Hg-modified samples were ready for measurement. Solutions for 

spectroscopic investigation of DNA duplexes are very predisposed to pollution. So it was very important 

using sterilized vessels and tips of pipettes.  
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5.2.2 Experimental methods 
We already mentioned that oligonucleotides conduct electric charge via various mechanisms and their 

characterization and understanding is a very important and complicated task. In our work we focused on 

investigation of charge transfer through DNA. Charge transfer along or through DNA molecules has been 

investigated by various experimental techniques for over a decade (see section 2.5.9). For our purpose we 

used UV-VIS spectroscopy, temperature dependent steady state fluorescence spectroscopy and time-

resolved fluorescence spectroscopy. The results from the spectroscopic techniques performed for the redox 

active duplexes were compared with outcomes from redox inactive duplexes to obtain efficiency of charge 

transfer through DNA samples. UV-VIS spectroscopy was also used to verify the concentration of duplexes 

and 2-Aminopurine (Ap) and also for determination of melting temperature. 

Optical characterization 
Absorption Study of DNA in UV-VIS area 

Absorption spectra of DNA samples were measured in solutions employing Varian Cary Probe 50 UV-VIS 

spectrometer (Agilent Technologies Inc., Santa Clara, CA, U.S.A.). Solutions were studied in Hellma QS 

10 mm quartz cuvette (Hellma GmbH, Mühlheim, Germany). 

Fluorescence Study of DNA in UV-VIS area 

Fluorescence was investigated in solutions. Solutions were studied in quartz cuvettes with an optical path 

of 10 mm. 

Fluorescence spectra were measured utilizing both Thermo Spectronic Aminco Bowman AB-2 fluorescence 

spectrometer (Thermo Fisher Scientific Co., Waltham, MA, U.S.A.) and Horiba Jobin Yvon Fluorolog (Horiba 

Jobin Yvon S.A.S., Chilly Mazarin, France) equipped with IR detector (800–1200 nm) and with integration 

sphere for absolute fluorescence quantum efficiency measurement (Fluorolog Horiba JY has double 

monochromators for excitation and emission). DNA duplexes were measured at temperature scale from 10 

to 40 °C. The steady state emission spectra were obtained by exciting at 320 nm, the excitation spectra were 

measured at 365 nm.  

 Excitation and emission spectra was recorded in RA position (right angle). All measured spectra were 

corrected to an excitation lamp intensity variation. 

Fluorescence lifetimes were obtained from time resolved fluorescence data collected utilizing Horiba Jobin 

Yvon Fluorocube device for time correlated single photon counting (TCSPC) measurements. Fluorescence 

lifetime was calculated from experimental data by means of the specialized software DAS6, provided by the 

company Horiba Jobin Yvon. The excitation in time-resolved fluorescence spectroscopy was performed by 
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329 nm laser diode (pulse duration <1 ns). The signal was recorded at the fluorescence 365 nm (2-

Aminopurine maximum). The time response was measured using 2064 channels with a time resolution of ~ 

50 ps/channel. The emission of photoexcited 2-Aminopurine was monitored over a 120-ns time regime 

using TCSPC for redox inactive and redox active oligonucleotides 
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6  RESULTS  AND  DISCUSSION 
In this chapter, results of experiments dealing with  study of humic substances for potential using in organic 

electronic as well as the results dealing with charge transport in DNA duplexes which create main part of 

the thesis, are presented. 

These results are presented in two section: 

x Experiments dealing with humic substances – optoelectrical characterization of their properties and 

possibilities for study of these materials for organic electronics 

x A) Optical studies of charge transport in DNA duplexes – experiments of charge transport in 

DNA/DNA duplexes and RNA/DNA hybrids duplexes 

B) Optical studies of charge transport in DNA duplexes – influence of temperature and Hg on the 

charge transport in DNA/DNA duplexes and in RNA/DNA hybrid duplexes 

C) Studies of the effect of buffer on the measurement of the charge transport through DNA  

 

6.1 STUDY OF HUMIC SUBSTANCES  
Humic  substances  (HSs)  belong  to  the  most  widely  distributed  organic  substances  on  the  Earth’s  surface.  

They are ubiquitous in soils, waters, sediments, peat and younger types of coals [60]-[63]. 

This chapter should demonstrate the semiconductive properties of humic substances in order to show their 

future  perspectives  in  organic  bioelectronics.  I  focused  on  study  of  “basic”  parameters  of  humic  substances  

which could be useful for application in organic electronics – optical and optoelectrical properties as well as 

methods of preparation of thin layers. Results from these measurements are demonstrated in following 

chapter. 

6.1.1 Thin layers of humic substances 
The detailed knowledge of prepared thin layers from materials which are used in organic electronic devices 

is necessary. The influence of preparation methods on thickness and homogeneity of layers was 

investigated by various technique. Thin layers were prepared by spin-coating methods or by inkjet printing. 

For  preliminary  test  (if  we  are  able  to  make  “thick”  layers)  confocal  laser  scanning  microscopy (CLSM) was 

used, final experiments of thickness were then determined by contact profilometer. Morphology and 

quality in micrometer range were checked by optical microscope and also with CLSM, topography and 

roughness were investigated by Atomic force microscopy (AFM). Results are summarized in following 

chapter. 
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Preliminary test on CLSM 

As I already mentioned, first we examine if we are even able to make thin layers from humic substances. 

This was first assumption for continuing experiments. In the first place we tried to prepare thin layer with 

optimal properties which can be made by spin-coating method and also with good properties for optical 

and  electrical  measurements  (thickness,  homogeneity…).  We  tried  if  it  is  even  possible  to  make  fine  layer  

from water solution. For this purpose we used Lignosulfonate sample in various concentration, various 

methods of preparation of layers (some samples were doped by polyvinylalcohol).  Thickness and 

morphology of thin layers were obtained by using Confocal laser scanning microscopy. Thin layers were 

prepared by spin-coating and results are summarized in Table 10. 

Table 10 Description of samples and their thickness. 

Sample Description of sample Thickness of layer (nm) 

0 Lignosulfonate (5 g·L-1) 43.25±10 

1 350 µl of lignosulfonate 5 g·L-1 + 50 µl of PVAl (1%) 90.5±10 

2 200 µl of lignosulfonate 5 g·L-1 + 200 µl of PVAl (1%) 40.8±10 

3 350 µl of lignosulfonate 5 g·L-1 + 50 µl of PVAl (5%) 96.33±10 

4 Two layers of lignosulfonate (5 g·L-1) 922.17±10 

5 Drop cast of lignosulfonate (5 g·L-1) 4488±10 (4.49 µm) 

7 lignosulfonate 10 g·L-1  46.33±10 

8 350 µl of lignosulfonate 10 g·L-1 + 50 µl of PVAl (1%) 57.67±10 

9 200 µl of lignosulfonate 10 g·L-1 + 200 µl of PVAl (1%) 89.8±10 

10 350 µl of lignosulfonate 10 g·L-1 + 50 µl of PVAl (5%) 72.33±10 

11 Two layers of lignosulfonate (10 g·L-1) 632.14±10 

12 Drop cast of lignosulfonate (10 g·L-1) 15136.8±10 (15.13 µm) 

13 lignosulfonate 15 g·L-1 95±10 

14 350 µl of lignosulfonate 15 g·L-1 + 50 µl of PVAl (1%) 150.18±10 
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15 200 µl of lignosulfonate 15 g·L-1 + 200 µl of PVAl (1%) 374±10 

16 350 µl of lignosulfonate 15 g·L-1 + 50 µl of PVAl (5%) 652.5±10 

17 Two layers of lignosulfonate (15 g·L-1) 418.5±10 

18 Drop cast of lignosulfonate (15 g·L-1) 9656.3±10 (9.66 µm) 

 

From Table 10 can be seen that we were able to prepare layers of different thicknesses. Thickness ranged 

between 40 nm and 15 µm. According to these results the method of preparing of the layers was chosen. 

For further experiments we chose sample 13 (lignosulfonate with concentration 15 g·L-1) with thickness 

around 100 nm (thickness of layers is important parameter for photovoltaic conversion). Example of layer 

morphology of sample 17 is shown in Figure 32.  

 

Figure 32 Morphology of thin layer of sample 17, thickness of layer was measured between surface and 

scratch, the scratch is seen on right picture.  

From Figure 32 can be seen that morphology for this sample was not completely homogeneous.  “Flowers”  

in the layers were caused by undiluted solution of humic substances. Other layers has much more 

homogenous morphology than sample 17, it was checked by optical microscopy, picture of sample 7 with 

more homogeneous layers is shown Figure 33.  
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Figure 33 Morphology of thin layer of sample 7. 

From this result it is obvious that we are able to make layers with optimal thickness and morphology 

which could be used for optical and optoelectrical characterization. 

From the microscopic point of view, the layers were studied by means of contact profilometry as onto ITO 

glass Ossila substrates spin-coated and printed layers and utilizing Atom Force Microscopy (AFM) as spin-

coated on ITO glass Ossila substrates employing   the  AFM’s  Tapping  Mode™ in order to assess size and 

conformation and height of the humic matter layer [50, 51]. Contact profilometry revealed, that the printed 

layers were inhomogeneous, according to expectations, however they have been found compact, without 

pin-holes and defects and thick from 700 nm in the highest peaks to 110 nm in the lowest valleys. Spin-

coated layers, on the other hand, were found homogeneous and smooth, but only 10–20 nm thick.  

Atom force microscopy was used to characterize the topography of several humate surfaces. Surface 

roughnesses of the AFM images were calculated using Nanoscope analysis software. The surface roughness 

parameters measured were: root mean square average of height deviations taken from the mean image 

data plane (Rq), arithmetic average of the absolute values of surface height deviations measured from the 

mean plane (Ra) and maximum vertical distance between the highest and lowest data points in the image 

(Rmax). From the surface roughness values (Table 11), it is clear that KRHA samples were having higher 

roughness than the KHA sample. Images of KHA and KRHA65N layers are depicted in Figure 34.  

Table 11 Surface roughness values (AFM) and layer thicknesses of humate thin layers. 

Samples Ra (nm) Layer thickness (nm) 

KHA 1.90 ± 0.51 10–20 

KRHA65N 2.92 ± 0.99 10–20 

RHA65N AFM 110–750 
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Figure 34 Height  AFM  images  of  materials’  layers 

 

6.1.2 Absorption study of humic substances in UV-VIS area 
Humics exhibit a high absorption without any distinct bands, while the absorption coefficient is increasing 

exponentially with decreasing wavelength. Emission spectra are broad and featureless in solid state and 

with several maxima in liquid state along with the decrease in intensity and shift to the red region with the 

increase in excitation wavelength. Since luminescence originates from the lowest-energy excited state, the 

luminescence quantum yield (Φ) is independent on the excitation wavelength (λexc) and unlike the most in 

visible  region  absorbing  π→π*  organic  chromophores,  the  Φ magnitude of humics is generally low [86], 

[87]. 

Optical properties of thin layers of humates were investigated by absorption spectroscopy in UV-VIS area. 

Obtained spectra are depicted in Figure 35. 
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Figure 35 Absorption spectra of humic substances – solution of lignosulfonate with different concentration. 

Humates are organic light-absorbing material. As it can be seen in Figure 35 they absorb light in all UV-VIS 

area without any significant absorption maximum.  

 

6.1.3 Characterization of electrical properties 
Electrical methods were used to investigate fundamental electrical properties of studied materials. 

Electrical properties of thin layers deposited on Ossila ITO glass substrates contacted with aluminum Ossila 

electrical contacts were investigated by means of current-voltage (j-V) characteristics in sandwich 

configuration.  

All the tested humic substances showed semiconducting behavior, where the lignosulfonate and humates 

(KRHA65N and KRHA20H) seemed to perform better semiconducting properties (in general the common j-

V curves for semiconducting materials) than the humate from parental lignite (KHA) (see Figure 36). This 

could be explained by presence of the strong conjugation of aromatic moieties and explains the possibility 

of humics to conduct the electric current. However, the increasing number of aromatic conjugation gives 

rise  to   larger  number  of  energy  dissipation.   In  other  words,  the   large  number  of  “charge  transfer  sites”  

between molecules causes statically larger number  of  “quenching”  sites  causing  the  deviation  from  linear  

Ohm´s law principles. As a result, the semiconductivity properties of humics can be expected. 
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Figure 36 shows current-voltage (j-V) characteristics of the samples (A) lignosulfonate, B) potassium humate 

from parental lignite, C) potassium humate from lignite regenerated by the conc. HNO3, D) potassium 

humate from lignite regenerated by the 20 % H2O2. Shape of curves a, c, d is typical for semiconductive 

materials, for KRHA is shape more linear (linearly rising curve indicates Ohm´s law and the sample does not 

behave as semiconductor or is broken. Typical properties of curves without irradiation that passes through 

0-0 point of coordinates. During the irradiation we did not observe photogeneration of current (curve would 

be shifted down to the fourth quadrant). For sample C and D we obtained 3 j-V characteristics for different 

electrodes, for sample A we had only one functional electrode which showed semiconductive behavior. 

We also compare two samples which were prepared by different methods. RHA65N was prepared by 

material printing and KRHA65N was prepared by spin-coating. Current-voltage characteristics are depicted 

in Figure 37. Also these samples of tested humic substances showed semiconducting behavior and typical 

shape of j-V characteristic. 
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Figure 37 j-V characteristics of selected sample materials and electrodes: RHA65 layer printed from DMF 

solution (blue triangles, left axis), waterborne spin-coated KRHA65N layer (red circles, left axis).  

Results from measurements of mechanical properties of thin layers of humic substances, optical and 

electrooptical characterization of humic substances are briefly summarized in this chapter: 

x the possibility of preparation of thin layers with optimal properties for organic electronics (by 

spin-coating methods or by material printing) was demonstrated, 

x electrical methods were used to characterize fundamental electronic properties of studied 

materials, 

x all the tested humic substances showed semiconducting behavior. 

These huge molecules with non-well defined structure and composition could be promising materials for 

future application in organic electronic. However, the more detailed studies will be necessary to understand 

the semiconducting behaviour of these materials in detail. 
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6.2 OPTICAL METHODS FOR STUDY OF CHARGE TRANSPORT THROUGH 
DNA/DNA AND RNA/DNA DUPLEXES 

The detailed knowledge of optical spectra and optical parameters of the studied materials is necessary for 

evaluation of charge transport in DNA. Therefore, results of spectral characteristics and fluorescence 

lifetime measurements are introduced. These experiments were realized in solutions. 

In our study, the temperature dependent steady state fluorescence spectroscopy and time-resolved 

fluorescence spectroscopy were combined to study charge transfer processes in DNA/DNA and RNA/DNA 

duplexes. We also examined absorption spectra in UV-VIS area for DNA/DNA and RNA/DNA duplexes. UV-

VIS spectroscopy was also used for melting temperature determination. 

The obtained results from charge transport measurement through DNA/DNA and RNA/DNA are 

summarized in ref. [118]. The most important conclusions and comments are listed here in the following 

text. 

 

6.2.1 Absorption study in UV-VIS area 
To obtain compact optical characteristics of samples we used absorption spectroscopy in UV-VIS area. The 

concentration of duplexes and 2-Aminopurine (Ap) was also verified by UV-VIS spectroscopy. Absorption 

spectroscopy was also used for melting temperature measurement where Tm could be determined from the 

maximum of the first derivative of the absorbance/temperature plots. 

Absorption spectra of DNA/DNA and DNA/RNA duplexes diluted in sodium phosphate buffer are shown on  

Figure 38. There is no big difference between absorption spectra of DNA/DNA duplexes and DNA/RNA 

duplexes. The concentration of duplexes and 2-Aminopurine (Ap) was verified by UV-VIS spectroscopy.  The 

absorption showed typical absorption band peaking around 260 nm. It can be seen that 2-Aminopurine (Ap) 

made a band in the 300–340 nm range in spectra and it was possible to selectively excite the aminopurine 

(this results was employed in steady state fluorescence spectroscopy). On the basis of the comparable Ap 

absorbance for all measured samples (0.023±0.001) at 320 nm, the same oligonucleotide concentration was 

confirmed. 

UV-VIS spectroscopy was also used for melting temperature measurements, where we measured 

absorption spectra in temperature range from 8 °C to 50 °C. Melting temperature (Tm) values were 

determined from the maximum of the first derivative of the absorbance/temperature plots. Results of 

measurement can be seen in Figure 39. This measurement was also performed (in detail for all samples) in 

Institute of Organic Chemistry and Biochemistry, Academy of Science of the Czech Republic. 
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Figure 38 Obtained absorption spectra of DNA/DNA and DNA/RNA duplexes. 

Figure 39 Absorption/temperature plots obtained from the melting temperature measurements (from 

UV-VIS spectroscopy). 

 Figure 38 and Figure 39 shows results from UV-VIS spectroscopy. We used this methods for two reasons: 

x Obtaining absorption spectra – There can be seen two main absorption bands, band in the 300–

340 nm range corresponds to presence of aminopurine in DNA/DNA or RNA/DNA chain (this band 

is depicted on Figure 38 by arrow and in the corner as smaller plot), this result allows to selectively 

excite the 2-Aminopurine and explore charge transfer in the chain. Band between 230–290 nm 

corresponds to DNA duplex. 

x DNA/DNA duplex is B-form duplex and RNA/DNA duplex is an A-type form (it is caused by the 

presence of RNA strand in duplex). Melting temperature measurement performed in Academy of 

science and also in our laboratory showed RNA/DNA hybrid melted at lower temperature (from 

Figure 39 it can be seen that melting point for RNA-A1 and RNA-A2 is around 25 °C, this temperature 
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is derived from break point of absorption/temperature plot) than DNA/DNA duplexes 

(absorbance/temperature plots for DNA/DNA is not demonstrate here because results from 

DNA/DNA measurements showed us that range of our measurement-from 5 °C to 40 °C is not 

sufficient for DNA/DNA measurement, that is the reason why we did not study DNA/DNA samples). 

Insufficient range of measurement (from 5 to 40 °C, in this range we did not observe break point 

which could be attribute to the melting point of DNA/DNA samples) for DNA/DNA samples 

corresponds to the higher stability and more effective stacking in the B-form of DNA samples. 

 

6.2.2 Steady state fluorescence  
The ability of oligonucleotides to mediate charge transfer is the basis of novel molecular devices and plays 

a role in the processes of sensing and/or repair of molecular damage. Charge transfer along or through 

these molecules has been investigated by various experimental techniques for over a decade, sometimes 

with contradictory results (see section 2.5.9). The main goal of this contribution was to compare the charge 

transfer mechanism of the standard DNA/DNA and hybrid RNA/DNA duplexes. We wanted to show how the 

states and conformations of oligonucleotide chains might affect charge transfer. For this purpose we 

employed temperature dependence of steady state fluorescence spectroscopy.  

In these experiments we used short DNA/DNA duplexes, short RNA/DNA duplexes and their longer 

alternatives (more detail is in Table 6). DNA/DNA duplexes were composed of two DNA strands, RNA/DNA 

was composed of complementary RNA and DNA strands. Donor-acceptor pairs is 2-Aminopurine (Ap) and 

guanine (G), this pair was separated by two or three bases (it can be seen from Table 6). The duplexes 

containing the Ap-G pair are called redox active, in redox inactive duplexes G is replaced by redox-inactive 

I (Inosine). Ap represents an optically excited fluorescent redox probe – a hole donor. The charge developed 

from Ap was trapped by hole acceptor G. Results from measurements of redox active and redox inactive 

samples served for calculation of efficiency of charge transfer. This evaluation will be described in next 

chapter.  

The results from this measurement were utilized for comparison of efficiency of charge transfer through 

DNA/DNA and DNA/RNA samples (influence of base stacking and conformational flexibility). We also 

examined the influence of temperature on charge transfer. We revealed that charge transfer properties are 

very strongly connected with temperature affected structural changes of molecular systems.  

The steady state emission spectra were obtained by exciting at 320 nm, the excitation spectra were 

measured at 365 nm. Excitation and emission spectra from the measurements is in Figure 40 and Figure 41.  
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The excitation spectra of both active and inactive duplexes were composed of two main bands (Figure 40 

and Figure 41): 

x band at 309 nm maximum – represents the main excitation pathway and overlaps the absorption 

of Ap incorporated within the nucleic acid framework, 

x band with maximum around 275 nm arose from singlet-singlet energy transfer from bases adjacent 

to Ap [165]. The stronger the relative intensity of this band was, the better the base stacking 

interaction of Ap within the strand could be anticipated. It implies that Ap was well incorporated in 

the double helix (more closer within helix). This band was observed for all samples but the relative 

intensities were different. The intensity is slightly smaller for RNA/DNA duplex than for DNA/DNA 

which indicates that the Ap exhibit worse base stacking in RNA containing duplex. This is in 

agreement with theoretical predictions calculated in [118], where shorter distances and better 

electronic coupling between Ap and A for DNA/DNA than for RNA/DNA were found. Interestingly, 

the base stacking interactions were found to be more pronounced for both redox active duplexes 

compared to their non-active counterparts (Figure 40, Figure 41). 

The fluorescence emission spectra shows broad structureless band peaking at 375 nm for all samples. The 

intensity of fluorescence differs between the samples significantly. Fluorescence intensity reflects level of 

interactions between the Ap and surrounding. In order to compare the samples, relative fluorescence was 

calculated. The emission spectra served as a tool for obtaining the relative fluorescence intensities (with 

respect to the intensity obtained for free Ap-dissolved in same buffer and measured at the same conditions) 

(Figure 40, Figure 41). In the case of redox inactive duplexes, the relative intensity therefore reflects the 

interactions of the Ap with the duplex. Obtained intensities were expressed as ΦG for redox active samples 

and ΦI for inactive molecules. The relative intensities with respect to the Ap only are listed in the Table 12 

and Table 13. Fluorescence emission intensities were measured at temperature from 10 to 40 °C for 

DNA/DNA and RNA/DNA duplexes with various distance (2–3 adenosine units) between the donor and 

acceptor. We can see that the fluorescence is always reduced for redox inactive duplexes. Consistently with 

the quantum chemical calculations, the lower relative fluorescence intensity for DNA/DNA, than for 

RNA/DNA, reflects the better base stacking as exemplified by shorter Ap-A distances and higher electronic 

coupling. 
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Figure 40 Excitation and emission spectra of DNA-B sample. Excitation spectra: band at 309 nm represents 

the main excitation pathway, band with maximum around 275 nm arose from singlet-singlet energy transfer 

from bases adjacent to Ap. It is in detail describe in paragraphs above. The fluorescence emission spectra 

shows broad structureless band peaking at 375 nm for all samples. 
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Figure 41 Excitation and emission spectra of RNA-A sample. Excitation spectra: band at 309 nm represents 

the main excitation pathway, band with maximum around 275 nm arose from singlet-singlet energy transfer 

from bases adjacent to Ap. It is in detail describe in paragraphs above. The fluorescence emission spectra 

shows broad structureless band peaking at 375 nm for all samples. 

From measured fluorescence emission spectra the relative fluorescence intensities (with respect to the 

intensity obtained for free Ap) were expressed for redox active (ΦG) and inactive molecules (ΦI). These 

values were then used for calculating of the fluorescence quenching efficiencies Fq. Equations for this 

purpose are listed below.  

𝛷 =   
𝐼
𝐼   , 

where Is is relative intensities of fluorescence for given samples (area under the emission curve) and IAp is 

relative intensities of fluorescence for Ap (area under the emission curve) 

 

𝐹 = 1 −   . 
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Dependence of fluorescence quenching efficiencies Fq on temperature is then depicted in the Figure 42 and 

the charge transfer efficiencies is considered in the relations to conformation and the type of samples 

(DNA/DNA and RNA/DNA duplexes).  

 

Figure 42 Dependence of Fq on temperature. 

 

From Figure 42 (from plot Fq
*/temperature) can be seen that whereas the steady-state DNA/DNA 

fluorescence was quenched by 20 % (black curve), the RNA containing duplex was quenched by 42 % (red 

curve). The overall fluorescence quenching is thus higher for RNA/DNA duplex indicating better hole 

transport properties. It was also proved that longer distance between Ap and G leads in all cases to smaller 

charge transfer yield and this effect also confirmed donor-acceptor charge transfer.  

 Values of relative intensities and quenching efficiencies (Fq) are summarized in the Table 12 and Table 13 . 

Comparison of quenching efficiencies (Fq) for every sample is in the Table 14. 
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Table 12 The temperature dependence of quenching efficiencies Fq for DNA/DNA duplexes. 

 ΦI 

Redox free 

ΦG 

Redox active 

F*
q (normalized*) 

DNA-B 

   10 °C 0.053746 0.039759 0.2006 

15 °C 0.053109 0.039817 0.1906 

20 °C 0.047337 0.034868 0.1838 

25 °C 0.069374 0.044903 0.2431 

30 °C 0.083349 0.05664 0.2108 

35 °C 0.098769 0.075973 0.1212 

40 °C 0.094548 0.084181 0.005 

DNA long 

10°C 0.065375 0.033391 0.1271 

15°C 0.062398 0.03382 0.1258 

20°C 0.063797 0.034371 0.1321 

25°C 0.072263 0.03912 0.1565 

30°C 0.086496 0.049139 0.1197 

35°C 0.087683 0.057287 0.0345 

40°C 0.083551 0.057374 0.0012 
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Table 13 The temperature dependence of quenching efficiencies Fq for RNA/DNA duplexes. 

RNA-A 

10°C 0.081473 0.039003 0.4218 

15°C 0.096799 0.046964 0.4154 

20°C 0.076185 0.051032 0.2307 

25°C 0.090071 0.079437 0.0186 

30°C 0.082363 0.07705 -0.0099 

35°C 0.092674 0.077684 0.0181 

40°C 0.077773 0.07004 0.0091 

RNA-long 

10°C 0.096087 0.041383 0.3171 

15°C 0.107968 0.05316 0.3114 

20°C 0.109946 0.066909 0.1372 

25°C 0.107145 0.075151 0.0444 

30°C 0.102077 0.076019 0.001 

35°C 0.096908 0.07755 -0.0132 

40°C 0.091076 0.068262 -0.0388 

* We wanted to compare individual values, so we had to normalize obtained data on disruption of the 

regular double helical structure. This is based on assumption that in disruption double helical structure 

the transport of charge is zero and observed Fq originates from different process.  
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Table 14 Comparison of quenching efficiencies (Fq) for every sample. 

Temperature (°C) Fq DNA B Fq DNA long Fq RNA A Fq RNA long 

10°C 0.2006 0.1271 0.4218 0.3171 

15°C 0.1906 0.1258 0.4154 0.3114 

20°C 0.1838 0.1321 0.2307 0.1372 

25°C 0.2431 0.1565 0.0186 0.0444 

30°C 0.2108 0.1197 -0.0099 0.001 

35°C 0.1212 0.0345 0.0181 -0.0132 

40°C 0.005 0.0012 0.0091 -0.0388 

 

All studied duplexes had a higher overall quenching of fluorescence (indicating better charge transfer 

properties) for the hybrid RNA/DNA rather than the DNA/DNA sequences of corresponding lengths. 

Importantly, the lowering of redox active fluorescence as compared to redox inactive fluorescence 

confirmed donor-acceptor charge transfer for DNA/DNA and RNA/DNA. At the same time, longer distance 

between the Ap and G leads in all cases to smaller charge transfer yield, this effect also confirmed donor–

acceptor charge transfer (from Figure 42 and Table 14). 

Significant dependence of charge transfer yield on temperature was also observed. As the temperature 

increased, the enhanced dynamics affected/improved the DNA/DNA mediated charge transfer – the 

DNA/DNA charge transfer efficiency increased continually. At the temperature near the melting point (30.5–

32 °C) charge transfer dropped down – this could be attributed to conformation changes during melting of 

the duplex. For the RNA/DNA hybrids, charge transfer yield began to decrease at lower temperatures, near 

20 °C, in good correlation with lower melting temperatures (24–25 °C) of these duplexes. 

 

6.2.3 Time-resolved fluorescence 
In this chapter we extended our previous studies of charge transfer in DNA oligonucleotides. The main goal 

of this chapter was to compare the charge transfer mechanism of the DNA/DNA duplexes and RNA/DNA 

duplexes. We wanted show how the states and conformations of the samples might affect charge transfer 

through DNA. For this purpose we used time-resolved fluorescence analysis. Methodology was used 
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according to published paper by Kelley et al. (yielding three lifetimes and three amplitudes) [129]. In 

accordance with this paper the different lifetimes correspond to different modes and/or efficiencies of 

fluorescence quenching, which can be related to the different conformers (according to the literature) 

[167]. Time-resolved fluorescence spectroscopy, as well as steady state fluorescence, can be used as a probe 

of even tiny and quick changes of oligonucleotides structure, setting and interactions coming from various 

(biological and biochemical) origins. Results from steady state fluorescence spectroscopy were supported 

by results from time-resolved characteristics.  

The excitation in time-resolved fluorescence spectroscopy was performed at 329 nm with a laser diode and 

the fluorescence was recorded at the Ap maximum, 365 nm. The emission of photoexcited Ap was 

monitored over a 120-ns time regime using the single photon counting method (TCSPC, Fluorocube Horiba 

JY) for redox inactive and redox active oligonucleotides. The decay of the time-resolved fluorescence of 

photoexcited Ap was fitted in a three-exponential fashion in accordance with methodology published in 

scientific article [129], yielding three lifetimes and three amplitudes. As I mentioned the different lifetimes 

corresponded to different modes and/or efficiencies of fluorescence quenching, which can, according to 

the literature [166], be related to different conformers. 

Our interpretation of fluorescence decay data was based on multiexponential fit. Recently, the 

multiexponential analysis of fluorescence decays has been preferred (in similar cases) [144], [140]. For our 

data which were obtained with resolution of TCSPC apparatus (Fluorocube Horiba JY) the three-exponential 

fit gave best results: satisfactory reduced chi-square and weighted residuals uniformly distributed about 

zero. Either four/two exponential fit or continuous distribution of decay times led to unsatisfactory 

precision. 

Based on previous works [144], [140] we could suppose that for parameters obtained from multiexponential 

fit of fluorescence decays the shortest fluorescence lifetime (τ1 ) should reflect the hole donor/Ap fraction 

that is best incorporated into the duplex [144] and non-radiative recombination could play a dominant role 

due to Ap being well incorporated into the double helix. The second lifetime (τ2) is assumed to capture the 

fraction of partially stacked Ap, and the longest one, the fraction of Ap incorporated less well into the helix 

[140], [144]. According to this hypothesis, the difference between redox free and redox active RNA/DNA 

relative fractions B1–B3 can be associated with duplex conformational flexibility: the relative amount of 

worse stacked Ap, B3, was lower for RNA/DNA active duplexes, which indicates the higher conformational 

flexibility of RNA/DNA duplexes compared to DNA/DNA ones. Smaller differences between redox inactive 

and redox active relative fractions for the DNA/DNA duplexes are coherent with their more compact 

structures and less conformational flexibility. This is in accord with the previous studies [167], [153]. It 

should be noted that the best Ap stacking in active DNA/DNA duplexes (the mostly pronounced shorter 



 93 

excitation wavelength band, the fastest fluorescence decay) could influence/cause the specific active 

DNA/DNA emission spectrum. The introduction of redox active G into sequences resulted in a change of the 

lifetimes and relative amplitudes of fluorescence. The most pronounced effect was fitted for the shortest 

lifetime that decreased (and the relative amplitude increased) in redox active duplexes. The effect is more 

pronounced for the RNA/DNA hybrid showing that the charge transfer was more effective through the 

hybrid than DNA/DNA duplexes. All fits of these measurements indicated an enhancement of the Ap 

quenching connected with charge transfer, see Table 15. 

Table 15 The fluorescence lifetimes and relative amplitudes, measured at 10 °C. 

Duplex T1 (ns) B1 (%) T2 (ns) B2 (%) T3 (ns) B3 (%) 

DNA-B1 0.11 44.70 2.18 26.17 6.60 29.14 

DNA-B2 0.09  67.62 1.91 13.74 6.48 18.65 

RNA-A1 0.23 19.69 2.68 36.61 7.13 43.70 

RNA-A2 0.06 64.65 2.40 17.86 6.54 17.49 

 

Relative fluorescence intensities and quenching efficiencies for the studied duplexes were also obtained 

from time resolved measurement. In this case, we used integrals under fluorescence decays measured for 

fixed period of time (120 s) (Table 16, Figure 43) 

Table 16 Quenching efficiencies (Fq) for DNA/DNA and RNA/DNA sample. 

 ΦI (Redox free) ΦG (Redox active) F*
q (normalized*) 

DNA-B 0.1019 0.0562 0.4486 

RNA-A 0.2723 0.1213 0.5544 

 

It has been shown that the fluorescence of Ap is efficiently quenched by dGTP nucleotide in solution with 

rate constant 2.2·109 M-1s-1 [129].  The energy transfer is ruled out because of no spectral overlap between 

the Ap fluorescence and the dGTP absorption. The mechanism of the quenching was shown to be charge 

transfer as evidenced by transient absorption spectroscopy [168].  
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To distinguish the non-ET fluorescence quenching of the Ap originating from Ap-DNA interactions, the redox 

inactive Inosine is usually used to replace the active Guanine. To describe the charge transport properties 

of DNA/DNA and RNA/DNA duplexes, we calculated quenched Ap fraction as Fq = 1 - )G/)I, were )I 

represents the redox free and )G the redox active duplex, see Table 16. We can see that whereas the steady-

state DNA/DNA fluorescence was quenched by 20 %, the RNA containing duplex was quenched by 42 %. 

The overall fluorescence quenching is thus higher for RNA/DNA duplex indicating better hole transport 

properties. 

The introduction of the redox active G caused both, the change in lifetimes and in their relative amplitudes. 

We can see that the most pronounced change is connected to the shortest lifetime: going to the redox 

active duplexes the lifetime decreases while the relative amplitude increases in both cases, for the 

DNA/DNA and for the RNA/DNA. However, this effect is much more pronounced for RNA hybrids (45% 

increase). While the total relative amplitude of the fastest lifetime is similar for the redox active duplexes, 

the relative increase in RNA hybrids is much higher.  

Results of time-resolved fluorescence measurement is in Figure 43. 

 

Figure 43 The time resolved fluorescence of DNA/DNA and RNA/DNA duplexes, Figure 43a is a 

measurement recorded at 10 °C when we used 10 000 photon counts regime and from this record we 

obtained fluorescence lifetimes and relative amplitudes (Table 15) fitted as a three-exponential function of 

the measured overall decays, from this regime sufficient number of data is guaranteed - statistical reliability 

and all lifetimes are detected. Figure 43b is measurement record over a 120-ns time regime, relative 

fluorescence intensities and quenching efficiencies for the studied duplexes were also obtained from time 

resolved measurement. In this case, we used integrals under fluorescence decays measured for fixed period 

of time (120 s). 
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Optical studies of charge transport through DNA/DNA and RNA/DNA duplexes were presented. For this 

purpose we used UV-VIS spectroscopy, steady state fluorescence spectroscopy and time-resolved 

fluorescence spectroscopy. These methods were combined to gain insight to the process of charge transfer 

in DNA/DNA and RNA/DNA duplexes. The fluorescence spectroscopy measurements detected higher 

fluorescence quenching, indicating better charge transfer for the RNA/DNA hybrid duplex. The longer 

distance between the donor and acceptor caused lower fluorescence quenching. This effect confirmed that 

charge transfer between donor and acceptor occurs and support possible superexchange charge transfer 

model. The larger conformational flexibility of the hybrid duplexes also causes larger delocalization of the 

holes that have a strong impact on the charge transfer process. The charge in RNA/DNA hybrids becomes 

more delocalized. In this case, the charge is more effectively transferred coherently from “donor”   to  

“acceptor”  through  the   intervening  “bridging”  nucleobases. In contrast, DNA/DNA duplexes have not so 

conformationally flexible chain as RNA/DNA hybrids. Under these conditions the DNA/DNA charge transfer 

could be with high probability more incoherent then charge transfer through RNA/ DNA. The DNA/DNA 

charge transfer efficiency change with temperature in different way: charge transfer is rising up with 

temperature up to the melting point where the chain charge transfer efficiency of destroyed duplex falls 

down. Our results have a significance not only for biochemistry and biology but also for the future utilization 

of these materials in nanotechnology and organic electronics. 
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6.3 INFLUENCE OF HG ON CHARGE TRANSPORT IN DNA 
DNA-Hg complexes may play an important role in sensing DNA defects or in detecting the presence of Hg in 

the environment. The main goal of this work was to investigate the impact of a mercury metal cation that 

links two thymine bases in a DNA T-T mismatched base pair (T-Hg-T) on charge transfer through the DNA 

molecule. We compared the charge transfer efficiencies in standard DNA, DNA with mismatched T-T base 

pairs, and DNA with a T-Hg(II)-T base pair. For this purpose, we measured the temperature dependence of 

steady-state fluorescence of the DNA molecules. Thymine-Hg(II)-thymine complexes could play an 

important role in the design of devices for possible application in DNA-based biosensors. We extended our 

previous studies on charge transfer in DNA/DNA duplexes and investigated the impact of mercury bonded 

to mismatched DNA bases on the charge transfer process [118]. The used samples are shown in Table 17. 

Table 17 Description of samples. 

Sample description Sequence 

DNA/DNA redox active (DNA-B2) (standard) 5´-d(TIA ITAp AAG TTA IA)-3´                                    

3´-d(ACT CAT TTC AAT CT)-5´ 

DNA/DNA redox inactive (DNA-B1) (standard) 5´-d(TIA  ITAp AAI TTA IA)-3´                                               

3´-d(ACT CAT TTC AAT CT)-5´ 

DNA/DNA mismatch redox active (DNA-C2) 5´d-(TIA ITAp TAG TTA IA)-3´                                    

3´-d(ACT CAT TTC AAT CT)-5´ 

DNA/DNA mismatch redox inactive (DNA-C1) 5´-d(TIA  ITAp TAI TTA IA)-3´                                      

3´-d(ACT CAT TTC AAT CT)-5´ 

DNA mismatch Hg(II) redox active, Hg is incorporated 

between T-T in complementary strands (DNA-C2-Hg) 

5´-d(TIA  ITAp TAG TTA IA)-3´                                    

3´-d(ACT CAT TTC  AAT CT)-5´             

DNA mismatch Hg(II) redox inactive, Hg is incorporated 

between T-T in complementary strands (DNA-C1-Hg) 

5´-d(TIA  ITAp TAI TTA IA)-3´                                      

3´-d(ACT CAT TTC  AAT CT)-5´           

 

6.3.1 Steady state fluorescence 
Three general types of duplexes were prepared (Table 17): DNA composed of two DNA strands, where the 

donor-acceptor pairs 2-Aminopurine (Ap)-guanine (G) were separated by two bases with standard and 

mismatched base pair setting close to Ap. The duplexes containing the Ap and G are called redox active. In 
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all measurements, Ap represented an optically excited fluorescent redox probe introduced into the DNA 

chain as a hole donor. The charge developed upon excitation transferred from Ap to the redox counterpart 

was represented by hole acceptor G. The fluorescence spectroscopy measurements performed for redox 

active duplexes were compared with measurements for redox inactive duplexes in which the hole acceptor 

G was replaced by redox-inactive inosine (I). The samples and their structure is the same as in study of 

charge transfer through DNA/DNA duplexes and RNA/DNA duplexes (see section 6.2) 

Charge transfer was derived from fluorescence quenching measurement at the temperature varying from 

5 to 40 °C using steady state fluorescence spectroscopy. To distinguish the fluorescence quenching caused 

by charge transfer, the spectroscopic measurement were calibrated against redox-inactive duplexes, where 

guanine was replaced by inosine. The temperature dependence of the fluorescence intensity of redox-active 

molecules and their redox-inactive analogues were close to each other. For the obtaining data for counting 

quenching efficiencies, we measured emission and excitation spectra. Then we used integrals of 

fluorescence emission to get relative fluorescence intensities (with respect to the intensity obtained for free 

Ap, for redox active (ΦG) and inactive molecules (ΦI)). Example of emission and excitation spectra for DNA 

samples are depicted in Figure 44.  

 

Figure 44 Excitation (44a) and emission spectra (44b) of standard DNA, redox inactive sample 

From Figure 44 can be seen that the temperature-induced increase of fluorescence was accompanied by a 

gradual  decrease  of  the  excitation  band  in  the  260−290  nm  region  (highlighted  area  on Figure 44). Since this 

band is connected to singlet-singlet excitation energy transfer from adjacent bases, its intensity was used 

for diagnostics of the stacking interactions of Ap. The observed effects indicated that temperature caused 

a weakening of mutual base interactions. Quenching efficiencies (Fq) were then calculated from emission 

spectra of each sample and each temperature, formula for this calculation is already described in section 

6.2.2. From calculated quenching efficiencies the plots of dependence of Fq on temperature were rendered 
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(Figure 45). Importantly, the redox-active  duplexes’  fluorescence  was  always  lower  compared  to  that  of  the  

redox-inactive duplexes. This decrease is attributed to the quenching caused by charge transfer.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 45 Dependence of Fq on temperature for standard sample, sample with mismatch and sample with 

mismatch and Hg. Depicted arrows show temperatures (breaking point) where charge transfer yield 

increases and after this temperature decreases continually (standard DNA 26 °C, DNA with mismatch 17 °C 

and DNA with Hg 20 °C) – this observation is more described in next paragraphs.  

Quenching efficiencies (Fq) dependence on temperature is then depicted on Figure 45. The highest overall 

quenching at 5 °C was obtained for the T-Hg(II)-T DNA, this complex has the best charge transfer properties 

at temperatures when the duplexes are fully hybridized into a double strand, and the base dynamics is 

rather limited. DNA with the T-T mismatch but without Hg(II) had lower quenching at 5 °C than standard 

DNA duplexes. As the temperature increased, the fluorescence quenching efficiencies Fq of all samples were 

rising (Figure 45), even this effect can be attributed to the weakening of the interactions of the bases and 

higher probability that bases adopted suitable positions for charge transfer more frequently. At one 

temperature point (specific for each sample) Fq dropped down with the highest probability due to 

conformational changes during dissociation of the duplex. For standard DNA, the charge transfer yield 

increased with temperature up to 26 °C and after this temperature decreased continually. For DNA T-T, the 



 99 

charge transfer yield increased up to 17 °C, and the increase of charge transfer efficiency of DNA T-Hg(II)-T 

was observed up to 20 °C. Thus, in the case of the DNA mismatched duplex, the charge transfer yield break 

point increased significantly (+3 °C) after adding Hg to the solution due to the fact that T-Hg(II)-T improved 

the DNA mismatched system resistivity against the temperature dissociation. The maximal charge transfer 

efficiency (Fq value) was observed for standard DNA and the lowest efficiency was observed for DNA T-Hg 

(II)-T. The lower charge transfer efficiency for T-T mismatched duplexes compared to that of standard DNA 

is in accordance with the generally accepted picture, where the perturbed π  stacking is crucially important 

in the charge transfer processes through DNA (From Figure 44 can be seen that the temperature-induced 

increase  of  fluorescence  was  accompanied  by  a  gradual  decrease  of  the  excitation  band  in  the  260−290  nm  

region (highlighted area on Figure 44). Since this band is connected to singlet-singlet excitation energy 

transfer from adjacent bases, its intensity was used for diagnostics of the stacking interactions of Ap. The 

observed effects indicated that temperature caused a weakening of mutual base interactions. Quenching 

efficiencies (Fq) were then calculated from emission spectra of each sample and each temperature, formula 

for this calculation is already described in section 6.2.2. From calculated quenching efficiencies the plots of 

dependence of Fq on temperature were rendered (Figure 45). Importantly, the redox-active   duplexes’  

fluorescence was always lower compared to that of the redox-inactive duplexes. This decrease is attributed 

to the quenching caused by charge transfer. The higher Fq value corresponds to higher charge transfer 

through the part of the DNA chain between Aminopurine and Guanine. 

 

Steady state fluorescence measurement and the results from the measurement were presented. The main 

goal of this part was to investigate the impact of mercury bonded on DNA mismatched bases on the charge 

transfer process. For this purpose, we measured the temperature dependence of steady-state fluorescence 

of standard DNA, DNA with a mismatched (T-T) base pair, and DNA containing T-Hg-T. At low temperatures, 

the highest overall quenching of fluorescence (and therefore the highest rate of charge transfer) was 

obtained for the DNA mismatch with Hg(II). Mismatched DNA without Hg(II) had lower quenching than 

standard DNA duplexes (It can be also seen from Figure 45 at 5 °C temperature). For all of the systems under 

study, the charge transfer yield increased with temperature up to a breaking point that was specific for each 

type of duplex. Fluorescence spectroscopy measurements indicated that temperature caused the 

weakening of mutual base interactions and thus activated the charge transfer. Our experimental study 

allowed us to make a model of our sample states and behaviour as follows: At low temperatures, the charge 

transfer conditions were poorest for the most structurally disordered DNA T-T. On the contrary, for DNA T-

Hg(II)-T, the bases between donor and acceptor were at low temperatures in such positions that the overlap 

of the bases was most favourable for charge transfer. Rising temperature generally improved charge 

transfer in all cases, and due to the sufficient thermal motions, the bases adopted suitable positions more 
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frequently. For standard DNA, the temperature-enhanced dynamics enabled such an overlap of bases that 

charge transfer closely under break point was the best from all of the systems under study. However, with 

increasing temperature, Hg bound to the T-Hg(II)-T system eventually limited the thermal motion by which 

the charge transfer was otherwise facilitated, thereby reducing the charge transfer. In all cases, as a 

consequence of conformational changes connected with duplexes melting the charge transfer efficiency 

declined at temperatures above break points. T-Hg(II)-T formation stabilized the whole system and 

improved the resistance of the mismatched DNA to melting. 
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6.4 INFLUENCE OF DIFFERENT BUFFER ON CHARGE TRANSPORT  
Although phosphate buffer may also precipitate with Hg2+ along with Hg2+ binding to the T-T mismatch, the 

increase in Tm value measured upon Hg2+addition to the DNA duplex with a T-T mismatch indicated Hg2+ 

binding to the T-T mismatch. Accordingly, the difference in fluorescence measured for redox-active and 

redox-inactive duplexes could be attributed to Hg2+ binding to the T-T mismatch. 

To eliminate the influence of buffer on steady state measurement (for the needs of study of influence of Hg 

on charge transport in DNA), we measured steady state fluorescence in phosphate buffer and also in sodium 

cacodylate trihydrate buffer (during the measurement we found out that some sample in phosphate buffer 

have different dependence of integral of fluorescence on temperature that we expected in accordance with 

previous measurement). For this purpose we used samples which are described in Table 18.  

Table 18 Samples which were used for study of influence of buffer on charge transfer through DNA. 

Sample description Sequence 

DNA/DNA redox active (DNA-B2) 5´-d(TIA ITAp AAG TTA IA)-3´                                    

3´-d(ACT CAT TTC AAT CT)-5´ 

DNA/DNA mismatch redox active (DNA-D2) 5´-d(TIA  ITAp ATG TTA IA)-3´                                      

3´-d(ACT CAT TTC  AAT CT)-5´    

DNA/DNA mismatch redox active (DNA-C2) 5´d-(TIA ITAp TAG TTA IA)-3´                                    

3´-d(ACT CAT TTC AAT CT)-5´ 

DNA/DNA mismatch redox inactive (DNA-C1) 5´-d(TIA  ITAp TAI TTA IA)-3´                                      

3´-d(ACT CAT TTC AAT CT)-5´ 

 

The behaviour of samples in phosphate and cacodylate buffer is depicted in Figure 46, Figure 47. For this 

purpose we measured steady state emission and excitation spectra (typical record from this measurement 

is in Figure 40 and Figure 41). The emission spectra served as a tool for obtaining relative fluorescence 

intensities and this data are depicted in Figure 46 and Figure 47 as a dependence of integral of fluorescence 

on temperature.  
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x Phosphate buffer 

 
 
 
 
 
 
 
 
 
 
 

 

Figure 46 Dependence of integral of fluorescence on temperature in phosphate buffer, DNA-B2: control 

duplex without mismatch (Ap-A-A-G) – redox active, DNA-D2: duplex with mismatch at Inosine (Ap-A-T-G) 

– redox active, DNA-C2: duplex with mismatch at Aminopurine (Ap-T-A-G) – redox active. 
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x Sodium cacodylate trihydrate 

 

Figure 47 Dependence of integral of fluorescence on temperature in cacodylate buffer, DNA-C2: duplex with 

mismatch at Aminopurine (Ap-T-A-G) – redox active, DNA-C1: duplex with mismatch at Aminopurine (Ap-T-

A-G) – redox inactive 

To evaluate quenching efficiencies we measured emission and excitation spectra at different temperature. 

Then we used integrals of fluorescence emission to get relative fluorescence intensities (with respect to the 

intensity obtained for free Ap, for redox active (ΦG) and inactive molecules (ΦI)). In this case we measured 

redox active and redox inactive sample in cacodylate buffer. From the calculated quenching efficiencies the 

plots of dependence of Fq on temperature were rendered (Figure 48). This dependence of Fq on temperature 

can be compared with Figure 45 (or Figure 42) where is depicted typical dependence of Fq on temperature 

for samples in phosphate buffer.  
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Figure 48 Dependence of Fq on temperature in cacodylate buffer for duplex with mismatch at Aminopurine 

(Ap-T-A-G/I) 

From Figure 46, Figure 47 can be seen that the trend of fluorescence for the same samples, i.e. DNA-B 

(duplex with mismatch at 2-Aminopurine Ap-T-A-G) is different in phosphate and cacodylate buffer. 

Fluorescence in cacodylate buffer evinces just decrease in trend, no peak appeared. It can´t be said 

unequivocally that chain is still entwined (our assumption) or unwound. Observed continual decrease of 

fluorescence with increasing temperature can be caused by general phenomenon, when fluorescence 

decreases with temperature. Dependence of Fq on temperature increase in all temperature regime from 5 

to 50 °C. Because we measured both duplexes (redox active and redox inactive)-in cacodylate buffer, we 

obtained dependence of Fq on temperature (fraction of chains where we suppose that fluorescence was 

quenched by charge transfer). Dependence of Fq increases in the whole temperature regime what indicates 

“activation”  of  transport  by  temperature. Absence of decreasing of Fq (like in article [118]) can shows us 

that we didn´t reach sufficient temperature for disentanglement of duplex. It seems that duplexes in this 

buffer are much more stabilized. 

 

Results from the measurement of influence of buffer on charge transport were presented. For this purpose 

we used fluorescence steady state measurement for different temperature. The main goal of this part was 

to investigate the impact of buffer on steady state measurement. We found out that phosphate buffer is 

more preferable for our purpose. It seems that duplexes in cacodylate buffer are much more stabilized and 

we didn´t reach sufficient temperature for disentanglement of duplex. 
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6.5 CONCLUSION  
x The possibility of preparation of thin layers with optimal properties for organic electronics (by 

spin-coating methods or by material printing) was demonstrated. 

x Electrical methods were used to characterize fundamental electronic properties of studied humic 

materials. 

x All the tested humic substances showed semiconducting behavior. 

x To study the charge transport properties of DNA we used combination of several techniques: UV-

VIS spectroscopy, steady state fluorescence spectroscopy and time-resolved fluorescence 

spectroscopy. 

x We studied difference of charge transport through DNA/DNA duplexes and RNA/DNA duplexes – 

we wanted to show how the conformations of oligonucleotide chains might affect charge transport. 

Then we studied effect of mercury on charge transport in DNA/DNA duplexes and also influence of 

used buffer on charge transfer in DNA/DNA duplexes. 

x The fluorescence spectroscopy measurements detected higher fluorescence quenching, indicating 

better charge transfer for the RNA/DNA hybrid duplex. 

x We found that at low temperatures, the highest overall quenching of fluorescence (and therefore 

the highest rate of charge transfer) was obtained for the DNA mismatch with Hg (II). Mismatched 

DNA without Hg(II) had lower quenching than standard DNA duplexes. T-Hg(II)-T formation 

stabilized the whole system and improved the resistance of the mismatched DNA to melting. 

x We found that phosphate buffer is more preferable for our purpose. It seems that duplexes in 

cacodylate buffer are much more stabilized and we didn´t reach sufficient temperature for 

disentanglement of duplex. 

 

  



 106 

7  REFERENCES 
[1] HEEGER, A., SHIRAKAWA, H., MACDIARMID, A.G.: Synthesis of electrically conducting organic 

polymers: halogen derivatives of polyacetylene, (CH)x. Journal of Chemical Society. 1977, no. 16, 
pp.578–580. ISSN 0022-4936. 

[2] TANG, C.W., VAN SLYKE, S.A.: Organic electroluminiscent diodes. Applied Physics Letters. 1987, vol. 
51, no. 12, pp.913–915. ISSN 0003-6951. 

[3] ROGERS, J.A., HUANG, Y.: A curvy, stretchy future for electronics. PNAS. 2009, vol. 106, no. 27, pp. 
10875–10876. 1091-6490. 

 
[4] GÖPEL, W.: Bioelectronics and nanotechnologies. Biosensors and Bioelectronics. 1998, vol. 13, no. 6, 

pp. 723–728. ISSN 0956-5663. 
 

[5] HAGEN, J.A., LI, W., STECKL, A.J., GROTE, J.G.: Enhanced emission efficiency in organic light-emmiting 
diodes using deoxyribonucleic acid complex as an electron blocking layer. Applied Physics Letters. 
2006, vol. 88, no. 17. ISSN 1077-3118. 

 

[6] HADZIIOANNOU, G., MALLIARAS, G. G.: Semiconducting Polymers, Chemistry, Physisc and 
Engineering. 2nd ed. Wiley-VCH, 2007. 178 p. ISBN 978-3-527-31271-9. 

 

[7] KLAUK, H.:Organic electronics: Materials, Manufacturing and Applications. 1st ed. Wiley-VCH, 2006. 
428 p. ISBN 978-3-527-31264-1. 

 

[8] LEE, J.-H., LEEM, D.-S., KIM J.-J. K.: Effect of host organic semiconductors on electrical doping. Organic 
Electronics. 2010, vol. 11, pp. 486–489. ISSN 1566-1199. 

 

[9] Intrinsic and Extrinsic Semiconductors, Doping, Compound Semiconductors, and Molten 
Semiconductors. Academic Earth [online]. 2012 [cit. 2012-05-01]. Available from: 
http://www.academicearth.org/lectures/intrinsic-and-extrinsic-semiconductors-doping-compound-
semiconductors. 

 
[10] SINGH, B. P., SINGH, R.: Electronic devices and integrated circuits. 3rd ed. Pearson Education India, 

2009, 958 p. ISBN 8177586386. 

 

[11] MAYER, T., HEIN, C., MANKEL, E., JAEGERMANN, W., MÜLLER, M.M, KLEEBE, H.-J.: Fermi level 
positioning in organic semiconductor phase mixed composites: The internal interface charge transfer 
doping model. Organic Electronics. 2012, vol. 13, no. 8, pp. 1356–1364. ISSN 1566-1199. 

 

[12] KLAUK, H.:Organic electronics 2: More Materials and Applications. 1st ed. Wiley-VCH, 2012. 420 p. 
ISBN 978-3-527-32647-1. 

 



 107 

[13] NEŠPŮREK,  S:  Ústní  sdělení.  Vysoké  učení  technické  v  Brně,  Fakulta  chemická,  Purkyňova  464/118,  
612 00 Brno. 2009-04-01. 
 

[14] WEITER, M.: Ústní  sdělení.  Vysoké  učení  technické  v  Brně,  Fakulta  chemická,  Purkyňova  464/118,  612  
00 Brno. 2012-04-01. 

 

[15] YUAN, Y., GIRI, G., AYZNER, A. L., ZOOMBELT, A. P., MANNSFELD, S. C. B., CHEN, J., NORDLUND, D., 
TONEY, M. F., HUANG, J., BAO, Z.: Ultra-high mobility transparent organic thin film transistors grown 
by an off-centre spin-coating method. Nature Communications. 2014, vol. 5, no. 3005. ISSN 2041-
1723. 

 

[16] JANSSEN, R. A. J.: Photoexcitation in conjugated oligomers. Primary Photoexcitations In Conjugated 
Polymers: Molecular Exciton Versus Semiconductor Band Model. Edited by Sariciftci, N. S. World 
scientific, Singapur 1997, ISBN 9810228805. 

 

[17] BRÜTTING, W.: Physics of Organic Semiconductors, chapter Introduction to the Physics of Organic 
Semiconductors. 1st ed. Wiley-VCH, 2006. 554 p. ISBN 978-3-527-40550-3. 

 

[18] MACDONALD, W. A.: Engineered films for display technologies. Journal of Materials Chemistry. 2004, 
vol. 1, pp. 4–10. ISSN 1364-5501. 

 

[19] FALKOWSKI, F., STAMPOR, W., GRYGIEL, P., TOMASZEWICZ, W.: Sano-Tachiya-Noolandi-Hong versus 
Onsager modelling of chargé photogeneration in organic solids. Chemical Physics. 2012, vol. 392, 
pp. 122–129. ISSN 0301-0104. 

 

[20] SARICIFTCI, N. S.: Primary Photoexcitations In Conjugated Polymers: Molecular Exciton Versus 
Semiconductor Band Model. Chapter Excitons in Conjugated Polymers (BÄSSLER, H.)World Scientific 
Publishing, 1997. 640 p. ISBN 9810228805. 

[21] ARKHIPOV, V. I., BÄSSLER, H.: Exciton Dissociation and Charge Photogeneration in Pristine and Doped 
Conjugated Polymers. Physical Status Solid A. 2004, vol. 201 pp. 1152–1187. 

[22] RONCALI, J.: Synthetic Principles for Bandgap Control in Linear   π-Conjugated. Chemical Reviews. 
1997, vol. 97, pp. 173. 

[23] SANTBERGEN, R.: Optical Absorption Factor of Solar Cells for PVT Systems. Dissertations thesis on 
Technische Universiteit Eindhoven (2008), promoted by prof.dr.ir. R. J. Ch. van Zolingen and prof.dr.ir. 
A. A. van Steenhoven. ISBN: 978–90–386–1467–0. 

[24] WARD, A. J., RUSECKAS, A. and SAMUEL, I. D. W.: A Shift from Diffusion Assisted to Energy Transfer 
Controlled Fluorescence Quenching in Polymer-Fullerene Photovoltaic Blends. The Journal of Physical 
Chemistry C (2012), no. 116, pp. 23931–23937.  

[25] HEINRICHOVÁ, P.: Thesis prospectus: Photogeneration of charge carriers in organic semiconductors. 
Brno, 2012. 88 p. Supervisor Martin Weiter. 

http://www.amazon.com/s/ref=ntt_athr_dp_sr_1/184-4278135-3909816/184-4278135-3909816?_encoding=UTF8&sort=relevancerank&search-alias=books&ie=UTF8&field-author=Niyasi%20Serdar%20Sariciftci


 108 

[26] OUZZANE, I.: Doctoral thesis: Advanced materials for organic photonics. Brno, 2014. 124 p. Supervisor 
Martin Weiter. 

 

[27] Basic photophysics. [online]. 2015 [cit. 2015-10-13]. Available from: 
http://www.photobiology.info/Visser-Rolinski.html 

 

[28] HEREMANS, P., CHEYNS, D., RAND, B.P.: Strategies for Increasing the Efficiency of Heterojunction 
Organic Solar Cells: Material Selection and Device Architecture. Accounts of chemical research. 2009, 
vol. 42, no. 11, pp. 1740–1747. ISSN 0001-4842. 

 

[29] BRÉDAS, J.-L., NORTON, J. E., CORNIL, J., COROPCEANU, V.: Molecular Understanding of Organic Solar 
Cells: The Challenges. Accounts of chemical research. 2009, vol. 42, no. 11, pp. 1691–1699. ISSN 0001-
4842. 

 
[30] HADZIIOANNOU, G., MALLIARAS, G. G.: Semiconducting Polymers, Chemistry, Physisc and 

Engineering.2nd ed. Wiley-VCH, 2007. 178 p. ISBN 978-3-527-31271-9. 
 
[31] MOTT, N. F. S., DAVIS, E. A.: Electronic processes in non-crystalline materials. 2nd ed.Oxford: Clarendon 

Press, 1979, 590 p. 

[32] MILLER, A., ABRAHAMS, E.: Impurity Conduction at Low Concentrations. Physical Review. 1960, 
vol. 120, no. 3, pp. 745–755. ISSN 1943-2879. 

[33] ASHCROGT, N. W., MERMIN, N. D.: Solid State Physics. 1st ed. Cengage Learning, 2011, 826 p. ISBN 

8131500527. 

[34] NURZI, J. M.: Organic photovoltaic materials and device. Comptes Rendus Physique. 2002 vol. 3, 
pp. 523–542. ISSN 1631-0705. 
 

[35] SILINIŠ,  E., CÁPEK, V.: Organic molecular crystals interaction, localization and transport phenomena. 
1st ed. New York: American Institute of Physics, 1994, 402 p. ISBN 00-308-6069-9. 

[36] LE COMBER, P.G., SPEAR, W.E.: Electronic transport in amorphous silicon films. Physical Review 
Letters. 1970, vol. 25, no. 8, pp. 509–511. ISSN 1079-7114. 

[37] COROPCEANU, V., CORNIL, J., DA SILVA FILHO, D.A., OLIVIER, Y., SILBEY, R., BRÉDAS, J.-L.: Charge 
transport in organic semiconductor. Chemical Reviews. 2007, vol. 107, pp. 926–952. ISSN 1520-6890. 

[38] LEVIN, M.: Molecular bioelectricity in development biology: New tools and recent discoveries. 
BioEssays. 2012, vol. 34, no. 3, pp. 205–217. ISSN 1521-1878. 

[39] MUSKOVICH, M., BETTINGER, CH. J.: Biomaterials-based electronics: Polymers and Interfaces for 
Biology and Medicine. Advanced Healthcare Materials. 2012, vol. 1, no. 3, pp. 248–266. ISSN 2192-
2659. 

[40] BETTINGER, CH.J., BAO, Z.: Biomaterials-based organic electronic devices. Polymer International. 
2010, vol. 59, no. 5, pp. 563–567. ISSN 0959-8103.  

 



 109 

[41] MÜHL, S., BEYER, B.: Bio-Organic Electronics-Overview and Prospects for the Future. Electronics. 
2014, vol. 3, pp. 444–461. ISSN 2079-9292.  

 

[42] ROGERS, J.A., BAO, Z., RAJU, R. V.: Non-photolithographic fabrication of organic transistors micron 
feature sizes. Applied Physics Letters. 1998, vol. 73, no. 3, pp. 142–144. ISSN 1077-3118. 

 

[43] YOON, M.H., YAN, H., FACCHETTI, A., MARKS. TJ.: Low-voltage organic field-effect transistors and 
inverters enabled by ultrathin cross-linked polymers as gate dielectrics. Journal of American Chemical 
Society. 2005, vol. 127, no. 29, pp. 10388–10395. ISSN 0002-7863. 

 

[44] ABBAS, M., CAKMAK, G., TEKIN, N., KARA, A., GUNEY, H. Y., ARICI, E., SARICIFTCI, N. S.: Water soluble 
poly(1-vinyl-1,2,4-triazole) as novel dielectric layer for organic field effect transistors. Organic 
electronics. 2011, vol. 12, no. 3, pp. 497–503. ISSN 1566-1199. 

 

[45] YUMUSAK, C., SINGH, T. B., SARICIFTCI, N. S., GROTE, J. G.: Bio-organic field effect transistors based 
on crosslinked deoxyribonucleic acid (DNA) gate dielectric. Applied Physics Letters. 2009, vol. 95. ISSN 
1077-3118. 

 

[46] KERGOAT, L., HERLOGSSON, L., BRAGA, D., PIRO, B., PHAM, M.-CH., CRISPIN, X., BERGGREN, M., 
HOROWITZ, G.: A water-gate organic field-effect transistor. Advanced Materials. 2010, vol.22, no. 23, 
pp. 2565–2569. ISSN 1521-4095. 

 

[47] CHANG, J.W., WANG, C.G., HUANG, C.Y., TSAI, T. D., GUO, T.F., WEN, T.C.: Chicken albumen dielectrics 
in organic field-effect transistors. Advanced Materials. 2011, vol. 23, no. 35, pp. 4077–4081. ISSN 
1521-4095. 

 

[48] JASTRZEBSKA, M., ISOTALO, H., PALOHEIMO, J., STUBB, H., PILAWA, B.: Effect of Cu(2+)-ions on 
semiconductor properties of synthetic DOPA melanin polymer. Journal of biomaterials science. 1996, 
vol. 7, no. 9, pp. 781–793. ISSN 1568-5624.  

 

[49] MCGINNESS, J., CORRY, P., PROCTOR, P.: Amorphous semiconductor switching in melanins. Science. 
1974, vol. 183, no. 4127, pp. 853–855. ISSN 1095-9203. 

 

[50] D´ISCHIA, M., NAPOLITANO, A., PEZZELLA, A., MEREDITH, P., SARNA, T.: Chemical and structural 
diversity in eumelanins – unexplored bio-optoelectronic materials. Angewandte Chemie International 
Edition. 2009, vol. 48, no. 22, pp. 3914–3921. ISSN 1521-3773. 

 



 110 

[51] POVLICH, K. L., LE, J., KIM, J., MARTIN, C. D.: Poly(5,6-dimethoxyindole-2-carboxylic acid) (PDMICA): 
A melanin-like polymer with unique electrochromic and structural propereties. Macromolecules. 
2010, vol. 43, no. 8, pp. 3770–3774. ISSN 0024-9297. 

 

[52] BURCH, R. R., DONG, Y., FINCHER, C., GOLDFINGER, M., ROUVIERE, P. E.: Electrical properties of 
polyunsaturated natural products: field effect mobility of carotenoid polyenes. Synthetic Metals. 
2004, vol. 146, no. 1, pp. 43–46. ISSN 0379-6779. 

 

[53] IRIMA-VLADU, M., GLOWACKI, E.D., TROSHIN, P.A., SUSAROVA, D.K., KRYSTAL, O., SCHWABEGGER, 
G., ULAH, M., KANBUR, Y., BODEA, M.A., RAZUMOV, V.F., SITTER, H., BAUER, S., SARICIFTCI, N.S.: 
Indigo-a Natural Pigment for High Performance Ambipolar Organic Field Effect Transistors and 
Circuits. Advanced Materials. 2012, vol. 24, no. 3, pp. 375–380. ISSN 1521-4095. 

 

[54] MALVANKAR, N. S., VARGAS, M., NEVIN, K. P., FRANKS, A. E., LEANG, C., KIM, B. C., INOUE, K., MESTER, 
K., COVALLA, S. F., JOHNSON, J. P. ROTELLO, V. M., TUOMINEN, M., LOVLEY, D. R.: Tunable metallic-
like conductivity in microbial nanowire networks. Nature Nanotechnology. 2011, vol. 6, no. 9, pp. 
573–579. ISSN 1748-3395. 

 

[55] PERRY, H., GOPINATH, A., KAPLAN, D. L., DEL NEGRO, L., OMENETTO, F. G.: Nano and micropattering 
of optically transparent, mechanically robust, biocompatible silk fibroin films. Advanced Materials. 
2008, vol. 20, no. 16, pp. 3070–3072. ISSN 1521-4095. 

 

[56] WITTE, F.: The history of biodegradable magnesium implants: a review. Acta Biomaterialia. 2010, vol. 
6, pp. 1680–1692. ISSN 1742-7061. 

 

[57] PERSSON, K., KARLSSON, R., SVENNERSTEN, K., LOEFFLER, S., JAGER, E. W. H., RICHTER-DAHLFORS, 
A., BERGGREN, M.: Electronic control of cell detachment using a self-doped conducting polymer. 
Advanced Materials. 2011, vol. 23, pp. 4403–4408. ISSN 1521-4095. 

 

[58] LUNDIN, V., HERLAND, A., BERGGREN, M., JAGER, E. W. H., TEIXEIRA, A. I.: Control of neural stem cell 
survival by electroactive polymer substrate. PLoS One. 2011. DOI: 10.1371/journal.pone.0018624. 

 

[59] Wikipedia. [online]. 2016 [cit. 2016-02-15]. Available from: 
https://en.wikipedia.org/wiki/File:DNA_Structure%2BKey%2BLabelled.pn_NoBB.png 

 

[60] SWIFT, R. S.: Organic matter characterization. In Methods of Soil Analysis. Part 3. Chemical Methods, 
Ed. D. L. Sparks, Madison: ASA-CSSA-SSSA Publisher, 1996. Pp. 1011–1069. ISBN 0891188258. 

 



 111 

[61] DAVID,  J.,  SMEJKALOVÁ,  D.,  HUDECOVÁ,  S.,  ZMEŠKAL,  O.,  von  WONDRUSZKA,  R.,  GREGOR,  T.,  
KUČERÍK,  J.:  The  physic-chemical properties and biostimulative activivties of humic substances 
regenerated from lignite. SpringerPlus. 2014, vol. 3, pp. 156–170. ISSN 2193-1801. 

 

[62] CHOW, E., HERRMANN, J., BARTON, C. S., RAQUSE, B., WIECZOREK, L.: Inkjet-printed gold 
nanoparticles chemiresistors: influence of film morphology and ionic strength on the detection of 
organics dissolved in aqueous solution. Analytica Chimica Acta. 2009, vol. 632, no. 1, pp. 135–142. 
ISSN 0003-2670.  

 

[63] STEVENSON,F.J.: Humus Chemistry: Genesis, Composition, Reactions.2nd edition. Wiley-VCH, 1994. 

ISBN 0-471-5974-1. 

[64] TAN,K.H.: Principles of solid chemistry. 4th edition. CRC Press, 2010. ISBN 13:978-1-4398-1395-9. 

[65] AGUER, J.-P., RICHARD, C., ANDREUX, F.: Comparsion of the photoinductive properties of commercial, 
synthetic and soil-extracted humic substances. Journal of Photochemistry and Photobiology A: 
Chemistry. 1997, vol. 103, pp. 163–168. ISSN 1010-6030. 

 
 

[66] YU,CH., CHEN, S., QUAN X., OU, X., ZHANG Y: Separation of phthalocyanine-like substances from 
humic acids using a molecular imprinting method and their photochemical activity under simulated 
sunlight irradiation. Journal of Agricultural and Food Chemistry. 2009, vol. 57, pp. 6927–6931. ISSN 
0021-8561. 

 
[67] ZHANG, Z., XUE, W.: Fluorescence spectroscopic investigation of the interaction between triphenyltin 

and humic acids. Spectrochimica Acta Part A: Molecular and Biomolecular Spectroscopy. 2011, vol. 
78, pp. 1018–1022. ISSN 1386-1425. 

 
[68] YU,CH., CHEN, S., QUAN X., OU, X., ZHANG Y.: Separation of Phtalocyanine-like Substances from 

Humic Acids Using a Molecular Imprinting Method and Their Photochemical Activity under Simulated 
Sunlight Irradiation. Journal of Agriculture and Food Chemistry. 2009, vol. 57, 6927–6931. ISSN 0021-
8561. 

 
[69] MILCZAREK, G., INGANÄS, O.: Renewable cathode materials from biopolymer/conjugated polymer 

interpenetrating networks. Science. 2012, vol. 335, pp.1468–1471. ISSN 1095-9203. 
 
[70] LEVON, K., KINANEN, A., LINDBERG, J. J.: Electrically conducting compound synthesized from lignin 

and sulphur. Polymer Bulletin. 1986, vol. 16, pp. 433–439. ISSN 1436-2449. 
 
[71] VLADU, M. I., SARICIFTCI, N. S., BAUER, S.: Exotic material for bio-organic electronics. Journal of 

Materials Chemistry. 2011, vol. 21, no. 5, pp. 1350–1361. ISSN 0959-9428. 
 
[72] ROBB, M. J., KU, S. Y., BRUNETTI, F. G., HAWKER, C. J.: A renaissance of color: New structures and 

building blocks for organic electronics. Journal of Polymer Science part A-Polymer Chemistry. 2013, 
vol. 51, no. 6, pp. 1263–1271. ISSN 1099-0518.  

 
[73] GLOWACKI, E. D., VLADU, M. I., KALTENBRUNNER, M., GSIOROWSKI, J., WHITE, M. S., MONKOWIUS, 

U., ROMANAZZI, G., SURANNA, G. P. MASTORILLI, P., SEKITANI, T., BAUER, S., SOMEYA, T., TORSI, L., 



 112 

SARICIFTCI, N. S.: Hydrogen-bonded semiconducting pigments for air-stable field-effect transistors. 
Advanced Materials. 2013, vol. 25, no. 11, pp. 1563–1569. ISSN 1521-4095. 

 
[74] VENANCIO,E.C., FILHO, N. C.,CONSTANTIONO, C. J. L., NETO, L. M., MATTOSO, L. H. C.: Studies on the 

Interaction Between Humic Substances and Conducting Polymers for Sensor Application. Journal of 
the Brazilian Chemical Society. 2005, vol. 16, no. 1, pp.24–30. ISSN 0103-5053. 

[75] RICHARD, C., TRUBETSKAYA, O., TRUBETSKOJ, O. et al.: Key role of the low molecular size fraction of 
soil humic acids for fluorescence and photoinductive activity. Environmental Science&Technology. 
2004, vol. 38, pp. 2052–2057. ISSN 0013-936X. 

[76] RIGGLE, J., VON WANDRUZSKA, R.: Dynamic conductivity measurements in humic and fulvic acid 
solutions. Talanta. 2004, vol. 62, pp. 103–108. ISSN 0039-9140. 

[77] AIROLDI, F. P. S., DA SILVA, W. T. L., CRESPILHO, F. N., REZENDE, M. O. O.: Evaluation of the 
electrochemical behaviour of pentachlorophenol by cyclic voltammetry on carbon paste electrode 
modified by humic acids. Water Environment Research. 2007, vol. 79, no. 1, pp. 63–67. ISSN 1061-
4303. 

[78] ERTANI, A., FRANCIOSO, O., TUGNOLI, V., RIGHI, V., NARDI, S.: Effect of commercial lignosulfonate-
humate on Zea mays L. metabolism. Journal of Agricultural and Food Chemistry. 2011, vol. 59, no. 22, 
pp. 11940–11948. ISSN 0021-8561. 
 

[79] MILCZAREK, G., REBIS, T., FABIANSKA, J.: One-step synthesis of lignosulfonate-stabilized silver 
nanoparticles. Colloids and surfaces B, Biointerfaces. 2013, vol. 105, pp. 335–341. ISSN 0927-7765. 

 
[80] WANG, X., RAY, S., COONEY, R. P., KILMARTIN, P. A., WATERHAUS, G. I. N.: Synthesis and 

characterization of poly(o-methoxyaniline)-lignosulfonate composites. Synthetic Metals. 2012, vol. 
162, no. 13–14, pp. 1084–1089. ISSN 0379-6779. 

 
[81] NAGARAJU, D. H., REBIS, T., GABRIELSSON, R., ELFWING, A., MILACZAREK, G., INGANÄS, O.: Charge 

storage capacity of renewable biopolymer/conjugated polymer interpenetrating networks enhanced 
by electroactive dopants. Advanced Energy Materials. 214, vol. 14, no. 1, pp. 1300443. ISSN 1614-
6840. 

 
[82] ZHU, L., WU, L., SUN, Y., MEIXIA, L., XU, J., BAI, Z., LIANG, G., LIU, L., FANG, D., XU, W.: Cotton fabrics 

coated with lignosulfonate-doped polypyrrole for flexible supercapacitor electrodes. RSC Advanced. 
2014, vol. 4, pp. 6261–6266. ISSN 2046-2069.  

 
[83] SUTTON, R., SPOSITO, G.: Molecular structure in soil humic substances: The new view. Environmental 

Science and Technology. 2005, vol. 39, no. 23, pp. 9009–9015. ISSN 0013-936X. 
 

[84] LOVLEY, D. R., COATES, J. D., BLUNT-HARRIS, E. L., PHILLIPS, E. J. P., WOODWARD, J. C.: Humic 
substances as electron acceptor for microbial respiration. Nature. 1996, vol. 382, pp. 445–448. ISSN 
0028-0836. 

 
[85] PALMER, N. E., von WANDRUSZKA, R.: Humic acdis as reducing agents: the involvement of quinoid 

moieties in arsenate reduction. Environmental Science and Pollution Research International. 2010, 
vol. 17, no. 7, pp. 1362–1370. ISSN 1614-7499. 

 



 113 

[86] TRUBETSKOJ, O. A., TRUBETSKAYA, O. E., RICHARD, C.: Photochemical activity and flurescence of 
electrophoretic fractions of aquatic humic matter. Water Resources. 2009, vol. 6, no. 5, pp. 518–524. 
ISSN 1608-344X. 

 
[87] TRUBETSKOJ, O. A., RICHARD, C., GUYOT, G., VOYARD, G., TRUBETSKAYA, O. E.: Analaysis of 

electrophoretic soil humic acids fractions by reversed-phase high performance liguid 
chromatography with on-line absorbance and fluorescence detection. Journal of chromatography A. 
2012, vol. 1243, pp. 62–68. ISSN 0021-9673.  

 
[88] CHAPPELL, M. A., GEORGE, A. J., DONTSOVA, K. M., PORTER, B. E., PRICE, C. L., ZHOU, P., MORIKAWA, 

E., KENNEDY, A. J., STEEVENS, J. A.: Surfactive stabilization of multi-walled carbon nanotubes 
dispersions with dissolved humic substances. Environmental Poluttion. 2009, vol. 157, no. 4, pp. 
1081–1087. ISSN 0269-7491. 

 
[89] TERASHIMA, M., NAGAO, S.: Solubilization of (60)Fullerene in water by aquatic humic substances. 

Chemistry Letters. 2007, vol. 36, no. 2, pp. 302–303. ISSN 1348-0715. 
 
[90] GAO, J., POWERS, K., WANG, Y., ZHOU, H., ROBERTS, S. M., MOUDGIL, B. M., KOOPMAN, B.: Influence 

of Suwannee river humic acid on particle properties and toxicity of silver nanoparticles. Chemosphere. 
2012, vol. 89, no. 1, pp. 96–101. ISSN 0045-6535. 

 
[91] AESCHBACHER, M., GRAF, C., SCHWARZENBACH, R. P., SANDER, M.: Antioxidant properties of humic 

substances. Environmental Science and Technology. 2012, vol. 46, no. 9, pp. 4916–4925. ISSN 0013-
936X. 
 

[92] KLÜPFEL, L., PIEPENBROCK, A., KAPPLER, A., SANDER, M.: Humic substances as fully regenerable 
elctron acceptors in recurrently anoxic environments. Nature Geoscience. 2014, vol. 7, pp. 195–200. 
ISSN 1752-0908. 

 
[93] NAVRÁTIL, J.: Optoelektronické   vlastnosti   organickcých  polovodičů.  Dizertační  práce.  Vysoké  učení  

technické Brno, Fakulta chemická, 2010. Supervisor Martin Weiter. 
 

[94] GIESE, B.: Electron transfer in DNA. Current Opinion in Chemical Biology. 2002, vol. 6, no.5, pp. 612–
618. 

 
[95] IRIMIA-VLADU, M., TROSHIN, P. A., REISINGER, M., SCHWABEGGER, G., ULLAH, M., SCHWOEDIAUER, 

R., MUMYATOV, A., BODEA, M., FERGUS, J. W., RAZUMOV, V. F., SITTER, H.,  BAUER, S., SARICIFTCI, 
N. S.: Environmentally sustainable organic field effect transistors. Organic Electronics. 2010, vol. 11, 
pp. 1974–1990. ISSN 1566-1199. 

 
[96] STADLER, P., OPPELT, K., BIRENDRA, T., SINGH, Singh, J., GROTE, G., SCHWODIAUER, R., BAUER, S., 

PIGLMAYER-BREZINA, H., BAUERLE, D., SARICIFTCI, N. S.: Organic field-effect transistors and memory 
elements using deoxyribonucleic acid (DNA) gate dielectric. Organic Electronics. 2007, vol. 8, no. 6, 
pp. 648–54. ISSN 1566-1199. 

 
[97] KASUMOV, A.Y.:Proximity-induced superconductivity in DNA. Science. 2001, vol. 291 no. 5502, pp. 

280–282. ISSN 1095-9203. 
 
[98] PORAH, D., BEZRYADIN, A., De VRIES, S., DEKKER, C.: Direct measurement of electrical transport 

through DNA molecules. Nature. 2000, vol. 403, pp. 635-638. ISSN 0028-0836. 
 



 114 

[99] ZHANG, Y., AUSTIN, R.H., KRAEFT, J., COX, E.C., ONG, N.P.: Insulating behavior of lambda-DNA on the 
micron scale. Physical Review Letters. 2002, vol. 89, no. 19. ISSN 1079-7114. 

 

[100] ELEY, D.D., SPIVEY, D.I.: Semiconductivity of organic substances. Part 9. – Nucleic acid in the dry state. 
Transactions of Faraday Society. 1962, vol. 58, pp. 411–415. ISSN 1364-5455.  

 

[101] RECORD, M.T. Jr., MAZUR, S.J., MELANCON, P., ROE, J.H., SHANER, S.L., UNGER, L.: Double helical 
DNA: Conformations, physical properties, and interactions with ligands. Annual Review of 
Biochemistry. 1981, vol. 50, pp. 997–1024. ISSN 0066-4154. 

 

[102] FUJITSUKA, M., MAJIMA, T.: Charge transfer in DNA. Pure and Applied Chemistry. 2013, vol. 85, no. 7, 
pp. 1367–1377. ISSN 1365-3075.  

 

[103] LIANG, Z., FREED, J. H., KEYES, R. S., BOBST, A. M.:An electron spin resonance study of DNA dynamics 
using the slowly relaxing local structure model. The Journal of Physical Chemistry B. 2000, vol. 104, 
no. 22, pp. 5372–5381. ISSN 1520-5207.  

 

[104] SNART, R.S.: Photoelectric effects of deoxyribonucleic acid. Biopolymers. 1968, vol. 6, no. 3, pp. 
293–297. ISSN 1097-0282. 

 

[105] FINK, H.W., SCHÖNENBERGER, C.: Electrical conducting through DNA molecules. Nature. 1999, vol. 
398, no. 6726, pp. 407–410. ISSN 1476-4687 

 

[106]  MURPHY, C. J., ARKIN, M.R., JENKINS, Y., GHATLIA, N.D., BOSSMANN, S., TURRO, N. J., BARTON, 
J.K.:Long range photoinduced electron transfer through a DNA helix. Science. 1993, vol. 262, no. 
5136, pp. 1025–1029. ISSN 1095-9203. 

 

[107] BARTON, J.K., KUMAR, C.V., TURRO, N. J.: DNA-mediated photoelectron transfer reactions. Journal 
of the American chemical society. 1986, vol. 108, no. 20, pp. 6391–6393. ISSN 1520-5126. 

 

[108] PURUGGANAN, M.D., KUMAR, C.V., TURRO, N.J., BARTON, J.K.: Accelerated electron transfer 
between metal complexes mediated by DNA. Science. 1988, vol. 241, no.4873, pp. 1645–1649. ISSN 
1095-9203. 

 

[109] SHUO, S., XIN, W., WENLIANG,S., XIANGYANG, W., TIANMING, Y., LIANGNIAN, J.: Label-free 
fluorescent DNA biosensors based on metallointercalators and nanomaterials. Methods. 2013, vol. 
64, no. 3, pp. 305–314. ISSN 1046-2023. 

 



 115 

[110] NÚNEZ, M.E., BARTON, J.K.: Probing DNA charge transport with metallointercelators. Current 
opinion in in chemical biology. 2000, vol. 4, no. 2, pp. 199–206. ISSN 1367-5931. 

 

[111] RAMAN, N., SELVAGANAPATHY, M., RADHAKRISHNAN, S.: Efficient interrupting skills of amino acid 
metallointercelators with DNA at physiological ph: evaluation of biological assays. Spectrochimica 
Acta Part A: Molecular and Biomolecular Spectroscopy. 2014, vol. 127, pp. 185 – 195. ISSN 1386-
1425.  

 

[112] BARTON, J.K., OLMON, E.D., SONTZ, P.A.: Metal complexes for DNA-mediated charge transport. 
Coordination Chemistry Reviews. 2011, vol. 255, no. 7–8, pp. 619 – 634. ISSN  0010-8545.  

 

[113] STEMP, E.D.A, BARTON, J.K.: Evidence for electron transfer between metallointercelators bound to 
DNA. Journal of Inorganic Biochemistry. 1995, vol. 59, no. 2–3, pp. 265. ISSN 0162-0134.  

 

[114] OLMON, E.D., HILL, M.G., BARTON, J.K.: Using metal complex reduces states to monitor the 
oxidation of DNA. Inorganic Chemistry. 2011, vol. 50, no. 23, pp. 12034–12044. ISSN 0020-1669. 

 

[115] ZHAO, C., ZHANG, Y., WANG, X., CAO, J.: Development of BODIPY-based fluorescent DNA 
intercalating probes. Journal of Photochemistry and Photobiology A: Chemistry. 2013, vol. 264, pp. 
41–47. ISSN 1010-6030.  

 

[116] MEADE, T.J., KAYYEM, J-F.: Electron transfer through DNA: Site specific modification of duplex DNA 
with ruthenium donors and acceptors. Angewandte Chemie. 1995, vol. 34, no. 3, pp. 352–354. ISSN 
1521-3773. 

 
[117] KRATOCHVÍLOVÁ, I, SYCHROVSKÝ, V., PÁV, O., VALA, M.: DNA and RNA charge transport effect of 

sequence, stacking, structure and Hg incorporation. Biophysical journal. 2013, vol. 104, no. 2, pp. 
424a. ISSN 0006–3495.  
 

[118] KRATOCHVÍLOVÁ,  .,  VALA,  M,  WEITER,  M.,  ŠPÉROVÁ,  M.,SCHNEIDER,  B.,  PÁV,  O.,  ŠEBEREA,  J.,  
ROSENBERG, I., SYCHROVSKÝ, V.: Charge transfer through DNA/DNA duplexes and DNA/RNA 
hybrids: Complex theoretical and experimental studies. Biophysical Chemistry. 2013, Vol. 180–181, 
pp. 127–134. ISSN 0301-4622. 

 

[119] NUNEZ, M.E.,RAJSKI, S.R., BARTON, J.K.: Damage to DNA by long-range charge transport. Methods 
in Enzymology. 2000, vol. 319, pp. 165–188. ISSN 0076-6879.  

 

[120] SMITH, J.A., GEORGE, M.W., KELLY, J.M.: Transient spectroscopy of dipyridophenazinehmetal 
complexeswhich undergo photo-induced electron transfer with DNA. Coordination Chemistry 
Reviews. 2011, vol. 255, no. 21–22, pp. 2666–2675. ISSN 0010-8548. 

 



 116 

[121] KELLEY, S.O., HOLMLIN, R.E., STEMP, E.D.A., BARTON, J.K.: Photoinduced electron transfer in 
ethidium-modified DNA duplexes: dependence on distance and base stacking. Journal of the 
American chemical society. 1997, vol. 119, no. 41, pp. 9861–9870. ISSN 1520-5126. 

 

[122] LEWIS, F.D., WU, T., ZHANG, Y., LETSINGER, R.L., GREENFIELD, S. R., WASIELEWSKI M.R.: Distance-
dependent electron transfer in DNA hairpins. Science. 1997, vol. 277, no.5326, pp. 673–676. ISSN 
1095-9203. 

 

[123] MURPHY, C. J., ARKIN, M.R., JENKINS, Y., GHATLIA, N.D., BOSSMANN, S., TURRO, N. J., BARTON, J.K.: 
fast photoinduced electron transfer through DNA intercalation. Proceedings of the National 
academy of Science of the United States of America. 1994, vol. 91, no. 12, pp. 5315–5319. ISSN 
1091-6490.  

 

[124] HOLMLIN, R. E., DANDLIKER, P.J., BARTON, J.K.: Charge transfer through the DNA base stacks. 
Angewandte Chemie. 1997, vol. 36, no. 24, pp. 2714–2730. ISSN 1521-3773. 

 

[125] HALL, D.B., KELLEY, S. O., BARTON, J.K.: Long-range and short-range oxidative damage to guanines 
in ethidium-DNA assemblies. Biochemistry. 1998, vol. 37, no. 45, pp. 15933–15940. ISSN 0066-4154. 

 

[126] KELLEY, S.O., BARTON, J.K.: DNA-mediated electron transfer from a modified base to ethidium: S-
stacking as a modulator of reactivity. Chemistry and Biology. 1998, vol. 5, pp. 413–425. ISSN 1074-
5521. 

 

[127] NAKATANI, K, SAITO, I.: Charge transport in duplex DNA containing modified nucleotide bases. In 
SCHUSTER, G.B. Long-Range charge transfer in DNA I. Berlin: Springer. 2004. pp. 163–186. ISBN 978-
3-540-20127-4. 

 

[128] VOITYUK, A. A., RÖSCH, N.: Quantum chemical modelling of electron hole transfer through S stacks 
of normal and modified pairs of nucleobases. The Journal of Physical Chemistry B. 2002, vol. 106, no. 
11, pp. 3013–3018. ISSN 1520-5207. 

 

[129] KELLEY, S. O., BARTON, J. K.: Electron transfer between bases in double helical DNA. Science. 1999, 
vol. 283, no. 5400, pp. 375–381. ISSN 1095-9203. 

 

[130] PECOURT, J.-M. L., PEON, J., KOHLER, B.: Ultrafast internal conversion of electronically excited RNA 
and DNA nucleosides in water. Journal of the American Chemical Society. 2000, vol. 122, no. 38, pp. 
9348–9349. ISSN 1520-5126. 

 



 117 

[131] ONIDAS, D., MARKOVITSI, D., MARGUET, S., SHARONOV, A., GUSTAVSSON, T.: Fluorescent properties 
of DNA nucleosides and nucleotide: A refined steady-state and femtosecond investigation. The 
Journal of Physical Chemistry B. 2002, vol. 106, no. 43, pp. 11367–11374. ISSN 1520-5207. 

 

[132] JACKSON, N. M., HILL, M. G.: Electrochemistry at DNA-modified surfaces: new probes for charge 
transport through the double helix. Current Opinion in Chemical Biology. 2001, vol. 5, no. 2, pp. 209–
2015. ISSN 1367-5931. 

 

[133] KELLEY, S. O., BARTON, J. K., JACKSON, N., HILL, M. G.: Electrochemistry of Methylene blue bound to 
a DNA-modified electrode. Bioconjugate Chemistry. 1997, vol. 8, no. 31, pp. 31–37. ISSN 1520-4812. 

 

[134] LIE, L. H., MIRKIN, M. V., HAKKARAINEN, S., HOULTON, A., HORROCKS, B. R.:  Electrochemical 
detection of lateral charge transport in metal complex-DNA monolayers synthesized on Si (1 1 1) 
electrodes. Journal of Electroanalytical Chemistry. 2007, vol. 603, no. 1, pp. 67–80. ISSN 1572-6657.  

 

[135] ZHIGUO, L., LINGLING, Z., SHILI, Z., MENGHUA, Z., ERMEI, D., BAOLE, L.: Effect of surface pretreatment 
on self-assembly of thiol-modified DNA monolayers on gold electrode. Journal of Electroanalytical 
Chemistry. 2014, vol. 722–723, pp. 131–140. ISSN 1572-6657. 

 

[136] XIAOHONG, CH., CHUANMIN, R., KONG, J., DENG, J.: Characterization of the direction electron 
transfer and bioelectrocatalysis of horseradish peroxidise in DNA film at pyrolytic graphite electrode. 
Analytica Chimica Acta. 2000, vol 1–2, pp.89–98. ISSN 0003-2670. 

 

[137] SAITO, I., TAKAYAMA, M., SUGIYAMA, H., NAKATANI, K., TSUCHIDA, A., YAMAMOTO, M.: 
Photoinduced DNA cleavage via electron transfer: Demonstration that guanine residues located 5´to 
guanine are the most electron-donating sites. Journal of the American Chemical Society. 1995, vol. 
117, no. 23, pp.6406–6407. ISSN 1520-5126. 

 

[138] SUGIYAMA, H., SAITO, I.: Theoretical studies of GG-specific photocleavage of DNA via electron 
transfer: Significant lowering of ionization potential and 5´-localization of HOMO of stacked GG bases 
in B-form DNA.  Journal of the American Chemical Society. 1996, vol. 118, no. 30, pp. 7063–7068. ISSN 
1520-5126. 

 

[139] CHUNG, M. H., KIYOSAWA, H., OHTSUKA, E., NISHIMURA, S., KASAI, H.: DNA strand cleavage at 8-
hydroxyguanine residues by hot piperidine treatment. Biochemical and Biophysical Research 
Communications. 1992, vol. 188, no. 1, pp. 1–7. ISSN 0006-291X. 

 

[140] NUNEZ, M. E., HALL, D. B., BARTON, J. K.: Long range oxidative damage to DNA: Effects of distance 
and sequence. Chemistry and Biology. 1999, vol. 6, no. 2, pp. 85–87. ISSN 1074-5521. 

 



 118 

[141] RAJSKI, S. R., JACKSON, B. A., BARTON, J. K.: DNA repair: Models for damage and mismatch 
recognition. Mutation Research. 2000, vol. 447, no. 1, pp. 49–72. ISSN 1383-5718.  

 

[142] TREADWAY, CH.R., HILL, M. G., BARTON, J.K.: Charge transport through a molecular S-stack: double 
helical DNA. Chemical Physics. 2002, vol. 281, pp. 409–428. ISSN 0301-0104. 

 

[143] LEWIS, F.D., LETSINGER, R.L., WASIELEWSKI, M.R.: Dynamics of photoinduced charge transfer and 
hole transport in synthetic DNA hairpins. Accounts of Chemical Research. 2001, vol. 34, no. 2, pp. 
159–170. ISSN 1520-4898. 

 

[144] LARSEN, O. F. A., STOKKUM, I. H. M., GOBETS, B., VAN GRONDELLE, R., VAN AMERONGEN, H.: 
Probing the structure and dynamics of a DNA hairpin by ultrafast quenching and fluorescence 
depolarization. Biophysical journal. 2001, vol. 81, no. 2, pp. 1115–1126. ISSN 0006-3459. 

 

[145] LEWIS, F. D., LIU, X. Y., LIU, J. Q., HAYES, R. T., WASIELEWSKI, M. R.: Dynamics and equilibria for 
oxidation of G, GG and GGG sequences in DNA hairpins. Journal of the Ameriacan Chemical Society. 
2000, vol. 122, no. 48, pp. 12037–12038. ISSN 1520-5126. 

 

[146] HESS, S., GOTZ, M., DAVIS, W. B., MICHEL-BEYERLE, M. E.: On the apparently anomalous distance 
dependence of charge-transfer rates in 9-amino-6-chloro-2-methoxyacridine-modified DNA. Journal 
of the Ameriacan Chemical Society. 2001, vol. 123, no. 41, pp. 10046–10055. ISSN 1520-5126. 

 

[147] BIXON, M., GIESE, B., WESSELY, S., LANGENBACHER, T., MICHEL-BEYERLE, M. E., JORTNER, J.: Long 
range hopping in DNA. Proceedings of the National Academy of Science. 1999, vol. 96, no. 21, pp. 
11713–11716. ISSN 1091-6490. 

 

[148] WAGENKNECHT, H.-A.: Semiconducting Charge transfer in DNA: From Mechanism to Application. 1nd 
ed. Wiley-VCH, 2005. 229 p. ISBN 3-527-31085-1. 

 

[149] STEENKEN, S., JOVANOVIC, S. V.: How easily oxidizable is DNA? One-electron reduction potentials of 
adenosine and guanosine radicals in aqueous solution. Journal of the Ameriacan Chemical Society. 
1997, vol. 119, no. 3, pp. 617–618. ISSN 1520-5126. 

 

[150] O´NEILL, M. A., BARTON, J. K.: DNA charge transport: Conformationally gated hopping through 
stacked domains. Journal of the Ameriacan Chemical Society. 2004, vol. 126, no. 37, pp. 11417–11483. 
ISSN 1520-5126. 

 



 119 

[151] SCHUSTER, G. B.: Long-range charge transfer in DNA: Transient structural distortions control the 
distance dependence. Accounts of Chemical Research. 2000, vol. 33, no. 4, pp. 253–260. ISSN 1520-
4898.  

 

[152] MEGGERS, E., MICHEL-BEYERLE, M. E., GIESE, B.: Sequence dependent long range hole transport in 
DNA. Journal of the Ameriacan Chemical Society. 1998, vol. 120, no. 49, pp. 12950–12955. ISSN 1520-
5126. 

 

[153] NOY, A., PÉREZ, A., LANKAS, F., LUQUE, F. J., OROZCO, M.: Relative flexibility of DNA and RNA: a 
molecular dynamics study. Journal of Molecular Biology. 2004, vol. 343, no. 3, pp. 627–638. ISSN 
0022-2836.  

 

[154] WAN, C., FIEBIG, T., SCHIEMANN, O., BARTON, J. K., ZEWAIL, A. H.: Femtosecond direct observation 
of charge transfer between bases in DNA. Proceedings of the National Academy of Science of the 
United States of America. 2000, vol. 97, no. 26, pp. 14052–14055. ISSN 1091-6490. 

 

[155] GIESE, B.: Long-distance electron transfer through DNA. Annual Review of Biochemistry. 2002, vol. 
71, pp. 51–70. ISSN 0066-4154.  

 

[156] MATSUI, T., SHIGETA, Y., HIRAO, K.: Multiple proton-transfer reactions in DNA base pairs by 
coordination of Pt complex. The Journal of Physical Chemistry B. 2007, vol. 111, pp. 1176–1181. ISSN 
1520-5207. 

 

[157] TANAKA, Y., ODA, S., YAMAGUCHI, H., KONDO, Y., KOJIMA, C., ONO, A.: 15N-15N J-coupling across 
HgII: Direct observation of HgII-mediated T-T base pairs in a DNA duplex. Journal of the American 
chemical society. 2007, vol. 129, no. 48, pp. 244–245. ISSN 1520-5126. 

 

[158] YAMAGUCHI,  H.,  ŠEBERA,  J.,  KONDO,  J.,  ODA,  S.,  KOMURO,  T.,  KAWAMURA,  T.,  DAIRAKU,  T.,  
KONDO, Y., OKAMOTO, I., ONO, I.: The structure of Metallo-DNA with consecutive thymine-HgII-
thymine base pairs explains positive entropy for the metallo base pair formation. Nucleic Acids 
Research. 2014, vol. 42, pp. 4094–4099. ISSN 1362-4962. 

 

[159] ŠEBERA,  J.,  BURDA,  J.,  STRAKA,  M.,  ONO,  A.,  KOJIMA,  C.,  TANAKA,  Y.,  SYCHROVSKÝ,  V.:  Formation  of  
thymine-HgII-thymine metal-mediated DNA-base pair: proposal and theoretical calculation of the 
reaction pathway. Chemistry – A European Journal. 2013, vol. 19, pp. 9884–9894. ISSN 1521-3765.  

 

[160] KONDO, J, YAMADA, T., HIROSE, C., OKAMOTO, I., TANAKA, Y., ONO, A.: Crystal structure of metallo 
DNA duplex containing consecutive Watson-Crick-like T-HgII-T base pairs. Angewandte Chemie 
International Edition.  2014, vol. 53, pp. 2385–2388. ISSN 1521-3773. 

 



 120 

[161] KRATOCHVÍLOVÁ,   I.,   GOLAN,   M.,   VALA,   M.,   ŠPÉROVÁ,   M.,   WEITER,   M.,   PÁV,   O.,   ŠEBERA,   J.,  
ROSENBERG, I., SYCHROVSKÝ, V., TANAKA, Y., BICKELHAUPT, F. M.: Theoretical and experimental 
study of charge transfer through DNA: Impact of mercury mediated T-Hg-T base pair. The Journal of 
Physical Chemistry B. 2014, vol. 118, pp. 5374–5381. ISSN 1520-5207. 

 

[162] UCHIYAMA, T., MIURA, T., TAKEUCHI, H., DAIRAKU, T., KOMURO, T., KAWAMURA, T., KONDO, Y., 
BENDA,  L.,  SYCHROVSKÝ,  V.,  BOUŘ,  P.:  Raman  spectroscopic  detection  of  the  T-Hg(II)-T base pair 
and the ionic characterization of mercury. Nucleic Acids Research. 2012, vol. 40, pp. 5766–5774. 
ISSN 1362-4962. 

 

[163] HIROYUKI, I., YAMAZAKI, N., ATSUSHI, A., FUJINO, T., NAKANISHI, W., SEKI, S.: Electron mobility in a 
mercury-mediated duplex of triazole-linked DNA (TLDNA). Chemistry Letters. 2011, vol. 40, pp. 318–
319. ISSN 0366-7022. 

 

[164] MIYAKE, Y., TOGASHI, H., TASHIRO, M., YAMAGUCHI, H., ODA, S., KUDO, M., TANAKA, Y., KONDO, 
Y., SAWA, R., FUJIMOTO, T.: MercuryII-mediated formation of thymine-HgII-thymine base pairs in 
DNA duplexes. Journal of the American chemical society. 2006, vol. 128, no. 7, pp. 2172–2173. ISSN 
1520-5126. 

 

[165] STIVERS, J. T.: 2-Aminopurine fluorescence studies of base stacking interactions at abasic sites in 
DNA: metal-ion and base sequence effects. Nucleic Acids Research. 1998, vol. 26, no. 16, pp. 3837–
3844. ISSN 1362-4962. 

 

[166] UCHIYAMA, T., MIURA, T., TAKEUCHI, H., DAIRAKU, T., KOMURO, T., KAWAMURA, T., KONDO, Y., 
BENDA,  L.,  SYCHROVSKÝ,  V.,  BOUŘ,  P.,  OKAMOTA,  I.,  ONO,  A.,  TANAKA,  Y.:  Raman  spectroscopic  
detection of the T-HgII-T base pair and the ionic characteristics of mercury. Nucleic Acids Research. 
2012, vol. 40, no. 12, pp. 5766–5774. ISSN 1362-4962. 

 

[167] O´NEILL, M. A., BARTON, J. K.: 2-Aminopurine: A probe of structural dynamics and charge transfer in 
DNA and DNA:RNA hybrids. Journal of the American Chemical Society. 2002, vol. 124, no. 44, pp. 
13053–13066. ISSN 1520-5126. 

 

[168] CANDEIAS, L.P., STEENKEN, S.: Structure and acid-base properties of one-electron-oxidized 
deoxyguanosine, guanosine, and 1-methylguanosine. Journal of the American Chemical Society. 
1989, vol. 111, no. 3, pp. 1094–1099. ISSN 1520-5126. 

 

 
 

 
 
 



 121 

8  LIST  OF  SHORTCUTS 
a   sphere radius 

a   magnitude of localized state 

D   absorption coeffiecient 

AFM   atomic foce microscopy 

Alq3   Tris(8-hydroxyquinolinato)aluminium 

Ap   2-Aminopurine 

A-T   adenine-thymine  

E   Pool-Frenkel factor 

c   velocity of the light in vacuum 

C8-BTBT  2,7-dioctyl[1]benzothienol[3,2-b][1]benzothiophene 

C60   fullerene 

C-A   cytosine-adenine 

CELIV   The charge extraction by linear increasing voltage method 

CLSM   Confocal laser scanning microscopy 

CT   charge transfer 

CT*   excited charge transfer state 

Cu-Pc   phtalocyanine with copper 

d   distance 

D   electron donor 

D   diffusion 

D*   excited electron donor 

D+A or D/A  donor-acceptor interface 

[D*A]   exciplex of electron donor and electron acceptor 

[D·+A·–]   CT state, Coloumbically bounded electron hole pair 

D·+, A·–   free charge carriers 

DMICA   5,6-dimethoxyindole-2-carboxylic acid 

DNA   deoxyribonucleic acid 

DOS   density of state 

DPP   diketopyrrolopyrrole 
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e   elementary charge 

e–    electron 

H0   the permittivity in vacuum 

Hr   the relative permittivity of material 

H0HW� � � the dielectric permittivity of the medium 

E   energy 

E   electric field 

Ebb   electronic transition energy of the unsubstantiated planar backbone 

Ecryst   the batochromic shift induced by intermolecular interactions in the solid state 

Edist the hypsochromic blue energy shift induced by distortion from planarity in the 
equilibrium geometry 

EF Fermi level 

Eg   band gap energy 

Ej, Ei energy of the state i a j 

Esolv   the batochromic red solvent shift compared to the value in vacuum 

Esub the energy shift induced by the positive/negative inductive or mesomeric effects 
of chemical substituents 

F magnitude of electric field 

FET field effect transistor 

G guanine 

G-A guanine-adenine 

G-C guanine-cytosine 

h   Planck constant 

h+   hole 

HA   humic acid 

Hg   mercury 

HgCl2   mercuric chloride 

HS   humic substances 

HOMO   the highest occupied molecular orbital 

I   intensity of the light 

I    inosine 
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I0   initial intensity of light 

ITO   indium tin oxide 

j-V   current-voltage 

k   kinetic constant 

kB   Boltzmann constatnt 

KHA   Potassium humate from parental lignite 

KRHA10H  Potassium humate from lignite regenerated by the 10 % H2O2 

KRHA20H  Potassium humate from lignite regenerated by the 20 % H2O2 

KRHA40N  Potassium humate from lignite regenerated by the 40 % HNO3 

KRHA65N  Potassium humate from lignite regenerated by the conc. HNO3 

Oex� � � wavelength of the light 

LUMO   the lowest occupied molecular orbital 

LS   Potassium lignosulfonate  

P� � � mobility of charge 

M   spin multiplicity 

meff   polaron effective mass at zero temperature 

MTR   Multiple trapping and thermal release�

𝑣� � � drift velocity 

NF   density of states at Fermi level 

OFET   organic field effect transistor 

OLED   organic light emmiting diode/device 

OSC   organic solar cell 

PDMICA  poly-5,6-dimethoxyindole-2-carboxylic acid 

PEDOT:PSS                       poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate) 
PFO   Polyfluorene 

P3AT   Poly(3-Alkylthiophene) 

PLEDs   polymer  light emitting diode 

PPV   Poly(p-phenylene vinylene) 

PPy   Poly(pyrrole) 

PR-TRMC  Pulse radiolysis Time-resolved Microwave conductivity 
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PVA   polyvinyl alcohol 

Q   quencher 

r   radius 

RA   right angle 

RHA65N  Humic acid from lignite regenerated by conc. HNO3 

S0   singlet ground state 

S1   excited singlet state 

S2   higher singlet state 

T   thermodynamic absolute temperature 

T1   excited triplet state 

T2   second excited triplet state 

T3   third excited triplet state 

T-A   thymine-adenine 

TCSPC   time correlated single photon counting 

Tm   melting temperature 

TOF   time of flight technique 

TPA   two photon absorption 

T-T   thymine-thymine 

UV   ultraviolet light 

VRH   variable range hopping model 
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