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Abstract

Two new thiophene-substituted porphyrins and their zinc complexes were synthesized and electropolymerized via thiophene units on

different electrode surfaces. Electrochemical characterizations show that the resultant polythiophenemetalloporphyrin hybrid materials are

highly electroactive and exhibit remarkable higher electrochemical stability. Interestingly, they exhibit a charge-trapping effect. A

mechanism for the observed charge-trapping phenomenon was proposed and supported by using model compounds. The deposited polymer

films on different electrode surfaces exhibit a homogeneous morphology and possess good processability (soluble in polar solvents such as

DMSO or DMF). Besides electrochemical method, UV/vis, NMR, FTIR, TEM and SEM were employed to characterize the new hybrid

material.

q 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

Porphyrins and their metal complexes are found in many

natural systems, where they play an essential role as

photoactive, redox, guest-binding, and catalytic entities.

These properties make them ideal candidate for developing

electrocatalysis, chemical and biological sensors or for solar

energy conversion on electrode surfaces [1–5].

Among various immobilization methods such as chemi-

sorption [6,7], condensation reactions of porphyrin side

chains with functionalized electrodes [8,9], self-assembly

[10–13] as well as the uptake of charged porphyrins by ion-
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exchange polymer coatings [14], electrochemical polym-

erization of a suitably designed monomer provides a facile

approach for attaching porphyrins to electrode surface. In

general, this method allows production of homogeneous,

adherent electroactive porphyrin films at the expected

potential, and the amount of deposited materials can be

easily controlled by the number of potential sweep or the

total charge passed during polymerization process [3]. The

oxidative electropolymerization of metalloprotoporphyrin

IX complex via the vinyl substituents at the porphyrin

periphery, and porphyrins with polymerizable phenol,

pyrrole or aniline substituents were extensively investigated

[4,15–19]. Recently, thiophene mediated electropolymer-

ization was also described [20–26]. The majority of the

formed metalloporphyrin films, however, showed only a

moderate electrochemical stability.

In this work, we report the synthesis of highly

electroactive polythiophenemetalloporphyrin hybrid

material that exhibits remarkable higher electrochemical

stability. Furthermore, it exhibits a charge-trapping effect.
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2. Experimental section

2.1. Chemicals

Thiophene (Aldrich), tributyltin chloride (Fluka), 3,4-

(ethylenedioxy)thiophene (Aldrich), 4-bromobenzaldehyde

(Fluka), DDQ (Fluka), trifluoroacetic acid (Fluka), bis(tri-

phenylphosphine)palladium dichloride (Fluka), and zinc

tetraphenyporphyrin (Aldrich) were used as received. 5-

Phenyldipyrromethane was prepared following the method

reported by Lindsey [27]. 5,5 0-Bistributylstannyl-2,2 0-

bi(3,4-ethylenedioxythiophene) was synthesized according

to the procedure described by Cava [28]. All solvents used

for synthesis were freshly distilled prior to use. For

electrochemical measurements, the electrochemical grade

solvents and electrolyte salts such as methylene chloride

(Baker) and tetrabutylammonium hexafluorophosphate

(Fluka) were used.

2.2. Synthesis

2.2.1. 4-(2-Thienyl)benzaldehyde

2.77 g (15 mmol) 4-bromobenzaldehyde and 0.53 g

(0.75 mmol) Cl2Pd(PPh3)2 were dissolved in 100 ml of

DMF. To this mixture 8.4 g (22.5 mmol) tributylstannyl

thiophene was added. Under nitrogen atmosphere the

reaction mixture was heated at 80 8C for 14 h. The reaction

mixture was cooled to room temperature, diluted with Et2O,

and washed with diluted NH4Cl for several times. The

organic layer was collected and filtered through a short

silica pad. After the removal of solvent under reduced

pressure a yellow solid was obtained. This solid was

thoroughly washed with hexane, filtered and dried in vacuo

to afford 1.7 g of yellow powder (60%). 1H NMR (CDCl3):

dZ9.98 (s, 1H), 7.92 (d, 2H), 7.72 (d, 2H), 7.48 (d, 1H),

7.41 (d, 1H), 7.21 (m, 1H). MS (EI) m/zZ188 (MC). Elem.

Anal.: C11H8OS (188.25) Calcd: C 70.18; H 4.28; S 17.03.

Found: C 70.34; H 4.21; S 17.21.

2.2.2. 4-(2-(3,4-Ethylenedioxy)thienyl)benzaldehyde

This compound was synthesized from 2-tributylstannyl-

3,4-ethylenedioxythiophene by the same method described

above as yellow powder (53%) 1H NMR (CDCl3): dZ9.89

(s, 1H), 7.87 (d, 2H), 7.69 (d, 2H), 6.12 (s, 1H). 4.39 (t, 2H),

4.42 (t, 2H). MS (EI) m/zZ246 (MC). Elem. Anal.:

C13H10O3S (246.28) Calcd: C 63.40; H 4.09; S 13.02.

Found: C 63.34; H 4.12; S 13.21.

2.2.3. 5,15-Bis(4-(2-thienyl)phenyl)-10,20-

diphenylporphyrin

4-(2-Thienyl)benzaldehyde (1.13 g, 6 mmol) and 5-

phenyldipyrromethane (1.33 g, 6 mmol) were dissolved in

1 l of dried CH2Cl2, and the solution was stirred

magnetically at room temperature under a slow stream of

nitrogen. After 60 min, 120 ml TFA was added and the

reaction mixture was shielded from lighting. After 20 h,
DDQ (4.43 g, 18 mmol) was given and the reaction was

continued for further 2 h. The solution was then concen-

trated to about 50 ml by rotary evaporation, and the residue

was purified by silica column chromatography using

CH2Cl2/diethyl ether as eluent, affording the desired

compound (yield 27%). 1H NMR (CDCl3): dZ8.92 (d,

4H), 8.86 (d, 4H), 8.16 (m, 8H), 8.04 (m, 4H), 7.78 (m, 6H),

7.58 (d, 2H), 7.50 (m, 2H), 7.42 (d, 2H), K2.84 (s, 2H); MS

(FABC) m/zZ778 (MC1).

2.2.4. 5,15-Bis(4-(2-(3,4-ethylenedioxy)thienyl)phenyl)-

10,20-diphenylporphyrin

This compound was synthesized in a similar fashion

described above with exception that instead of 4-(2-

thienyl)benzaldehyde, 4-(2-(3,4-ethylenedioxy)thienyl)-

benzaldehyde was used (yield 30%). 1H NMR (CDCl3):

dZ8.94 (d, 4H), 8.87 (d, 4H), 8.20 (m, 8H), 8.08 (m, 4H).

7.81 (m, 6H), 6.46 (s, 2H), 4.43 (t, 4H), 4.34 (t, 4H), K2.83

(s, 2H); MS (FABC) m/zZ895 (MC1).

2.2.5. 5,5 0-Bisphenyl-2,2 0-bi(3,4-ethylendioxythiophene)

5,5 0-Bistributylstannyl-2,2 0-bi(3,4-ethylenedioxythio-

phene) (5 g, 17.7 mmol), bromobenzene (5.5 g, 37.4 mmol)

and Pd(PPh3)2Cl2 (2 g, 1.7 mmol) were dissolved in 100 ml

dried THF. The reaction mixture was refluxed under argon

for 10 days. After cooled to room temperature, the mixture

was concentrated to 10 ml. The precipitate was filtered and

washed throughly with ethanol and ether, affording a brown

solid (45%). 1H NMR (CDCl3): dZ7.89 (m, 4H), 7.74 (m,

6H), 4.46 (t, 8H); MS (EI) m/zZ434 (M). Elem. Anal.:

C24H18O4S2 (343.53) Calcd: C 66.34; H 4.18; S 14.76.

Found: C 66.44; H 4.12; S 14.81.

2.3. Electrochemistry

The determination of the oxidation potentials of the

monomer 1 and 2 as well as their electropolymerization was

carried out with a HEKA PG 28 potentiostat in a one-

compartment three-electrode cell. The anode was a

platinum disk electrode (16 mm2) polished with 0.05 mm

diamond paste and then sonicated in distilled water before

use. The counter electrode was a Pt wire. An Ag/AgCl

electrode was chosen as reference electrode. Before each

electrochemical experiment the reaction medium was

purged with argon for 10 min at room temperature. For

UV/vis and SEM measurements, ITO glass was used as

working electrode.

2.4. Characterization

1H spectroscopic data were obtained with a Bruker AM

270 SY in CDCl3 or CD3SOCD3 as solvent using TMS as

standard. IR spectra were recorded on a Perkin Elmer 580B

with data station PE 360 (KBr). MS data were obtained by

means of a Finnigan MAT 112b and a Finnigan MAT 711.

Elementary analyses were performed with a Perkin Elmer



Scheme 1. Synthesis of thiophene-substituted porphyrins and the model of

the obtained polymer chains.
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2400 CHNS analyzer. The reflectance FTIR spectra were

recorded by means of a Nicolet 800-FTIR spectrometer.

SEM was performed on a Hitachi S-4500FE operating at

2 kV. The formed polymer conducted sufficiently and

therefore did not require any coating prior to imaging.
Fig. 1. Oxidative electropolymerization of monomer 1 on a Pt electrode

surface by repeated potential scans at 100 mV/s between K0.2 and C1.4 V

vs. Ag/AgCl in 0.1 M TBAPF6/CH2Cl2 containing 0.1 mM monomer 1.
TEM samples were prepared by dropping 10 ml aliquots of

DMSO solution of polymer onto a holey carbon coated

copper grid. After deposition for 1 min, the remaining

solution was blotted with a filter paper and the remaining

polymers were stained by using 1% phosphotungstate. The

polymer fibres were imaged using a Philips M12 trans-

mission electron microscope operated at 100 kV.
3. Results and discussion

New monomers were designed to favor the formation of

porphyrin macrocycles with electrochemically polymeriz-

able thiophene moieties on alternating subunits (Scheme 1).

This arrangement should allow formation of linear polymer

chains with the metal center in direct electronic communi-

cation with the conjugated polymer backbone. The

thiophene-substituted benzaldehyde was produced by a

palladium catalyzed Stille-coupling. Condensation of the

resulting aldehyde with 5-phenyldipyrromethane using TFA

in CH2Cl2 followed by oxidation with DDQ [27,29] gave

the desired porphyrin 1 and 2 in 20–30% yields. Metallation

with zinc acetate afforded the zinc complex in 50–70%

yields. Thiophene and 3,4-ethylenedioxythiophene were

chosen as polymerizable moieties in these porphyrin

monomers, respectively (Scheme 1).

Polymeric films of monomer 1 can be readily deposited

on Pt, GC, ITO or Au electrodes by repetitive potential

scanning between K0.2 and C1.4 V (vs. Ag/AgCl).

Methylene chloride, acetonitrile or nitrobenzene have

been used as solvents for these polymerization processes.

Representatively, Fig. 1 shows the evolution of the cyclic

voltammograms on Pt electrode from a 0.1 mM monomer 1

solution in 0.1 M TBAPF6/CH2Cl2 over the potential range

from K0.2 to C1.4 V. The resulting polymer film remained

electroactive during polymerization process so that the

oxidative and reductive current peaks continuously

increased with each successive potential cycle. This is

characteristic for nonpassivating electropolymerization.

The polymer growth remained steadily over a period of

1 h. As a result, a thick and self-supporting film was

obtained. These results indicate that the polymer formed

possesses enough electrical conductivity to maintain the

polymer growth process. Thin deposited films are strongly

adherent to different electrode surfaces. Upon the increase

of the film thickness, the adherence of the deposited

polymer films to electrode surfaces becomes poor. In the

case of monomer 2, however, no polymer was formed due to

low solvation by applied solvents.

After 20 scanning cycles (Fig. 1) the Pt electrode was

coated by a dark brown and adherent thin polymer film

(poly1). After thoroughly rinsing, it was transferred to a

CH2Cl2C0.1 M TBAPF6 solution free of monomers. The

cyclic voltammogram of this modified electrode exhibited

the regular electrochemical response of the immobilized

zinc porphyrin characterized by two reversible one-electron



Fig. 2. Cyclic voltammetry as a function of sweep rate for a Pt/poly1 electrode: (a) the first scans, (b) the second scans, and peak currents for wave I and II as a

function of the scan rate, (c) wave I, (d) wave II.
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porphyrin ring oxidations at E1/2Z0.84 V [ZnP]/[ZnP]C%

and E1/2Z1.06 V [ZnP]C%/[ZnP]2C (Fig. 2(a) and (b)) [30].

The ratios of Ipa (anodic peak current) to Ipc (cathodic peak

current) in both surface waves remained equal to one at

different potential sweeping rates. The potential difference

between oxidation and reduction peaks (DEp) was between

50 and 100 mV, depending on potential scan rate (60–

180 mV/s, Fig. 2(a) and (b)). These parameters clearly

revealed that the formed porphyrin film is highly electro-

active [2]. The linear increase of peak current with potential

scan rates indicates surface-confined redox species, and is

not controlled by diffusion rates (Fig. 2(c) and (d)). The fact

that even at faster potential scan rates the linear relationship

is kept, indicates that the synthesized poly1 possesses higher

electron self-exchange rate. Integrating the charge under

these redox waves gave 5!10K8 mol/cm2 coverage of

electroactive sites on electrode surface. The coverage of the

deposited polymer can be readily and reproducibly adjusted

by varying the number of cyclical potential scans. Depend-

ing on the preparation condition, electroactive polymer

layers ranging from 5!10K10 to 5!10K6 mol/cm2 have

been deposited on the electrode surfaces. This corresponds

to several to several thousands porphyrin monolayers,

assuming that porphyrin lies flat on electrode surface and

each layer has a thickness of 0.6 nm.

Comparing the surface waves in Fig. 2, it is clearly seen

that a sharp prepeak always arises at the foot of the first

oxidation wave (Fig. 2(a)) and disappears in the second scan

(Fig. 2(b)). The magnitude of this prewave increases and the

peak potential shifts with scan rates, moving closer to the
main waves at the faster sweep rates. If the potential scan

range was restricted to the positive range, the prepeak

completely vanished after the first scan and the resulting

state remained stable in following scans (Fig. 4). Only when

the potential was switched to K0.2 V and remained at this

potential for 2 min, the disappeared prepeak is fully restored

after a sweep in the positive range up to the oxidation of the

porphyrin macrocycles. This process is perfectly reversible

and reproducible. This observed feature is not dependent on

the nature of solvent, supporting electrolyte or the electrode

substrate. The same prewaves are seen in CH3CN/

TBAClO4, CH2Cl2/TBAClO4, CH2Cl2/TBAPF6 and on Pt,

ITO, GC or Au electrodes. These results indicate that the

observed behavior is not the result of impurities, but involves a

charge-trapping phenomenon or current rectification.

Murray group is first to report the rectification phenom-

enon on electrodes using bilayer structure [31,32]. They

deposited two physically discrete layers of electroactive

materials of different redox potentials on a conductor

electrode. When the redox potentials were chosen appro-

priately, the electron transfer between the outer electro-

active layer and the underlying electrode is forced to occur

catalytically by electron-transfer mediation through redox

states of the inner electroactive layer. Wrighton et al. found

that such feature is also realizable, when two different redox

units were incorporated in a polymer chain and the structure

of the polymer prevented one of both redox subunits from

direct charge transport to and from the electrode [33–36].

Considering all results described in literatures, we believe

that the finding by Wrighton should be responsible for our



Fig. 3. (a) Cyclic voltammetry of a Pt electrode in 0.1 M TBAPF6/CH2Cl2
containing 0.1 mM 5,5 0-bisphenyl-2,20-bi(3,4-ethylenedioxythiophene) or

Zn complex of tetraphenylporphyrin. nZ100 mV/s. (b) schematic rep-

resentation of electron energy level for a Pt/poly1 electrode.

Fig. 5. UV/vis spectra of poly1 film on transparent ITO electrode (a),

dissolved poly1 in DMSO (b) as well as 0.1 mM monomer 1 in DMSO (c).
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case. In fact, due to the well-known minimal p-overlap

between the aryl ring and porphyrin macrocycle [1], the

synthesized polymer (poly1) can be considered to consist of

two isolated redox systems: porphyrin and 5,50-bisphenyl-

2,20-bithiophene (Scheme 1). The blocky porphyrin may cause

a spatial segregation and prevent bithiophene units from direct

contacting with electrode surface, and therefore undergoing

effective electron-exchange with electrode surface [32].
Fig. 4. Repeated cyclic voltammograms of a Pt electrode coated with poly1

in 0.1 M TBAPF6/CH2Cl2 solution, nZ100 mV/s. (1) first cycle, (2) 2–

1000 cycles.
Electrochemical characterization of synthesized model

compounds: 5,5 0-bisphenyl-2,2 0-bi(3,4-ethylendioxythio-

phene) and zinc complex of tetraphenylporphyrin in

solution confirmed our assumption (Scheme 1 and Fig.

3(a)). Zinc porphyrin displays the two one-electron

oxidation of porphyrin ring at the same potentials: 0.78

and 1.06 V (vs. Ag/AgCl). The oxidation of 5,5 0-bisphenyl-

2,2 0-bi(3,4-ethylenedioxythiophene), however, occurs at

0.61 V, which is much lower than peak potential of prepeak

(w0.7 V). It is obvious that, due to the electronic separation

described above, the 5,5 0-bisphenyl-2,2 0-bi(3,4-ethylene-

dioxy-thiophene) subunit in poly1 will be electroactive only

after the oxidation of porphyrin ring has taken place. As a

result, the oxidized state of bithiophene is trapped when the

potential scan is reversed. The scheme in Fig. 3 presents the

energy level diagram of our polymer system.

The electrochemical stability of poly1 coated electrode

was investigated by scanning the electrode potential one

thousand times over the oxidation wave (Fig. 4). Only 5%

decrease in the intensity of the peak currents occurred (Fig.

4). Especially, the previously reported instability of zinc

complex of the polyporphyrinate dication [37] was not

observed in poly1. Compared to the reported porphyrin

polymers including the polymers from electropolymerization

of porphyrin with pyrrole [4,16–18,37,38], the new porphyrin

polymer exhibits remarkable higher electrochemical stability.

The bases of this property are presumably the better thermal,

electrochemical stability as well as the highly electrical

conductivity of poly(ethylenedioxythiophene) as compared to

polyaniline and polythiophene [23,39–41].

The UV/vis absorption spectrum of the monomer 1 in



Fig. 6. 1H NMR spectra of the monomer 1 (A) and the Polymer poly1 (B).
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DMSO is compared with those of the poly1 on the ITO

transparent electrode as well as the dissolved polymer in

DMSO (Fig. 5). Upon the film formation, Soret band and Q

bands shift to long wavelength along with peak broadening.

The red shift as well as considerable broadness of the Soret

band was previously observed in the case of several

supported porphyrins, and were attributed to severe degree
of aggregation and stacking of the porphyrin molecules on

the electrode surface [33]. When the deposited polymer was

dissolved in DMSO, the nearly same UV/vis spectrum as

that of the corresponding monomer was produced, but with

larger peak broadness.

Fig. 6 displays the 1H NMR spectrum of the

monomer 1 together with that of the poly1 dissolved



Fig. 7. FT-IR spectra of the monomer 1 (A) and the polymer poly1 (B).
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from electrode surface. Comparison of both spectra

shows that, after the polymerization reaction, the singlet

signal at 6.43 ppm attributable to the lone thienyl proton

[42] completely disappeared, indicating the occurence of
Fig. 8. SEM image of the deposited polymer on ITO (A) and
a–a 0 couplings of the thiophene rings and the formation

of a reasonably high molecular weight polymer with no

visible end groups. MALDI-TOF MS was employed to

find out the polymerization degree in poly1. However,
TEM image of the dissolved polymer in DMSO (B).
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the experiments failed, because no appropriate matrix

was found.

Complementary to the 1H NMR data, the analysis of the

FT-IR spectra of the monomer 1 and the poly1 also suggests

a–a 0 couplings of the thiophene rings during polymeriz-

ation. FTIR spectrum of the monomer 1 exhibited the

characteristic a-CH out of plane bending at 893 cmK1 and

a-CH stretching of the thiophene ring at 3107 cmK1,

respectively (Fig. 7(A)) [43,44]. After polymerization

reaction these absorption peaks were absent in the spectrum

of the obtained poly1 (Fig. 7(B)). These results further

indicate that the polymerization of the synthesized mono-

mer proceeds through the a–a 0 couplings of the thiophene

rings.

Examination by scanning electron microscopy showed

that the deposited polymer films on different electrode

surfaces exhibit a homogeneous morphology (Fig. 8(A)). A

10 ml aliquot of DMSO solution of polymer (poly1) was

dropped onto a holey carbon coated copper grid. After

desposition for 1 min, the remaining solution was wiped up

using filter paper and polymer chains were imaged by

transmission electron microscopy. Long fabric aggregate in

submicrometer range was observed (Fig. 8(B)).
4. Conclusions

We report the synthesis and electropolymerization of two

new thiophenesubstituted porphyrins and their zinc com-

plexes. It is found that the porphyrin with 3,4-ethylenediox-

ythiophene units possesses good polymerizability and can

be readily electropolymerized onto different electrode

surfaces. Electrochemical characterizations show that the

resultant polythiophene–metalloporphyrin hybrid materials

are highly electroactive and exhibit remarkable higher

electrochemical stability. Interestingly, they exhibit a

charge-trapping effect. The formation of two different

redox units in resultant polymer chains is believed to be

responsible for the observed charge-trapping phenomenon,

and the proposed mechanism was supported by using model

compounds. The deposited polymer films on different

electrode surfaces show a homogeneous morphology and

are soluble in polar solvents such as DMSO or DMF.

Besides electrochemical method, UV/vis, NMR, FTIR,

TEM and SEM were employed to characterize the new

porphyrin polymer.
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