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Abstract

The opto(electrical) properties and theoretical calculations of polyazomethine with vinylene and phenantridine moieties in
the main chain were investigated in the present study. 2,5-Bis(hexyloxy)- |,4-bis[(2,5-bis(hexyloxy)-4-formyl-phenylene-
vinylene]benzene was polymerized in solution with 3,8-diamino-6-phenylphenanthridine (PAZ-PV-Ph). The temperatures
of 5% weight loss (Tss) of the polyazomethine was observed at 356 °C in nitrogen. Electrochemical properties of thin film
of the polymer were studied by differential pulse voltammetry. The HOMO level of the PAZ-PV-Ph was at —4.97 eV. The
energy band gap (E;) was detected of approximately ~ 1.9 eV. Energy band gap (Egop) Was additionally calculated from
absorption spectrum and absorption coefficient a. The absorption UV-vis spectra of polyazomethine recorded in solution
showed a blue shift in comparison with the solid state. HOMO-LUMO levels and E, were additionally calculated theore-
tically by density functional theory and molecular simulations of PAZ-PV-Ph are presented. Current density—voltage (J—U)
measurements were performed on ITO/PAZ-PV-Ph/Al, ITO/TiO2/PAZ-PV-Ph/Al and ITO/PEDOT/PAZ-PV-Ph:TiO2/Al
devices in the dark and during irradiation with light (under illumination of 1000 W m~2). The polymer was tested using
AFM technique and roughness (R,, Rys) along with skew and kurtosis are presented.
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Introduction properties of polyketimines synthesized via polycondensa-

tion of various diketones with 3,8-diamino-6-phenylphe-
nanthridine.'*'* The emission spectra of polymers
obtained from 3,8-diamino-6-phenylphenanthridine and
trans-1,2-dibenzoylethylene, p-dibenzoylbenzene and
dibenzyl showed maximum in the range 510-520 nm. The

It is well known that polyazomethines are thermostable and
n-conjugated polymers and are interesting candidates for
opto(electronic) applications.'”® However, many of these
studies concern the syntheses and study of their photolumi-
nescence properties. Among different structures of synthe-
sized polyazomethines, polymers with vinylene moieties
have not been widely investigated, the only example being
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the present authors’ previously study.'®!'! The introduction
of -CH=CH- bonds to a polyazomethine may improve its
opto(electrical) properties, especially by the fact that poly-
azomethines are isoelectronic with poly(p-phenylene viny-
lene) (PPV).'? On the other hand, polyazomethines based
on 3,8-diamino-6-phenylphenanthridine (DAPP) have also
been seldom studied.'*'* The present authors’ former
works describe photoluminescence and the structural
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large phenyl side group present in DAPP along the polymer
chain can reduce the crystallinity and increase the solubility
of the polyazomethines.'?

In order to investigate the influence of phenylphenan-
thridine moieties on optoelectrical applications of polyazo-
methines one polyazomethine with phenylphenanthridine
sub-units (PAZ-PV-Ph) was synthesized. The structural
characterization of the polymer was performed by nuclear
magnetic resonance (NMR) and Fourier transform infrared
(FTIR) spectroscopy techniques, completed with thermal,
optical, electrochemical, theoretical and electrical investi-
gations. As far as the authors are aware, this is the first time
that the HOMO-LUMO levels completed by theoretical
calculation of the polyazomethine containing vinylene
bonds are reported.

Experimental

Materials and methods

All chemicals were purchased from Sigma-Aldrich and
used as received. TiO, films and powders were obtained
as described in Iwan et al.'® Proton nuclear magnetic reso-
nance (‘H-NMR) spectra were recorded on a Bruker AC
300 MHz spectrometer using chloroform (CDCl3) as
solvent and tetramethylene sulfone (TMS) as the internal
standard. Infrared (IR) spectra were acquired on a 560
MAGNA-IR NICOLET Spectrometer using KBr pellets.
UV-vis spectra were recorded as thin films on the quartz
substrate and in chloroform solution by using Jasco V670
spectrophotometer. The solutions were spread on quartz
glass using the spin-coating method. Quartz substrates were
purified using organic solvents such as chloroform and
acetone. Characteristic parameters related to speed
(880 rpm) and time (10 s) of rotation were applied to
spin-coating equipment. All parameters (transmission,
reflectivity, and film thickness) which are necessary to cal-
culate the absorption coefficient () were measured using
JASCO V670 spectrophotometer and its original software.
Calculation of layer thickness (d) was made in UV/Vis
range from reflectance measurements (d = 200 nm). The
scattering phenomenon was taken into consideration. Cur-
rent—voltage characteristics were detected using Keithley
6517B electrometer. Thermogravimetric analyses (TGA)
were performed on a Perkin Elmer apparatus at a heating
rate of 10° min~ ' under nitrogen. The surface morphology
investigations of the PAZ-PV-Ph were performed in air
using a commercial Innova AFM system from Veeco com-
pany. Measurements were done in tapping mode and phase
imaging. Local contrast data processing was also made.
Typical cantilever (about 40 N m~"' and < 10 nm tip curva-
ture) was used. Electrochemical measurements were car-
ried out using Eco Chemie Autolab PGSTATI128n
potentiostat. Platinum wire (diam. 1 mm), platinum coil
and silver wire served as working, auxiliary and reference

electrodes, respectively. Potentials were referenced with
respect to ferrocene. Thin film of the polymer was cast
on the working electrode from solutions in tetrahydro-
furan (THF) and dried in air. Differential pulse voltam-
metry experiments were conducted in a standard one-
compartment cell, in acetonitrile (Acros Organics),
under argon. 0.1 mol L™' tetrahydrofuran (THF) and
BuyNPF4 (Aldrich, 99%) was used as the supporting
electrolyte.

Computational details

The conformations of the PAZ-PV-Ph monomers and
dimers, built with aromatic ends, and a PEDOT oligomer
containing five unit cells as well as the infinite polymer,
using periodic boundary conditions, were optimized by the
well known hybrid density functional method B3LYP.'®
The medium size 6-31(d) Gaussian basis set was adopted.
The computational code GAUSSIANO3'” was used.
Electronic structure analyses were performed based on
Kohn-Sham frontier orbitals and corresponding eigenva-
lues, The acronyms HOMO and LUMO stand for highest
occupied molecular orbital and lowest unoccupied molecu-
lar orbital, respectively.

Synthesis of PAZ-PV-Ph

2,5-Bis(hexyloxy)-1,4-bis[(2,5-bis(hexyloxy)-4-formyl-
phenylenevinylene]benzene (1 mmol), 3,8-diamino-6-
phenylphenanthridine (DAPP) (1 mmol), p-toluenesulfonic
acid (PTS) (0.004 g) and 10 mL of N, N-dimethylacetamide
(DMA) were introduced into a 20 mL, two-necked, round-
bottomed flask equipped with a magnetic stirrer, a reflux
condenser and a nitrogen inlet. The mixture was stirred and
heated at 160 °C for 20 h in an oil bath. After cooling the
reaction mixture was poured into 50 mL of methanol. Poly-
mer was purified first by washed with methanol (about
300 mL) and acetone (about 150 mL) and later washed in
Soxhlet apparatus (hot methanol, 40 h). The polymer was
finally dried at 50 °C under reduced pressure. Brown
powder, Yield: 70%, "H-NMR (300 MHz, CDCl3, ppm)
d = 8. 77 (s, HC=N-), 8.66, 8.13, 7.92, 7.55-7.62, 7.12,
7.23 (m, H,,), 4.09 (m, -O—-CH,), 3.42 (m, CH, side chain),
1.89-1.90 (m, CHj, side chain), 1.62 (CH,), 1.27-1.38 (m,
CH, side chain), 0.85-0.93 (m, CH3). IR spectrum (KBr
pellet, cm™): 3395, 3382, 2921, 2853, 1679 (HC=0),
1620 (HC=N), 1598, 1530, 1473, 1416, 1375, 1236,
1187, 1011, 968, 856, 805, 698. Anal. calcd for
(C79H101N30¢), (1187.00): C, 79.86; H, 8.51; N, 3.54.
Found: C, 76.77; H, 7.12; N, 3.84.

Device fabrication

Current density-voltage measurements were performed on
ITO/polymer/Al, ITO/TiO,/polymer/Al and ITO/PEDOT/
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Figure 1. Synthetic route and chemical structure of polyazomethine PAZ-PV-Ph.

polymer:TiO,/Al devices. The polymer solution (1w/v % in
chloroform) was spin-cast onto ITO-covered glass sub-
strate, ITO/TiO, or ITO/PEDOT substrate with angular
speed 1000 turns min~' by 10 s at room temperature. Resi-
dual solvent was removed by heating the film in a vacuum
at about 50 °C. The Al electrode (about 0.50 cm?” area) was
prepared on the polymer film surface by vacuum deposition
at a pressure of 5 x 10~* Torr. PEDOT interlayer was spin-
coated from water solution.

Results and discussion

In the present study polyazomethine containing the
vinylene group in the main chain was investigated, namely
the fully conjugated polyazomethine, hereafter referred to
as PAZ-PV-Ph (see Figure 1). PAZ-PV-Ph was synthesized
using a simple one-step condensation procedure in DMA
solution. No attempts were made to optimize the polymeri-
zation conditions. In the next step of the investigation the
authors plan to investigate polyazomethines based on DAPP
and such dialdehydes as 2,5-thiophenedicarboxaldehyde and
2,5-bis-(3,7-dimethyloctyloxy)-terephthalaldehyde. More-
over, in the authors previous work the optical properties
(UV-vis, photoluminescence) of polyazomethine based on
3,8-diamino-6-phenylphenanthridine and 4,4'-diformyltri-
phenylamine'®. Chemical structure of the polyazomethine
presented in'® was confirmed by "H-NMR (8.60 ppm, —
CH=N-), FTIR (1621 ¢cm~', -CH=N-) and elemental
analysis (N: found 12.00, calculated 10.18%).

Macromolecular parameters, spectroscopic and thermal
data of the obtained polymer have been described in the
Experimental section.

PAZ-PV-Ph was obtained in high yield (70%). The
"H-NMR data concerning the investigated polymer are pre-
sented in the Experimental section above. For example, in
the proton NMR spectrum of PAZ-PV-Ph the imine protons
signal was observed at 8.77 ppm. The signals at about 6.6—
8.7 ppm were assigned to the aromatic protons. In the FTIR
spectrum of polyazomethine PAZ-PV-Ph characteristic
imine peak at 1620 cm™' (-HC=N- stretching deforma-
tions) was detected. In addition to the -HC=N stretching
band, a band at about 1598 cm™' was distinguished and
ascribed to the C=C stretching deformations in the aro-
matic ring. It can be seen that in the case of the

Table I. Thermal stability and the surface parameters of polyazo-
methine PAZ-PV-Ph.

TGA
Ts% (°C)* Tiox (°C)*  Tasx (°C)*  Char yield (%)°
346 382 434 48
Surface statistics®
R, (nm) Rins (nm) Skew Kurtosis
1.56 2.84 —3.388 18.317

*Ts% Tiow Tasu.: temperatures at 5, 10, 25% weight loss, respectively.
PResidual weight when heated to 800 °C in nitrogen.

“Values calculated for scanning field 5 pm x 5 pum (25 m? scan area),
surface area ratio: 1.0068

phenanthridine units the presence of the nitrogen atom in
the aromatic ring caused the appearance of new bands in
the FTIR spectrum due to a change in symmetry of the
compound and also a change in the electron charge distri-
bution in the aromatic ring in relation to the phenanthri-
dine moiety."* Tt is reflected in the FTIR spectra as the
appearance of the additional absorption band at about
1530 cm ™.

Elemental analyses showed quite good agreement
between the calculated and found content of nitrogen
(0.3%) in the polymer when the repeated unit structure was
taken into calculations. However, a deficiency of carbon
and hydrogen content of 3.09 and 1.39%, respectively, was
observed and this is probably a result of difficulties in burn-
ing the polymer. Similar results have been described for
other polyazomethines.”"

Thermal properties

Thermal properties of PAZ-PV-Ph were investigated by
differential scanning calorimetry (DSC) and thermogravi-
metric analysis (TGA) experiments. The glass transition
temperature of PAZ-PV-Ph determined by DSC was found
to be 141 °C. Taking into consideration the chemical struc-
ture of the polyazomethines, it was noted that, consistent
with their more rigid chains, PAZ-PV-Ph showed a signif-
icantly higher T, value than PAZ-PV (polymer obtained
from 2,5-bis(hexyloxy)-1,4-bis[(2,5-bis(hexyloxy)-4-for-
myl-phenylenevinylene]benzene and poly(1,4-butanediol)-
bis(4-aminobenzoate)).'® The presence of aliphatic repeat
sub-unit in PAZ-PV led to a significant decrease in the T,
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Table 2. UV-vis measurements along with oxidation onset potentials, DPV first peak potentials and HOMO energy of the studied poly-

azomethine PAZ-PV-Ph.

UV-vis cv
}\‘max* (nm) }‘max **(nm) A7\'max*w< EgOPtA(eV) Eg<r:2) (eV) Eonset (V) Ep (V) EHOMOa (eV)
285, 432 295, 440 +8 2.15 1.86 0.17 0.44 —4.97

*in chloroform solution, ** in solid state as thin film, *** shift of imine absorption band in solid state in comparison with solution, “+” indicate red shift.

aEHOI*’IO = —4.80 — Egnger

value (T, ~ 14.3 °C).'° On the other hand the polymers
(polyketaniles) obtained from diketones and 3,8-diamino-
6-phenylphenanthridine exhibited higher values of 7, as a
result of their more rigid structure (7, 184-200 °C).1B

The results of TGA are presented in Table 1. The results
of TGA experiments using the polyazomethine showed that
the obtained polymer PAZ-PV-Ph had good thermal stabi-
lity with a 5 wt.% loss temperature of about 356 °C. The
residue at 800 °C was around 48%.

Optical properties

The UV-vis spectra of the polyazomethine PAZ-PV-Ph
were measured for thin films on quartz substrates and in
chloroform solution. Thin films were prepared from chloro-
form solution of the polymer. The absorption spectral data
of the polyazomethine are summarized in Table 2. The
UV-vis absorption spectra of the PAZ-PV-Ph recorded in
chloroform solution and solid state are shown in Figure
5(a) below.

The optical energy band gap was calculated from
absorption spectrum (abbreviation E,°"") and additionally
from the absorption coefficient («) (abbreviation Eg(rzz)).
The absorption coefficient was calculated from the reflec-
tivity and transmission using the equation:

1 [(1—R)
adln<T> (b)

where T 'is the transmission, R is the reflectivity and d is the
film thickness.'>'*?%2! This equation represents the
absorption coefficient as a function of reflectivity, trans-
mission and layer thickness. The absorption coefficient plot
of the PAZ-PV-Ph thin layers is presented in Figure 2. To
delimit the energy band gaps, two equations E, = 1240/4
and o-E=A(E—E,)" were applied, where « is the
absorption coefficient, 4 is the parameter independent from
photon energy, E is the photon energy, £, is the energy band
gap, r is the index corresponding to band to band transition.
The energy band gap of the investigated polymer was calcu-
lated for index  equal to 2, which is the indirect band to band
transition. A linear approximation of the absorption edge
was obtained for PAZ-PV-Ph thin layers on quartz from
using equation (ozE)l/ " = f(E) and is shown in Figure 2(c).

For the investigated polymer band formalism was used
because thin layers were made from these organic materials
by the spin-coating technique and created on the top of the
amorphous thin layer of the substrate. The approach
adopted has been used to estimate the band gap of amor-
phous organic compounds. The value of the parameter
r = 2 is connected with indirect band to band transition.
This means that an electron induced on the higher state
absorbs not only photon but also affects the phonon. How-
ever, in order to confirm exactly that indirect band to band
transitions occur it is necessary to do more sophisticated
experiments.

Differences between the values of the energy band gap
derived from the absorption spectrum and calculated from
absorption coefficient are presented in Table 2. the energy
band gap value of PAZ-PV-Ph detected from absorption
spectrum (E,°"") was higher than the value of £,"=2 calcu-
lated from equationa - E = A(E — E,)". Differences
between the values of the energy band gaps obtained from
the absorption spectrum and calculated from absorption
coefficient were small (0.29 eV).

In solution and in solid state the polymer PAZ-PV-Ph
exhibited two absorption peaks (see Table 2, Figure 2). In
chloroform solution polymer exhibited two absorption
bands, the first in the range of 285-340 nm and the second
one in the range 0f432—450 nm (see Table 2 and Figure 2(a)).
In the PAZ-PV-Ph film the first peak around 295 nm was
characteristic for absorption of phenylphenantridine, and
the peak at about 440 nm corresponded to the absorption
of azomethine bond. The maximum of the second absorp-
tion band of PAZ-PV-Ph in solid state was about 8 nm
red shifted in comparison with the absorption band in
solution (Table 2). This behavior suggests the existence
of so-called J-aggregates, characterized by red-shifted
absorption spectra.?

Electrochemical measurements

The electrochemical properties of the drop-cast thin film of
PAZ-PV-Ph were studied using differential pulse voltam-
metry, in acetonitrile solution containing 0.1 mol L™
BuyNPF (see Table 2 and Figure 3).

PAZ-PV-Ph exhibited irreversible oxidation behavior,
due to the well-known instability of electro-oxidation
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Figure 2. (a) UV-vis normalized absorption spectra of PAZ-PV-Ph in chloroform solution and in film deposited on quartz substrate; (b)
absorption coefficient; and (c) linear approximation of absorption edge.

products of arylimines.”® The oxidation onset of PAZ-PV-
Ph was observed at 0.17 and is much lower than typically
observed for diarylimines® and close to oxidation onset
of dialkoxy-substituted PPVs (0.26-0.29 V).>* Therefore
it can be assumed that the first oxidation process occurs
on the PPV-like segments, or, possibly on the phenylphe-
nanthridine moiety. HOMO energy (ionization potential)
of PAZ-PV-Ph was calculated using the widely-applied
equation Exyonmo = —4.80 — Egpnser (Table 2).25 No reduc-
tion processes were detected in the investigated potential
range, i.e. down to —1.7 V vs F (the reduction of imine lin-
kages)®® and of the PPV-like segments®® should appear
below —2.0 V), hence the electrochemical E, of PAZ-
PV-Ph was greater than ca. 1.9 eV, in agreement with the
values determined from UV-Vis measurements.

The irreversibility of electrochemical oxidation of aryli-
mines in acetonitrile was first described in 1972 by Masui
and Ohmori.?*> The oxidation peak is irreversible, regard-
less of the switching potential. Cyclic voltammograms with
the switching potential just above the first oxidation peak
were recorded, but no reduction peak on the reverse scan
was noted. While it may be true that in strictly anhydrous

55.10°% . B — . .
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3510° |
3.010° |
2510° |
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50107 |
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E/VvsFc

Sl/A

Figure 3. Differential pulse voltammograms of thin films of PAZ-
PV-Ph.

acetonitrile the oxidation product may be more stable, acet-
onitrile itself is a nucleophile that may react with the oxi-
dized imine. The acetonitrile used was Sigma-Aldrich
HPLC grade (< 0.01% water at time of opening), the
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Figure 4. Planar ground state (a) and twisted conformation (b) of PAZ-PV-Ph monomer as obtained from B3LYP/6-31(d) calculations.

electrolyte was dried in vacuum. More anhydrous condi-
tions required (due to quick absorption of moisture from the
lab atmosphere, even using ordinary inert gas techniques)
operation in a glove box, which was not available to the
present authors, who are not aware of any literature prece-
dent of a reversible oxidation of arylimines. As a matter of
fact, PF¢ is less prone to hydrolysis than BF, %" Acid-
catalyzed hydrolysis of PF; is very slow.?®

Theoretical calculations

Polymer chain conformations and supramolecular polymer
structures in solution and in the solid state are known to
play an important role to the opto-electronic properties of
conjugated polymers.* It is thus desirable to perform a
conformational analysis of PAZ-PV-Ph polymer, as well
as a comparison of their electronic structures with those

of the other components of the devices described below,
namely the polymer PEDOT and TiO, (anatase).

The alkoxy lateral chains attached to the phenylene
vinylene units present in PAZ-PV-Ph are usually opti-
mized, in the gas phase, within the phenyl ring plane. How-
ever, considering the low energy involved in the lateral
chain rotation, the optimizations were allowed to start from
an out-of-plane conformation of the alkoxy chains. These
systems have several local energy minima. The out-of-
plane twisting of lateral chains induces small torsion angles
between neighboring phenylene vinylene units which
affect m-conjugation. The polymer PAZ-PV-Ph, where
three phenylene vinylene units are linked to another conju-
gated fragment (phenylphenanthridine), should be more
affected by these torsions. One of the twisted PAZ-PV-Ph
monomer conformations is displayed in Figure 4, together
with the ground state (absolute minimum energy)
conformation.
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Figure 5. PAZ-PV-Ph HOMO (a, b) and LUMO (c, d) orbitals from B3LYP calculations. (a) and (c) are for the planar monomer; (b) and

(d) are for the twisted monomer.

The total energy difference between these structures
amounted to 0.34 eV. The effects of small torsion angles
on the electronic structure were more important to the
HOMO level, which decreased in energy from —4.69 eV
in the planar monomer to —5.02 ¢V. The HOMO-LUMO
gap increased as a consequence, from 2.67 eV in the planar
monomer to 2.88 eV in its twisted version. The Kohn-Sham
orbital isosurface maps are shown in Figure 5. Apparently
the twisted conformation decreased the HOMO electronic
density in the phenylene vinylene part and extended it to
the phenylphenanthridine moiety.

Recent studies on photophysical properties of PPV deri-
vatives*®! have demonstrated the important role played by
the alkoxy rotations in promoting the above-described
small torsion angles between phenylene vinylene units and
bending of PPV chains. Moreover, it has been shown that a
PPV heptamer presents the same photoluminescence fea-
tures of the polymer. The unit cell length of PAZ-PV-Ph
is of the order of 30 A, which in comparison with PPV
allows two unit cells (dimers) to be adopted as representa-
tive of the polymers. It was also preferred to allow the
alkoxy rotations so that the HOMO-LUMO gaps obtained
from the calculations could be compared with the absorp-
tion peak energies in the measurements.

Figure 6 shows the isosurface maps of HOMO and
LUMO Kohn-Sham orbitals obtained for PAZ-PV-Ph,
together with the respective eigenvalues given in eV.
Notice the undulation produced by the alkoxy rotations in
the PAZ-PV-Ph polymer backbone, however without

affecting conjugation since the orbitals extend through the
whole dimer (except for the chain ends, as expected). The
calculated HOMO-LUMO gap for PAZ-PV-Ph dimer was
2.80 eV, which agreed with the absorption peak value of
440 nm (2.82 eV) in the solid state. This suggests that the
calculated conformation was representative of the chromo-
phores found in the polymer films. Most remarkably, the
HOMO energy was in excellent agreement with the experi-
mental estimation for this level (Table 2).

Finally the electronic structure of PEDOT is presented.
The optimized conformation of this polymer was calculated
to be planar, in agreement with other authors.** The com-
parison between the electronic structures of an oligomer
containing five unit cells and the infinite polymer is dis-
played in Figure 7 in the form of densities of states (DOS).
It was noted that the oligomer DOS presented the basic fea-
tures of the infinite polymer; however the band gap was
larger due to the planar backbone. The polymer band gap
was calculated to be 1.75 eV.

Current density—voltage experiments (]-U)

Three different types of sample architecture were per-
formed to demonstrate that connecting organic and inor-
ganic compounds improve the electrical properties of
devices that can be used as solar cells (SC) or organic
light-emitting diodes (OLED). Two devices were fabri-
cated with TiO, used as a separate layer or blended with
PAZ-PV-Ph (abbreviation PAZ-PV-Ph:TiO,). Devices
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Figure 7. Densities of states of PEDOT (structure shown)
obtained from B3LYP calculations: red curves correspond to a
finite molecule containing five unit cells and black curves are for
the infinite polymer.

having the following architecture: ITO/PAZ-PV-Ph/Al,
ITO/TiO,/PAZ-PV-Ph/Al and ITO/PEDOT/PAZ-PV-
Ph:TiO,/Al in the dark and under light irradiation (halogen
lamp, intensity 1000 W m™?) at room temperature were
investigated. Indium-tin oxide (ITO)-coated glass was
applied as the bottom electrode and was coated with
PAZ-PV-Ph, or poly(3,4-ethylenedioxythiophene)
(PEDOT) or TiO,. As the active layer PAZ-PV-Ph or

. HOMO and LUMO isofurface maps for PAZ-PV-Ph dimers and their eigenvalue energies from B3LYP calculations.

PAZ-PV-Ph blended with TiO, was spin-coated. The use
of PEDOT as an interlayer caused an increase in the resis-
tance of the device based on PAZ-PV-Ph:TiO, active layer.
Aluminum was thermally evaporated as a top electrode.
The active layer thickness was approximately 200 nm in
each device. The samples of nanocrystalline TiO, layer and
powder were prepared by sol—gel technique.'® TiO, layers
were prepared as an anathase phase with a particle size of
about 15 nm.* For solar cell applications, TiO, typically
serves as the favored n-type semiconductor in the form of
an interpenetrating, three-dimensionally continuous perco-
lating matrix with the voids filled with the electrolyte or a
p-type semiconductor.>*>® TiO, (anatase phase) had a
band gap (E,) of 3.2 eV and absorbs light in the UV region
of the solar spectrum.>* 3¢

Current density—voltage curves of ITO/PAZ-PV-Ph/Al,
ITO/TiO,/PAZ-PV-Ph/Al and ITO/PEDOT/PAZ-PV-Ph:
TiO,/Al in the dark and during irradiation with light are
shown in Figure 8.

First, current density—voltage (J-U) measurements of
PAZ-PV-Ph performed on the ITO/PAZ-PV-Ph/Al device
in the dark and during irradiation with light (about 5 min
of illumination) were investigated. From the obtained
results, it was possible to calculate a luminal voltage for
illuminated and dark measurements. Differences between
device ITO/PAZ-PV-Ph/Al performance in the dark and
under irradiation with light were observed. For example,
the turn-on voltage of the device ITO/PAZ-PV-Ph/Al was
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Figure 8. Current density—voltage (J-U) curves of different kind of devices with PAZ-PV-Ph in the dark and during irradiation with light

(under illumination 1000 W m™?).

observed at about 4 V under 1000 W m_z, whereas in the
dark it was found to be about 7 V (Figure 8). Differ-
ences were found along with change of the device struc-
ture. For the device ITO/TiO,/PAZ-PV-Ph/Al the turn-
on voltage was observed at about 4 V in room tempera-
ture in the dark, while for the same device under illumi-
nation it was about 1 V (Figure 8).

Additionally, the influence of PEDOT layer and TiO,
used as a dopant to PAZ-PV-Ph (PAZ-PV-Ph blended with
Ti0O,) for current density—voltage characteristic of such a
device as ITO/PEDOT/PAZ-PV-Ph:TiO,/Al was investi-
gated. Differences in the J-U characteristic of devices in the
dark and during irradiation with light were observed. For
example, for the device ITO/PEDOT/PAZ-PV-Ph:TiO,/Al
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under illumination the turn-on voltage was observed at about
2 V, whereas for the same device in the dark it was found to
be about 3 V (Figure 8).

In the case of devices with PAZ-PV-Ph:TiO, active
layer, namely PAZ-PV-Ph blended with TiO,, photo-
generation of charges (electrons) was found. This behavior
confirmed the influence of the polyazometine structure and
the presence of TiO, and PEDOT on the J-U characteristic
of the polymer. It is evident that for all the devices under
illumination, the current rapidly increased with increase
of applied voltage.

From the obtained electrical characteristics it was possi-
ble to conclude that using TiO, material as interlayer
between PAZ-PV-Ph and ITO increased the device’s

current from nA to mA (see Figure 8). In the case of TiO,
blended with PAZ-PV-Ph as the active layer, an increase of
the device’s current in comparison with the reference
device ITO/PAZ-PV-Ph/Al was observed (see Figure 8).

AFM analysis

In the AFM experiments the influence of the chemical
structure of the polyazomethine on the surface morphology
of the materials was investigated. Films on the glass
substrate were obtained by dissolving the polymer in
chloroform at room temperature to form a homogenous
solution. Residual solvent was removed by heating the
film. No attempt was made to investigate the kind of
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solvent on the morphology of polyazomethine. However, it
is known that the kind of solvent strongly influences the
quality of the film. Figure 9 shows AFM images obtained
for PAZ-PV-Ph.

Typical parameters of topography, such as roughness (R,,
R.,s) along with skew (the unbalance of height distribution
maximum) and kurtosis (the peak’s width on height distribu-
tion) for the investigated surface are presented in Table 1.

Film of the polyazomethine PAZ-PV-Ph shows a very
interesting morphology. Figure 9 presents a typical, planar
view of the film topography. The surface of PAZ-PV-Ph
reveals homogenously distributed round-shaped holes with
the density about 7 per 1 um?, and dimensions: about 20 nm
depth and 50-100 nm diameter. In small area scan
(300 nm x 300 nm) one can see a grainy structure with the
typical size of the grain being about 30 nm, and approxi-
mately 2.5 nm high. The surface of PAZ-PV-Ph does not
contain any ordered forms and is much smoother; however,
a significant amount of holes can indicate very high viscos-
ity during the development process. It is very likely that the
evaporation of chloroform and reduction of the volume of
the material caused opening of air bubbles and, due to high
viscosity, these holes were not filled with the material, thus
creating the holes that are visible in the presented figures.

Concluding remarks

Polyazomethine with vinylene and phenantridine moieties
in the main chain was synthesized by a one-step polycon-
densation procedure using commercially available mono-
mers. Aromatic polyazomethine PAZ-PV-Ph showed a
high glass transition temperature of about 140 °C. PAZ-
PV-Ph showed good thermal stability (> 350 °C). In the case
of  2,5-bis(hexyloxy)-1,4-bis[(2,5-bis(hexyloxy)-4-formyl-
phenylenevinylene]benzene polymerized with 3,8-diamino-
6-phenylphenanthridine (PAZ-PV-Ph) a low band gap (£,
~ 1.9 eV) was obtained which is promising for opto(electro-
nic) applications. Good electrical properties were observed
when TiO, was used as an interlayer or blended with
PAZ-PV-Ph. Under illumination (1000 W m~?), the ITO/
PEDOT/PAZ-PV-Ph:TiO,/Al device showed the best elec-
trical response. Furthermore, optimization of device archi-
tecture may lead to improvements in the electrical and
photovoltaic parameters. Electrochemical measurements
(DPV) on thin film of the polymer revealed that the oxida-
tion onset was found at 0.17 V. The present results were
corroborated by theoretical calculations and showed that
PAZ-PV-Ph is a promising material for application in
organic devices such as or organic solar cells.
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