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INTRODUCTION

Motivation of the research. The development of energy efficient
technologies intensified the studies of organic light emitting diode (OLED), solar
cells, and organic transistors. These devices are formed using organic materials
that must satisfy several requirements. The investigation of thermal, optical,
photophysical, and photoelectrical properties can create structure-properties
relationship and selected materials with a complex of optimum properties. The
materials, from which is formed, for example, the carrier carrying a layer by
casting process, must have film-forming properties, morphological stability and a
certain high ionization potential, and carrier mobility. The most important
characteristics of the emissive layer of LED are quantum efficiency of
luminescence, luminescence color, and color purity. The charge transport
materials for paints sensitized solar cells must have low ionization potential and
high mobility. With the help of various synthesis methods, there can be selected
variously modified molecular fragments, i.e., to connect different substituents to
different positions, and only a comprehensive study of the characteristics can get
structure-properties relationship. Then, it is possible to select suitable materials
with the complex of the required properties.

Organic electronic devices are generally fabricated by vapor deposition.
The main deficiency of this method is the high cost of production, which covers
huge investments in fabrication techniques. In order to reduce the production
costs, the layers can be fabricated by solution-based techniques. Such method is
less expensive compared to the vapor deposition method as well as large area
devices that could be produced easily. A potential disadvantage of using this
method is that layers that are already coated could be partially dissolved by the
following spin-coating steps. In order to make the spin-coating method suitable
for the preparation of multilayer devices, the solubility of the layers must be
reduced after their deposition. One possibility solving this problem is to use
soluble compounds with reactive functional groups, which can be transformed
into polymers with lower solubility or even into insoluble networks.

Phenanthroimidazole—based derivatives attracted a lot of attention of the
scientific community due to their simple and cheap synthesis, attractive bipolar
properties and  excellent luminescence  efficiency, etc. Mainly,
phenanthroimidazole—based materials were exploited in two application areas
related to the OLED's relying on their emitting or bipolar properties.



Aim of the work

The investigation of structure-properties relationship of blue solid state
emissive phenanthroimidazole-based derivatives and the investigation of thermal
polymerization processes of derivatives with reactive functional groups.

In order to achieve the aim of the thesis, the following tasks were
formulated:

1. To synthesize phenanthroimidazole-based derivatives with different
aliphatic and heterocyclic substituents at different positions in the
phenanthroimidazole unit;

2. To investigate thermal, optical, photophysical, electrochemical, and
photoelectrical properties of synthesized compounds and investigate the
structure-properties relationship;

3. To synthesize phenanthroimidazole-based derivatives with reactive
functional groups and investigate the Kkinetics of thermal polymerization
processes;

4. To propose a technological scheme for the production of one of the
intermediate compounds.

Scientific novelty of the work. New phenanthroimidazole-based
compounds were synthesized. Thermal, optical, photophysical, electrochemical,
photoelectrical properties of synthesized compounds, and the structure-properties
relationship were investigated.

The influence of temperature and compound structure on the
polymerization reaction rate of vinyl benzyl-containing phenanthroimidazole
compounds was determined.

The practical value of the work. It has been shown that the compounds
containing phenanthroimidazole fragments can be used to obtain active layers for
the organic light-emitting diodes. The compounds with heterocyclic substituents
have been used in the production of emission layers for the electroluminescence
devices.

The optimal conditions for the formation of polymeric electroactive layers
by casting have been found.

The technological scheme of production of 3,6-dibromophenanthrene-
9,10-dione is proposed.

Dissertation statements to be defended. Carbazolyl- and diphenylamine
fragment-functionalized phenanthroimidazole-based derivatives with a balanced
ambipolar carrier transition and effective blue solid state emission are suitable
for the formation of emissive layers for the light emitting diodes.



Thermal polymerization of phenanthroimidazole derivatives with reactive
functional groups can form insoluble layers that are potentially suitable for the
organic electronics technologies.

Approval and publications of the results of the study. The results of the
research have been published in 2 scientific articles in the journals indexed in
Clarivate Analytics Web of Science database, and 8 papers have been presented
in the proceedings of scientific conferences.

Structure and content of the dissertation. The dissertation consists of an
introduction, three chapters, conclusions, a list of references, and a list of
publications relevant to the subject of the dissertation. The dissertation text
covers 107 pages, it features 15 tables and 28 figures, and the list of references
includes 207 bibliographic sources.



1. RESULTS AND DISCUSSION

1.1. Phenanthroimidazole derivatives with aromatic groups in 5,10-
and 6,9- positions

Synthetic routes for the donor-substituted phenanthroimidazole derivatives
9-16 are outlined in Figure 1.1. and Figure 1.2.
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Figure 1.1. Synthetic routes for the phenanthroimidazole derivatives 9-12

The starting compounds 1 and 2 were prepared according to the
procedures reported in the literature earlier [1,2]. The key intermediate
phenanthroimidazole derivatives 3-8 were obtained by the reactions of
compounds 1 or 2 with the corresponding aldehydes. The target compounds 9,
11, 13, and 14 were prepared by Ullmann coupling reactions [3]. Derivatives 10,
12, 15, and 16 were synthesized using Buchwald-Hartwig conditions [4].
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Figure 1.2. Synthetic routes for the phenanthroimidazole derivatives 13-16

All the synthesized compounds were purified by column chromatography
and characterized by IR, NMR spectroscopies, and mass spectrometry.

1.1.1. Thermal properties

The thermal properties of phenanthroimidazole-based derivatives 9-16
were investigated by TGA and DSC under a nitrogen atmosphere. Their thermal
characteristics are summarized in Table 1.1.

Table 1.1. Thermal properties of compounds 9-16

Derivative 9 10 11 12 13 14 15 16
T,(°C) 2 206 239 192 183 146 81 115 87
Tm (°C)° - - 394 - 313 - R

Tn(O)° 524 511 491 503 399 392 327 321
@ Determined by DSC 2™ heating, scan rate 20 °C/min, N atmosphere. ® Determined by DSC 1%
heating, scan rate 20 °C/min, N, atmosphere ¢ T4 is 5% weight loss temperature; scan rate 20 °C/min,
N, atmosphere.

Their 5% weight-loss temperatures (Tip) range from 321 to 524 °C. The
DSC curves of the second heating of the compounds 9-16 demonstrate that these
compounds can exist in the glassy state (Fig. 1.3.).
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Figure 1.3. DSC curves (2" heating) of the phenanthroimidazole derivatives 9-12

The glass-transition temperatures (Tg) of 9-16 were observed in the region
of 81-239 °C. Compounds 9-12 having aromatic moieties in the 2" position of
the imidazole ring exhibited considerably higher T4 than phenanthroimidazole
derivatives 13-16 with aliphatic substituents. Such high Ty and Tip values of
compounds 9-12 indicate that the amorphous layers of these compounds can be
fabricated by the vapor deposition. In addition, they are expected to exhibit high
morphological stability, which is desirable for the materials used in OLEDs [5].

1.1.2. Optical and photophysical properties

Optical and photophysical properties of the dilute solutions in THF and
films of 9-16 are presented in Table 1.2.

Table 1.2. Optical and photophysical properties of phenanthroimidazoles 9-16

Aabs® ApL? (o
Derivative (nm) (nm) (sol/film)° CIE® (x;y)
solution film solution film solution film
9 349 353 414 421 0.35 0.55 (0.16;0.03)
10 348 350 417;434 424;444 0.09 0.49 (0.15;0.03)
11 365 374 435 443 0.22 0.51 (0.15;0.09)
12 364 364 444467 443;468 0.26 0.27 (0.14;0.07)
13 343 348 378;395 378;413 0.11 0.24 (0.16;0.02)
14 373 375 406;416 406;417 0.25 0.28 (0.16;0.06)
15 339 344 399;417 404,427 0.12/ 0.34 (0.16;0.02)
16 359 359 435,456 434,456 0.09/ 0.11 (0.15;0.05)

@ Maxima bands of absorption and fluorescence recorded at room temperature. ® The fluorescence
quantum yield of the solution using a 0.5 M H,SO, solution of quinine as reference (0.51); the solid
state quantum yield estimated using an integrating sphere. ¢ Estimated from the fluorescence spectra
of the solutions in THF.

The solutions of the compounds exhibit the emission peaks in the range
from 399 to 467 nm. In the solid state, the emission of these materials shows
negligible red shift, which is coherent with the similar red-shifts of the
corresponding absorption spectra. The fluorescence spectra presented in Figure
1.4b clearly show that emission color depends on the donor chromophore.
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Figure 1.4. Normalized absorption (a) and fluorescence (b) spectra of compounds 10, 12,
15, 16

In the case of carbazolyl substituted compounds (10, 15), the emission
maxima are blue-shifted compared to the spectra of the derivatives containing
diphenylamine moieties (12, 16), which is coherent with the same trend observed
for the low energy absorption bands. However, the emission is blue-shifted in the
case of phenanthroimidazole moiety substituted at 5" and 10™ positions (9, 11,
13, 14), compared to the spectra of the derivatives where the substitution is
realized at 6™ and 9" positions (10, 12, 15, 16). Both the nature of the substituent
and the linking position are important for tuning the emission color.

Fluorescence quantum yields (®f) of the solid films of compounds 9-16
were found to be considerably higher than those of dilute THF solutions and
reaches 0.55 (Table 1.2.).

1.1.3. Photoelectrical properties

Charge-drift mobilities of the compounds 9-16 were measured by the ToF
technique (Table 1.3., Fig. 1.5.).

Table 1.3. Charge-drift mobilities of compounds 9-16

Derivative d (um) Hn (CM?/V-s)? He (CM?/V+s)?

9 3.1 3.14x10"* 5.69x10*
10 3.9 1.91x10"* 2.14x10*
11 1.8 3.02x10° 8.52x10°
12 7.1 1.60x10" 1.91x10*
13 5.1 3.07x10" 2.74x10*
14 2.2 1.28x10* 7.68x10*
15 35 1.62x10* 5.90x10*
16 1.7 3.20x10" 1.90x10*

2 Hole- and electron-drift mobilities at the electric field of 3.6-10° cm?/Vs.
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Figure 1.5. Hole-drift and electron-drift mobilities for the layers of compounds 9-12 (a)
and 13-16 (b) at room temperature

Well balanced hole and electron transport was observed for the layers 9-16
and exhibit in the range of 3.02x10°-3.20x10% cm?/(V-s) (holes), 8.52x10°5-
7.68x10* cm?/(V-s) (electrons) at the electric fields of 3.6x10° V/cm.

1.1.4. Electrochemical properties

In order to evaluate the applicability of the materials in the optoelectronic
devices, the electrochemical properties of compounds 9-16 were further studied
by CV measurements (using their in 10° M solutions) and by electron
photoemission in the air method. The results of the measurements are shown in
Table 1.4.

Table 1.4. Electrochemical characteristics of compounds 9-16

Derivative Eo® (V) 1P\ (eV) Eop € (V) EAY (8V) 1P (eV)
9 1.02 5.52 3.14 2.38 5.29
10 0.85 5.38 3.04 2.34 5.31
11 0.51 5.03 3.02 2.01 5.27
12 0.42 4.96 2.81 2.15 5.15
13 0.73 5.31 3.19 212 5.41
14 0.64 5.22 2.87 2.35 5.11
15 0.52 5.10 3.11 1.99 5.39
16 0.48 5.06 2.54 2.52 5.17

2 Onset oxidation potential vs Ag/Ag*. °® IPcy = (Eox - Erorc’) + 4.8 (€V). © Estimated from the onset
wavelength of optical absorption according to the empirical formula: Eoy® = 1240/)cqqe, in Which the
ledge is the onset value of the absorption spectrum in the long wave direction. ¢ EAcy = IPcy— Egp. ©
Established from the electron photoemission in the air spectra.

The ionization potential (IPcy) and electron affinity (EAcv) values of the
compounds were calculated from their onset potentials of oxidation and their
Eopt®. IPcv values of the compounds varied in the range from 4.96 to 5.52 eV, and
EAcv values ranged from 1.99 to 2.52 eV. The difference between ionization
potential values estimated by electron photoemission in the air method (IPgp) and

12



IPcy is due to the different environments in solutions and solid layers of
compounds.

1.1.5. Devices

Electroluminescent devices based on the non-doped light-emitting layers
9-12 with the following architectures were fabricated: ITO/MoO3(3 nm)/m-
MTDATA (30 nm)/9,10,11,12(20 nm)/PBD(10 nm)/TPBi(25 nm)/Ca(10
nm)/AI(60 nm) (marked as devices A, B, C, and D, respectively). The
electroluminescence characteristics of the non-doped electroluminescent devices
are summarized in Table 1.5.

Table 1.5. EL characteristics of the fabricated devices

1%} 2]
s = £f Efg gfgE5f. 5%
£ & 5§ £33F 30E £588 g£3
& § 2% gdg° fgcgig Hge
w §
O
Max
A 55 750 1.30 0.80 0.95 (0.183; 0.162)
B 45 270 0.06 0.03 0.03 (0.265; 0.250)
C 4.0 140 1.15 0.80 0.75 (0.190; 0.184)
D 4.0 130 0.97 0.64 0.70 (0.166; 0.133)
Al 48 1970 4.00 1.50 1.75 (0.275; 0.467)°
All 51 6130 5.30 1.70 2.90 (0.468; 0.381)°
DI 2.6 870 0.58 0.53 0.24 (0.324; 0.289)°
DIl 2.5 1300 0.56 0.53 0.24 (0.207; 0.268)°

a — the values were taken at the applied voltage of 8 V.

The turn-on voltages (Von) of the devices were found to be in the range
from 4.0 to 5.5 V at the brightness of 1 cd/m?, while the maximum brightness
was recorded in the range from 130 to 750 cd/m? at the driving voltage of 10 V.
These parameters are comparable with those of the fluorescent deep blue OLEDs
[6,7]; however, the efficiencies of the devices were rather low (the maximal
current, power, and external quantum efficiencies were lower than 1.3 cd/A, 0.8
Im/W, 0.95%, respectively. Commission Internationale de 1’Eclairage (CIE)
chromaticity coordinates (X, y) for the devices based on the non-doped emitting
layers 9, 10, 11, and 12 correspond to the blue color.

In order to increase the efficiencies of devices, doped light-emitting layers
were used with the most promising emitters (9 and 12), while m-MTDATA and
4,4'-cyclohexylidenebis[N,N-bis(4-methylphenyl)benzenamine] (TAPC) were
additionally utilized as the hosts. Electroluminescent devices based on the doped
light-emitting layers with the following architectures were fabricated:
ITO/MoO3(3 nm)/m-MTDATA(30 nm)/ TAPC:9, m-MTDATA:9, TAPC:12, or

13



m-MTDATA:12 (20 nm)/PBD(10 nm)/TPBi(25 nm)/Ca(10 nm)/Al(60 nm)
(marked as devices Al, All, DI, and DII).

Low-energy bands with the maxima at 585 nm for the devices Al and DI
and at 540 nm for the devices All and DIl were additionally observed in the
electroluminescence spectra of the doped OLEDs as compared to the spectra of
the non-doped OLEDs. The appearance of the additional band can apparently be
explained by the formation of electroplexes between TAPC and 9 (12), which
only occurs under the electric fields. The similar electroplex emission between
TAPC and a bipolar transporting material 2,6-bis(3-(carbazol-9-yl)
phenyl)pyridine was observed previously [8].

CIE chromaticity coordinates (x;y) of the TAPC:12 based device at
voltages from 8 V to 9 V were found to be very close to the white point (0.33;
0.33) due to the mixed blue monomer emission and orange electroplex emission
in the TAPC:12 emitting layer. The improved maximal current of 4 and 5.3
cd/A, power of 1.5 and 1.7 Im/W, and external quantum of 1.75 and 2.9%
efficiencies were achieved for the devices Al and DI (Table 1.5.).

1.2. Phenanthroimidazole derivatives with amphiphilic chains

Synthetic routes for the phenanthroimidazole derivatives with amphiphilic

chains 20-24 are outlined in Figure 1.6.
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Figure 1.6. Synthe5|s of phenanthroimidazole derivatives 20-24
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The starting compounds 17-19 were prepared by the reactions of 9,10-
phenanthrachinone  with  the corresponding aldehydes. The target
phenanthroimidazole derivatives 20-24 were prepared by alkylation of
phenanthroimidazole with different alkylation agents.

All the synthesized compounds were purified by the column
chromatography and characterized by IR, NMR spectroscopies, and mass
spectrometry.

Figure 1.7. ORTEP projections of compounds 20-23

The structures additionally were proved by analyzing single-crystal x-ray
diffraction results. ORTEP projections of the molecules are shown in Fig. 1.7.

1.2.1. Thermal properties

The thermal properties of phenanthroimidazole derivatives 20-24 were
investigated by TGA and DSC under a nitrogen atmosphere. Their thermal
characteristics are summarized in Table 1.6.

Table 1.6. Thermal properties of compounds 20-24

Derivative 20 21 22 23 24
Tn (°C) 2 205 110 114 122 119
T (°C)° 167 79 - - 86
T,(°C) " 77 - - - -
Tp(°C)°¢ 334 382 407 362 394

a - determined by DSC 1* heating, scan rate 20 °C/min, N, atmosphere; b - determined by DSC 2"
heating, scan rate 20 °C/min, N, atmosphere; ¢ - Tip is 5% weight loss temperature, scan rate 20
°C/min, N, atmosphere.

15



All synthesized compounds exhibit high thermal stability; 5% weight-loss
and sublimation temperatures (Tip) of compounds 20-24 range from 334 to 407
°C (Fig. 1.8b)
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Figure 1.8. DSC curves of compound 20 (a) and TGA curves of the phenanthroimidazole
derivatives 20-24 (b)

The DSC curves of the second heating of the compounds 20-24
demonstrate that these compounds are crystalline materials and cannot be
transformed into a glassy state (Fig. 1.8a).

1.2.2. Optical and photophysical properties

UV-Vis absorption and fluorescence spectra of the diluted solutions in
THF and thin films are recorded. Optical and photophysical properties of the
compounds 20-24 are presented in Table 1.7.

Table 1.7. Optical and photophysical properties of compounds 20-24

Apbs? ApL?

(nm) (nm) oF

Aphos Er° d [y
om @) CECY)

solution film solution film solution film

Derivative

20 364 366 378,393 384,398 0.50 0.02 478 2.59 (0.17;0.03)
21 366 368 379;395  379;402 0.56 0.18 473 2.62 (0.17;0.03)
22 365 369 378,394 398 0.53 0.06 491 2.53 (0.17;0.03)
23 365 367 372,390 400 0.51 0.15 470 2.64 (0.17;0.03)
24 365 368 378,395 383,398 0.52 0.15 466 2.66 (0.17;0.04)

a - maxima bands of absorption and fluorescence recorded at room temperature; b - the fluorescence
quantum yield of the solution and solid state estimated using an integrating sphere; c - triplet energy
estimated from the onset of phosphorescence spectra; d - estimated from the fluorescence spectra of
the solutions in THF.

The solutions of the compounds exhibit emission peaks in the UV range
from 378 to 395 nm. In the solid state, the emission of these molecules shows red
shift, which is coherent with the similar red -shifts of the corresponding
absorption spectra.

Fluorescence quantum yields (®5) of the dilute THF solutions of the
compounds 20-24 were found to be considerably higher than those of the solid

16



films and reach 0.56 (Table 1.7.). The analyses of photophysical data of the
phenanthroimidazole-polystyrene mixtures show that the values of quantum
yields decrease with the increase of phenanthroimidazole concentration in the
mixture due to self-quenching.

1.2.3. Electrochemical properties

Electrochemical properties of the compounds 20-24 were studied by CV
(using their in 10°° M solutions) and by electron photoemission in air method.
The results of the measurements are shown in Table 1.8.

Table 1.8. Electrochemical characteristics of phenanthroimidazoles 20-24

Derivative & (V) 1P\’ (V) E ¢ (eV) EA:S (V) 1P (8V)
20 0.629 5.48 3.30 2.18 5.70
21 0.616 5.46 3.30 2.16 5.59
22 0.638 5.49 3.30 2.19 5.51
23 0.629 5.48 3.28 2.20 5.55
24 0.611 5.45 3.28 2.17 5.60

a - onset oxidation potential vs Ag/Ag*; b - IPcy = (Eox - Ererc”) + 4.8 (€V); ¢ - estimated from the
onset wavelength of optical absorption according to the empirical formula: Eox® = 1240/)cqge, iN

which the Aeqge is the onset value of the absorption spectrum in the long wave direction; d - EAcy =
IPcv— Eopt; € - established from the electron photoemission in air spectra.

The ionization potential (IPcv) values of the compounds were calculated
from their onset potentials of oxidation and their Eox? IPcv values of the
compounds are very similar and varied in the range from 5.45 to 5.49 eV. The
ionization potential (IPep) values of the compounds established from electron
photoemission in the air spectra varied in the range from 5.51 t0 5.70 eV.

1.3. Phenanthroimidazole derivatives with reactive functional
groups

Structures of synthetized phenanthroimidazole derivatives with reactive
functional groups 33-38 are outlined in Fig. 1.9.
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Figure 1.9. Structures of monomers 33-38
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The starting compounds were prepared by the reactions of 9,10-
phenanthrachinone with the corresponding aldehydes. The key intermediate
phenanthroimidazole derivatives were prepared by the alkylation of
phenanthroimidazole with 11-bromo-1-undecanol or 6-bromo-1-hexanol. The
target compounds were prepared by the reaction with 4-vinylbenzyl chloride.

All the synthesized compounds were purified by the column
chromatography and characterized by the IR, NMR spectroscopies, and mass
spectrometry.

1.3.1. Thermal properties

The thermal properties of phenanthroimidazole-based monomers 33-38
were investigated by the TGA and DSC methods under a nitrogen atmosphere.
Their thermal characteristics are summarized in Table 1.9.

Table 1.9. Thermal properties of monomers and GPC data of polymerization products

Derivative 33 34 35 36 37 38

T, (°C)® 19 22 38 2 1 -16
T (°C) 76 100 131 72 59 66

Tio (°C) 386 378 402 400 315 409
M, 18500 8030 17900 19000 - -
Mu 213000 100100 235000 196000 - -
PDI ¢ 11 12 13 10 - -
p, % 84 90 01 94 - -

a - estimated from DSC 2" heating; b - estimated from DSC 1% heating; ¢ - estimated from TGA
data; d — PDI=M,,/M,; e — polymerization conversion calculated from the GPC data.

All the synthesized compounds exhibit high thermal stability and can exhibit
in the glassy state. Their 5% weight-loss temperatures (Tip) range from 315 to
409 °C. The DSC heating scans of compounds 33-38 show endothermic melting
signals (59-131 °C). Glass transition temperatures are fixed in the range from -16
to 38 °C in the 2" heating curve after cooling. Compounds 33-35 having one
substituent of the imidazole ring exhibited considerably higher Ty.
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Figure 1.10. DSC curves of monomer 38 (a) and GPC chromatograms of 34 and
polymerization product of 34 (b)
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In order to identify that the polymerization reactions take place, the GPC
analyses were performed of the layers of compounds 33-36 which were heated
up to 300 °C (Table 1.9.). After heating the layers up to 300 °C, the monomer
conversion was observed (decrease of monomer peak (Fig. 1.10b)), but the
polymerisation reaction products have been showing quite broad distribution of
the molecular weights. The weight average molecular weight of polymerization
products of monomers 33-36 are in the range from 100100 to 235000 Da; the
polydispersity indexes are in the range from 10 to 13. Polymerization conversion
calculated from the GPC data is in the range from 84 to 94%.

1.3.2. Optical and photophysical properties

The optical and photophysical properties of phenanthroimidazole based
monomers 33-38 were investigated. UV-Vis absorption and fluorescence spectra
of the diluted solutions in THF and thin films are recorded; the characteristics are
presented in Table 1.10.

Table 1.10. Optical and photophysical characteristics of compounds 33-38

()

= habs hp? b

[ D¢ xphos E, d (y-

g (nm) (nm) (nm) oV CIE? (x;y)

e solution film solution film solution film
33 364 368 395 381,398 0.48 0.02 468 2.65 (0.16;0.03)
34 364 370 397 379;398 0.50 0.03 474 2.62 (0.16;0.04)
35 362 365 392 375;397 0.49 0.06 476 2.61 (0.16;0.02)
36 362 366 388 372;391 0.49 0.13 476 2.61 (0.16;0.02)
37 365 367 398 381;398 0.46 0.02 469 2.64 (0.16;0.02)
38 365 367 398 379;398 0.46/ 0.01 472 2.63 (0.16;0.03)

a - Maxima bands of absorption and fluorescence recorded at room temperature; b - the fluorescence
quantum yield of the solution and solid state estimated using an integrating sphere, c - triplet energy
estimated from the onset of phosphorescence spectra; d - estimated from the fluorescence spectra of
the solutions in THF.

The solutions of compounds exhibit emission peaks in the range from 388
to 398 nm. In the solid state, the emission of these molecules shows red shift,
which is coherent with the similar red-shifts of the corresponding absorption
spectra. The absorption spectra presented in Figure 1.11. show that the
substitutions at the N1- or C2-positions have influence on the properties.
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Figure 1.11. Normalized absorption spectra of compounds 33-38

In the case of substitution at N1-position (35, 36), the absorption maxima
are blue-shifted compared to the spectra of the derivatives containing
substitution at C2- and both positions.

Fluorescence quantum yields (®5) of the dilute THF solutions of
compounds 33-38 were found to be considerably higher than those of solid films
and reaches 0.50 (Table 1.10.).

1.3.3. Electrochemical properties

Electrochemical properties of compounds 33-38 were studied by CV
measurements (using their in 10° M solutions) and the electron photoemission in
the air method. The results of measurements are shown in Table 1.11.

Table 1.11. Electrochemical characteristics of phenanthroimidazoles 33-38

Derivative Eo (V) 1Pc\® (V) Eopt® ¢ (V) EAY (eV) 1P (eV)
33 0.639 5.49 3.30 2.19 5.56
34 0.637 5.49 3.29 2.20 5.54
35 0.749 5.65 3.34 231 5.62
36 0.734 5.63 3.34 2.29 6.16
37 0.621 5.47 3.29 2.18 5.62
38 0.598 5.44 3.28 2.16 5.60

a - onset oxidation potential vs Ag/Ag*; b - IPcy = (Eox - Erere’) + 4.8 (€V); c - estimated from the
onset wavelength of optical absorption according to the empirical formula: Eox® = 1240/)cqge, iN

which the Aeqge is the onset value of the absorption spectrum in the long wave direction; d - EAcy =
IPcv— Eopt; € - established from the electron photoemission in the air spectra.

The ionization potential (IPcv) values of the compounds were calculated
from their onset potentials of oxidation and their Eqx? IPcv values of the
compounds are very similar and varied in the range from 5.44 to 5.65 eV. The
ionization potential (IPep) values of the compounds established from the electron
photoemission in the air spectra varied in the range from 5.54 to 5.60 eV.
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1.4. The investigation of polymerization kinetics

The thermal polymerization kinetics of the monomers were investigated
by DSC technique and activation energies calculated by the isothermal [9] and
dynamic methods (Ozawa [10] and Kissinger [11] methods).

1.4.1. The investigation of polymerization kinetics by the isothermal
method

The kinetic parameters of the polymerization process investigated by the
isothermal method are presented in Table 1.12.

Table 1.12. Result of the polymerization kinetics investigated by the isothermal method

Temperatures of curing,

Monomer C E . kd/mol InA R?
33 85/100/110/120 108.0 28.2 0.9880
34 110/120/130/140 132.1 335 0.9996
36 170/190/210/230 88.2 15.8 0.9997
37 135/150/165/180 118.7 25.3 0.9588
38 80/90/100/115 122.9 33.3 0.9771

The values of the activation energy of monomers 33-34 and 36-38 varied
in the range from 88.2 to 132.1 kJ/mol. Monomer 34 having one substituent of
the imidazole ring at C2- position of the imidazole ring exhibited considerably
higher E,. Monomer 36 having one substituent of the imidazole ring at N1-
position of the imidazole ring exhibited lowest value of E,. The values of the
activation energy of compounds 37 and 38, containing substitution at both, C2-
and N1-, positions of imidazole ring, are 118.7 and 122.9 kJ/mol.

1.4.2. The investigation of polymerization kinetics by the dynamic
method

Thermal polymerization kinetics was investigated by the dynamic method
at heating rates () of 5, 10, 15, and 20 °C/min (Fig. 1.12.).

10°C/min

[15 "C/min

20 Clmin

<endo exo>

75 100 125 150 175
Temperature [°C]

Figure 1.12. DSC curves of 38
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By performing the DSC scans at different heating rates, integrating
exothermic peaks, and measuring the temperature at different conversion
degrees, the activation energy of the process was estimated using Ozawa and
Kissinger methods by the following equations (Ozawa — 1, Kissinger — 2):

In(g) = InA—1.052-2% (1)

BY — i (4R) _ Ea
In (F) =ln (Ea) RT )
where, S - heating rate (°C/min); E,, - activation energy (kJ/mol); R - gas constant (8.314
J/K-mol); T; — temperature at the selected percent conversion (K), A - pre-exponential factor.

Figure 1.13. shows typical isoconversional plots based on the Ozawa and
Kissinger methods for compounds 34, 36, and 38, which show a general trend of
activation energy. The slope of line of the natural logarithm of g or /T2 vs 1/T
gives E,/R values, and the intercept gives natural logarithm of pre-exponential
factor A. It is shown that there exists a fairly good linear relationship between the
heating rate and the reversal of exothermic peak temperature (R? >0.95).
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Figure 1.13. Polymerization conversion vs In of the heating rate calculated from the DSC
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Figure 1.14. shows the dependence of E, and InA on conversion degrees
based on the Ozawa and Kissinger methods.
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Figure 1.14. Conversion degree vs activation energy: monomers with C11 chain bridge
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The values of the activation energy of the polymerization reaction of
monomers 37 and 38 with two functional groups are similar for all the
conversion degrees in the range of 0.1-0.9 (Fig. 1.14a, b). This observation
shows that for the polymerization reactions in which the network is formed,
neither the length of the aliphatic chains, nor the temperature has an effect on the
rate of reaction.

Polymerization reactions in which the linear polymers are formed, the
structure of the monomers, and the temperature have an effect on the rate of
reaction, what can be seen from the nature of the curves 33, 34, and 36 (Fig.
1.14a, b). The values of the E, of the polymerization reaction of monomer 34
containing vinylbenzyl group in the C2 position decrease with the increasing
conversion degree. This dependence shows that the influence of temperature on
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the rate of polymerization reaction is higher at the beginning of the process. The
values of E, of the polymerization reaction of the monomer 36 containing
vinylbenzyl group at the N1 position are very slight when o <70%. When the
degree of the polymerization conversion is equal to 70%, the values of E, begin
to increase. A decrease in the mobility of macromolecules in a solid state may
cause an increase in the values of E,, which means that the temperature has a
higher effect on the reaction rate at the end of the reaction. The obtained results
show that the polymerization reactions in which the linear polymers are formed,
a compound having a vinylbenzyl groups in the C2 position is more appropriate.
The values of E, of the polymerization reaction of the monomer 33 containing
vinylbenzyl group in the C2 position connected to the phenanthroimidazole
fragment via the hexyl bridge decrease with the increasing conversion degree.
However, the change in the values of E, is less than that of monomer 34. This
observation shows that the temperature has a higher effect on the rate of reaction
for the polymerization of monomers with shorter alkyl chains in its structure.

To sum up, it can be stated that the thermal polymerization of crystalline
monomers by isothermal and dynamic methods has been investigated. The
kinetic parameters determined by both methods are similar. Using the results of
the study, optimal thermal polymerization conditions are selected, which will
form the basis for the formation of electroactive polymeric layers of the organic
electronic devices in the future.
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1.5. Technological scheme for the synthesis of 3,6-dibromophenan-
threne-9,10-dione

Phenanthroimidazole compounds containing heterocyclic substituents at
the 5%, 10" and 6", 9" positions were used for the formation of
electroluminescence devices. 3,6-dibromo-9,10-phenantrachinone is the starting
compound for the synthesis of 2- (4- (diphenylamino) phenyl) -N°, N5, N0, N20-
tetrakis (4-tert-butylphenyl) -1-phenyl-1H-phenathro[9,10-d] imidazole-5,10-
diamine (12).

A technological scheme for the production of 3,6-dibromo-9,10-
phenantrachinone was proposed (Fig. 1.15.) The production of 3,6-
dibromophenanthrene-9,10-dione  consists of two steps: synthesis and
purification.

9,10-phenanthrachinone from the dosing tank (1) is supplied to the mixing
tank (2), where nitrobenzene is supplied as well. The solution is pumped from
the mixing tank (2) to the reactor (3), where small amounts of bromine are
injected. When the required amount of bromine enters the reactor, the
temperature is raised to 120 °C, and the reaction takes place for 22 hours. The
released HBr acid is collected and neutralized in a neutralization tank (4), which
provides 10% NaOH solution to a neutral medium. After neutralization, the
aqueous mixture is supplied for cleaning.

After 22 hours, the reaction mixture from the reactor (3) is supplied to the
cooler (5). The reaction mixture is cooled to room temperature and pumped to a
mixing tank (2) containing 3% agueous NaHSO; solution to neutralize the
unreacted bromine. The well-blended mixture is pumped to the extractor (6),
where the organic phase is extracted with dichloromethane. Water is combined
with nitrobenzene residues and is supplied for cleaning. The dichloromethane
solution is self-titrated to the evaporator (7), where the mixture is concentrated,
filtered with a filter (9), and crystallized in a crystallizer (10), where the crystals
are washed with cold methanol. The dichloromethane vapors are condensed (8),
and the solvent is returned to the extractor (6).

The obtained crystals of 3,6-dibromophenanthrene-9,10-dione are dried in
a dryer (11) and stored in a product storage (12).

25



Figure 1.15. A technological scheme for the synthesis of 3,6-
dibromophenan-threne-9,10-dione: 1- dosing tank; 2 — mixing tank; 3 — reactor;
4 — neutralization tank; 5 — cooler; 6 — extractor; 7 — evaporator; 8 — condenser; 9
— filter; 10 — crystallizer; 11 — dryer; 12 — product storage;

13 — mixers; 14 — valve; 15 — transporters.
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CONCLUSIONS

1. The properties of the synthesized phenanthroimidazole derivatives depend on
the nature of the substituents and the position of the attachment. The substitution
of heterocyclic substituents has the greatest influence on the thermal and
photophysical properties. The larger glass transition temperatures are
characterized by the compounds containing carbazolyl moieties. The
modification of the C5 and C10 atoms of phenanthroimidazole has the greatest
influence on the values of the fluorescence quantum yields. The compounds
containing heterocyclic substituents show a balanced charge mobility. Using the
matrices (4,4',4"-Tris[phenyl(m-tolyl)amino]triphenylamine (m-MTDATA) and
4,4'-Cyclohexylidenebis[N,N-bis(4-methylphenyl)benzenamine] (TAPC)) for the
immobilization of emitters (5,10-bis(3,6-di-tert-buthyl-9H-carbazol-9-yl)-2-(9-
ethyl-9H-carbazol-3-yl)-1-phenyl-1H-phenanthro [9,10-d]imidazole and 2-(4-
(diphenylamino)-phenyl)-6,9-(4-tert-buthylphenyl)-1-phenyl-1H-
phenanthro[9,10-d]imidazol-6,9-diamine) received diodes with an external
quantum efficiency of 68% higher compared to the devices based on the non-
doped emitting layers.

2. The values of quantum yield of amorphous layers of the compounds with
amphiphilic substituents in the N1 and C2 positions of the imidazole ring are
lower than the values found in the solutions due to the aggregation-caused
quenching effect. The distribution of molecules in the crystal lattice is
determined by the nature of the substituents. The molecules containing alkoxy
groups are more compact in a crystal lattice.

3. After analysis of the kinetics of thermal polymerization processes of
phenanthroimidazole derivatives with reactive functional groups by isothermal
method, it has been found that the values of the activation energy of monomers
with reactive substituents in the N1-position of the imidazole ring are lower
comparing with the values of the compounds with substituents in the C2-position
of the imidazole ring. The results obtained from the polymerization kinetics
study by the dynamic method showed that for the polymerization reactions in
which the network is formed, neither the length of the aliphatic chains, nor the
temperature has an effect on the rate of reaction. In the polymerization reactions
in which the linear polymers are formed, temperature has a higher effect on the
rate of reaction for the polymerization of monomers with shorter alkyl chains in
its structure and vinyl benzyl groups in the C2 position.

4. The technological scheme of production of 3,6-dibromo-9,10-
phenanthrachinone is proposed.
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REZIUME

Temos aktualumas

Besivystant energija tausojancioms technologijoms, labai suintensyvéjo
organiniy $viesos diody (OSD), saulés elementy ir organiniy tranzistoriy
tyringjimai. Minéti jrenginiai yra formuojami i§ organiniy medziagy, kurios turi
tenkinti keleta reikalavimy. IStyrus termines, optines, fotofizikines ir
fotoelektrines savybes, galima sudaryti savybiy priklausomybe nuo strukttiros ir
atrinkti optimaliu savybiy kompleksu pasizymincias medziagas. Medziagos, i$
kuriy yra formuojamas (pvz., liejimo biidu) kriivininkus pernesantis sluoksnis,
turi pasizyméti plévédaros savybémis, morfologiniu stabilumu, tam tikru
jonizacijos potencialu bei dideliu kriivininky judriu. Jeigu tai bty emisinis
Sviesos diodo sluoksnis, tuomet svarbios charakteristikos yra kvantinis
liuminescencijos naSumas, liuminescencijos spalva ir spalvos grynumas. Kriivio
pernasos medziagos, skirtos dazikliais sensibilizuotiems saulés elementams, turi
pasiZyméti mazu jonizacijos potencialu bei dideliu kriivininky judriu. Pasitelkus
jvairius sintezés metodus, galima jvairiai modifikuoti pasirinktg molekulinj
fragmenta, t. y. skirtingose padétyse prijungti skirtingus pakaitus. Kompleksiskai
iStyrus savybes, galima gauti savybiy priklausomybg¢ nuo struktiiros ir tada
parinkti konkreciai pritaikymo sriciai tinkamas medZziagas su reikiamu savybiy
kompleksu.

Organinés elektronikos prietaisai dazniausiai gaminami naudojant
vakuuminio sluoksniy uZgarinimo technika. Pagrindinis $io metodo trikumas —
didelé¢ pagaminto prietaiso kaina, kuri priklauso nuo brangios naudojamos
irangos. Norint sumazinti gamybos kasStus, galimas sluoksniy formavimas
naudojant medziagy tirpalus. Tokie metodai pigesni, palyginti su vakuuminio
garinimo metodu, taip pat galima gaminti didesnio pavirSiaus ploto prietaisus.
Pagrindinis sluoksniy formavimo, naudojant medziagy tirpalus, trikumas —
dalinis padengto sluoksnio tirpinimas liejant kitg sluoksnj. Norint pritaikyti §iuos
metodus gaminant daugiasluoksnius prietaisus, reikia sumazinti sluoksniy
tirpuma. Siai problemai spresti gali biiti naudojami tirpiis organiniai junginiai su
reaktyviomis funkcinémis grupémis, kurie biity paverCiami netirpiais juos
polimerizuojant.

Fenantroimidazolo fragmenta turintys junginiai sulauké didelio
mokslininky susidoméjimo dél paprastos ir pigios sintezés, subalansuoto
kruvininky transporto, efektyvios emisijos bei kity savybiy. Daugiausia
fenantroimidazolo dariniai buvo panaudojami srityse, susijusiose su organiniais
Sviesos diodais, remiantis jy emisijos arba bipolinio kriavininky pernesimo
savybémis.
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Sio darbo tikslas — naujy mélynos spalvos spinduliy emisija pasizyminéiy
fenantroimidazolo dariniy struktiiros ir savybiy tarpusavio priklausomybés bei
reaktyvias funkcines grupes turiniy dariniy terminés polimerizacijos proceso
kinetiniy parametry nustatymas.

Darbo tikslui pasiekti suformuluoti Sie uzZdaviniai:

1. Susintetinti fenantroimidazolo darinius su skirtingais alifatiniais ir
heterocikliniais pakaitais skirtingose fenantroimidazolo Ziedo padétyse;

2. [Istirti susintetinty junginiy termines, optines, fotofizikines,
elektrochemines ir fotoelektrines savybes bei nustatyti savybiy priklausomybe
nuo strukttiros;

3. Susintetinti reaktyvias funkcines grupes turinéius fenantroimidazolo
darinius, istirti jy savybes bei terminés polimerizacijos proceso kinetika.

4. Pasitlyti vieno i§ sintezei naudojamy tarpiniy junginiy technologing
gamybos schema.

Mokslinis darbo naujumas

Susintetintos nauji fenantroimidazolo fragmentus turintys junginiai.
IStirtos susintetinty junginiy terminés, optinés, fotofizikinés, elektrocheminés ir
fotoelektrinés savybés bei nustatyta struktiiros ir savybiy tarpusavio
priklausomybé.

Nustatyta temperatiiros ir junginio struktiiros jtaka vinilbenzilo grupiy
turin¢iy fenantroimidazolo junginiy terminés polimerizacijos reakcijos greiciui.

Praktiné darbo verté

Irodyta, kad susintetinti fenantroimidazolo fragmentus turintys junginiai
gali biti naudojami aktyviems organiniy Sviesos diody sluoksniams gauti.
Junginiai su heterocikliniais pakaitais panaudoti gaminant
elektroliuminescuojanciy prietaisy emisinius sluoksnius.

Rastos optimalios sglygos netirpiems polimeriniams elektroaktyviems
sluoksniams formuoti terminus polimerizacijos badu.

Pasitlyta  3,6-dibrom-9,10-fenantrachinono  technologiné  gamybos
schema.

Ginamieji disertacijos teiginiai
Karbazolilo bei difenilamino fragmentais funkcionalizuoti
fenantroimidazolo dariniai, pasiZymintys subalansuota ambipoline kriivininky

pernasa bei efektyvia kietos biisenos mélynos spalvos spinduliy emisija, yra
tinkami Sviesos diody emisiniams sluoksniams formuoti.
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I§ fenantroimidazolo dariniy su reaktyviomis funkcinémis grupémis
termi$kai polimerizuojant galima suformuoti netirpius sluoksnius, potencialiai
tinkamus organinés elektronikos technologijoms.

Darbo rezultaty aprobavimas

Doktorantiiros studijy metu 2 publikacijos disertacijos tema paskelbtos
,,.Clarivate Analytics Web of Science* duomeny bazés Zurnaluose, turinéiuose
citavimo indeksa, 8 straipsniai paskelbti moksliniy konferencijy praneSimy
medziagoje.

Darbo apimtis

Daktaro disertacija sudaro jvadas, 3 skyriai, iSvados, literatiiros sarasas,
publikacijy disertacijos tema saraSas ir padéka. Bendra apimtis — 112 puslapiy.
Darbe pateikti 28 paveikslai, 15 lenteliy. Literattros sgrasa sudaro 207 $altiniy.

ISVADOS

1. Susintetinty fenantroimidazolo dariniy savybés priklauso nuo pakaity
prigimties ir prijungimo padéties. Didziausig jtaka terminéms ir fotofizikinéms
savybéms turi heterocikliniy pakaity prijungimas. Didesnémis stikléjimo
temperatiiry vertémis pasiZymi junginiai, turintys karbazolilo pakaitus.
Didziausia jtaka fluorescencijos kvantiniy iSeigy vertéms turi pakaity
prijungimas prie C5 ir Cl0 fanantroimidazolo atomy. Junginiai, turintys
heterociklinius pakaitus, pasizymi subalansuota kriivininky pernasa. Panaudojant
matricas  (4,4',  4"-tris[3-metilfenil(fenil)amino]trifenilaminas  ir = 4,4'-
cikloheksilidenbis[N, N-bis(4-metilfenil)benzenaminas) emiteriy (5,10-bis(3,6-
di-tret-butil-9H-karbazol-9-il)-2-(9-etil-9H-karbazol-3-il)-1-fenil-1H-fenantro-
[9,10-d]imidazolo ir 2-(4-(difenilamino)-fenil)-6,9-(4-tret-butilfenil)-1-fenil-1H-
fenantro[9,10-d]imidazol-6,9-diamino) imobilizavumui, gauti diodai, kuriy
iSorinis kvantinis efektyvumas padidéjo 68 proc., palyginti su prietaisais,
kuriuose kaip emiteriai panaudoti gryni junginiy sluoksniai.

2. Fenantroimidazolo junginiy, turin¢iy amfifilinius pakaitus imidazolo ziedo
N1- ir C2- padétyse, amorfiniy sluoksniy emisijos kvantiniy iSeigy vertés
mazesnés uz tirpaluose nustatytas vertes dél agregacijos sukelto emisijos
gesinimo efekto. Molekuliy iSsidéstyma kristaly gardeléje lemia pakaity pobudis.
Molekulés, turincios alkolsipakaitus, yra kompaktiSkesnés ir kristalingje
gardeléje iSsidésto tvarkingiau.

3. IStyrus reaktyvias funkcines grupes turinCiy fenantroimidazolo dariniy
terminés polimerizacijos procesy kinetika izoterminiu metodu, nustatyta, kad
monomery, turiniy reaktyvius pakaitus imidazolo ziedo Nl-padétyje,
polimerizacijos proceso aktyvacijos energijy vertés mazesnés, palyginti su
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junginiais, turinCiais pakaitus imidazolo ziedo C2- padétyje. IS polimerizacijos
kinetikos tyrimo dinaminiu metodu gauti rezultatai parodé, kad polimerizacijos
reakcijy, kuriy metu susidaro tinklas, greiciui nei alifatiniy grandiniy ilgis, nei
temperatiira jtakos neturi. Polimerizacijos reakcijoms, kuriy metu susidaro
linijiniai polimerai, temperatira didesnj poveikj grei¢io konstantai turi
polimerizuojant monomerus, turincius trumpesnes alkilines grandinéles bei
vinilbenzilo pakaitus C2-padétyje.

4. Pasitlyta 3,6-dibrom-9,10-fenantrachinono technologiné gamybos schema.
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