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a  b  s  t  r  a  c  t

Two  thiophene  monomers:  3-methyltetra(oxyethylene)oxy-4-methylthiophene  (MT)  and  a  monomer
containing  a  meso-3,5-ditert-butyl-tetraphenylporphyrin  unit  linked  via  a  tetra(ethylene  glycol)  spacer
(MTP)  were  synthesized  and  characterized.  Both  monomers  were  copolymerized  in  different  ratios
MT:MTP  (2:1  and  4:1),  using  FeCl3 as  oxidizing  agent,  to give  the  corresponding  copolymers  (CTP-1  and
CTP-2).  MTP  was  also  homopolymerized  under  the  same  reaction  conditions  to  give  the  homopolymer
(PTP).  The  obtained  monomers  and  polymers  were  characterized  by  FTIR, 1H  and 13C NMR  spectroscopies.
On  the  other  hand,  the optical  properties  of the  polymers  were  studied  by  absorption  and  fluorescence
spectroscopy  in  THF  solution.  All  polymers  exhibited  the  typical  absorption  bands  of  the  porphyrin  units:
a Soret  band  at  �  =  422  nm  and four  Q-bands  between  � = 500  and  700  nm,  as  well  as  an  additional  band  at
yclic voltammetry �  =  451  nm,  due  to  the  polythiophene  backbone.  PTP,  CTP-1  and CTP-2  showed  fluorescence  in the  region
between  �  = 500  and  800  nm.  Finally,  the  electrochemical  properties  of  MTP  and  the  obtained  polymers
were  studied  by  cyclic  voltammetry.  Tetraphenylporphyrin  (TPP)  was  used  as  model  compound  for  com-
parative purposes.  The  obtained  electrochemical  data  revealed  the presence  of  the  redox  processes  due
to  the  porphyrin  and  the  thiophene  units.  The  reactivity  of MTP  toward  electrochemical  polymerization

was  studied.

. Introduction

Polythiophene (PT) is one of the most promising electro-
onducting polymers due to its high stability, ease of structural
odification and controllable electrochemical behavior. At the

eginning, its applications were limited because of its insolubility
n many organic solvents, due to its strong �-conjugated structure.
urthermore, alkyl chains have been introduced at the 3-position
f the thiophene unit in order to obtain monomers able to give
oluble polymers. This new kind of poly(3-alkylthiophene)s are
rocessable conducting polymers, whose electronic properties can
e modified, allowing their full characterization by chemical and
hysical methods [1].  The stability of poly(3-alkylthiophenes) in
he doped state can be achieved by releasing the side alkyl chains
rowding along the backbone or by introducing alkoxy groups. The
ncorporation of alkoxy groups into polythiophenes increase their

onductivity significantly without reducing their solubility [2,3].

For many polythiophenes, interesting properties such as ther-
ochromism [4–6], ionochromism [5–7], photochromism [8],

∗ Corresponding author. Tel.: +52 55 5622 4733; fax: +52 55 5616 1201.
E-mail address: riverage@iim.unam.mx (E. Rivera).

379-6779/$ – see front matter ©  2012 Elsevier B.V. All rights reserved.
ttp://dx.doi.org/10.1016/j.synthmet.2012.04.020
© 2012 Elsevier B.V. All rights reserved.

piezochromism [9] and biochromism [10] have been reported in
the literature. These color changes are due to transitions from a
planar to a twisted conformation of the polymer backbone and vice
versa, thereby modifying the effective conjugation length, which
produces a shift of the absorption bands in their UV–visible spec-
tra [11]. In polymers bearing alkoxy groups at 3-position of the
thiophene rings, the lone pairs of the oxygen atom enter into con-
jugation with the polymer backbone, thereby inducing a planar
conformation [12]. This causes an augment in the effective degree of
conjugation, which improves significantly the electronic mobility
and conductivity in these polymers.

The chromic properties of substituted polythiophenes make
them excellent prospects for light emitting diodes [13], gas sensors
[14–16], biomedical applications [17], metal ions sensors [18,19]
and biosensors [20–23].  Besides, due to their potential medical
and industrial applications in the elaboration of electrochemical
ion sensors, porphyrin functionalized conducting polymers based
on polythiophene have been prepared, in order to get a controlled
electrochemical response to metal ions.
Porphyrins, which are highly delocalized �-systems, are a
unique category of ionic scavengers, whose recognition properties
arise from the heteroatoms present in their structure [24]. Due to
their efficient light absorption, porphyrins have been the subject

dx.doi.org/10.1016/j.synthmet.2012.04.020
http://www.sciencedirect.com/science/journal/03796779
http://www.elsevier.com/locate/synmet
mailto:riverage@iim.unam.mx
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Fig. 1. Synthesis

f intense research in solar energy transfer [25,26] and electron
ransfer systems [27,28].  Incorporation of porphyrins into polymers
llows the easy handling, recycling and adaptation of this important
et of complexant agents to continuous processes.

Herein, we report the synthesis and characterization of
ovel polythiophenes containing free-base meso-3,5-ditert-butyl-
etraphenylporphyrin units linked via well-defined oligo(ethylene
lycol) spacers, for its future application in the development of
olar cells. The obtained polymers were fully characterized by FTIR,
H and 13C NMR  spectroscopies. Moreover, their optical properties
ere investigated by absorption and fluorescence spectroscopy in

HF solution, and their electrochemical behavior was  studied by
yclic voltammetry in dichloromethane. Finally, the reactivity of
TP  monomer toward electrochemical polymerization was also

ested.

. Experimental work
.1. Apparatus

FTIR spectra of monomers and polymers were recorded on a
icolet 510 P spectrometer in KBr pellets for solids and in film
 monomer MTP.

for liquid compounds. 1H NMR  and 13C NMR  spectra of all com-
pounds were carried out in CDCl3 solution, using a Bruker Avance
400 spectrometer, operating at 400 and 100 MHz  for 1H and 13C,
respectively. Absorption spectra of the polymers in THF solution
(concentration 3 × 10−5 M)  were scanned on a Varian Cary 1 Bio
UV/vis spectrophotometer model 8452A. Molecular weights of the
polymers, were determined by Gel Permeation Chromatography
(GPC), using a Waters 2695 Instrument connected to a Differen-
tial Refractive Index Detector model Waters 2414. Measurements
were performed using tetrahydrofurane (THF) as solvent against a
polystyrene standard.

Steady state fluorescence spectra were recorded on a Pho-
ton Technology International LS-100 steady-state system with a
pulsed xenon flash lamp as the light source. The slit widths on
the excitation and emission monochromators equaled 2 and 1 nm,
respectively. All spectra were obtained in solution (concentration
3 × 10−6 M)  with the usual right-angle configuration, exciting at
� = 420 nm.
Electrochemical measurements were performed with an Auto-
lab PGSTAT100N in a small volume three-electrode cell. The
electrolyte solution consisted of 0.10 M Bu4NPF6 (electrochemical
grade from Fluka) in anhydrous CH2Cl2 (Aldrich 99.8%, <0.001%
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Scheme 1.

2O). CH2Cl2 was used as received and transferred via syringe
nder nitrogen. All the solutions were degassed with high purity
itrogen, which was pre-saturated with the solvent before enter-

ng the cell. The useful potential range for the electrolytic medium
as from 1.4 V to −2.5 V. The working electrode was a 1.0 mm
iameter glassy carbon electrode, a Pt wire served as auxiliary
lectrode, and an Ag wire was used as pseudo reference elec-
rode. Ferrocene (Fc) was employed as an internal reference, and
ll potentials were referenced relative to the ferrocenium/ferrocene
ouple (Fc+/Fc). The registered value of the Fc+/Fc couple in CH2Cl2
as 0.369 V. The highly polished glassy carbon electrode was repol-

shed before use with 0.05 �m alumina paste (Buehler), rinsed with
ater, and sonicated for 5 min  in distilled water. Then it was  rinsed
ith acetone and dried with a tissue. All experiments were per-

ormed at room temperature (298 ± 2 K). Cyclic voltammograms
ere recorded at 0.1 V/s. For comparison purposes, cyclic voltam-
ograms of tetraphenylporphyrin TPP were scanned under the

ame experimental conditions.

.2. Chemicals

3-Bromo-4-methylthiophene, N-methyl-2-pyrrolidone (NMP),
imethyl sulfoxide (DMSO), methyl iodide and FeCl3 employed in
he synthesis were purchased from Aldrich and used as received.
rior to use, tetra(ethylene glycol) was dried under vacuum. Chlo-
oform, used in the polymerizations was distilled over calcium
ydride (CaH2) in order to remove traces of water. The meso-
,5-ditert-butyl-tetraphenylporphyrin derivative employed in this
ork was prepared according to the method previously reported

n the literature [29].

.3. Synthesis of monomers and polymers

2-(2-(2-(2-(4-Methylthiophen-3-yloxy)ethoxy)ethoxy)ethoxy)
thanol (1) and 13-(4-methylthiophen-3-yloxy)-2,5,8,11-
etraoxatridecane (MT) (2) were synthesized according to the
rocedure previously reported by us [30,31].

3-(2-(2-(2-(2-Iodoethoxy)ethoxy)ethoxy)ethoxy)-4-
ethylthiophene (3) was obtained from 1 (Fig. 1) using a similar
rocedure to that previously described by us [30]. First, CH2Cl2
5 mL), triphenylphosphine (0.393 g, 1.5 mmol), imidazole (0.102 g,
.5 mmol) and iodine (0.381 g, 1.5 mmol) were mixed in a bottom
ound flask under inert atmosphere. Then, a solution of 1 (0.290 g,

 mmol) in anhydrous dichloromethane (1 mL)  was  added. The
olution was reacted for 3 h and the crude product was  washed
ith water, in order to remove salts formed during the reaction.

he organic phase was dried with anhydrous MgSO4 and concen-
rated at reduced pressure. Finally, this compound was purified
y flash column chromatography on silica gel, using a mixture
f ethyl acetate:hexanes 80:20 as eluent. The pure product was

btained as light yellow oil (0.284 g, 0.72 mmol). Yield: 72%.

1H NMR  (CDCl3, 400 MHz, ppm) (Scheme 1): 6.81 (s, 1H, H1),
.17 (s, 1H, H2), 4.11 (t, J1 = 4.89 Hz, J2 = 4.73 Hz, 2H, tioph-O-CH2),
.86 (t, J1 = 4.86 Hz, J2 = 4.72 Hz, 2H, tioph-O-CH2-CH2), 3.76–3.73
Scheme 2.

(m,  4H, OCH2), 3.69–3.66 (m,  6H, all other OCH2), 3.25 (t,
J1 = 6.92 Hz, J2 = 6.73 Hz, 2H, CH2-I), 2.10 (s, 3H, tioph-CH3). 13C NMR
(CDCl3, 100 MHz, ppm) (Scheme 1): 156.0 (1C, Cd), 129.28 (1C, Cc),
120.07 (1C, Ca), 96.68 (1C, Cb), 72.11, 71.04, 70.88, 70.78, 70.36,
69.85, 69.77 (7C, CTEG), 12.91 (1C, tioph-CH3), 3.12 (1C, CH2-I).
HRMS (C13H21O4I) M+: m/z = 368.19. Calculated: 368.20.

2.3.1. Monomer bearing a
meso-3,5-ditert-butyl-tetraphenylporphyrin unit (MTP) (4)

3 (0.043 g, 0.106 mmol) and the porphyrin derivative (0.104 g,
0.106 mmol) dissolved in DMF  (15 mL)  were reacted in the pres-
ence of K2CO3 (0.0294 g, 0.212 mmol), KI (0.0096 g, 0.0581 mmol)
and a trace of 18-crown-6 ether. The reaction mixture was heated
to reflux for 15 h; after this time, it was cooled to room temper-
ature and concentrated at reduced pressure. The crude product
was purified by flash column chromatography in silica gel, using
hexanes:chloroform 7:3 as eluent, in order to remove the unre-
acted porphyrin derivative, and then with hexanes:ethyl acetate
7:3. The pure product (4) was obtained as a violet solid (0.050 g,
0.0423 mmol). Yield 17%.

1H NMR  (400 MHz, CDCl3) (Scheme 2): ı = 8.91–8.94 (m,  8H),
8.11–8.18 (m,  8H), 7.83–7.834 (m,  3H), 7.28–7.33 (m,  3H), 6.83–6.84
(d, 1H), 6.18–6.19 (d, 1H), 4.44–4.46 (t, 2H), 4.15–4.17 (t, 2H),
4.07–4.1 (t, 2H), 3.89–3.94 (m,  4H), 3.80–3.85 (m,  6H), 2.14 (s, 3),
1.56 (s, 54H), −2.64 (s, 2H) ppm.

13C NMR  (100 MHz, CDCl3) (Scheme 2): ı = 158.73 (Cd), 155.98
(Ce), 148.76 (Cj, Cm, Co, Cr), 141.44 (Ck, Cl, Cp, Cq) 135.44 (Ch), 135.19
(Cg), 131.21, 129.72–129.22 (Cy, Cz′ , Cu, Cw), 121.28 (Ca), 120.96,
119.90 (Cn, Cs), 119.45 (Ci), 112.98 (Cf), 96.84 (Cb), 71.10, 71.03,
70.87, 70.02, 69.82, 67.97 (CTEG), 35.03, 31.73 (quaternary carbons
of the tert-butyl groups), 12.58 (CH3 of the tert-butyl groups) ppm.

2.3.2. Synthesis of the homopolymer (PTP)
Monomer MTP  (4) (0.0332 g, 0.0281 mmol) was  dissolved in dry

CH2Cl2 (20 mL)  and the solution was  stirred for 10 min  under inert
atmosphere. A solution of FeCl3 (0.0185 g, 0.114 mmol) in CH2Cl2
(10 mL)  was added to the monomer solution until the mixture
turned green; then it was stirred for 12 h. After this time, methanol
(20 mL)  was added to the reaction mixture, which became violet
and was poured into water (60 mL)  in order to precipitate the poly-
mer. The crude product was  separated by filtration, washed with

methanol and treated with NH4OH 20% in order to reduce the poly-
mer, since it was obtained in the oxidized form. Afterwards the
polymer was  purified by flash column chromatography in silica gel
using hexanes:ethyl acetate 7:3 as eluent, increasing gradually the
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Fig. 2. Synthesis of the po

olarity until pure ethyl acetate. The pure polymer was obtained as
 purple solid (0.015 g). Yield: 45%.

1H NMR  (400 MHz, CDCl3): ı = 8.88–8.91, 8.09–8.1, 7.8,
.73–7.75, 7.54–7.56, 4.31–4.34, 3.66–3.79, 1.72–1.76, 1.54,
2.68 ppm.

.3.3. Synthesis of copolymer (CTP-1)
MTP  (4) (0.040 g, 0.0338 mmol) and MT  (2) (0.0183 g,

.0676 mmol) were dissolved in CH2Cl2 (4 mL); then FeCl3
0.0723 g, 0.0445 mmol) was added and the reaction mixture was
tirred for 12 h. After this time, methanol (20 mL)  and water (50 mL)
ere added in order to precipitate the polymer. The crude prod-
ct was isolated by filtration and reduced with NH4OH. Finally,
he polymer was purified by soxhlet extraction, using a mixture of

ethanol:hexanes 8:2. After 12 h, the mixture was  changed and the
xtraction was carried out with pure chloroform. The pure copoly-
er  CTP-1 was obtained as a dark purple solid (11.2 mg). Yield:

7%.
1H NMR  (400 MHz, CDCl3): ı = 8.88–8.90, 8.08–8.09, 7.79–7.8,

.03, 3.78–3.79, 3.64–3.69, 3.54–3.56, 3.38, 2.05, 1.52, −2.69 ppm.

.3.4. Synthesis of copolymer CTP-2
A solution of MTP  (4) (0.0307 g, 0.0259 mmol) and MT  (2)

0.0282 g, 0.1038 mmol) in CH2Cl2 (4 mL)  was prepared; then FeCl3
82.5 mg)  was added and the reaction mixture was  stirred for 12 h.
fterwards, methanol (20 mL)  and water (50 mL)  were added in
rder to induce the precipitation of the polymer. The crude product
as separated by filtration and reduced with NH4OH. Furthermore,

he polymer was purified by soxhlet extraction using a mixture of
ethanol:hexanes 8:2, and then chloroform 100%. The pure copoly-
er  CTP-2 was obtained as a dark purple solid (20.2 mg). Yield:
6%.
1H NMR  (400 MHz, CDCl3): ı = 8.89–8.90, 8.53–8.58, 8.45–8.48,

.09, 7.79, 7.39, 4.03, 3.79, 3.63–3.69, 3.53–3.56, 3.37, 2.32, 2.03,

.54, −2.69 ppm.
CPT-2  (n=5, m=1)

rs PTP, CTP-1 and CTP-2.

3. Results and discussion

In this work, we report the synthesis and characterization
of a series of polythiophenes, one homopolymer (PTP) and two
copolymers (CTP-1 and CTP-2)  bearing well defined oligo(ethylene
glycol) spacers and meso-3,5-ditert-butyl-tetraphenylporphyrin
units. The synthesis of the monomers and polymers are illustrated
in Figs. 1 and 2, respectively.

The employed monomers were synthesized from 3-bromo-
4-methyl-thiophene, which was  reacted with the tetra(ethylene
glycol) alkoxide (prepared in situ with sodium), using CuI as catalyst
and NMP  as solvent under inert atmosphere to give the correspond-
ing 3-alkoxythiophene (1). This intermediate was treated in the
presence of iodine, Ph3P and imidazol in CH2Cl2 to generate an
alkyl iodide (3). This compound was further reacted with the appro-
priate porphyrin derivative, in the presence of KI, using K2CO3 as
base and DMF  as solvent, to give the corresponding monomer MTP
(4). On the other hand, (1) was  reacted with CH3I, using KOH as
base and DMSO as solvent to produce the desired co-monomer
MT (2).

MTP  was  polymerized, using FeCl3 as oxidizing agent and
CH2Cl2 as solvent, to give the corresponding homopolymer PTP.
In addition, monomer MTP  was also co-polymerized in the pres-
ence of monomer MT, using ratios MT:MTP  (2:1 and 4:1) in
order to obtain the corresponding copolymers CTP-1 and CTP-
2, respectively. The soluble part of these polymers was analyzed
by 1H NMR  spectroscopy and Gel Permeation Chromatography
(GPC).

3.1. Characterization of monomers and polymers
The structure of monomer MTP  was confirmed by FTIR and NMR
spectroscopies, whereas the characterization of MT  has been pre-
viously reported by us [30]. The 1H NMR  spectra of MTP  in CDCl3
solution is shown in Fig. 3a. As we can observe, there is a multiplet
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Fig. 3. 1H NMR spectrum of

t 8.94–8.91 ppm, due to the protons H�1, H�2 and H�3 present in
he meso-3,5-ditert-butyl-tetraphenylporphyrin unit followed by

 signal at 8.18–8.16 ppm, assigned to the protons Ho. In addition,
e can see a peak at 8.13 ppm, which is attributed to the protons
o, present in the phenyl groups linked to the porphyrin core. A

inglet at 7.83 ppm arising from the protons Hp, as well as a signal
t 7.34–7.32 ppm, due to the protons Hm also present in the phenyl
ings, were also observed. The signals related to protons H2 and H5
f the thiophene ring appear at 6.19 and 6.83 ppm, respectively.
n the aliphatic region of the spectrum, we can notice the sig-
als of protons HTEG present in the tetra(ethylene glycol) segment
etween 4.47 and 3.81 ppm followed by two signals at 2.15 ppm
nd 1.56 ppm, due to the protons HA of the methyl group and the
rotons HB present in the tertbutyl groups, respectively. Finally, the
ignal attributed to the protons H�1 present in the amino groups
f the meso-3,5-ditert-butyl-tetraphenylporphyrin unit appear at
2.65 ppm [29].

In the 13C NMR  spectrum of MTP  (not shown), there are two
ignals at 158.73 and 155.99 ppm, due to carbons Cd and Ce, respec-
ively. Moreover, a signal at 148.76 ppm due to � pyrrolic carbons
Cj, Cm, Co, Cr) as well as a peak at 141.44 ppm, which is attributed to
he � pyrrolic carbons (Ck, Cl, Cp, Cq) were also observed, followed
y two more signals at 135.44 and 135.19 ppm, due to carbons Ch
nd Cg, respectively. The signals corresponding to carbons Cy, Cz′ ,
u and Cw appeared in the range between 129.72 and 129.22 ppm

see Scheme 2).

The signal of Ca appear at 121.28 ppm followed by the signal of
arbons Cs and Cn at 119.90 ppm, and the signal of Ci located at
19.45 ppm. In addition, a signal corresponding to carbons Cf and
mer MTP  in CDCl3 solution.

Cb were seen at 112.98 ppm and 96.85 ppm, respectively. Regard-
ing the aliphatic region of the spectrum, a series of signals due to
the carbons present in the tetra(ethylene glycol) spacer (carbons
CTEG) were observed at 71.1–67.97 ppm, followed by two signals at
35.03 and 31.73 ppm, arising from the quaternary carbons and the
CH3 of the tertbutyl groups, respectively. At last, we can notice a
signal at 12.6 ppm, due to the CH3 group linked to the thiophene
ring.

Concerning the polymers, in their 1H NMR  spectra the absence
of the signals due to protons in positions 2 and 5 of the thiophene
ring confirmed that the polymerization and copolymerization of
the MTP  monomer took place successfully. However, the rest of
the signals present in the 1H NMR  spectrum of the MTP appear
much broader in those of its corresponding polymers PTP, CTP-1
and CTP-2.

In the 1H NMR  spectrum of copolymer CTP-1 (not shown),
we can observe a low intensity signal at 3.38 ppm corresponding
to the terminal methyl group present in the tetra(ethylene gly-
col) side chain, which is an indication that the copolymerization
occurred effectively. We  attempted to calculate the percentage of
coupling taking into account the signal at 3.37 ppm, due to the
terminal methyl group of the oligo(ethylene glycol) side chain of
the MT  units, and the signal at 1.52 ppm, due to the CH3 group
present in the tertbutyl groups of the MTP  units. Nevertheless, the
monomers ratios MT:MTP  determined by NMR  spectroscopy were

not trustable because of the broadness of the signals so that it was
calculated from the absorption spectra and resulted to be 1:1 for
CTP-1 and CTP-2 (vide infra), even though different ratios MT:MTP
were used (2:1 and 4:1) to prepare these copolymers. On the other
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and, the 1H NMR  spectrum CTP-2 is shown in Fig. 4 and exhibited
he same signals as its homologue CTP-1.

Molecular weights of the resulting polymers were determined
y GPC in THF against a polystyrene standard and the results are
ummarized in Table 1. As we can see, all polymers exhibited from
ow to middle molecular weights.

Homopolymer PTP exhibited a weight-average molecular
eight (Mw = 24,168 g/mol) with a narrow polydispersity PD = 1.45,
hereas its corresponding copolymer CTP-1,  where a MT:MTP

atio 2:1 was used, showed a higher value (Mw = 43,839 g/mol) and
igher polydispersity PD = 2.79, since the copolymerization of MTP
ecreased significantly the steric hindrance during the polymeriza-
ion reaction.

Although the obtained copolymers CTP-1 and CTP-2 exhibited
he same MT:MTP  content ratio (1:1), CTP-2 has a lower molecu-
ar weight (Mw = 11,458 g/mol) with lower polydispersity PD = 1.56.
e believe that it is due to the fact that in CTP-2,  where a MT:MTP
:1 ratio was used, there was less pre-association of the MTP  units
rior to polymerization, which gave rise to lower molecular weight

able 1
olecular weight of the obtained polymers.

Polymer Mn
a (g/mol) Mw

a (g/mol) PDa (Mw/Mn)

PTP 16,609 24,168 1.45
CTP-1 15,670 43,839 2.79
CTP-2 7304 11,458 1.56

a Soluble part, obtained by GPC using THF as solvent, against a polystyrene stan-
ard.
mer CTP-2 in CDCl3 solution.

polymers. Since both CTP-1 and CTP-2 contain about 50% of MTP
units, we can affirm that the composition of the copolymers was
mainly determined by the reactivity of the monomers rather than
the stochiometry of the monomers.

3.2. Optical properties of the polymers

The optical properties of the polymers were studied by
absorption and fluorescence spectroscopy; the results are sum-
marized in Table 2. The UV–vis spectra of the MTP  monomer
and the obtained polymers PTP, CTP-1 and CTP-2 are shown
in Fig. 5.

The MTP  monomer and the obtained polymers containing meso-
3,5-ditert-butyl-tetraphenylporphyrin units (PTP, CTP-1 and CTP-
2) show an intense Soret band due to the porphyrin at � = 422 nm
[29], followed by a second band situated at � = 451 nm, due to the
thiophene moieties. Besides, we  can observe four Q bands, arising
from the porphyrin unit at � = 519, 555, 597 and 674 nm,  which are
visible for all compounds [29].

The intensity ratios IS/IT, where IS (Soret band) and IT (thiophene
band), were calculated for PTP, CTP-1 and CTP-2,  giving values of
3.76, 1.95 and 1.80, respectively. In the case of the copolymers
CTP-1 and CTP-2,  it is worth to point out that as the thiophene
content (MT) increases with respect to the porphyrin units (MTP),
the absorption band of the thiophene units augments in intensity

with respect to the Soret band of the porphyrin group. Moreover a
significant broadening is observed in both absorption bands. From
these intensities ratios it was calculated that the composition in
both copolymers is almost the same with a MT:MTP  value of 1:1.
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Table 2
Optical properties of the MTP  monomer and the polymers.

Compound Absorption, � (nm) Cut off (nm) Intensity ratio (a:b) Emission, � (nm) Cut off, � (nm)

MTP  422,a 451,b 519, 555, 597, 674 712 1:6 654, 722 488
PTP 422,a 451,b 519, 555, 596, 674 703 1:3.76 654, 722 512
CTP-1 422,a 451,b 519, 555, 596, 674 – 1:1.95 541, 654, 722 817
CTP-2 423,a 451,b 517, 555, 596, 674 – 1:1.80 541, 601, 654, 722 814

a Absorption band of the porphyrin (Soret’s band).
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b Absorption band of the polythiophene backbone.

or PTP (IS/IT = 3.76) there is one porphyrin unit per thiophene unit
s expected, whereas in CTP-1 (IS/IT = 1.95) and CTP-2 (IS/IT = 1.80)
his intensities ratio is a half of the previous one, which indicates
hat there is one porphyrin unit per two thiophene units. This ratio
an be found in copolymers where MT:MTP  is 1:1, as it is the case
n CTP-1 and CTP-2.

According to the literature, polythiophenes bearing
ligo(ethylene glycol) side chains usually show an absorption
and at �max = 425 nm [30] when the backbone has a twisted
onformation, however, when these polymers adopt a nearly
lanar conformation this band appears at ca �max = 560 nm [5,30].
ince the Soret band of the porphyrin (�max = 422 nm) is very
ntense overlaps and hides the band due to polythiophene in the
wisted form (�max = 425 nm), so that only one absorption band
an be seen. Very recently, a similar behavior was reported for
ome water soluble polythiophenes bearing porphyrin units [32].
herefore, the polythiophene backbone exhibits two absorption
ands one at 425 nm and another at 451 nm,  which explain the
roadening of these bands in the UV–vis spectra of copolymers
TP-1 and CTP-2.  This phenomenon was not observed in the
bsorption spectra of PTP. Since the absorption spectra of the
odel compound meso-3,5-ditert-butyl-tetraphenylporphyrin

howed a narrow Soret band at 422 nm and the band at 451 nm
as not observed, we can affirm that the latter exclusively arises

rom the polythiophene backbone.
According to the absorption bands, all polymers adopt a twisted

onformation in THF solution. However, in the absorption spec-
ra of CTP-1 and CTP-2 we can perceive a significant broadening
f the bands at 425 and 451 nm due to the higher thiophene

ontent with respect to that of porphyrin in these copolymers.
rom these results, we can affirm that the meso-3,5-ditert-butyl-
etraphenylporphyrin units present in the polymers provoke a
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ig. 5. Normalized absorption spectra of monomer MTP  and the obtained polymers
TP,  CTP-1 and CTP-2.
twisting in the polythiophene backbone, mainly due to steric
effects.

3.3. Fluorescence spectra of the polymers

In general, the emission spectra of free base porphyrins and Zn-
metallated porphyrins have two  emission regions: the first one
situated between 400 and 500 nm and the second one located
between 550 and 800 nm [29]. Herein, we can see that all the
species showed the two bands at � = 654 nm and 722 nm due to
the porphyrin units (Fig. 6). In the particular case of copolymers
CTP-1 and CTP-2,  we  can notice the presence of an additional band
at � = 541 nm,  which arises from the S1 → S0 of the polythiophene
backbone, which is not present in the emission spectra of MTP, HTP
and the model porphyrin TTP. This can be due to the fact that in
copolymers CTP-1 and CTP-2 the tiophene content is much higher
with respect to that of porphyrin, which allows us to see the emis-
sion arising from the polythiophene backbone. In the case of HTP
this band was  not observed because the polythiophene content is
equal to that of porphyrin so that the emission at � = 541 nm can
be quenched due to energy transfer phenomenon from the poly-
thiophene backbone to the porphyrin units that exhibit a Q band at
555 nm [32].

3.4. Electrochemical properties of the polymers

3.4.1. (a) Cyclic voltammetry of MTP  and TPP
Fig. 7 shows a series of voltammograms that illustrate the
Bu4NPF6 vs Fc+/Fc couple (curves b and d). For comparison, the
cyclic voltammogram of the model compound, tetraphenylpor-
phyrin TPP, is also shown (curves a and c). The initial positive-going
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Table 3
Electrochemical data of TPP and MTP.a

TPP MTP

System A/A′b

Epa (V) 0.538 0.508
Epc (V) 0.459 0.443
�Ep 0.079 0.065

System B/B′b

Epa (V) 0.874 0.878
Epc (V) 0.795 0.763
�Ep 0.079 0.115

System C/C′c

Epc (V) −1.732 −1.726
Epa (V) −1.653 −1.648
�Ep 0.079 0.078

System D/D′c

Epc (V) −2.077 −2.089
Epa (V) −1.993 −1.991
�Ep 0.084 0.098

Peak Eb

Epa – 1.063

a All potentials were obtained during cyclic voltammetry of solutions in 0.1 M
Bu4NPF6 in CH2Cl2. Glassy C working electrode diameter 1 mm,  scan rate: 0.10 V/s.
n  CH2Cl2 containing 0.1 M Bu4NPF6 at a glassy carbon working electrode. Scan rate:
.1 V/s. (b) Positive-going sweep with switching potentials past first reduction peak
dash-dot curve) and past second reduction peak (dot curve).

weep for TPP (curve a) reveals two reversible redox reactions
systems A/A′ and B/B′), which have been assigned to monoelec-
ronic transfers corresponding to the neutral/cation-radical and
ation-radical/dication couples of the porphyrin ring, respectively
33,34]. As shown in curve b (dotted line), the initial positive going
can of MTP  also shows the presence of the oxidation reactions
f the porphyrin ring, systems A/A′ and B/B′. Solid line shows that
hen the scan is extended to 1.24 V, a third irreversible anodic peak

E), which is partially overlapped with the second oxidation of the
orphyrin, is also observed. This peak E at 1.063 V is related to the
xidation of the thiophene unit [35,36]. Curve b also shows that
he system B/B′ is less reversible than that in the TPP compound
curve a). This can be due to the proximity of the oxidation peak

 with that of the cation-radical/dication couple of the porphyrin
ing, and may  be indicative of a possible coupled chemical reaction
ith the oxidation products formed in peak E. The peak potentials

p and �Ep values for MTP  are reported in Table 3 and are com-
ared with those of TPP. From these data, it is observed that the
resence of the t-butyl substituents on the phenyl groups of the
orphyrin unit and the 13-(4-methylthiophen-3-yloxy)-2,5,8,11-
etraoxatridecane moiety, does not change the oxidation potential
alues in MTP  with respect to TTP.

When the cyclic voltammograms of TPP and MTP  (Fig. 7, curves
 and d, respectively) were recorded doing the sweep in nega-
ive direction, two redox reactions were observed in the potential
ange from −0.37 to −2.3 V vs Fc+/Fc (systems C/C′ and D/D′).
hese two systems are characteristic of the neutral/anion-radical
nd anion-radical/dianion couples from the porphyrin ring, respec-
ively [33,34]. In Fig. 7b, it is observed that the electrochemical
ehavior of the D/D′ redox couple, is modified when the potential

s first swept in positive direction and then continued back to the
egative direction. When the first positive scan is inverted either

fter the second electro-oxidation of the porphyrin ring (peak B)
dotted curve b) or after the oxidation of the thiophene unit (peak
) (solid curve b), the qualitative behavior of the system D/D′ dra-
atically changes. Both reduction and oxidation peaks become less
Potentials in V vs. Fc+/Fc.
b Data obtained from the initial positive-going sweep.
c Data obtained from the initial negative-going sweep.

defined and the peak separation, �Ep = Epc − Epa, increases from
�Ep = 0.072 V to �Ep about 0.250 V (Table 3). On the other hand,
dash-dot curve b shows that when the potential is inverted after
the first oxidation reaction (peak A), the qualitative behavior of
system D/D′ is almost not modified with respect to the behavior
observed when the initial sweep is started toward negative direc-
tion (curve d). These results may  be indicative of the presence of
some kind of interaction between the positive species generated
during the positive sweep and the negative species formed during
the negative scan.

All of our attempts to prepare polymers from MTP  by successive
sweeps over the potential range from −1.0 to 1.2 V were unsuc-
cessful. It is well known that thiophene and many 3-substituted
thiophenes have been successfully electropolymerized, leading to
C–C couplings between the 2- and 5-positions of the thiophene
ring. However, under our experimental conditions, with a glassy
C electrode, using Bu4NPF6 in CH2Cl2 as the electrolytic medium,
at 0.25 mV/s and applying an inversion potential after peak E, MTP
could not be polymerized. An possible explanation is that the bulky
tetra(oxyethylene)oxy-porphyrin substituent on the 3-position of
the thiophene unit hinders the polymerization in those positions.
On the other hand, it has also been reported that the anodic
oxidation of tetraphenylporphyrins leads to polymers exhibiting
significant low band gap values [37]. In those polymers, the cou-
pling of the two monomers takes place in para-position of the
phenyl ring, but in the case of MTP, since its para-position is highly
hindered by the presence of the two  adjacent bulky t-butyl sub-
stituents position, the polymerization does not occur.

3.4.2. (a) Cyclic voltammetry of the chemically obtained
polymers PTP, CTP-1 and
CTP-2

Representative cyclic voltammograms of the homopolymer PTP
(curve a) and the copolymers CTP-1 and CTP-2 (curves b and c)
are shown in Fig. 8, for the initial positive-going sweep, and in
Fig. 9 for the initial negative-going sweep. Comparing the cyclic
voltammograms of MTP  (Fig. 7b and d) with those of the polymers
it can be noticed that ill-defined irreversible peaks are observed

at about the same potentials where the oxidation and reduction
of the porphyrin unit takes place. For the three polymers, an oxi-
dation current is also seen at potentials close where the oxidation
of the polythiophene backbone occurs. It is observed that as the
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mount of monomer MT  increases with respect to that of MTP,
he oxidation and reduction peaks of copolymers CTP-1 and CTP-

 become gradually less defined. In fact, for the CTP-2 copolymer,

he peaks are not well defined (curve c), and only an increase in
he current is observed in the regions where the meso-3,5-ditert-
utyl-tetraphenylporphyrin units and polythiophene backbone are
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electroactive. It was confirmed that this increase in the current is
not due to the electrolyte solution, when the cyclic voltammogram
of the background is overlapped (dashed line) with the voltammo-
gram of CTP-2 (curve c).

4. Conclusion

A  novel series of polythiophenes containing meso-3,5-ditert-
butyl-tetraphenylporphyrin units and well defined oligo(ethylene
glycol) spacers were synthesized and characterized. The homopoly-
mer  exhibited a middle molecular weight Mw, whereas the
copolymers showed from middle to low Mw values with an aver-
age MT:MTP  ratio of 1:1, which reveals that the composition of the
copolymers are dominated by the reactivity and steric hindrance
of the monomers rather than by their stochiometry. All these poly-
mers showed the expected characteristic absorption bands of the
meso-3,5-ditert-butyl-tetraphenylporphyrin units and the absorp-
tion band related to the conjugated polythiophene backbone, which
appeared at 451 nm.  Moreover, the polymers exhibited emission
bands at � = 654 nm and 722 nm.  Copolymers CTP-1 and CTP-2
exhibited also an additional emission band at � = 541 nm,  which
is attributed to the polythiophene backbone. Concerning the elec-
trochemical behavior, for all the polymers, an oxidation current is
observed at potentials close where the oxidation of the thiophene
system occurs. It was  noticed that as the amount of monomer MT
increases with respect to that of MTP, the oxidation and reduc-
tion peaks of copolymers CTP-1 and CTP-2 become gradually less
defined, which may  be due to the different distributions of the
monomer units along the polymer structure.
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