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Abstract A new copolymer derived from 2,7-carbazole with thiophene is repor-
ted. This copolymer was obtained through the synthesis of 2,7-dibromo-N-methyl
carbazole and 2-bromothiophene using a Kumada-type reaction to bond both rings
and using two different kinds of Pd catalysts, [Pd(OAc),] and [Pd(PPh3)4], with
significant differences in their yields. The trimer that was obtained was subsequently
electropolymerized using cyclic voltammetry, and the photoelectrochemical prop-
erties were determined. Polymerization using electrochemistry showed that the
trimer contains two types of possible bonds for the formation of the macromolecule,
which led to the formation of two distinctly different materials. The obtained
materials exhibit promising photoelectric responses suggesting that they both can be
explored in the designing of photovoltaic cells.

Keywords 2,7-Polycarbazoles - Thiophene co-polymer - Electropolymerization -
Conducting polymer

Introduction

The growing worldwide need for electric energy produced from clean renewable
sources has led to the development of new materials that help minimize the
environmental impacts of current sources. One of the known alternatives for
the generation of clean energy that has been thoroughly researched is photovoltaic
cells [1], on which the scientific community has focused its efforts for the
development of new materials with semiconducting properties that allow for a more
efficient use of solar energy. In this context, conductive polymers have attracted
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Fig. 1 Synthesis route for of 2,7-dibromocarbazoles

attention in recent decades because of the possibility of the combination of their
properties, such as conductivity and solar radiation absorption over a wide range of
wavelengths, with the characteristics of plastics. Such combinations of properties
would allow the construction of flexible, colored devices to cover large surfaces
with a low processing cost [2, 3].

Among the conductive polymers, the carbazoles, also called 9-azafluorenes, are
among the most interesting conjugated units for the development of polymeric films
with potential electronic applications because, similar to fluorenes, they absorb a wide
range of the visible spectrum. In addition, they have the advantage of being completely
aromatic, electron-rich units that provide thermal and environmental stability. In
addition, this base structure can be easily substituted in the 9th position, which
generates a large number of structural possibilities for these materials. Moreover,
carbazoles are an inexpensive starting material compared to other conjugated
monomers [4]. Polymers derived from carbazole are primarily classified into two
families: (i) the poly(3,6-carbazoles), which have been widely studied and are obtained
directly through electrophilic substitution with halogen atoms at these positions and
with subsequent carbon—carbon bonding between the units and (ii) the poly(2,7-
carbazoles) [5], which are more recently synthesized units for which monomers are
obtained indirectly. The poly(2,7-carbazoles) are synthesized mainly via the route
proposed by Miillen and coworkers [6] (Fig. 1) with slight modifications [7, 8].

The polymerization of these carbazole units is typically achieved through
catalyzed carbon—carbon coupling reactions; however, the polymers obtained
through this method have relatively low conductivities compared with other
polymers of the same type such as polythiophene, polyanilines, and polypyrroles.
For this reason, the most recent efforts in this area have been focused on obtaining
copolymers that combine the properties of radiation absorption and better
conductivity. This approach has been achieved by the generation of carbazole
copolymers in which different structures are combined [5, 9], such as thiophenes or
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phenyls, through chemical polymerization. At the same time, reported theoretical
results indicate that obtaining carbazole derivatives, specifically copolymers with
distinct aromatic units, constitutes a good strategy for maintaining the LUMO level
between 3.8 and 4.0 eV so that the band gap of the resulting polymer is between 1.2
and 1.9 eV. This strategy allows for better use of the solar spectrum [10]. With
respect to conductivity, polythiophenes have high values in both their doped and
neutral states, reaching values >500 S cm”! [11].

For this reason, scientific interest has been focused on obtaining copolymers from
carbazole and thiophene using previously described methods to obtain products with
low molecular weight and low yields [9, 12]. Electrochemical polymerization is one of
the most widely used methods for the preparation of conductive polymers [13] because
of its efficiency, high degree of process control, and low cost. Recently, for the first
time in the literature, the electropolymerization of units, similar to the method
proposed here, has been reported as a strategy for obtaining copolymers derived from
2,7-carbazole, with thiophene, ethylenedioxythiophene, and furan as alternating units
[14]. As such, the objective of this study was to synthesize the 2,7-di(thiophen-2-yl)-
N-methylcarbazole (MeCzTio) trimer and perform electropolymerization with this
unit. This objective is aimed at the production of a synergetic effect of the properties of
the individual monomers (thiophene and 2,7-carbazole) in the polymeric material.

Experimental part
Reagents

All starting reagent and solvents were purchased from Sigma-Aldrich Co. Silica gel used
for the column chromatography were purchased from Merck SA (0.063-0.200 mm and
200—400 mesh). All compounds were used without further purification.

Equipment

Polymers synthesis was performed on Radiometer Voltalab PGZ 100 model through
Cyclic Voltammetry. Melting points were recorded using a Melt-Temp II equipment.
FT-IR analysis was recorded using Perkin Elmer Spectrophotometer, Spectrum RX
FT-IR model. NMR 'H and NMR '*C spectra were recorded on a BruckerAvance
400 MHz. Photoelectrochemical measurements were performed using a Princeton
Applied Research model 273A (potentiostat/galvanostat). Illumination was per-
formed with a Xenon Lamp of 1,000 W (Newport). Morphologic of deposits were
analyzed using a ZEISS Scanning electron microscopy (SEM), model EVOMA10.

Synthesis
2,7-Dibromo-N-methylcarbazole (1)

The synthesis route employed for this compound is similar to report in literature [5]
(Fig. 1).

@ Springer



38 Polym. Bull. (2013) 70:35-46
Fig. 2 Synthesis route for
monomer formation using / \

aion i . o 4 5 L N
Kumada coupling reaction " + 2 s BrMg

CHs
(1)

Pd(OAc); Pd (PPh;),
18.3% 83 %

STy

CHy
(2)

2,7-Dibromocarbazole 1.00 g (3.08 mmol) were added to a dry 50-mL two-neck
flask equipped with stir bar and condenser under N, and DMF (15 mL) was added.
NaH suspension in mineral oil 0.15 g (3.75 mmol) was added. The mixture was
stirred for 30 min and iodomethane 0.4 mL (6.34 mmol) was added over 10 min.
After 18 h at room temperature under N,, the reaction was quenched with water and
extracted with dichloromethane. The organic layer was dried (CaCl,), filtered, an
after rotary evaporation of the solvent, the light red solid is obtained. Purification on
a silica column with hexane: ethyl acetate (10:1) give (1) as the white solid, needle
crystals 0.79 g (2.33 mmol, 75.6 %).

Melting point 196-198 °C. FT-IR (KBr, cmfl): 3057 w; 2925 w; 1586-1489—
1451 s; 1327 m. "H NMR (d ppm, CDCl5): 3.78 (s, 3H, CH3);7.35 (d, J = 8.31 Hz,
2H, Cz); 7.54 (s, 2H, Cz); 7.88 (d, J = 8.31 Hz, 2H, Cz)."3C NMR (9 ppm, DMSO-
de): 29.23; 112.23; 119.04; 120.53; 121.88; 121.98; 141.64. MS (EI, 70 eV):
339 M+, 324, 260, 259, 209, 179, 151, 138, 129, 113, 98, 89, 63.

2,7-Di(thiophen-2-yl)-N-methylcarbazole

The synthesis of this compound was realized in two steps. First step is Grignard
reagent preparation, for after in second step realize Kumada coupling reactions,
catalyst with transition metals (Fig. 2). Two different catalysts (CH3CO,),Pt and
(P(Ph);),Pt were employed.

To magnesium 0.3 g (12.5 mmol) was added anhydrous THF (20 mL) under N»;
2-bromothiophene 0.9 ml (9.3 mmol) was added dropwise and the mixture was stirred
atreflux for 2 h. The solution was transferred to a solution containing 2,7-dibromo-N-
methylcarbazol 0.7 g (2.06 mmol) and catalyst (10 % in mol). The mixture was
heated to reflux for 24 h. After addition of water, the reaction mixture was extracted
with CH,Cl, (20 mL), the organic phases were dried (MgSQO,) and evaporated under
reduced pressure. The resulting oil was purified by flash chromatography on silica gel
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(hexane/chloroform 5:1) to give pure compound as a green yellow solid. Yield was
obtained using (CH3CO,),Pt 18.3 % and (P(Ph)3)Pt 83.0 %.

Melting point Decomposition on 230 °C. FT-IR (KBr, CIIl_l)Z 3062 w; 2922 m;
1600—-1458-1418 s; 1328 m; 690 vs; 684 vs. '"H NMR (0 ppm, CDCl3): 3.92 (s, 3H,
CHy); 7.13(dd, 2H, J1 = 3.91, J2 = 0.98 Hz, thiophene); 7.31(d, 2H, J1 = 4.89,
J2 = 0.98, thiophene); 7.43 (dd, 2H, J1 = 3.91, J2 = 0.98 Hz, thiophene); 7.52
(dd, 2H, J1 = 7.82,J2 = 1.47 Hz, Cz); 7.60 (s, 2H, Cz); 8.04 (d, 2H, J = 7.82 Hz,
Cz).

13C NMR (9 ppm, DMSO-d): 29.10; 105.75; 117.20; 120.75; 121.28; 123.58;
125.30; 128.39; 131.58; 141.72; 144.50. MS (EI, 70 eV): 345 M™, 330, 300, 285,
271, 240.

Electropolymerization

Monomer electropolymerization was accomplished by either potentiodynamic
sweeps (CV) or potentiostatic steps. Standard three-electrode cells were used. The
working electrode (WE) was a Pt disk (0.13 sz) or indium tin oxide ITO (1 sz); the
counter electrode was a large-area Pt wire, and the reference electrode was Ag/AgCl.
All potentials in this article are reported vs Ag/AgCl. The experiments were performed
at room temperature (20 °C) using as solvent anhydrous acetonitrile; electrolyte was
tetrabutylammoniumhexafluorophosphate (TBAPFg). The electropolymerization of
monomers was carried out from solutions containing 1 mM of monomer and 0.1 M
of TBAPF,. Cyclic voltammograms were recorded with a scanning rate of
0.05V s

Photoelectrochemistry characterization

The films deposited in ITO were illuminated with a Xenon lamp of 1,000 W (Oriel
Instruments 6263) arc generated with an Oriel power supply of 400-1,000 W
(model 68 907). Between cell and the lamp was positioned a water filter (Oriel 61
945) to avoid heating of the solution. The photocurrent response was recorded using
a potentiostat/galvanostat Applied Research Princeton (PAR) model 273-A.

Results and discussion

For the synthesis of 2,7-dibromo-N-methylcarbazole, a nitration was performed with
4,4'-dibromobiphenyl under reaction conditions that were softer than those reported
in the literature [6]. In addition, a shorter chain was used in the alkylation of 2,7-
dibromocarbazole, which produced a similar yield. The results obtained for the
coupling reaction between this product and the Grignard reactant obtained from the
Kumada coupling reaction show 83.0 % for Pd(PPh3)4 and 18.3 % for Pd(OAc),.
Based on these yield values, the best catalyst for bonding these systems is
[Pd(PPh3)4]. Also with this catalyst, a smaller amount of reaction subproducts was

@ Springer



40 Polym. Bull. (2013) 70:35-46

225.0

150.0

L}

75.0 |

1/uA

00

-75.0

'1 3 L 'l 'l 'l 'l 'l
500 -0.3 0.0 03 06 09 1.2

E/V

Fig. 3 Potentiodynamic I/E profile of the methylated trimer between 0.3 and 1.0 V, with 10
potentiodynamic cycles at scan rate of 50 mVs~', using as support electrolyte TBAPFg 0.1 M. Trimer
concentration: 1 mM. Reference electrode: Ag/Agt. WE: Pt disk. Auxiliary electrode: Pt wire

observed through TLC, which facilitated the subsequent isolation and purification of
the desired product.

Electrochemical polymerization

Figure 3 shows the potentiodynamic profile obtained during the MeCzTio
electropolymerization process in the potential range between 0.3 and 1.0 V and at
a scan velocity of 0.05 V s™'.

An increase was observed in the current as a function of the number of cycles,
which indicates that the deposited film is conductive in nature. At least two
oxidation processes that developed at anode potential values of 0.6 and 0.81 V were
also observed. These processes can be attributed to the partial oxidation at particular
positions of the molecule. In the return half-cycle, a wide signal was observed,
which is attributed to the reduction of the previously oxidized sites. In the inset of
Fig. 3, the WE can be observed with a dark colored film, following the cyclization
in the middle of the study.

With the objective of separating the two observed processes, electropolymeriza-
tion was performed by decreasing the anode limit to 0.75 V. Figure 4 shows the
obtained results.

As in the process performed with a larger potential range (Fig. 3), an increase in
current is observed as a function of the number of cycles, which indicates the
deposition of a conducting film on the surface of the electrode. In addition, only one
diffusion-limited oxidation process is observed at 0.62 V, which may be associated
with the reduction process at 0.25 V. This result indicates the occurrence of only
one process, which indicates the formation of a polymeric phase that differs from
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Fig. 4 Potentiodynamic I/E profile of the methylated trimer between —0.3 and 0.75 V with 10
potentiodynamic cycles at scan rate of 50 mVs~', using as support electrolyte TBAPFg 0.1 M. Trimer
concentration: 1 mM. Reference electrode: Ag/Agt. WE: Pt disk. Auxiliary electrode: Pt wire

the one obtained in the experiment represented in Fig. 3. Under these conditions, the
polymeric film exhibits a yellow color, as observed in the inset of Fig. 4.

According to the literature, carbazole systems oxidize at potentials of ~0.7 V
[15], whereas thiophene displays oxidation potentials of ~ 1.6 V [16]. This finding
indicates that the oxidation of the carbazoles occurs at overpotentials lower than
those of the thiophenes. In this context, one hypothesis is that the oxidation peak
located at lower overpotentials (see Fig. 3) represents the oxidation of the carbazole
ring, whereas the one that appears at the higher overpotentials is associated with the
thiophenes bonded at positions 2 and 7. As such, the resulting polymer is composed
of the bonding between the carbazole rings at positions 3 and 6, in addition to the
carbon bonds of the thiophenes. The physical characteristics with respect to the
color of the deposits support this hypothesis because, according to the literature,
polycarbazole deposits are typically yellow, whereas thiophene deposits are dark
colored. In addition, an electrochromic effect is observed in all the assays performed
by cyclic voltammetry, i.e., yellow-green coloration in the reduced states and
golden-black tones in the oxidized state.

Electrochemical polymer characterization

The redox properties of two deposits were investigated via cyclic voltammetry to
determine how polymer oxidation/reduction potentials, corresponding to HOMO/
LUMO energy levels. The used method is based on the detailed quantum chemical
studies of Bredas et al. [17]; HOMO energy is given from oxidation potential and
LUMO energy from reduction potential against the Ag/Ag™ reference electrode.
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Fig. 5 Potentiodynamic I/E profile of the polymers at scan rate of 100 mVs~', using as support

electrolyte TBAPF, 0.1 M. Reference electrode: Ag/Ag™. WE: polymer deposit in Pt disk. Auxiliary
electrode: Pt wire. a Deposit obtained at 0.75 V, scan between —1.8 and 0.75 V; b deposit obtained at
1.1 V, scan between —1.8 and 1.1 V

From the cyclic voltammetry results shown in Fig. 5, the potentiodynamic profile
shows peak for oxidation process at 0.59 V and reduction process at —1.32 V to
deposit obtained at 0.75 V. In the case of deposit obtained at 1.1 V the values are
0.59 and —1.6 V for oxidation—reduction process. In both cases, the current of the
oxidation is higher that the reduction, indicating that the two polymer are good
p-type materials and poor n-type materials. The calculated band gap from onset
potentials is again found to be 1.9 and 2.2 eV. Values and potentiodynamic profile
prove that these two deposits have different structures, and both can be applied in
the manufacture of solar cells.
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Fig. 6 SEM micrographs of the polymeric deposit generated using chronoamperometry at 0.7 V on ITO
by chronoamperometry during 60 s. using as support electrolyte TBAPFg 0.1 M. Trimer concentration:
1 mM. Reference electrode: Ag/Ag™. Auxiliary electrode: Pt wire. a Bare ITO, 10,000x. Polymer:
b 100x; ¢ 10,000x; and d 40,000 x

SEM analyses

Figure 6 shows SEM micrographs of the ITO substrate and polymeric phase
obtained through chronoamperometry at a 0.7 V potential during 60 s. This
potential was determined from the oxidation peaks observed in cyclic voltammetry,
while such a time was required to cover the electrode with the polymeric surface.

As evident in Fig. 6, the deposit is homogeneous, with agglomerations with
spherical morphologies. The approximate size of the formed aggregates is 250 nm.
In addition, a high degree of coverage of the surface of the electrode of ITO is
evident. In Fig. 7, SEM micrographs of deposits obtained through chronoampe-
rometry at a potential of 0.98 V are shown.

Figure 7 shows that the deposits obtained at 0.98 V also display a high degree of
coverage. However, this polymer exhibits a cauliflower-shaped aggregate morphol-
ogy that is more heterogeneous than the one observed in the case of the polymer
synthesized at 0.7 V. This potential was determined from the oxidation peaks
observed in cyclic voltammetry, while such a time was required to cover the
electrode with the polymeric surface.

According to the obtained results, the morphology of the deposits depends on the
synthesis potential. This result supports our hypothesis that the value of the potential
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Fig. 7 SEM micrographs of the polymeric deposit synthesized at 0.98 V on ITO by chronoamperome-
try during 60 s. using as support electrolyte TBAPFg 0.1 M. Trimer concentration: 1 mM. Reference
electrode: Ag/Ag+. Auxiliary electrode: Pt wire. a 100x; b 1,000x; ¢ 2,500x; d 10,000x; e and
f 20,000x

applied on the surface activates different positions of the used trimer; this activation
induces distinct growth, which influences the final morphology.

Photocurrent measurements

Figure 8 shows the photoelectrochemical response of the films synthesized at 0.98
and at 0.7 V (Fig. 6a and b, respectively) in a medium of 0.5 M K,SO, under
polychromatic illumination.

In general terms, a significant electrochemical signal is not observed in the
absence of illumination for either polymeric phase. The observed currents can be
attributed to capacitive currents that result from the ordering of the electric double
layer. Under illumination, both phases display a photoresponse that is associated
with a Faradaic effect that occurs at the polymer/electrolyte interface. This process
has been attributed to a hydrogen evolution reaction (HER). This HER is possibly a
product of the photogeneration of electrons in the LUMO of the polymer, which can
be transferred to the electrolytic medium due to the potential applied to the
interface. In comparative terms, the HER is initiated on both substrates at a potential
of ~0.12 V, which indicates that the processes on both electrodes are of the same
nature thermodynamically. However, significant differences are observed in the
current obtained on the electrodes, which indicates differences in the speed of the
reaction produced on these substrates. For the film deposited at 0.98 V (Fig. 7a), in
the initial states and at the same potential value (i.e., 0.0 V), the resulting current for
the substrate is greater than the one obtained at 0.7 V. This result confirms the
hypothesis that the polymer deposited at 0.98 V has a higher conductivity than one
deposited at 0.7 V, which is attributed to the bonds in the polymeric chain through
the thiophene rings. Finally, when the system is intermittently illuminated at

@ Springer



Polym. Bull. (2013) 70:35-46 45

a b J
L@ (b) _
A
40+ g
80 F J
< -
=20t 1
-16.0 —— Darkness conditions
—— Chopped illumination
—— Continuous illumination
.20_0 1 L ' 1 L 1 1 L L 1 'l

L L
-08 -06 -04 -02 00 02 -08 -06 -04 -02 00 02 04
EIV EIV

Fig. 8 Potentiodynamic I/E profiles of film MeCzTio deposited by chronoamperometry on ITO a at
0.98 Vand b at 0.7 V during 60 s. The black line indicates deposition under darkness conditions, the red
line indicates deposition under continuous illumination, and the blue line represents deposition under
intermittent illumination

potential values that are approximately more negative than —0.6 V, an increase in
the current is observed with respect to the continuously illuminated system. This
result is attributed to the fact that, at this potential value, the polymer has a
curvature in the conduction band that allows for more efficient charge-carrier
separation and, with this curvature, a reduction in its recombination. Consequently,
the resulting current increases slightly.

Conclusions

This study shows that the synthesis of the 2,7-dithiophenyl-N-methylcarbazole
trimer with good yields is possible using [Pd(PPh3),] as a catalyst. In addition, we
have demonstrated that, during the electropolymerization process of these units, two
oxidation processes occur that can be attributed to bonds at the 3, 6 positions of the
carbazole ring and another at the 2, 5 positions of the thiophene ring. When a lower
anodic overpotential is applied, electropolymerization may occur through the
carbazole rings, which generates a polymer with lower conductivity and a more
homogeneous morphology. In turn, the formation of the polymer at a higher
overpotential would occur both through the carbazole rings and through the
thiophene rings. The band-gap values for the deposits indicate that these are two
different polymer structures and can be used in solar dispositives. According to the
electrochemical behavior under illumination, both polymers exhibit a significant
photocurrent; however, they are not free from recombination events. In subsequent
studies, we will focus on a more complete photoelectrochemical characterization
with the goal of determining the velocity constants of the Faradaic processes and the
velocity constants of the recombination that occurs on the surface of these polymers,
thereby establishing the potential applications of these materials in the production of
organic photovoltaic devices.
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