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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. The future of electronics, especially electronics based on organic materials, has been 

envisioned as soft and rubbery [1]. 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 [2]. 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 [3]. 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. 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 [4]. 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. 

 

2  LITERATURE REVIEW 

2.1 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 [5]. The 
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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 [6].  

Biomaterials can be used in organic electronics as: 

 structural components, 

 active components: insulator and dielectric materials, natural semiconductors, optically-active 
biomaterials, 

 polymeric biomaterials as in vitro interfaces, 

 soft materials for in vivo device interfaces [6]. 

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

electronics are: 

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 1. 

 

Figure 1 Structure of natural systems (a) DNA, (b) humic substances) [7], [8]. 
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2.1.1 Humic substances 

Humic substances (HSs) belong to the most widely distributed organic substances on the Earth’s surface [8], 

[9]. From the chemical point of view, HSs consist of a mixture of predominantly amphiphilic, aliphatic as 

well as aromatic molecules [8]. 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 [10], [11]. 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 [10], [11], [12]. 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 to the presence of extended π-conjugated structure, and thus it could affect the transfer 

and transformation of other coexisting organic compounds. It is reasonable to expect that chlorophyll-like 

structures might exist in humic substances [13]. Other precursors of humic substances are lignins. It has 

been recognized and recently confirmed that native lignin can conduct the electric current [14], [15]. 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 [16]. Also large numbers of articles were published about optical and electrical properties of HSs 

in solution [17]. Aguer et al. studied differences of photoinducive properties in commercial, synthetic and 

soil-extracted humic substances [10]. Wandruzska et al. investigated dynamic conductivity in humic and 

fulvic solutions [18]. 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 [11]. Silva et al. published article where carbon paste electrode for cyclic voltammetry were 

modified by humic substances [19]. 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 [20]. 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), 

composites with poly(o-methoxyaniline) [21], again as dopants for poly(pyrroles) [22] or coatings with 

poly(pyrrole) for cotton fabric supercapacitor electrodes [23]. Lovley et al. showed the role of humic 

substances as a shuttle of electrons which underlines the importance of functionalized aromatic moieties 

in soil oxidation-reduction reactions [24]. 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) [24], [25]. Humic acids were found to stabilize 

carbon nanotube dispersion [26]. 
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2.1.2 DNA 

One of the materials which attracts attention of researcher in the field of organic electronics is DNA. 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 [27]. 

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 [28]. 

But the question of single step is not still clear. Stadler et al. also used DNA as gate dielectric in n-type and 

p-type OFETs [29]. Currently published researches deal with several controversial issues of the DNA 

conductivity and charge transport. There are results of DNA as a conductor [30], semiconductor [31] as well 

as insulator [32]. These different conclusions can be caused by differences between samples or environment 

of measurement and used technique.  

 

2.1.3 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 [33]. 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 [33], [34], [35]-[41], 

[42]-[46]. 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 [47], [48]. 
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2.1.4 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 [33], [34]. 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. 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 [49]. 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 

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

and Kayyem. Importance of stacking of DNA was then reported in other articles [49]-[51] [52], [53], [54]-

[58]. 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 2). 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) [59], [60]. Due to 2-Aminopurine, it is possible to selectively excite and create photooxidant on 

the DNA chain – Ap: E0(*/-) ≈ 1.5 V [71]. Fluorescence emission from Ap is sensitive to the DNA environment. 

 

 

 

 

Figure 2 Structures of modified DNA bases: a) 2-Aminopurine, b) Inosine, c) Methylindole. 
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Electrochemistry using DNA films 

Another tool to describe charge transport in DNA has been electrochemistry experiments in DNA films [42]-

[46]. 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. 

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) [61], [62]. 

Photophysical studies of DNA-mediated charge transport. 

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. 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 [63]. 

Larsen et al. 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 [64]. 

2.1.5 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. 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 3) [65], [66]. 
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Superexchange (tunnelling theories) 

From Figure 3 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 4). Among 

the four bases, guanine has the lowest oxidizing potential and guanine can be easily oxidized [67].  

 

 

 

 

 

 

 

 

 

 

Figure 3 Comparison of charge transfer via superexchange and via molecular wire [66]. 

Figure 4 Superexchange and multistep hopping mechanism of charge transfer, r is distance between donor 

and acceptor,  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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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: 

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 -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 [68] (see Figure 5).  

 
 

 
 
 
 
 

 

2. Phonon-assisted polaron-like hopping mechanism 

Domain hopping model is distinct from models which invoke polarons. 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 [69]. 

 

3. Combination of superexchange and hopping mechanism 

One interesting proposal was described by Meggers and co-workers in 1998 [70]. 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. 

 

3  GOAL OF THE WORK 

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. 

Figure 5 Domain hopping mechanism. 

 



 11 

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] (List of publications). 

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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4  OVERVIEW OF 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.  

4.1 SAMPLES  

The experimental part is presented shortened in the three tables. The first two (Table 1, Table 2) represent 

the sample dscription and naming while the second (Table 3) describes the analytical techniques and 

particular measurements.  

Humic substances materials which were used for my work are described in Table 1. Two types of samples 

were prepared: samples for optical measurements and for measurement of thickness (morphology) – thin 

films, samples for optoelectrical measurements – structure substrate/electrode/active layer/electrode. 

Table 1 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 

 

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 
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duplexes with virtually equivalent sequences. For this purpose we used DNA oligonucleotides with various 

base-pairing patterns. 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. 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. We also investigated the impact of mercury bonded to 

mismatched DNA bases (T-T and T-Hg(II)-T). 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. Example of used DNA samples is in Table 2.  

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.  

Table 2 Example of used DNA samples. 

Sample description Sequence 

DNA/DNA redox active  5´-d(TIA ITAp AAG TTA IA)-3´                                    

3´-d(ACT CAT TTC AAT CT)-5´ 

DNA/DNA redox inactive  5´-d(TIA  ITAp AAI TTA IA)-3´                                               

3´-d(ACT CAT TTC AAT CT)-5´ 

RNA/DNA redox active  5´-d(TIA  ITAp AAG TTA  IA)-3´                                     

3´-r(ACU CAU UUC AAU CU)-5´ 

RNA/DNA redox inactive  5´-d(TIA  ITAp AAI  TTA   IA)-3´                                     

3´-r(ACU CAU UUC AAU CU)-5´                                             
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4.2 EXPERIMENTAL METHODS 

Table 3 Experimental methods 

Analysis Technique/Machine Reason for using 

Humic substances 

Mechanical 

Characterization 

of Thin Layers  

Confocal laser scanning microscopy, Mechanical 

profilometry, AFM (microscope LEXT OLS 3000, 

Olympus, Bruker Dektak XT contact 

profilometer, optical microscope Nikon Eclipse 

E200, AFM; Veeco Nanoscope) 

Thickness of layers, morphology of 

layers, surface roughness 

Optoelectrical 

characterization 

UV-VIS spectroscopy, current-voltage 

characteristic (Varian Cary Probe 50 UV-VIS 

spectrometer, Keithley 6487 picometer) 

UV-VIS absorption spectra, 

current–voltage (j–V) 

characteristics  

DNA duplexes 

Optical 

characteriaztion 

Absorption Study of DNA in UV-VIS area (Varian 

Cary Probe 50 UV-VIS spectrometer), 

Fluorescence Study of DNA in UV-VIS area  

(Thermo Spectronic Aminco Bowman AB-2 

fluorescence spectrometer, Horiba Jobin Yvon 

Fluorolog, Horiba Jobin Yvon Fluorocube) 

Absorption spectra (obtaining 

melting temperature, absorption 

spectra and absorption peak of 

Ap), steady-state fluorescence 

spectra (excitation and emission 

spectra, efficiency of charge 

transfer), time-resolved 

fluorescence spectra (fluorescence 

lifetimes corresponding to 

different efficiencies of 

fluorescence quenching) 

 

 

  



 15 

5  SELECTED 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. 

5.1 HUMIC SUBSTANCES  

5.1.1 Thin layers of humic substances 

Preliminary test on CLSM 

As I already mentioned, first we examine if we are even able to make thin layers from humic substances. 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. Thin layers were prepared by spin-

coating and chosen results are summarized in Table 4. 

Table 4 Description of samples and their thickness. 

Sample Description of sample Thickness of layer (nm) 

1 lignosulfonate 10 g·L-1  46.33±10 

2 350 µl of lignosulfonate 10 g·L-1 + 50 µl of PVAl (1%) 57.67±10 

3 200 µl of lignosulfonate 10 g·L-1 + 200 µl of PVAl (1%) 89.8±10 

4 350 µl of lignosulfonate 10 g·L-1 + 50 µl of PVAl (5%) 72.33±10 

5 Two layers of lignosulfonate (10 g·L-1) 632.14±10 

6 Drop cast of lignosulfonate (10 g·L-1) 15136.8±10 (15.13 µm) 

7 lignosulfonate 15 g·L-1 95±10 

8 350 µl of lignosulfonate 15 g·L-1 + 50 µl of PVAl (1%) 150.18±10 

9 200 µl of lignosulfonate 15 g·L-1 + 200 µl of PVAl (1%) 374±10 

10 Two layers of lignosulfonate (15 g·L-1) 418.5±10 

11 Drop cast of lignosulfonate (15 g·L-1) 9656.3±10 (9.66 µm) 
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From Table 4 can be seen that thickness ranged between 40 nm and 15 µm. For further experiments we 

chose sample 7 (lignosulfonate with concentration 15 g·L-1) with thickness around 100 nm. 

5.1.2 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 6). 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. 

 

Figure 6 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 
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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).  

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: 

 the possibility of preparation of thin layers with optimal properties for organic electronics (by 
spin-coating methods or by material printing) was demonstrated, 

 all the tested humic substances showed semiconducting behavior. 

 

5.2 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. 

5.2.1 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 7. 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. 
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Figure 7 Obtained absorption spectra of DNA/DNA and DNA/RNA duplexes. 

Figure 8 Absorption/temperature plots obtained from the melting temperature measurements (from UV-

VIS spectroscopy). 

 Figure 7 and Figure 8 shows results from UV-VIS spectroscopy. We used this methods for two reasons: 

 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 7 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. 

 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 8 it can be seen that melting point for RNA-A1 and RNA-A2 is around 25 °C, this temperature 

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 
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DNA/DNA measurements showed us that range of our measurement – from 5 °C to 40 °C is not 

sufficient for DNA/DNA measurement. 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. 

5.2.2 Steady state fluorescence  

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. DNA/DNA duplexes were composed of two DNA strands, RNA/DNA 

was composed of complementary RNA and DNA strands. Results from measurements of redox active and 

redox inactive samples served for calculation of efficiency of charge transfer. 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 9 and Figure 10.  

The excitation spectra of both active and inactive duplexes were composed of two main bands (Figure 9 and 

Figure 10): 

 band at 309 nm maximum – represents the main excitation pathway and overlaps the absorption 

of Ap incorporated within the nucleic acid framework, 

 band with maximum around 275 nm arose from singlet-singlet energy transfer from bases adjacent 

to Ap [74]. 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. Interestingly, the 

base stacking interactions were found to be more pronounced for both redox active duplexes 

compared to their non-active counterparts (Figure 9, Figure 10). 
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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 9, Figure 10). 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. 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. 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. 

Figure 9 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 10 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 =  
𝐼𝑆

𝐼𝐴𝑝
 , 

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). 

𝐹𝑞 = 1 −
𝛷𝐺

𝛷𝐼
 . 

Dependence of fluorescence quenching efficiencies Fq on temperature is then depicted in the Figure 11 and 

the charge transfer efficiencies is considered in the relations to conformation and the type of samples 

(DNA/DNA and RNA/DNA duplexes).  
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Figure 11 Dependence of Fq on temperature. 

From Figure 11 (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. Comparison of 

quenching efficiencies (Fq) for every sample is in the Table 5. 

Table 5 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 
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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 11 and Table 5). 

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. 

5.2.3 Time-resolved fluorescence 

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. 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 [71], 

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 [75], 

[76], be related to different conformers. Our interpretation of fluorescence decay data was based on 

multiexponential fit. 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 [64], [72] 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 [64] 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 [72], [64]. According to this hypothesis, the difference 

between redox free and redox active RNA/DNA relative fractions B1–B3 can be associated with duplex 
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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 [76], [73]. It should be noted that the best Ap stacking in active 

DNA/DNA duplexes (the mostly pronounced shorter 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 

6. 

Table 6 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 7, Figure 12) 

Table 7 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 
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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 [71]. 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. 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 7. 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 12. 

 

Figure 12 The time resolved fluorescence of DNA/DNA and RNA/DNA duplexes, Figure 12a 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 6) 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 12b 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. 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 than 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. 

5.3 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. The used samples with incorporated Hg are shown in Table 

8. 

Table 8 Description of samples with incorporated Hg. 

Sample description Sequence 

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´           

 



 27 

5.3.1 Steady state fluorescence 

The samples and their structure is the same as in study of charge transfer through DNA/DNA duplexes and 

RNA/DNA duplexes (see section 5.2). 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 13.  

Figure 13 Excitation (13a) and emission spectra (13b) of standard DNA, redox inactive sample 

From Figure 13 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 13). 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. From calculated quenching efficiencies the plots of 

dependence of Fq on temperature were rendered (Figure 14). 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.  
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Figure 14 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 14. 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 14), 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 

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 13 can be seen that the temperature-induced 
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increase of fluorescence was accompanied by a gradual decrease of the excitation band in the 260−290 nm 

region (highlighted area on Figure 13). 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. From 

calculated quenching efficiencies the plots of dependence of Fq on temperature were rendered (Figure 14). 

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 14 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 

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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5.4 CONCLUSION  

 The possibility of preparation of thin layers with optimal properties for organic electronics (by 

spin-coating methods or by material printing) was demonstrated. 

 Electrical methods were used to characterize fundamental electronic properties of studied humic 

materials. 

 All the tested humic substances showed semiconducting behavior. 

 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. 

 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. 

 The fluorescence spectroscopy measurements detected higher fluorescence quenching, indicating 

better charge transfer for the RNA/DNA hybrid duplex. 

 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. 

 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. 
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9  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. 
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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. 

 

KLÍČOVÁ SLOVA 

Organické polovodiče, optoelektrické vlastnosti, huminové látky, DNA, transport náboje 
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