
A rticle

Trifluoromethyl Substituted Derivatives of Pyrazoles as 
Materials for Photovoltaic and Electroluminescent Applications
Monika Pokladko-Kowar 1 *, Ewa Gondek 1,*, Andrzej D an el 1, Tomasz Uchacz 2, Paweł Szlachcic 3,
Katarzyna Wojtasik 1,* and Paweł Karasiński 4©

1 Department of Physics, Cracow University of Technology, Podchorążych Str. 1,30-084 Krakow, Poland; 
rrdanela@cyf-kr.edu.pl

2 Faculty of Chemistry, Jagiellonian University, Gronostajowa Str. 2,30-387 Krakow, Poland; 
uchacz@chemia.uj.edu.pl

3 Faculty of Food Technology, Agricultural University, Balicka Str. 122, 31-149 Krakow, Poland; 
pawel.sżlachcic@urk.edu.pl

4 Department of Optoelectronics, Silesian University of Technology, B. Krzywoustego 2,44-100 Gliwice, Poland; 
pawel.karasinski@polsl.pl

* Correspondence: mpokladkokowar@pk.edu.pl (M.P.-K.); egondek@pk.edu.pl (E.G.); 
katarzyna.wojtasik@pk.edu.pl (K.W.)

C itation: Pokladko-Kowar, M.; 
Gondek, E.; Danel, A.; Uchacz, T.; 
Szlachcic, P.; Wojtasik, K.; Karasiński, 
P. Trifluoromethyl Substituted 
Derivatives of Pyrazoles as Materials 
for Photovoltaic and 
Electroluminescent Applications. 
Crystals 2022,12, 434. https:// 
doi.org/10.3390/cryst12030434

Academic Editor: Saripally 
Sudhaker Reddy

Received: 24 February 2022 
Accepted: 15 March 2022 
Published: 21 March 2022

P u blish er's N ote: MDPI stays neutral 
with regard to jurisdictional claims in 
published maps and institutional affil­
iations.

Abstract: New 6-CF3-1H-pyrazolo[3,4-fo]qumolmes with a methyl and/or phenyl group attached 
to the pyrazole core (Molx (x = 1, 2, 3, 4)) were synthesized and characterized in terms of their 
optoelectronic applications: photovoltaic and electroluminescence. The fluorescence emissions of the 
investigated phenyl-decorated pyrazoloquinolines is caused by the photoinduced charge transfer p 
process occurring between the phenyl substituent and the pyrazoloquinoline core, while 1,3-dimethyl- 
6-CF3-1H-pyrazolo[3,4-b]quinoline exhibits an n,n*-type emission. The number of phenyls and their 
substitution positions modulate both emission properties and HOMO energy levels. Next, the bulk 
heterojunction BHJ solar cells based on 1H-pyrazolo[3,4-b] quinoline derivatives with architecture 
ITO/PEDOT:PSS/PDT + Molx/Al were fabricated. The organic active layer was a blend of Molx and 
poly(3-decylthiophene-2,5-diyl). The complex refractive index and the layer thickness of the organic 
solar cells were determined using a spectroscopic ellipsometer Woollam M2000 (J.A. Woollam Co., 
Inc., Lincoln, NE, USA) and CompleteEASE software. For solar devices with the best value of power 
efficiency of approximately 0.38%, the thickness of the active layer (Mol3 + PDT) was 111 nm, with a 
short-circuit current density of Jsc = 32.81 p.A/cm2 and an open-circuit voltage of Voc = 0.78 V. Finally, 
we demonstrated double-layer light-emitting diodes with an organic active layer (Molx + PVK) and an 
electron transporting material layer, ETM (2-[3,5-bis(4-phenyl-2-quinolyl)phenyl]-4-phenylquinoline 
(Tris-Q). Bright bluish-green light originating from the active layer was observed in the double-layer 
device, ITO/PEDOT:PSS/active layer/ETM/Ca/A. The active layer was a mixture of PV-doped 
1H-pyrazolo[3, 4-b]qumolme dyes. An OLED device was constructed by employing Molx as an 
emitter, which gave a deep bluish-green emission with the spectra range of 481-506 nm. The best 
value of the maximum brightness at approximately 1436.0 cd/m2 was achieved for a diode based on 
Mol3 (1-phenyl-3-phenyl-6-CF3-1H-pyrazolo[3,4-b]qumolme) and [R1 = Ph, R3 = Ph and R6 = CF3]. 
The current efficiency was up to 1.26 cd/A at 506 nm with a CIE of 0.007, 0.692.
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1. Introduction

In recent decades, we have seen significant progress in research into the use of organic 
m aterials such as polym ers, copolym ers, oligom ers and sm all m olecule com pounds in 
organic optoelectronics such as organic photovoltaic devices [1], organic transistors [2], 
organic light em itting diodes (O LED s) [3 ], sensors [4 ] and batteries [5]. Based on the
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achievem ents to date in the field of organic electronics, it can be assum ed that in the fu ­
ture they m ay com pletely displace their inorganic counterparts. The m ain advantages of 
organic m aterials are low production costs, ease of structural m odification, the possibility 
of application on large surfaces and the possibility of printing on flexible substrates. One of 
the disadvantages is the low er m echanical or chem ical resistance com pared to inorganic 
m aterials [6 ,7 ]. There are three types of photovoltaic device: (i) inorganic photovoltaic 
cells (such as crystalline-silicon (c-Si) solar cells or am orphous silicon (a -Si), CdTe and 
CuInGaSe2 (CIGS), etc.) [8 ], (ii) plastic photovoltaic cells, and (iii) hybrid photovoltaic cells 
(such as "m organics-m -organics" or superiorities of hybrid perovskite) [8- 10]. Plastic pho­
tovoltaic devices include organic solar cells based on small m olecular compounds, polymer 
or copolym ers, dye sensitized solar cells (D SSCs) and tandem  cells [8,11]. The organic 
bu lk  heterojunction (BJH ) photovoltaic cells are one of the architectures of organic solar 
cells. Other structures of organic solar cells are organic single-layer solar cells, bi-layer (p-n 
junction) solar cells, inverted solar cells and tandem solar cells. The active layer of the BJH 
solar cell architecture m ost often uses conjugated polym ers [10,12] as donors and different 
types of acceptors such as fullerene derivatives [13,14], sm all m olecular com pounds [15] 
and nanoparticles [16]. In 1995, Heeger et al. [17] first invented and described the structure 
of an organic photovoltaic cell w ith a BJH  layer as the active layer. The active layer w as a 
m ixture of poly(2-m ethoxy-5-(2-ethylhexyloxy)-1,4-phenylenevinylene) (M EH -PPV) and
1-(3-m ethoxycarbonyl)propyl-1-phenyl [6,6]C61 (PCBM), w here M EH -PPV w as the donor 
and PC BM  w as the acceptor [17- 19]. The best conversion efficiency PCE for BH J organic 
photovoltaic (OSCs) devices w as, at that tim e, approxim ately 13.1%. In these investigated 
devices, the active layer w as a blend of donor and acceptor m aterials, w here the donor 
w as a new  polym er (PBD B-T-SF) and the acceptor w as a new  sm all m olecule (IT-4F) [20]. 
In  2018, H ang Yin et al. [21] presented the results for bu lk  heterojunction devices w ith  a 
binary active layer PCD TBT:PC71BM , and they achieved a pow er conversion efficiency of 
16.5% and 20.8% for a structure w ith a ternary BHJ cell of PCDTBT:PDTSTPD:PC71BM . For 
solar cells based on GaAs thin film, the best w orld conversion efficiencies w ere 27.6% [22], 
approxim ately  22%  for bulk  single crystal Si [23] and 20%  for perovskite solar cells [24], 
14% for d ye-sen sitized  cells [25] and 11.1%  for organic solar cells [26]. In addition to or­
ganic photovoltaics, there is also a rapidly developing field of organic electroluminescence. 
Since the first electrolum inescence in organic m aterials based on anthracene single crystals, 
reported in 1965, there has been  a rapid developm ent of research in this direction that 
em braces the electrolum inescence of organic m aterials [27]. However, the significant break­
through cam e over tw enty years later w hen Tang and V anSlyke constructed a tw o-layer 
electrolum inescent cell using an aromatic amine as a hole-transporting layer and a complex 
of alum inium  and 8-hydroxyquinoline A lQ 3 serving as the light em itting and electron 
transporting layer. Luminance exceeded 1000 cd/m 2 below 10 V, with a quantum efficiency 
of 1%  photon/electron being achieved. Their pioneering w ork [28] initiated further O LED  
research based on sm all m olecules and polym ers [29,30]. The first O LED  based on a poly­
m er w as reported in 1990 by Friend et al. [31] . In recent decades, the attention on organic 
light-em itting  diodes has increased significantly due to their advantages, such as their 
high flexibility [32,33], as w ell as the fact they are lightw eight and super thin [34], cost and 
pow er efficient, environm ent friendly [35,36] and have high lum inous efficiency and great 
colour contrast [37,38]. In 2002, Mao and et al. produced the three-layered EL device with the 
structure ITO/CuPc/DPPhP/BDCM/Mg:Ag, where the bright luminance was approximately 
582 cd/m 2 at 19 V. They used a novel materials BDCM  (N,N-bis{4-[2-(4-dicyanomethylene- 
6-methyl-4H-pyran-2-yl)ethylenyl]phenyl}aniline) as an emitter of red light [39]. Kido et al. 
successfully obtained blue-colour, green-colour and white-colour OLEDs, corresponding to a 
very high PE performance of 36 lm/W, 52 lm /W  and 34 lm/W, respectively. They fabricated 
green phosphorescent OLEDs with a device configuration of indium tin oxide (ITO) /poly(3,4- 
ethylenedioxythiophene): poly(styrenesulfonate) (PEDOT:PSS)/poly(9,9-dioctyl-fluorene-alt-N- 
(4-butylphenyl)-diphenylamine)(TFB)/host:12 wt% Ir(ppy)3/1,3,5-tris(N-phenylbenzimidazol-
2-yl)benzene (TPBi)/lithium 8-quinolate (Liq)/Al. In these OLED, TPBi w as an ETL. In the



blue O LED s, Kido et al. used 4 ,4 '-(3,3/-bi(9H -carbazole)-9,9/-diyl)bis(2,6-diphenyl)benzene 
(13, BCzTPh) and 4,4/-(3,3/-bi(9H-carbazole)-9,9/-diyl)bis(N,N-diphenyl)amlme (16, BCzTPA) 
as host m olecules and 2 -propanol soluble 1,3 -bis(3 -(diphenylphosphoryl)phenyl)benzene 
(BPOPB)as an ETL. The device architecture was ITO/PEDOT:PSS/TFB/host:12 w t%  FIr­
pic/BPOPB/Liq/Al [40]. Luszczynska et al described the electrolum inescence of five bithio- 
phene disubstituted 1,3,4-thiadiazole bithiophene as m aterials for use in organic optoelec­
tronics. The best luminance, 750 cd/m 2, was achieved for 2,5-bis(5-octyl-2,2'-bithiophene-5- 
yl)-1,3,4-thiadiazole, w ith lum inous efficiency exceeding 0.4 cd/A [41]. A device show ing 
bluish-green light w ith a m axim um  brightness of 8264 cd/m 2 and a m axim um  current effi­
ciency of 3.96 cd/A was fabricated by Ben Zhong Tang et. al. They m anufactured multilayer 
non-doped OLED w ith a configuration of ITO/HATCN/NPB/X 10% 20 nm/TPBi/LiF/Al. 
In  these structures, the dipyrazm e[2,3-f:2/,3/-h]qum oxalm e-2,3,6,7,10,11-hexacarbom trile 
(HATCN) serves as a hole injection layer and N,N-bis(1-naphthyl)-N,N-diphenylbenzidine 
(NPB) and 1,3,5-tris(N -phenylbenzim idazol-2-yl)benzene (TPBi) work as hole-transporting 
and electron-transporting layers, respectively [42]. D ue to the fact that the w ork concerns 
pyrazolo[3,4-b] quinolines, we should m ention their earlier use in electrolum inescent cells. 
Tao et al. [43] constructed a multi-layered cell based on 1-methyl-3-phenyl-6-N,N-dim ethyl- 
1H-pyrazolo[3,4-b] quinoline. The device em itted a green light w ith a m axim um  luminance 
of 37,000 cd/m 2 and lum inescent efficiency of 6.0 cd/A [43]. The same group applied ther­
mally stable spirobifluorene-based 1H-pyrazolo[3,4-b]qumolme (spiro-PQ) as a luminophore 
in an OLED device with a configuration of ITO/NPB/CBP/TPBI + spiro-PQ/TPBI/Ag. The 
bright blue lum inance exceeded 20,000 cd/m 2 w ith CIE coordinates (0,14; 0.17) [44]. Yanhu 
Li et al. [45] presented devices based on these oligofluorenes w hich exhibited highly efficient 
deep-blue electrolum inescence. The double-layered device w ith PPO -TF3 as em itter shows 
a m axim um  current efficiency of 1.88 cd/A and a m axim um  external quantum  efficiency 
of 3.39%  w ith Com m ission Internationale de l'Eclairage (CIE) coordinates of (0.16, 0.09), 
w hich are very close to the National Television Standards C om m ittee's blue standard [45]. 
A  double-layer device ITO /D N Cz/A lq3/LiF/A l w as presented by Ki-Soo Kim  et al. [46]. 
The devices showed a yellow ish-green em ission originating from Alq3 and used D N Cz (9- 
ethyl-3-(naphthalene-2-yl)-6-(naphthalene-3-yl)-9H -carbazole) as a hole-transporting material. 
The lum inance of this EL diode w as approxim ately 18,600 cd/m 2. Additionally, Ki-Soo 
Kim  et al. described a m ultilayer device w ith a ITO /D N TPD/N PD /TCzPB (1,3,5-tris[4-(N- 
carbazolyl)phenyl]benzene) + Ir(ppy)3/BCP/Alq3/LiF/A l structure w ith  a lum inance of 
27,200 cd/m 2 (17.6 cd/A at 18.0 V). TCzPB is a promising host material for phosphorescent 
dopants [46].

To date, m any low -m olecular com pounds have been  developed, and their u seful­
ness for organic electronics has been  positively  confirm ed. H ow ever, despite this, m any 
research groups still condu ct research on the preparation of new  com pounds and check 
their usefulness for organic optoelectronics. The activity  of our group is in line w ith  
this research trend.

The m ain goal of this paper is a description of the photophysical properties of new ly 
synthesized trifluorom ethyl substituted low -m olecular 1H-pyrazolo[3,4-b]quinolines M olx 
(x =  1, 2, 3, 4). The m entioned com pounds exhibit h igh light absorbance and electrolu­
m inescent properties. We describe their optical characteristics and verify  their potential 
application in the fabrication of organic light em itting diodes (OLEDs) and organic photo­
voltaic devices (OPV).

The organization of the w ork is as follow s. Section 2 outlines the procedure for the 
preparation of 1H -pyrazolo[3,4-b]quinoline dyes M olx (x = 1, 2, 3, 4) com pounds and 
their chem ical characterization. Section 3 is devoted to a presentation of the equipm ent 
and m ethods used in the characterization of the m aterials and fabricated optoelectronic 
structures. In Section 4, the architectures of the fabricated solar cells and O LED  structures 
are presented. In Section 5, w e present the experim ental results and their discussion.



2. Materials
2.1. Synthesis

"The follow ing organic m aterials 1H-pyrazolo[3,4-b] quinolines derivatives (M olx), 
nam ely 1-m ethyl-3-phenyl-6-CF3-1H-pyrazolo[3,4-fr]quinoline (Mol1), 1-phenyS3-m ethyl-1- 
C F3-1H -pyrazol o[3,4-b]quinoline (M ol2), 1,3-diphenyl-6-CFc-1 H-pyrazolo[3,4-b]quinoline 
(M ol3) and 1,3 -dim ethyl-6-C F3-1H -pyrazolo[3 ,4 -b]quinoline (M ol4), w ere tested for their 
use in optoelectronic devices. Their chem ical structures are presented in Figure 1.

Mol -1 ; R1 = Me, R2 = Ph 
Mol -2 ; R1 = Ph, R2 = Me 

Mol -3 ; R1,2 = Ph 

Mol -4 ; R1’2 = Me

Figure 1. Chemical structures of investigated CF3-substituted 1H-pyrazolo[3,4-b]quinlines.

The trifluorom ethyl substituted 1H -pyrazolo[3,4-b]quinolines (3) w ere synthesized 
according to procedure depicted in F ig u re 2.

1 2 3

Figure 2. Synthetic procedure for CF3-substituted 1H-pyrazolo[3,4-b]quinolines.

Thus, p-trifluoromethylaniline (1) was heated with 5-chloro-4-formyl-l,3-disubstiUuted 
pyrazoles (2i w ithou t solvenl. Idee pyrazole derivatives (2) w ere prepared by  V illsm eier- 
H aack form ylation of appropriate pyrazolones. The dehails of these procedures are de- 
sceibed in the peper published b .  Bqack and Vil lsm eier/H aack, respectively [47,48].

Synthetic Procedures

XH  and 13C N M R  spectra w ere carried ouq by  m eans o f a B ru ksr Avance III 300 
spoctrometer IBilleri ca, M A, USA) operating at 300 add 75 M Hz , respectively. Sam ples were 
dissolved i n C D C C  w ith TM S as an internel standand. T2e melting; points were determined 
on a Sluart SMP3 melting point npparatus (capillary), and they were uncorrected. Elemenial 
analyses w ere conducted at Elem entar Vaeio M ICRO  cube.

6-(Trifluoromethyl)-1-methyl-3-phenyl-1H-pyrazolo[3,4-fr]quinoline (Mol1): 4-(trifluor- 
oruethyl)aniline (8-05 mg, 5 mmol) was mixed w ith 5-chloro-1-m eihyl-3-phenyl-1H-pyrazole- 
4-carbaldehyde (993 hng, 5 mmol) and heated on a sand both until the temperathee eeached 
190 °C ; it w as then m aintained in  that -nmperahure for 60 m in. The m ixture w as then 
allaw ed to cool to room tem perature, and tire resulting brow n-yellow  solid w as dissolved 
in chloroform  hnd flushed tlro u g h  .Aluminium O xide 60. The resultinh yellow  solid w as 
crystallized  tw ice from  tolueno to yield  t.1 3  g (77% ) of yellow  fluorescent needlen, m.p. 
161-1  61.(a ° C. 1LH  N M R  (CD Cl3, 6, ppm ): 81 . 95 (s, 1H, A r-H ), 8.32 (broad s, 1H, ArcH), 8.21 
(dd, J  = 9.1, 0.66 Hz, 1H, Ar-—  8.06-86.02 (m, 2H, Ar-H), 7.90 (dd, J  = 9.1, 2.0 Hz, 1H, Ar-H), 
7.D0-7.55 (m , 2H , A r-H ), T.51-7.D5 (m , 7H, A r-H ), 4 .30 (s, 3H , C H 3); 13C N M R  (C D C l3, 6, 
ppm ): 1J5:2.0, 148.8, 143.=, 1 3 J .5 ,132.2,1291.5,127.1,121.7,127.3 (6 ,S c -F = 4.7 Hz), 127.1, 126.0 
(q, /C-F = 2.3 H z), 125.5 (q, = 32.0 H z), 122 .8 ,115 .7 , 34.1; Found: C, 6(5.01; H, 3.75; 1ST,
12.90; C i8H i2F3N 3 requires: C, 66.05; H, 3.70; N  12.84.

6-(Trifluoromethyl)-3-methyl-1-phenyl-1H-pyrazolo[3,4-b]quinoline (Mol2): 4-(trifluor- 
omethyl)aniline (970 mg, 6 mmol) was mixed w ith 5-chloro-3-m ethyl-1-phenyl-1H-pyrazole- 
4-carbaldehyde (1190 m g, 6 m m ol) and a few  drops of sulfolane and heated on a sand 
bath  until the tem perature reached 220 °C ; it w as then m aintained at that tem perature 
for 45 m in. The m ixture w as then allow ed to cool to room  tem perature, and the resulting



brow n-yellow  solid w as treated w ith  m ethanol in an u ltrasonic bath  for a few  m inutes. 
A  yellow  solid w as filtered off, dissolved in chloroform  and flashed through A lum inium  
Oxide 60. The resulting solid w as chrom atographed on a SilicaGel 60 colum n w ith toluene 
to yield 600 m g (31%) of yellow  plates, m.p. 143.5-144 °C. XH N M R (CDCl3, 6, ppm): 8.62 
(s, 1H, A r-H ), 8 .48-8 .44  (m, 2H , A r-H ), 8.29 (broad s, 1H, Ar-H ), 8.24 (dd, J  = 9.1, 0.6 Hz, 
1H, A r-H ), 7.90 (dd, J  = 9 .1 ,2 .0  H z, 1H, A r-H ), 7 .59-7 .52 (m, 2H , A r-H ), 7 .33-7 .28  (m, 1H, 
Ar-H), 2.77 (s, 3H, C H 3); 13C N M R (CD Cl3, 6, ppm ): 1 5 1 .1 ,1 4 9 .0 ,1 4 3 .6 ,1 3 9 .6 ,1 3 0 .8 ,1 3 0 .1 , 
129 .1 ,127 .2  (q, Jc - f  = 4.5 H z), 125.9 (q, Jc -f  = 3.0 H z), 125.9 (q, Jc - f  = 32.6 H z) 125 .3 ,122 .6 , 
120 .3 ,119 .1 ,12 .8 ; Found: C, 66.10; H, 3.80; N, 12.77; C 18H 12F3N 3 requires: C, 66.05; H, 3.70; 
N  12.84.

6-(Trifluoromethyl)-1,3-diphenyl-1H-pyrazolo[3,4-b]quinoline (Mol3): 4-(trifluoromethyl) 
aniline (1.61 g, 10 mmol) was mixed with 5-chloro-1,3-diphenyl-1H-pyrazole-4-carbaldehyde 
(2.83 g, 10 m m ol) and heated on a sand bath  until the tem perature reached 180 °C ; it w as 
then m aintained in that tem perature for 60  min. Then the m ixture w as allow ed to cool to 
room  tem perature, and the resulting brown solid w as dissolved in chloroform  and flashed 
through A lum inium  O xide 60. The resulting yellow  solid w as crystallized from  D M F to 
yield  2.20 g (57% ) of deep-yellow  crystalline pow der, m .p. 175 °C. 1H  N M R  (C D C l3, 6, 
ppm): 8.97 (s, 1H, Ar-H), 8 .57-8.54 (m, 2H, Ar-H), 8.33 (broad s, 1H, Ar-H), 8.26 (dd, J  = 9.0, 
0.5 Hz, 1H, Ar-H), 8.13-8.10 (m, 2H, Ar-H), 7.91 (dd, J  = 9 .1 ,2 .0  Hz, 1H, Ar-H), 7.62-7.49 (m, 
5H , Ar-H ), 7 .37-7 .31 (m, 1H, A r-H ); 13C N M R  (C D C l3, 6, ppm ): 1 5 1 .5 ,1 4 8 .8 ,1 4 4 .7 ,1 3 9 .6 ,
132.2, 132.1, 130.1, 129.3, 129.2, 129.1, 127.5, 127.4 (q, JC-F = 4.7 Hz), 126.3 (q, J C-F = 32.3 Hz), 
126.1 (q, J C-F = 2.6 Hz) 125.8,124.1 (q, J C-F = 270 Hz), 123.2, 120.8, 117.3; Found: C, 70.93; H, 
3.57; N, 10.85; C 23H 14F3N 3 requires: C, 70.95; H, 3.62; N  10.79.

6-(Trifluoromethyl)-1,3-dimethyl-1H-pyrazolo[3,4-b]quinoline (Mol4): 4-(trifluoromethyl) 
aniline (970 mg, 6 mmol) was mixed with 5-chloro-1,3-dimethyl-1H-pyrazole-4-carbaldehyde 
(950 m g, 6 m m ol) and a few  drops of sulfolane and heated on a sand bath  until the 
tem perature reached 200 °C ; it w as then m aintained in  that tem perature for 45 m in. The 
m ixture w as then allow ed to cool to room  tem perature, and the resulting brow n-yellow  
solid w as treated w ith  m ethanol in an u ltrasonic bath  for a few  m inutes. The resulting 
yellow  solid w as filtered off, dissolved in  chloroform  and flashed through A lum inium  
O xide 60. The solid w as chrom atographed in a SilicaG el 60 colum n w ith  toluene to yield 
450 m g (28%) of yellow ish crystalline powder, m.p. 140-141 °C. 1H NM R (CDCI3, 6, ppm): 
8.60 (s, 1H, Ar-H ), 8.28 (broad s, 1H, Ar-H ), 8.18 (broad d, J  = 9.1 H z, 1H, Ar-H ), 7.87 (dd, 
J  = 9 .1 ,2 .1  H z, 1H, A r-H ), 4 .18 (s, 3H , N -C H 3), 2.71 (s, 3H , A r-C H 3); 13C N M R  (C D C l3, 6, 
ppm): 152 .5 ,149 .7 ,14 2 .2 ,1 3 1 .6 ,1 3 0 .0 ,1 2 8 .1  (q, J C-F = 4.7 Hz), 126.4 (q, J C-F = 2.6 Hz), 122.8, 
118 .1 ,3 4 .3 ,1 3 .4 ; Found: C, 58.78; H, 3.82; N, 15.92; C 13H 10F3N 3 requires: C, 58.87; H, 3.80; 
N 15.84.

3. Equipment and Methods

As part of the studies presented here, theoretical analyses and experim ental research 
were carried out. The theoretical analyses involved m olecular conform ations and determ i­
nation of HOM O-LUM O levels of the M olx compound. Optical analysis of the photovoltaic 
structures w as carried out. Calculations of the light intensity distribution and the density 
of the generated excitons in the photovoltaic cells w ere perform ed using the 2 x  2 m atrix 
m ethod presented in our earlier w orks [49- 51]. In experim ental studies, the absorption 
properties of the developed compounds were determined, and the complex refractive index 
of the bulk  heterostructure com posed of the polym er-PV K  blend w as determ ined. The 
apparatus and m easurem ent m ethods used are presented below. The produced structures 
of the photovoltaic cells and OLEDs were tested using the measurement systems presented 
in our previous papers [52,53]. O ptical analysis of the photovoltaic structures w as carried 
out. The light intensity  distribution and the density  of the generated excitons in  the pho­
tovoltaic cells w ere calculated using the 2 x  2 m atrix m ethod presented in our previous 
w orks [49- 51].



3.1. D FT Calculation

Q uantum  chem ical calculations w ere perform ed u sing the PL-G rid Infrastructure 
and resources provided by  the A C C  C yfronet A G H  (Kraków, Poland). D FT and TD FT 
calculations w ere carried out w ith  the G aussian 16 package (Revision B.01, W allingford, 
CT, U SA ) [54], based  on the com putational approach that has been successfully  applied 
for the pyrazolo[3,4-b]quinolines and their derivatives [55- 57]. The geom etry optimization 
w as perform ed using density-functional theory (DFT) and the B3LYP functional [58- 60], 
together w ith a D unning correlation-consistent, polarized valence [61], double-Z basis set, 
cc-pVD Z. The photophysical properties w ere calculated as vertical electronic excitations 
from  the m inim a of the ground-state, using the linear-response approach, the B3LYP/cc- 
pV D Z  level of theory and the first six excited states. The solvent effect w as taken into 
account by  including the polarizable continuum  m odel (PCM ) [62] and acetonitrile as 
solvent. All obtained minima were confirmed by the absence of a negative frequency in the 
vibrational analysis. The simulated spectra were obtained as the sums of Gaussian functions 
centred at vertical excitation energies and scaled using the calculated oscillator strengths 
w ith a half-width at half-height param eter im plem ented in the GaussView 6.0.16 program.

3.2. Spectral and Time Resolved M easurem ents

Absorption spectra were recorded using a Shimadzu UV-2101 PC spectrometer (Markham, 
ON, Canada). Room -tem perature and low-temperature (at 77 K) fluorescence spectra (with 
the correction for spectral sensitivity) were measured by a Hitachi F7000 fluorometer (Tokio, 
Japan). Phosphorescence w as m easured in a dibutyl ether m atrix (at 77 K) using a H itachi 
F7000 fluorometer (Tokio, Japan) w ith a chopping frequency 40 Hz. For time-resolved fluo­
rescence m easurem ents (tim e-correlated single-photon counting technique), a picosecond 
diode laser (A = 400 nm, 70 ps pulse duration) (IBH-UK) w as used as the excitation source. 
The X2 test and the distribution of residuals w ere the m ain criteria in the evaluation of the 
quality of fit of the experim ental decay curves. For steady-state fluorescence measurements, 
a 370 line w as used. The fluorescence quantum  yield m easurem ents w ere carried out with 
quinine sulphate in 0.05 M H 2SO4 (Фа = 0.51) [63] as an actinometer. The fluorescence stud­
ies w ere perform ed on deaerated sam ples. The acetonitrile and dibutyl ether used for the 
spectrophotom etric m easurem ents w ere purchased from AlfaAesar (HPLC grade, Gdansk, 
Poland). Both absorption and steady state em ission m easurem ents w ere done w ith  the 
aid of instrum ents collected at U niversity of A griculture, Kraków, Poland. Tim e-resolved 
fluorescence studies w ere m easured at Jagiellonian University, Kraków, Poland.

3.3. Electrochem ical M easurem ents

Cyclic voltammetry measurements were performed on a potentiostat (PalmSens3). A plat­
inum wire (0 = 0.5 mm) and a platinum coil (0 = 1.6 mm) were used as a counter and working 
electrodes, respectively. A non-aqueous electrode (Ag/Ag+), designed and provided by ALS, 
was used as a quasi-reference electrode. The potential of the quasi-reference electrode was cali­
brated using ferrocene as an internal standard. A 0.1 M solution of Bu4NPFö (Aldrich >  99.0%) 
in acetonitrile (AlfaAesar HPLC grade was additionally dried with a molecular sieves 4 Ä and 
distilled prior to use) w as used as the electrolyte. The obtained potentials w ere additionally 
confirmed by independent differential pulse voltammetry measurements (DPV). Prior to the 
measurements, the solutions were purged with argon to remove residual oxygen.

3.4. E llipsom etry

The optical functions and thicknesses of the constituent layers of the solar cells pro­
duced were determined using the spectroscopic ellipsometry method. In this measurement 
technique, the ratio, p, of the Fresnel reflection coefficients for s- and p-polarized com po­
nents is described by the follow ing equation [52,64,65]:

p =  — =  tan tfelA
rs



where ф and A are the ellipsometric angles, named amplitude ratio and phase shift, respec­
tively. The spectral characteristics of the ellipsom etric angles ф and A were recorded using 
an ellipsometer. The theoretical characteristics of the ellipsom etric angles, calculated from 
the assum ed m odel of the exam ined structure, w ere then fitted to the experim ental ones. 
The structure param eters assum ed for the calculations, for w hich  the best m atching of 
theoretical and measurem ent characteristics were obtained, were taken as those which char­
acterized the investigated structure. In our studies, w e used a spectroscopic ellipsom eter 
W oollam M 2000 (J.A. W oollam Co., Inc., Lincoln, NE, USA) and Com pleteEA SE Software.

Exam ples of the spectral characteristics of the ellipsom etric angles, appropriately 
measured and calculated for the active layer of the sam ple (glass/ITO/PEDOT:PSS/active 
layer), are show n in  Figure 8 M easurem ents w ere m ade for angles 9 sam ple lighting 60°, 
65° and 70°, respectively. In all calculations for the active layers, we used the Tauc-Lorentz 
m odel w ith G aussian oscillators, described as follow s:

(2)

w here and the fitting parameters are A NG— amplitude, B—boarding, E0 N— oscillator

energy, N — oscillators (N = 6, fitting for four G aussian oscillators) [54,55,63,64,66].

4. Solar Cells and OLEDs Fabrications

In our w ork, w e present fabricated bulk  heterojunction (BH J) photovoltaic cells 
based  on organic m aterials. The structure of the investigated sam ple w as as follow s: 
g lass/ITO /PED O T:PSS/organic active layer/alum inum  (Al) (see Figure 3 ). The organic 
active layer w as a blend of M olx + PDT, (w here PD T is poly(3-decylotiofen2,5-diyl) and 
x = M ol1, M ol2, M ol3, M ol4— see Figure 1) dissolved in tetrahydrofurane THF (anhydrous, 
99.9% Sigma-Aldrich). The ITO (indium oxide solid solution (II) oxide and tin (IV)), coated 
on glass, was the substrate in the structure of the BHJ photovoltaic cells. The sheet resistance 
of ITO was approximately 15 П /sq. The ITO underwent a cleaning in an ultrasonic cleaner 
u sing isopropanol, acetone, detergent and distilled  w ater. A  thin  layer of PED O T:PSS 
[poly(3,4-ethylenedioxythiophene): polystyrenesulfonic acid]— w as then applied to the 
prepared substrate by  the spin coating m ethod. The thin  layer PED O T:PSS (1.3 w t%  dis­
persion in H 2O, conductive grade) w as heated in a vacuum  at 100 ° C for 30 m in. The 
organic active layer M olx + PDT was sandwiched betw een PEDOT:PSS and an aluminium 
electrode. Finally, an alum inium  (A l) anode (100 nm ) w as deposited by  evaporation in a 
high vacuum  (10-6  bar). The resulting photovoltaic (BHJ) cells had an area of 15 x 15 m m 2. 
PDT, THF, acetone, isopropanol and ITO w as purchased from Sigm a-Aldrich. The effect of 
the organic active layer on the perform ance of PD T + M olx cells w ere investigated using 
a current source K eithley 2400 SourceM eter in the dark and u nder illum ination w ith  a 
tungsten lamp w ith a fixed pow er density of 1.3 m W /cm 2.

Figure 3. Bulk heterojunction architecture of investigated devices.



The structure of the prepared organic light-em itting  diodes (O LED s) is show n in 
Figure 4. These structures had the following configuration— glass/ITO/PEDOT:PSS/active 
layer/ETM /C a/A l. O n the glass/ITO  sam ple w as a spin-coated PED O T:PSS layer. "The 
thin  PED O T:PSS layer w as dried at 100 ° C for 45 m in to rem ove the rem ains of wa4er. In 
the next step, the em isfion  layer, PV K  + M olx (w here x w as 1 ,2 , 3 ,4 ) ,  w as applied using 
a spin-coater on a glass/TTO substrate. The activa layer (M olx + PVK ) w as a m ixture of 
luminoplrores (Molx) in a poly(Al-vinylcarbazole)PVK matrix. Lum m ophores (M oU, M ol2, 
M ol3, lUoM) and PVK  w ere d issolved in tetrahydrofurane (TH F). Then, on top of this 
sam ple, a 2-[3,5-bis(4-phenyl-2-quinolyl)phenyl]-4-phenylqum oline (Tris-Q)! layer, ae an 
electron transparent matarial (ETM) was spin-coated. "The С a/1 Ai electrode was evaporated 
in a high vacuum  (10—6 tsar) on tine; o ^ a n ic  activa layer. In the studied structures, the ITO 
is a poshive electrode and the C a/A l is a negative electrode.

Figure 4. The OLED's structure ITO/PEDOT:PSS/ active layer/ETM/Ca/Al.

5. Results and Discussion
5.1. Photophysical Properties

Room -tem perature absorption and fluorescence spectra of the investigated compounds 
are presented in Figure 5 .

A bsorption and em issiun data are show n in Table 1 . Sim ilarly  to 1,3-dim ethyl- 
pyrazolo[3,4-b]quinoline [67], M ol4 exhibits a vibronic structure of the low est absorption 
band, w ith a m axim um  located at 375 nm . This slight vibrational structure (occurring even 
in  polar acetonitrile), along w ith  a m oderate extinction coefficient (e = 4600 M —1 cm —1), 
m ay indicate the presence of n ,n * ^ S 0 transition. The low  energy band of the phenyl- 
decorated com pounds show s clear red shift com pared to the 1,3-dim ethyl counterpart 
(M ol4). The shift depends on both  the num ber of phenyl substituents attached to the 
pyrazole part and their location. H ence, the m ost pronounced bathochrom ic shift w as 
observed for M ol3 (w ith tw o phenyl groups). M oreover, the phenyl attached to the 3rd 
position of the pyrazole p art induces a larger bathochrom ic shift of absorption m axim um  
than in the 1st position. A lthough the absorption m axim a significantly differ from  one 
another (381 nm  and 390 for M ol2 and M ol1, respectively), the H O M O /LU M O  energy 
gaps are practically  the sam e (Figure 5 ). This is in line w ith  quantum  chem ical calcu la­
tions predicting the absorption m axim um  at 411 nm  (e = 7850 M —1 cm —1) for M ol1 and 
at 413 nm  (e = 2450 M —1 cm —1) for M ol2. Therefore, the difference in absorption m axim a 
can be justified  in term s of the presence of tw o rotam ers in solution: w ith  phenyl in or 
out of the pyrazoloquinoline plane. To verify this hypothesis, 2D relaxed potential energy 
surfaces w ere bu ilt by  varying the d ihedral angle betw een the phenyl attached to the 
1st or 3rd position of the pyrazole and the pyrazoloquinoline core (Figure S2). Based on 
those results and available therm al energy at 295 K (3RT =  0.077 eV), two conform ations 
w ere chosen for each m ono-phenyl functionalized m olecule under study (see Figure S3). 
N ext, the low est energy excitation, along w ith  m olar absorptivity, w ere predicted, and 
the results are listed in Table S1. The photophysical behaviour of M ol2 w ith  the phenyl



tw isted out of plane (M ol2t, \abs,cal = 388 nm , ecal = 3450 M —1 cm —1) resem bles the optical 
properties of the parent m olecule (Mol4, \abs,cal = 388 nm , ecal = 4100 M —1 cm —1). Although 
a full perpendicular tw ist of 1-phenyl substituent is rather unlikely due to a large energy 
barrier (M ol2 0.149 eV), the presence of a sixty degree tw ist is highly probable. Such a 
w ide range of torsional angles m akes feasible the existence of tw o opposite conform a­
tions (planar M ol2p and tw isted rotam er M ol2t). Bearing in m ind that the predicted 
m olar absorptivity  of M ol2p is significantly low er than that for M ol2t, it is evident that 
the superposition of these tw o bands m ay lead to the form ation of a new  band w ith  an 
absorption m axim um  located close to that o f M ol4. The sim ulated averaged absorption 
spectra, presented in Figure S4 in the Supplem entary M aterials, w ell reproduce the ex­
perim ental one in  term s of the relative energetic positions and intensity of the absorption 
bands. The same reasoning may be applied in the context of Mol1 (energy barrier 0.153 eV). 
In  this case, a red-shifted absorption is related to the high absorptivity  of global energy 
conform ation (Mol1p, 3-phenyl twisted by 24° with respect to the pyrazoloquinoline plane, 
Kbs,cal = 411 nm , ecal = 7850 M —1 cm —1), w hich  m akes the U V  band of a m ore distorted 
rotam er M ol1t less visible (\abs/cal = 387 nm , ecal = 6000 M —1 cm —1, see Figure S4). Finally, 
the observed absorption m axim um  of M ol3 results from the additive effect of tw o phenyl 
substituents attached to the pyrazoloquinoline core.

Figure 5. UV-Vis absorption (top) and emission (bottom) spectra of the compounds under study in 
acetonitrile: Mol1 (red); Mol2 (green); Mol3 (blue); Mol4 (black).



Table 1. Absorption and Emission Parameters of the Investigated Dyes Dissolved in Acetonitrile.

Compound Solvent Tabs
(nm)

e
(M-1 cm-1 )

Xfl
(nm)

Tfl
(ns)

h-nr 
(x107 s -1 )

hr
(xlO 7 s -1 )

Moll ACN 390 7500 476 0.41 3 1.62 1.87 1.30
Mol2 ACN 381 3300 495 0.14 20.57 4.18 0.68
Mol3 ACN 397 6700 500 0.27 28.97 2.52 0.93
Mol4 ACN 375 4600 433 0.73 34.66 0.78 2.11

"The; G aussian shape of the absorption band, along w ith  the observed red shift, m ay 
p oint to the partial charge transfer character of the first singlet sxcited  state; in M ol2 and 
M ol3 [68]. It seems that the phenyl at the 1st position plays a crucial role its the toamation of 
charge transfer state due to a strong electronic conjugation between this substituent and the 
C Fo group (see H O M O /LU M O  eontours of orbitals for M ol2). M oreover, the attachm ent 
of pOenyl eo the nitrogen atom  ot pyrazole (stronger electronegativity  than the carbon 
atom ), along w ith  8he close viciniOy eC a poaitively charged centre (locateC et the carbon 
atom connecting the nitrogen of the quinolioe and that of pyrazole) (Figure S6) m ay faeour 
charge m igration in this com pound. Ao a  consequence, a full electron density  ahift from  
phenyl at the 1st position to the pyrazoloquinoline skeleton occurs upon excitation to the 
Strst singlot exciged state, w hile in M o ll residual charge density  is still noticeable a t the
3-phenyl substituent (see LU M O  contours of orbitals, Figure 6 ) . This behaviour is also 
reflected in em ission properties. M ol2 exhibits the w eakest fluorescence and the shortest 
fluorescence lifetim e from  all the studied com pounds, w hich  m ay indeed indicate the 
existence of tine ghotoinduced slectron Iransfer process being responsible for fluorescence 
quenching. It is very  likely that this process is partially  suppressed in Mo83 due to the 
presence of additional phenyl a t the 3rd position. Finally, som e distortions of M o ll from  
planarity  m ay result in  a sm aller electronic conjugation and then w eaker fluorescence 
quenching caused by the photoinduced electron transfer process, as compared to M el2. The 
lack os an electron-rich phenyl substitueot and 6he sm ell Stoke s s hift of Mol4 point to tire fact 
that the first singlet excited state is m ost probably of the пт,л* character. Slumming up, the 
energy of the singlei excited stage is m odulated both by the num ber of phenyl substituents 
end their location. In addition, tire character of the singlet exrhed state changes from 1(n,n*) 
to XCT w ith the presence of the phenyl group.

Figure 6. Oxidation potentials HOMO-LUMO energy levels and energy band gaps of the investigated dyes.

D epending on the m echanism  of the singlet energy deactivation, electrolum inescent 
m aterials can be divided into three categories: fluorescent em itters, phosphorescent emitters 
and therm ally  activated delayed fluorescence (TADF) em itters. In order to classify  the 
investigated dyes to one of the above-mentioned groups, low-temperature phosphorescence 
m easurem ents w ere perform ed.



As depicted in Figure S7 in the Supplementary data, the studied dyes exhibit only low- 
temperature fluorescence. With the course of the experim ent, no signal of phosphorescence 
w as detected, confirm ing that the em ission occuns only from  tha fisst singlet excited state. 
H ence, a com petitive deactivation pathw ay via an  intersystem  crossing process can be 
ruled out. Taking into account the above-m entioned considerations, one can classify  the 
studied dyes as the first generation of O LED  m aterials (fluorescent m aterials).

5.2. E lectrochem istry

In order to prepare the electroluminescent cell, it is required to know the HOMO/LUMO 
energy levels of the em issive material tested for OLED s. The knowledge of these parameters 
enables one to choose and apply such hole/electron transporting m aterials, w hich  w ill 
be efficient in the recom binefion of the in jected hole/electron pair. O ne of ihe m ethods 
com m nnly used for determ ination of H O M O /LU M O  energy levels is eyclic voltammetry. 
It it  a sim ple and useful technique to com pare /lee relative energy levels for the series of 
derivatives in the sam e class. HO M O  energy levels w ere calculated using this w ell-known 
equation: EHOmo  =  — Г1-4 ±  0 .1) -qE^ — (4.6 ±  0 .0n) eV [6°!] . (Eox— The onseO oxidation 
potential taken from the cyclic voltam m ogram ; q— Electric charge). The LUM O levels hove 
been  deduced from  the optical band gap values [70]. O ptical band gap w as evaluated 
from the absorpti on spectra using the Tauc m ethod [70]. The obtamed values of oxidation 
potentiate, H O M O /LU M O  energy levels and energy band gaps are presented in Figure 6.

A ll the investigated pyrazoloquinolines exlfibit a w eakly  reversible oxidation peak 
at the platinum  eloctrode w ith  reference to the noo-aqueous seference electrode Ag/Ag+ 
(Figure o). Both M ol4 ( E .  = 1.268 V) and Mol1 {Eox = 1.196 V) display a elear single oxidation 
peak, while Mol3 eeh h fis  f o rl oeiiH tion peaks at 1.093 V  and 1.198 V, appearing during; an 
anodic scan. In the case oS the M ol2 derivative, the oxidation profile m ay resem ble a durl 
character (1.104 V, 1.239 V); how ever, the second peek is hardly -risible and is irrevtrsible. 
Therefore, it w as not taken into consideration during further analysir. The analyeis of the 
values of oxidation pofenttals confirm ed that the C V  profile of M ol3 is a  sup3rposition of 
tw o oxidation peakr: one related to the oxidation of 1-phenyl-N -pyrazol and the second 
associated w ith phenyl oxidation at the third position.

Potential [V]

Figure 7. Cyclic voltammetry plots of compounds under the study referenced to the fer­
rocene/ferrocenium couple: Mol1, Mol2, Mol3 and Mol4.

In each phenyl derivative under study, the presence of phenyl leads to an increase of 
electron density on the core, w hich results in an easier oxidation process of the compound 
(higher H O M O  energy). It is w orth  noting that the different locations of phenyl in the 
M ol1 and M ol2 com pounds can m odulate the H O M O  energy level in various w ays. D ue 
to a strong interaction betw een 1-phenyl and C F3, the charge density  of the PQ  core is 
significantly enriched, resulting in the increase of H O M O  energy level. This increase is



sm aller in  M ol1 due to less effective charge/electron in jection to the core by  3-phenyl, 
twisted with respect to the PQ skeleton. Finally, the value of HOM O/LUM O of M ol3 is the 
net result of the Mol1 and M ol2 physicochem ical properties.

5.3. Complex Refractive Index and Film  "Thickness

The complex refractive index оf the active layer Mol3 + PDT over the PEDOT: PSS/ ITO/glass 
substrate w as determ ined using the spectroscopy ellipsom etry m ethod described in the 
previous section . In Figure c , the spectral charac teristics of the ellipsom etric angles Y  and 
Д for three different illum ination angles of the structure (0 = 60°, 65° and 70°), registered 
for M ol3 + poly (3-decyllhrophene-2,5-diyl), are presented. The registered (experim ental) 
chasacteristics are plotted w ith  individual continuous coloured lines, and theoretical ap­
proximations corresponding to tha best fit asep letted  w ith continuous black lines. For each 
iltum ination angle, 0, a perfect agreem ent of the theoretical characteristics w ith the exper­
im ental characteristics es vesible. The heterm tned com plex refractive index M ol3 + poly 
(3-decylthinphen-2,5-diyl) is presented iv  Figure 9. The dispersion characteristic of the 
refractive indexs N(A), is draw n in b lack  and the dispersion aharacteristic of the extinc­
tion coefficient: k(A), is draw n in blue. The characteristic k(A) show s a w ide absorption 
peak w hich, for the w avelengih  A = 550 nm , reaches the m axim um  value of Kmax = 0 .6 . 
The ellipsom etric m easurem ents also detetm ined the thipkness of the active lnyers in the 
photovoltaic strucpures m ade. The determ ined values are listed in the second colum n in 
Table 2.

Wavelenght [nm]

Figure 8. Spectral dependence of ellipsometric angles Y  and Д for the Mol3 + poly(3-decylntiofen- 
2,5-diyl) layer over the PEDOT:PSS layer of the ITO film on 1the glass substrate.
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Figure 9. Dispersion relations of refractive index n and extinction coefficient k for the Mol3 + poly(3- 
decylotiofen-2,5-diyl)layer over the PEDOT:PSS layer of the ITO film on the glass substrate.



Table 2. Principal parameters obtained for the manufactured organic photovoltaic devices: 
Voc—Open Circuit Voltage, ]sc—Current Density, FF—Fill Factor, n —Power Efficiency.

Photovoltaic Cell
Thickness 

Molx + PDT 
(nm)

J s c  (nA/cm2 ) Voc (V) FF П (%)

ITO/PEDOT:PSS/Mol1 + PDT/Al 102.9 30.88 0.70 0.20 0.32
ITO/PEDOT:PSS/Mol2 + ODT/Al 105.6 24.71 0.85 0.21 0.33
ITO/PEDOT:PSS/Mol3 + PDT/Al 111.0 32.81 0.78 0.19 0.38
ITO/PEDOT:PSS/Mol4 + PDT/Al 98.5 19.70 0.64 0.21 0.21

Figure 10a show s the light intensity  distribution in  the structure of the photovoltaic 
cell ITO /PED O TiPSS/PD T + M ol3/A l. Figure 10b show s the density distribution of the 
generated excitons, G, in this; photovoltaic cell. The com plex refractive index: presented 
in  Figure 9 w as taken for the cak u lation s. The refractive indices of the m aterials of the 
rem aining layers w ere taken from the literature [49,50].

(a) (b)

Figure 10. Distribution of light intensity (a) and distri°ution of generated excitons density (b) in solan 
cell ITO/PEDOT:PSS/PDT + Mol3/Al A = 560 nm.

Figure 10a shows the maximums and minimums of the interference, which are fhe result 
of the formation of an optical standing wave in the structure oi a photovoltaic cell. The standing 
w ave node is formed near the Ac_L/Al surface, w here the largest antinode in the ITO layer 
is formed. This situation is not optimal and has a negative im pact on the efficiency of the 
solar cell. The optimal situation is when the maximal antinode is in the area of the active layer. 
However, this requires the use of a TCE layer, w hich w ill m ove the antinode aw ay from the 
surface of the aluminium electrode. Figure 10b shows the density distribution of the generated 
excitons, G, as a function of the distance from the surface of the substrate glass. As can be seen, 
the highest densities of generated excitons occur in the area of the active layer.

5.4. O PV Devices

Com parisons of the dark and under illum ination current density-voltage (J-V ) charac­
teristics of ITO /PEDO T:PSS/PD T + M olx/A l are show n in Figure 11.

For w hole fabricated photovoltaic cells, the fill factor, FF, current density, J SC, in the 
short circuit obtained w ithou t any external applied voltage or potential and open-circuit 
voltage, V o c , w ere determ ined from  cu rren t-voltag e characteristics. For device 3, w ith  
the configuration ITO /PED O T:PSS/M ol3 + PD T/A l, the thickness of the active layer 
(Mol3 + PDT) w as equal 111.0 nm. In this architecture, the m ixture of 1-phenyl-3-phenyl-6- 
C F3-1H-pyrazolo[3,4-b]quinoline (Mol3) and poly(3-butylthiophene-2,5-diyl)— PDT— was 
used as the active layer, and the pow er conversion efficiency, n, w as approxim ately 0.38% 
for a current density JSC = 32.81 qA/cm 2 and open-circuit voltage Vo c = 0.78 V. Higher Voc 
values equal to 0.85 V  w ere achieved for cells based  on a blend of M ol2 and PDT, w here 
M ol2 w as a pyrazoloqiunoline derivative called 1-phenyl-3-m ethyl-6-CF3-1H -pyrazolo[3,4- 
b]quinoline. D evice 2, w ith  the configuration ITO /PED O T:PSS/M ol2 + PD T/A l, exhib-



ited pow er conversion  efficiency of approxim ately  0.33% , w ith  a short-circuit density of 
24.71 pA /cm 2 and fill factor equal 0.21. The thickness of the active layers (M ol2 + PDT) 
w as equal 105.6 nm.

Figure 11. The dark and under illumination current density-voltage (J-V) characteristics of 
ITO/PEDOT:PSS/PDT + Molx/Al.

A com parable pow er efficiency 0.32 %  w as obtained for BH J photovoltaic device 1, 
w ith structure of ITO/PEDOT:PSS/M ol1 + PDT/Al (Figure 11, Table 2), w here the current 
density, J sc , w as 30.88 pA /cm 2 and the open-circuit voltage, V oc, w as approxim ately
0.7 V  w ith  a fill factor of 0.20. The thickness of the active layer (Mol1 + PDT) w as equal 
to 102.9 nm  (see Table 2) . Photovoltaic device 4, based on M ol4 + PDT, exhibited a pow er 
conversion  efficiency of approxim ately  0.21% . M olecule M ol4 (1,3 -dim ethyl-6-C F3-1H- 
pyrazolo[3,4-b]quinoline) w as studied for its application in  photovoltaic structures; the 
obtained results w ere presented at ICTO N  2016 [71] .

From  the com parison of the thickness of the active layers and the efficiency of the 
photovoltaic cells, listed in Table 2, it can be seen that the greater th icknesses of the 
active layer correspond to greater efficiencies. H ow ever, the detailed optical analysis 
perform ed by us, based on the determ ined density distributions of the generated excitons, 
the absorption characteristics of M olx com pounds and the spectral characteristics of the 
solar radiation sim ulator, show ed that an  increase in  the thickness of the active layer 
should cause a decrease in  efficiency. O n the other hand, the factors causing the increase 
in  efficiency are shifts in  the absorption characteristics of individual com pounds tow ards 
longer w avelengths. In the spectral range of the absorption of these compounds, the photon 
flux density of the sim ulator's radiation increases w ith the wavelength. Thus, the observed 
increase in efficiency is not an effect of increasingly thicker active layers bu t is an effect of 
the location of the absorption characteristics of individual com pounds.

5.5. OLED Characterization

We also m easured the electrolum inescence spectra of prepared light-em itting diodes 
based  on pyrazoloquinoline derivatives M olx (x = 1, 2, 3, 4)-doped PVK. These m easure­
m ents w ere m ade using a Shim adzu U V V IS 2101 scanning spectrophotom eter. O LED s 
based on pyrazoloquinolines derivatives and polym er (PVK) exhibit strong electrolum ines­
cence em ission w ith a spectra range of 481-506 nm.

The EL spectra of all fabricated organic blue-light em itting devices are show n in 
Figure 12 . For O LED  1, w ith active layer (Mol1 + PVK), the bluish-green em ission peak is 
at a w avelength of 489 nm  (see Table 3), w here Mol1 is the lum inophore-doped PVK. This 
peak is spectrally shifted to a low er w avelength w ith  respect to other lum inophores. The 
electrolum inescence (EL) spectrum of OLED 2, w ith active layer (Mol2 + PVK), and OLED 3, 
w ith (Mol3 + PVK), showed bluish-green em ission maxim um  peaks, AElmax, at w avelengths



492 nm and 506 nm, respectively, whereas OLED 4, with active layer (Mol4 + PVK), had an 
em ission m axim um  peak, AEimax, at 481 nm  (see Table 3 ).

Figure 12. The normalized electroluminescence spectra emission of investigated OLEDs with 
configuration ITO/PEDOT:PSS/ETM/active layer/Ca/Al. Active layer was a blend of PVK 
and luminophore—Molx (where x = 1; 2; 3; 4). Additionally: (Mol1)— 1-methyl-3-phenyl-6- 
CF3-1H-pyrazolo[3,4-b]quinoline; (Mol2)— 1-phenyl-3-methyl-6-CF3-1H-pyrazolo[3,4-b]quinoline; 
(Mol3)— 1-phenyl-3-phenyl-6-CF3-1H-pyrazolo[3,4-b]quinoline; (Mol4)— 1-methyl-3-methyl-6-CF3- 
1H-pyrazolo[3,4-b]quinoline.

Table 3. Selected Properties of the Fabricated OLED Devices.

Molecule ^ E L m a x  
(nm)

Ut

(V)
Brightnessmax

(cd/m2)
Max CE 
(cd/A)

CIExy Colour 
Coordinates

Mol1 493 8.66 1090.5 1.21 (0.032, 0.364)
Mol2 487 8.98 1030.6 1.10 (0.059, 0.235)
Mol3 506 10.32 1436.0 1.26 (0.007, 0.692)
Mo 14 481 9.06 755.9 0.91 10.087, 0.144)

We characterized the em ission colour in the Com m ission International de l'Eclairage 
C IE-chrom aticity  (1931) using the EL spectra shnw n in Figure 12. The colour changes of 
the prepared double layer organic l ight emi tting dlodes are plotted in the CtE XYZ colour 
space (see (X,Y)-coordinates in Table 3, Z = 1 — X — Y) diagram , as presented in Figure 13. 
We can see that, fot OLEDs based on s-phenyl-3-phenyl-6-CF3-1H-pyrazolo[3,4-b] quinoline, 
the C IEcolour-coordinates (x,y) are 0 .032 ,0 .364  (seer Table 3).

Figure 13. CIE colour-coordinates or prepared double-layer light emitting diodes (OLED 1, OLED 2, 
OLED 3, OLED 4).



Figures 14 and 15 show the lum inance-voltage (L-V )  and the current density-voltage 
(/-V) curves recorded for organic EL devices, respectively.

Figure 14. The luminanee-volaage (L-V) curves for OLED1 with ITO/PEDOTPSS/PVK + 
Moll /ETM/Ca/Al.; OLED2 w/Hzhi ITO/PEDOT:PSS/PVK + IV[ol2/ETM/'Ca/Al; OLED3 with 
ITO/PEDOT:PSS/PVK + Mol3/ETM/Ca/Al; OLED4 with rrO/PEDOT:PSS/PVK + Mol4/ETM/Ca/Al.

Figure 15. The current density-voltage curves for the prepared OLEDs ITO/PEDOT:PSS/PVK + lu­
minophore/ETM/Ca/Al (lummophore Moll, Mol2, Mol3, Mol4) configurations: Characteristics are 
labelled according to type of EL diodes active layer.

OLED 1, w ith the configuration ITO/PEDOT:PSS/active layer/ETM/Ca/Al, exhibited 
the maximal values oi the brightnest of approximately 1090.5 cd/m2, with a current efficiency 
ot 1.21 cd/A and CIE coordinates of 0.032,0.364. In -this device, the active layer w ts  a mixture 
of 1-m ethyl-3-phenyl-6-CF3-1H -pyrazolo[3,4-b]quinoline [R1 = M e, R3 = Ph and 1=6 = CF3] 
doped PVK. The best value of the m axim um  brightness around 1436.0 cd/m 2 w as achieved 
for device O LED  3 w ith configuration ITO/PEDOT:PSS/PVK + M ol3/ETM /Ca/Al. O LED  
3 w as based on 1-phenyl-3-phenyl-6-C F3- 1H -pyrazolo[3,4 -b]quinoline [R1 = Ph, R 3 = Ph 
and R6 = CF3]. The turrent efficiency of ihe device based on M ol3 w as up Uo 1.C6 cd/A. As 
show n in Figure 14, a low er b righ teest Smax of approxim ately 1_030.fi cd/m 2 w as received 
for O L E D 2 , w ith th e  structure ITO /PED O T:PSS/PV K  + M ol2/ETM /Ca/A 1. in  iLris 
double-layer architecture, the active layer w as a blend of PVK  and 1-phenyl-3-m ethyl-6- 
CF3-1H-pyrazolo[3,0-ifquinoline [R1 = Ph, R3 = T—ie and R6 = CF3]. OLED 2 showed current 
efficiencies of approxim ately 1.10 cd/A, w ith CIE coordinates of 0.059, 0.235. For O LED  4, 
based on 1,3-dim etEyl-6-CF3- 1H-pyrazolo[3,4-b]quinoline [R1 = M e, R3 = Me =nd R6 = CF3], 
the m axim  al value of the brightness was approximately 755,9 cd/m 2, w ith CIE coordinates 
of 0.(387", 0.144.

The recorded current-density-voltare (/-V )  characteristics ior the prepared polymeric 
doubld lay et EL diodes are show n in Figure 15. ./All /-V  curves presented com plim entary



features and a typical character of obtained double layer O LED s based on pyrazoloquino­
line derivatives M olx (w here x = 1, 2, 3, 4). The threshold voltages, Ut , designated as a 
result of m easurem ent, are listed in  the Table 3 . A ll diodes show ed a threshold voltage in 
the range of 8 -10  V.

6. Conclusions

This paper presents synthesized pyrazoloquinoline derivatives and their physicochem ­
ical characterization. The photophysical studies show ed that the photoinduced charge 
transfer phenom enon is responsible for energy deactivation of the first singlet excited state 
in the investigated phenyl-substituted pyrazoloquinolines. O ur experim ents revealed that 
phenyl at the 1st position plays a crucial role in the enhancem ent of charge transfer em ission 
and in elevating the HO M O energy levels.

The produced com pounds w ere used to produce active layers that w ere used in 
the structures of photovoltaic cells and O LED s. For the produced photovoltaic cells, w e 
obtained efficiencies below  0.4%  and fill factors not exceeding 21% . Low  efficiencies 
are prim arily  the result of too-high energy gaps o f the com pounds used and too-large 
thicknesses o f the active layer. The developed com pounds gave m uch better results in 
O LED  diodes. W e found a m axim um  brightness of 1436.0 (cd/m 2) for O LED  3, based 
on 1H -pyrazolo [3,4-b] quinoline M ol3, w ith  a m axim um  current efficiency of 1.26 cd/A. 
For all O LED s, w e obtained C IExy colour coordinates. These results dem onstrate that 
1H -pyrazolo[3,4-b]quinoline M ol3 is a prom ising host m aterial for fluorescent dopants.
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