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Monomers composed of thiophene and aniline rings, 4-(2-thiophen)aniline and 4-(3-thiophen)aniline,
were successfully synthetized through the Suzuki-Miyaura cross coupling reaction and then
polymerized. The polymers poly 4-(2-tiophen)aniline and poly 4-(3-tiophen)aniline (P4,2TA and
P4,3TA) were characterized via spectroscopycal NMR, optical and electrochemical methodologies.
Subsequently the morphology of deposits were characterized using atomic force microscopy (AFM)
and X-ray diffraction (XRD). The photovoltaic devices were constructed under the same conditions,
observing differences in the photovoltaic yield of each polymer. P4,2TA exhibited higher photovoltaic
yield in comparison with P4,3TA, indicating that the molecular geometry affects the crystallinity and
surface morphology of the polymeric deposits, and the photovoltaic properties
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1. INTRODUCTION

Conducting polymers are flexible and low-cost materials for use in electronic applications.
Electronically conducting heteroatomic based polymers, such as poly(aniline) and poly(thiophene),
have become increasingly studied in both academic and industrial fields because of their stability, high
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conductivity and tunable optical properties. Poly(aniline) has been applied in a number of commercial
applications such as sensors, rechargeable batteries, electrochromic displays, selective membranes,
charge dissipative coatings and corrosion resistant coatings[1-4], however, it has no photovoltaic
properties.

Poly(thiophene) have attracted particular attention, due to its high processability, outstanding
environmental stability and low band gap value. Its applications are wide-ranging and include surface
light emitting diodes (SLED’s)[5], light emitting diodes (LED’s)[6-12], photovoltaic cells[13-17] and
transistors[18-24].

It is well known that aniline is an electron donor, while thiophene is an electron acceptor. Then,
a m-conjugated thiophene/aniline-based polymer, as poly 4-(2-thiophen)-aniline (P4,2TA) and poly 4-
(3-thiophen)-aniline (P4,3TA), having both properties (electron donor and acceptor) at the same
molecule, will exhibit a reduced band gap (Eg)[25-27]. For this reason, thiophene/aniline-based
polymers are materials with photoelectrical properties that could be used in solar cells as sandwiched
active layer between two electrodes with different work functions. To accelerate the efforts in
technology development and succeed in the designing of new and improved materials, it is significant
to find the relationship between photoelectrical properties, electronic structure and morphology, which
Is very important to establish a good contact between the electron donor and the electron acceptor[28].

The highest occupied molecular orbital (HOMO) energy, the lowest unoccupied molecular
orbital (LUMO) energy and the energy gap between both levels, are the appropriate parameters to
understand and control the optical, electrical and chemical properties of polymeric films, which can be
estimated from electrochemical and optical (by UV-vis spectroscopy) measurements and also from
electronic structure calculations.
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Figure 1. Chemical structure of the synthesized monomers, (a) 4-(2-thiophen)-aniline (4,2TA) and (b)
4-(3-thiophen)-aniline (4,3TA)

In this paper, the organic synthesis of the monomeric units 4-(2-thiophen)-aniline (4,2TA) and
4-(3-thiophen)-aniline (4,3TA) Figure 1, and their respective conducting polymers P4,2TA and
P4,3TA, has been completed. In this work we report two new polymers containing aniline and
thiophene moieties where aniline is electron-donating and thiophene can provide large light absorption
and promote better n—n stacking/aggregation of polymeric chains leading to a small energy band

gap[29].
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2. EXPERIMENTAL DETAILS

All chemicals and solvents were purchased from Aldrich, and were utilized as received. Both
monomeric units, 4,2TA and 4,3TA, Figure 1, were synthesized following the same procedure reported
by Suzuki-Miyaura cross-coupling reaction[30,31] between 4-bromoaniline and 2-thyenil boronic acid
or 3-thyenil boronic acid, respectively, in presence of 10 mol% Pd/C as catalyst and potassium
carbonate to activate the catalyst. Subsequently, the monomers were purified and polymerized using
Hs10s and HCIO, as oxidizing agent mixture[32]. All products were characterized using NMR and
UV-vis spectroscopy. NMR spectra were recorded on a Bruker 400 MHz spectrophotometer using
DMSO dg as solvent to determine the monomeric and polymeric structures and the polymerization
positions.

UV-Vis measurements were carried out on a CARY 5G spectrophotometer. The polymer films
were prepared by thermal evaporation (high vacuum sublimation) at 1x10™ atm of pressure at the same
time as the photovoltaic devices. The deposit rate of each polymer was 0.5 A-s™ and the film thickness
was 140 A. In order to investigate the optical behavior at the same conditions of the solar cell, the
optical properties were determined in solid state (optical density O.D). P4,2TA and P4,3TA were
deposited in undoped state to avoid quenching by recombination of charges in the photovoltaic
devices. The optical energy gap (Eg) for each polymer (P4,2TA and P4,3TA) was obtained from the
UV-vis spectra using an approximation of the Tauc equation[33-36]:

Fg =124 (1)

onset

where Aonset 1S the wavelength threshold obtained from the UV-Vis spectra.

The electrochemical work was performed on a Voltamaster model CV 50W
potenciostat/galvanostat, using a conventional three-compartment, three-electrode cell, and a
polycrystalline platinum disk (0.07 cm? geometric area) as working electrode. The counter electrode
was a coiled Pt wire of large area, separated from the electrolytic solution by a sintered glass. The
reference electrode was a Ag/AgCI electrode that matches the potential of the saturated calomel
electrode (SCE). Then all potentials quoted in the electrochemical section, are referred to the SCE. The
electro-polymerization of each monomer (0.01 mol-L™*) was carried out in anhydrous acetonitrile using
tetrabutylammonium hexafluorophosphate (TBAPFs, 0.1 mol-L™) as supporting electrolyte. All the
system was kept under argon atmosphere and all measurements were performed at room temperature.

The photovoltaic devices were assembled in a multi heterojunction structure as follows: indium
tin oxide (ITO)/ anode buffer layer / electron donor polymer (P4,2TA or P4,3TA) / fullerene (Cgo) /
bathocuproine (BCP) / Al[37]. All polymers were used in undoped state. The device was prepared by
sublimation at 1x10” atm. The thin film deposition rates and thickness were estimated in situ through a
quartz monitor. Electrical characterizations were performed with an automated I-V tester, in the dark
and under sun global AM 1.5 simulated solar illuminations. Performances of photovoltaic cells were
measured using a calibrated solar simulator (Oriel 300W) at 100 mW/cm? light intensity.
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The morphology of the ITO surfaces was characterized by AFM with a Bio AFM JPK in the
tappig mode. Measurements were achieved at room temperature, using the same pyramidal Si3Nj tip.
The surface roughness Ryms (root mean square roughness) of each polymeric surface over the different

buffer layer was evaluated with the AFM software.
The crystalline structure of the films was analyzed by X-ray diffraction (XRD) by a Siemens D

5000 diffractometer using Ko radiation from Cu (o=0.15406 nm)

3. RESULTS AND DISCUSSION

3.1. NMR characterization of monomers and polymers
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Figure 2. *H-NMR spectra in the aromatic range for (a) the monomer 4,2TA and (b) the polymer
P4,2TA
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Figure 3. *H-NMR spectra in the aromatic range for (a) the monomer 4,3TA and (b) the polymer
P4,3TA

The structure of the synthesized monomers and polymers was characterized through *H-NMR
spectra, as Figure 2 and Figure 3 show. The *H-NMR spectra of 4,2TA and 4,3TA (in panels a) were
confronted with *H-NMR spectra of their respective polymers, P4,2TA and P4,3TA (in panels b) in
order to identify the positions, through signal disappearances, where 4,2TA and 4,3TA polymerized.
The atomic numeration of both monomers is displayed in Figure 1.
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The aromatic zone of the *H-NMR spectra of 4,2TA shows seven kinds of signals (Figure 2a):
a’ and a, were assigned to protons belonging to the aniline aromatic ring. Signal ¢ (C4) corresponds to
a double doublet, which is coupled with signals b and g (C3 and C5, respectively of the thiophene
ring). Notice that the *H-NMR spectra of P4,2TA in Figure 3b, shows similar signals as those
presented in the 4,2TA spectra (a, a’, b and c¢). Additional signals can be identify due to the
polymerization process and the presence of different oxidation states. The signals e, e’,f and f” were
assigned to protons of the quinoidal rings of the polymeric chain[38]. The signal d was assigned to the
C5-C5 linkage, based on a study previously reported by Le're-Porte et al.[39]. Since the nitrogen-
nitrogen linkage is not possible in this type of polymerization processes®, only one C5-C5 bond per
polymeric chain can exist. As can be seen, the signal g disappeared in the polymer spectra (proton of
C5), which suggests that the polymerization reaction takes place between the nitrogen atom of aniline
and the C5 of the thiophene ring, as well as between the C5 of two thiophene rings. Consequently,
there are only two possible polymerization positions giving rise to a linear polymeric structure.

Figure 3a shows five kind of signals at the *H-NMR spectra of the aromatic region of the
4,3TA. a and a“ correspond to the protons of the aniline ring. The signal ¢ is a doublet coupled with
proton b (proton of the C4 and C5, respectively) and signal d is a singlet (proton of the C2). When
4,3TA was polymerized, the signals ¢ and d of the monomer disappeared Figure 3b. This fact indicates
that the polymerization occurs through C2 and C4 of the thiophene ring. No signals of Ct-C+y, linkage
(C2-C2, C4-C4 or C4-C2) or signals associated to quinoidal units were observed. Therefore, P4,3TA
presents two possible sites of polymerization, which leads to the formation of a non-linear, and
branched structure, without quinoidal units.

The *H-NMR spectra of 4,2TA, P4,2TA, 4,3TA, and P4,3TA are summarized below:

4,2TA: 'H-NMR (400 MHz, DMSO dg) & 3.76 ppm (s. 2H, N-H); 6.72 ppm (d. 2H, Ha); 7.07
ppm (dd. 1H; Hc); 7.20 ppm (d. 1H, Hb); 7.22 ppm (d. 1H, Hg); 7.47 ppm (d. 2H, Ha").

P4,2TA: *H-NMR (400 MHz, DMSO dg) & 3.25 ppm (s. N-H); 6.78 ppm (d. 2H, Ha); 6.95 ppm
(s. 2H, Hd); 7.08 ppm (s. 1H, Hc); 7.20 ppm (m. Hb); 7.45 ppm (d, 2H, Ha"); 7.64 ppm (d, 2H, Ha");
7.64 ppm (d. 2H, H-¢"); 7.70 (d. 2H, Hf"); 7.82 ppm (d, 2Hf); 7.88 ppm (d. 2H, He).

4,3TA: 'H-NMR (400 MHz, DMSO dg) & 5.13 ppm (s. 2H, N-H); 6.57 ppm (d. 2H, Ha); 7.35
ppm (d. 2H, Ha"); 7.38 ppm (d. 1H, Hc); 7.47 ppm (d. 1H, Hd); 7.49 ppm (d. 1H, Hb).

P4,3TA: *H-NMR (400 MHz, DMSO d) & 3.91 ppm (s. N-H); 7.19 ppm (d. 2H, Ha); 7.72 ppm
(d. 2H, H-a"); 7.83 ppm (s. 1H, Hb).

3.2. Optical Properties

Figure 4 depicts the UV-Vis absorption spectra of each polymer: P4,2TA and P4,3TA. P4.2TA
presents absorption bands at higher wavelength than P4,3TA, therefore, 4,2TA polymer is more
energetically stable than the P4,3TA. This red-shifting is observed due to the presence of different
oxidation states into the polymeric chain, like the quinoidal units, and the semi-planar and non-
branched structure of P4,2TA, which leads to a more conjugated polymer[40-42].
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Figure 4. UV-Vis absorption spectra of P4,2TA and P4,3TA

On the other hand, P4,2TA shows three distinctive absorption maxima corresponding to m-n*
benzenoid electronic transitions close to 350 nm, n-n* thiophene ring electronic transition at 450 nm
and the characteristic n-n* quinoidal electronic transitions are observed at about 700 nm, according
with the *H-NMR spectra. Between 650 nm and 800 nm, n-7* transitions were registered and assigned
to the transition of the electrons at the nonbonding orbital of the imino nitrogen atom formed by the
quinoidal type structure[33]. These electronic transitions were not considered in the Eg calculation. In
this wavelength range n-n* transitions also exist owing to electrons in nonbonding orbitals of the
imino nitrogen formed by the quinoid rings[33].

Unlike P4,2TA, P4,3TA shows only two absorption maxima corresponding to n-n* benzenoid
electronic transitions at around 300 nm and n-n* thiophene ring electronic transition at 400 nm. Notice
that no quinoidal transitions in the range of 650 nm - 800 nm were observed.

Table 1. Experimental (UV-vis) values of HOMO, LUMO and the optical bang gap (Eg) of P4,2TA
and P4,3TA. All values in eV.

_____ HOMO(eV) _ -LUMO(eV) __ Eg(eV)
P4,2TA 4.9 3.1 1.8
P4,3TA 5.1 3.0 2.1

Figure 4Error! Reference source not found. and Eqg. 1 were employed to calculate the optical
band gap of both polymers. As Table 1 shows, P4,2TA presents the lowest value according to a greater
delocalization of electronic charge comparing to P4,3TA. This fact demonstrates that blocking the C2
of the thiophene ring, ensures a polymerization process through the C5, generating quinoidal structures
along the polymeric chain and higher r-conjugation.

3.3. Electrochemical Properties

The electrochemical polymerization and deposition of P4,2TA and P4,3TA, was carried out
from solutions containing 0.01 mol-L™* monomer and TBAPFs 0.1 mol-L™ supporting electrolyte.
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Polymerization was achieved by cyclic voltammetry (potentials between 0.0 and 1.4 V, 50 mV-s™ scan
rate). Polymeric responses were assessed applying a perturbation to the modified electrode in a
monomer-free solution of anhydrous acetonitrile finding in both cases only a p-type doping. No
chemical degradation of this state was observed after 10 cycles. Figure 5 displays the fourth
voltammetric cycle.

To estimate the HOMO energy, the slope change of the anodic current was determined, as
figure 5 shows. This value corresponds to the onset oxidation potential (Eox)on, and correlates linearly
with the HOMO energy (Exomo), With a correction factor of 4.4 eV[43-50].

Enomo = -((Eox)on + 4.4)eV (2)
HOMO values are quoted in Table 1. As expected, the P4,2TA HOMO is higher than P4,3TA
HOMO by 0.2 eV, because of its superior stability and electronic conjugation. These results showed

that the HOMO levels of the polymers significantly depend on the molecular geometry and chemical
structure of polymeric chains.
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Figure 5. Voltammetric profile of (a) P4,2TA (b) P4,3TA. Interface Pt | TBAPF6 (0.1 mol-L™) in
CH3CN. Scan rate 50 mV-s™, cycle 4

It was not possible to determine through electrochemical measurements the onset reduction
potential (Ered)on. When electrons were injected, a chemical degradation of the film occurred, and the
n-doped state was destroyed. Thus, to determine the LUMO energy, Eq. 3 was used[51]. Values are
also summarized in Table 1.

©)

ELumo = EHomo - Eg

3.4. Photovoltaic performance of P4,2TA and P4,3TA

Figure 6 depicts the photovoltaic properties of each polymer, placed by high vacuum
deposition on a ITO/Cul buffer layer. The photovoltaic yield of the P4,2TA-cell is around 100 times
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higher than the device fabricated with P4,3TA Table 2. As NMR, UV-vis spectroscopy and

electrochemical analysis showed, P4,2TA is a linear polymer.

Table 2. Prameters of the solar cell on Cul buffer layer

Polymer Voc (V) Jsc (mA/cm®) FF (%) n (%)
P42TA 0,20 4,13 32,9 0,23
P4,3TA 0,40 0,79 23,4 5,4x10°

This semi-planar geometry provides better contact with the buffer layer and facilitates the
charge inter-chain transfer due to lower electrical resistance, giving rise to a bigger short circuit current
(Jsc), unlike P4,3TA. Due to the greater energetic difference between the HOMO level of the electron
donor and the LUMO energy of the electron acceptor (fullerene Cego, 3.78 eV[52]), the open circuit
potential (Voc) of P4,3TA was higher than the Voc of P4,2TA and the photovoltaic performances are
in accordance with the proposed molecular geometry. However, to better understand the origin of the
photovoltaic performance difference in the photovoltaic cells AFM images and XRD were collected.
As shown in Figure 7 the roughness variation of the polymer film influences its optical properties,
which will influence the final electrical characteristics of the solar cell, in this sense the reduction of
the Jsc respect the roughness could be related to an. incomplete carrier collection at the p-n junction

when the polymer surface is smoother (P4,3TA surface) producing enhancement of reflectivity of

polymeric film[53].
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a
Figure 6. Graphic current density v/s voltage of solar cell on Cul buffer layer a) P4,2TA b) P4,3TA

P4,2TA presents a rougher surface and peaks and valleys homogeneously dispersed, allowing
better contact and charge transference between P4,2TA and C60. Unlike the surface of P4,3TA
presents large grains separated by smooth areas. This type of topography can be attributed to the
branched molecular geometry of P4,3TA, which would facilitate the formation of granular
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agglomerates distributed in non-homogeneous form. Moreover, the molecular geometry of P4,2TA
facilitates the growth of small peaks, due to the existence of higher order in the polymer chains, this is
supported by the results of XRD.

Figure 7 AFM topography images (a) P4,2TA (b) P4,3TA

Figure 8 shows the XRD patterns of P4,2TA and P4,3TA. It can be seen that the polymer
P4,2TA with linear molecular geometry gives XRD peak in the low-angle region 12° (d;=7.16A°), and
one XRD peak at about 22° (d,=4.04A°). n-Conjugated polymers, including thiophene-based [I-
conjugated polymers, often show similar XRD patterns. The peak in the low-angle region is assigned
to the distance between m-conjugated polymer main chains. The d; peak of about 4.04A° is reasonable
for a stacking distance of thiophene-based =- conjugated polymers[54-60]. The XRD pattern between
17° and 40° showed peaks at 25° and 30° corresponds to XRD signals of ITO conducting glass,
suggesting that there are an amorphous packing of the polymer molecules. Figure 9 shows a possible
alignment of layers of the deposit of P4,2TA

40

a o b 26(deq)

Figure 8. X- ray diffraction spectrum (a) P4,2TA (b) P4,3TA
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Figure 9. (a)Schematic diagram of packing mode with interchain distance d1. Sheets formed are
considered to form a stacked assembly. (b) Layered structure with face-to-face stacking.

There are no peaks observed in the diffraction pattern of P4,3TA leaving a broad structured
peak centered at about 25°, due to the amorphous component in the sample. This fact produces a
surface with scattered agglomerates, not homogeneous and areas of low roughness.

The XRD results of P4,2TA confirm the existence of a deposit with crystalline regions, leading
to higher carrier mobility and the formation of a homogeneous rough surface.

It is important to point out that the weight average molecular weight (M,,) and number average
molecular weight (M,) were not determined since there is uncertainty about the size of the polymer
chains deposited in the solar cell. It is possible that during the sublimation process, the polymer is
divided in shorter oligomeric chains. In order to check the sublimation effects, two P4,2TA polymer
surfaces were produced via spin coating and high vacuum sublimation. UV-vis spectra of both P4,2TA
were taken displayed in Figure 10. The polymer deposited by sublimation exhibited a blue shift,
directly related to the loss of conjugation due to the decrease of the chain length. In spite of the above,
optical properties of the polymer were not affected.

P4,2TA ITO Cul Spincoating
0,08 o P4 .2TA ITO Cul Sublimacion

0.05 o

0.04 -

0.02 4

Absorbance

0,02 o

0.01 o

0.00 -

T T T T T T T T T \
200 200 400 500 600 700 800 900 1000 1100 1200
Wavelength (nm)

Figure 10. Optical density of P4,2TA spincoating (Black), sublimation (red)

4. CONCLUSIONS

Spectroscopic characterization indicates the chemical polymerization of 4-(2-thiophen) aniline
monomer proceeds through the amino nitrogen atom and carbon 5 of the thiophene ring, giving a linear
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polymer structure, while for 4-(3-thiophen) aniline polymerization occurs through the nitrogen atom
and carbons 2 and 4 of the heterocycle, yielding a branched product. The difference between both
structures is reflected in their optical and electronic properties, being P4,2TA the one showing the
highest efficiency when the photovoltaic device is made . Their three dimensional conformation would
enable the contact with the buffer layer being more suitable than with P4, 3TA.

P4,2TA shows a surface rougher than P4,3TA surface and deposits more crystalline, which
leads to better performance photovoltaic.
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