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Characterization of a porphyrin-functionalized conducting polymer: A first 
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A B S T R A C T   

The climate crisis has created a demand for molecular catalysts that can drive redox reactions for production of 
sustainable fuels. To this end, we present the design, synthesis and characterization of a conducting polymer 
backbone functionalized with free base porphyrin pendant groups. Combining intrinsic charge transport with 
catalytic prospect, this system offers possibilities of molecular heterogeneous electrocatalysis with straightfor-
ward energy supply and product extraction. Using cyclic voltammetry and spectroelectrochemistry, we show that 
the polymerized system is stable, and that the properties of the polymer and the porphyrins are independently 
preserved. With in-situ conductance measurements, we demonstrate that polaronic charge transport through the 
polymer backbone is superimposed by redox conductivity through the porphyrin pendant groups. These results 
suggest that our system is a reliable fundamental structure suitable for tuning towards heterogeneous catalysis of 
redox reactions.   

1. Introduction 

To face the challenges of the climate crisis, we need more sustainable 
ways to harvest energy, produce fuel and decrease the amount of CO2 
present in the atmosphere. Two ideas that are currently attracting 
attention for these purposes are H2 fuel production from water elec-
trolysis, as part of a solar fuel cycle [1], and converting CO2 to fuel or 
chemicals through its reduction to CO [2–4]. Both of these processes 
involve redox conversions that rely on catalysts to be acceptably effi-
cient. The most efficient catalysts for both the hydrogen evolution re-
action [5] and CO2 reduction [2] are currently based on noble metals, 
which are neither economically nor environmentally sustainable. Sig-
nificant efforts are therefore being made to develop catalysts consisting 
of more earth-abundant elements. Specifically, molecular design is being 
used to construct catalysts with high activity and selectivity from 
organic and metal-organic molecules. 

Molecular catalysts exist in both homogeneous and heterogeneous 
setups. Homogeneous catalysts have well-defined catalytic sites [6], but 
are difficult to separate from reaction products [6,7]. If freely diffusing, 
they are also impractical to supply with energy. Heterogeneous setups, 
on the other hand, allow for immobilized catalysts that are easy to 
separate from gaseous or dissolved products. In addition, heterogeneous 

catalysts can be immobilized directly onto a current collector connected 
to an external circuit, resulting in straightforward energy supply. This is 
an important factor in redox catalysis, where the catalytic process relies 
on efficient charge transport between the external circuit and the cata-
lyst, and between the catalyst and the reactant. 

Unfortunately, charge transport in molecular catalysts occurs 
through redox hopping via the catalytic site, i.e. molecular catalysts 
typically only transport charge when they are redox active [8]. This 
means that charge transport through thick layers of molecular catalysts 
is inefficient, making it difficult to construct a heterogeneous system 
with a high number of catalytic sites. In addition, it means that molec-
ular catalysts must themselves be redox active to drive the redox reac-
tion of the reactant. Consequently, the redox-catalytic abilities of 
molecular catalysts are restricted to narrow intervals around the formal 
potentials of their own redox conversions [8]. These limitations in 
charge mobility and access call for a molecular catalytic system 
embedded in a conducting matrix, where the Fermi level can be shifted 
and charges continuously supplied to the reaction. 

We and others have previously reported on the concept of con-
ducting redox polymers, where the intrinsic charge transport abilities of 
conducting polymers are combined with application-specific properties 
of redox active pendant groups [9–13]. We have, for example, 
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successfully used materials based on conducting redox polymers with 
high capacity pendants as battery electrodes [11,14]. Within this work, 
we extend this concept towards catalysis by replacing the charge storage 
units on the polymer with porphyrins. Porphyrins appear as key com-
ponents in biocatalytic processes such as photosynthesis and cell respi-
ration [15–17]. They have been shown to have promising catalytic 
qualities in both homogeneous [18] and heterogeneous setups, and 
several previous attempts at incorporation into polymeric environments 
have proven successful [19–23]. 

Using 3,4-ethylenedioxythiophene (E), 3,4-propylenedioxythio-
phene (P) and free base meso-tetraphenylporphyrin (H2TPP), we have 
designed and synthesized a porphyrin-functionalized trimer (EPE-TPP- 
H2). We have polymerized it, and thoroughly characterized the resulting 
system, pEPE-TPP-H2. Using cyclic voltammetry, spectroelec-
trochemistry, scanning electron microscopy (SEM), energy-dispersive X- 
ray spectroscopy (EDXS), and in-situ conductance techniques, we show 
that pEPE-TPP-H2 maintains the individual properties of both the con-
ducting polymer and the porphyrin. We show that the system is stable, 
and determine its charge transport properties. We conclude that pEPE- 
TPP-H2 is a reliable structure with prospects of catalytic versatility. 
Through appropriate metalation, this free base system could be tuned 
towards heterogeneous catalysis of the hydrogen evolution reaction, 
reduction of CO2, or other environmentally beneficial reactions. This 
work is the first step towards a polymer-based porphyrin electrocatalyst 
for sustainable applications. 

2. Experimental 

2.1. General 

All electrochemical, spectroelectrochemical and conductance mea-
surements were performed in a three-electrode setup using an Autolab 
PGSTAT032N potentiostat from Metrohm AG, equipped with a bipo-
tentiostat module. A Pt wire was used as the counter electrode, together 
with an Ag/Ag+ reference electrode. Dichloromethane (DCM) was used 
as the solvent for polymerization and for characterization of species in 
solution, and acetonitrile (MeCN) was used for characterization of 
immobilized species. Tetrabutylammonium hexafluorophosphate (0.1 
M, TBAPF6) was used as the supporting electrolyte for both solvents. 
Before each measurement, the electrolyte solution was deoxygenated by 
purging with solvent-saturated N2 gas for approximately 10 minutes. 
Unless otherwise stated, all measurements were performed at room 
temperature (22◦C) and under an N2 atmosphere. 

Electrochemistry was performed using glassy carbon disk working 
electrodes, spectroelectrochemistry using indium tin oxide (ITO) glass 
working electrodes and conductance measurements using Au interdigi-
tated array (IDA) working electrodes. The Ag/Ag+ reference electrode 
was freshly assembled for each round of experiments. It was kept in a 
separate compartment connected to the bulk solution by a porous frit, 
and prepared by dissolving AgNO3 in the electrolyte solution (to 0.01 M 
in MeCN and to saturation in DCM). The ferrocene/ferrocenium (Fc/ 
Fc+) redox couple was used as an internal reference and all measured 
potentials were adjusted accordingly. 

2.2. Synthesis 

The trimeric units EP(OH)E (from here on referred to as only EPE) 
were prepared as previously reported [24]. At 0◦C, 5-(4-carbox-
yphenyl)-10,15,20-(triphenyl)porphyrin (H2TPP-COOH, 495 mg, 0.751 
mmol, 1.0 eq.) and EPE (442 mg, 0.920 mmol, 1.2 eq.) were dissolved in 
anhydrous tetrahydrofuran (250 ml) in a flame dried round bottomed 
flask under Ar, after which 4-dimethylaminopyridine (279 mg, 2.28 
mmol, 3.0 eq.) and 1-(3-dimethylaminopropyl)-3-ethylcarbodiimide 
hydrochloride (218 mg, 1.51 mmol, 1.5 eq.) were added. The solution 
was stirred while heating to reflux and the reaction was followed by 
thin-layer chromatography (TLC). After approximately 10 minutes at 

maximum temperature, TLC showed no starting material remaining. The 
solution was cooled to room temperature and the tetrahydrofuran was 
removed under reduced pressure. The residue was dissolved in DCM 
(100 ml) and water (100 ml) was added. The phases were separated and 
the aqueous phase was extracted with DCM (3 × 50 ml). The combined 
organic extracts were dried over Na2SO4 and the solvent was removed 
under reduced pressure. The crude product was purified by column 
chromatography (h = 20 cm, d = 7 cm, aluminum oxide) using n-pen-
tane/DCM 1/1 to 1/3 as the eluent. Fractions containing product 
(determined using TLC) were combined and the solvent evaporated to 
give EPE-TPP-H2 as a dark purple solid (270 mg, 0.241 mmol, 32%). 1H- 
and 13C-nuclear magnetic resonance (NMR) spectra are available in 
Figure S1 and Figure S2. 

Rf 0.91 (DCM/ethyl acetate: 1/1); 1H NMR (500MHz, CD2Cl2): δ 
8.88 (m, 6H), 8.82 (d, J = 4.5 Hz, 2H), 8.47 (d, J = 8.2 Hz, 2H), 8.33 (d, 
J = 8.2 Hz, 2H), 8.22 (m, 6H), 7.78 (m, 10H), 6.28 (s, 2H), 5.31 (m, 3H), 
4.68 (s, 2H), 4.43 (d, J = 12.1 Hz, 2H), 4.34 (m, 4H), 4.22 (m, 4H), 4.02 
(d, J = 12.1 Hz, 2H), 1.25 (s, 3H), -2.83 (s, 2H); 13C NMR (126 MHz, 
CD2Cl2): δ 166.8, 147.5, 144.8, 142.4, 142.4, 141.8, 137.8, 135.1, 
135.0, 129.9, 128.4, 128.2, 127.2, 121.0, 120.8, 119.0, 113.6, 110.4, 
98.4, 77.2, 67.6, 65.7, 65.1, 43.5, 30.1, 17.4. 

2.3. Cyclic voltammetry 

The trimer EPE (without porphyrin pendant), as well as EPE-TPP-H2, 
were polymerized onto glassy carbon working electrodes using cyclic 
voltammetry. EPE was dissolved to 5 mM in 0.1 M TBAPF6/DCM, and 
polymerized for 15 cycles between -0.4 and 0.9 V vs. Fc/Fc+, at a scan 
rate of 0.1 V/s. EPE-TPP-H2 was dissolved to 2.5 mM and polymerized 
for 10 cycles between -0.65 and 0.9 V vs. Fc/Fc+, at 0.05 V/s. After the 
electrochemical polymerization was finished, the polymer films 
(immobilized on the glassy carbon surface) were rinsed with DCM and 
acetone to remove any leftover electrolyte. The films were then char-
acterized in 0.1 M TBAPF6/MeCN, at 0.1 V/s. The insolubility and redox 
activity retention of the pEPE-TPP-H2 film were tested by soaking the 
polymer-coated electrode in DCM for two hours, then in dime-
thylformamide (DMF) for 24 hours, and performing cyclic voltammetry 
in between and after to ensure that the current response did not change. 
Additionally, cyclic voltammograms were recorded of H2TPP and EPE- 
TPP-H2 in solution (2.5 mM in 0.1 M TBAPF6/DCM, 0.1 V/s). 

Scan rate studies were conducted of the transitions between the 
neutral state, and the reduced and oxidized states of the porphyrin units 
in pEPE-TPP-H2. The high-potential transition to the oxidized state was 
studied by cycling the potential between approximately 0.3 and 0.6 V vs. 
Fc/Fc+, and the low-potential transitions to the two reduced states by 
cycling the potential between -2.15 and -1.3 V vs Fc/Fc+. The scan rate 
was varied between 0.01 V/s and 0.4 V/s. Between each measurement of 
the two low-potential transitions, three cycles at 0.1 V/s were run across 
the high-potential transition. This was done because the area of the 
peaks corresponding to the low-potential transitions decreased during 
cycling unless potentials high enough to dope the polymer were 
included in the scan. 

2.4. UV/vis spectroscopy and spectroelectrochemistry 

UV/vis spectroscopy was performed using an Agilent 8453 UV- 
visible single beam spectrophotometer in the interval 190-1100 nm. A 
1 mm slit cuvette was used to study species in solution, and a 1 × 1 cm 
quartz cuvette was used to study immobilized species. 

The UV/vis absorbance spectrum of H2TPP was obtained from a 
solution of 2.5 mM H2TPP in 0.1 M TBAPF6/DCM. A blank spectrum of 
0.1 M TBAPF6/DCM without H2TPP was subtracted from the sample 
spectrum. Spectroelectrochemistry of H2TPP was then conducted using 
a Pt mesh working electrode. The counter and reference electrodes were 
both kept in separate compartments, and a blank spectrum of the 
porphyrin-free electrolyte solution and the working electrode was 
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subtracted from the sample spectrum. Using large amplitude potential 
step voltammetry, the porphyrin was changed back and forth between 
its first oxidized and neutral states. For a total of three cycles, the 
porphyrin was first kept at 0.75 V vs. Fc/Fc+ for 60 seconds, then at -0.6 
V vs. Fc/Fc+ for 60 seconds. The absorbance spectrum was recorded 
every second. 

The UV/vis absorbance spectrum of EPE-TPP-H2 was obtained from 
solution, the same way as for H2TPP. To record the absorbance spectrum 
of the polymeric system, EPE-TPP-H2 was electropolymerized onto an 
ITO electrode using cyclic voltammetry. The scan rate was set to 0.05 V/ 
s, the number of cycles to 5, and the potential cut-off points to -0.65 and 
0.9 V vs. Fc/Fc+. The resulting film was rinsed with DCM to remove any 
leftover electrolyte. The UV/vis absorbance spectrum of pEPE-TPP-H2 
was then measured by placing the polymer-coated ITO electrode in the 
cuvette, after recording and subtracting a blank spectrum of an empty 
ITO electrode. 

Spectroelectrochemistry of pEPE-TPP-H2 was conducted by 
recording the UV/vis absorbance spectrum every second while per-
forming cyclic voltammetry between -1.1 and 0.7 V vs. Fc/Fc+, at 0.05 
V/s. A blank spectrum was recorded at -1.1 V vs. Fc/Fc+ before begin-
ning the cycling, and then subtracted from all subsequent spectra. The 
spectroelectrochemical properties of the transition between the neutral 
state and the oxidized state of the porphyrin units in pEPE-TPP-H2 were 
measured in the same manner, but with the lower cut-off potential set to 
0.2 V vs. Fc/Fc+, where the polymer is doped. This way, spectral changes 
related to the doped polymer were separated from those related to the 
porphyrins. The electrolyte solution in the cuvette was not 
deoxygenated. 

2.5. In-situ conductance measurements 

To perform in-situ conductance measurements (described in detail 
by Wieland et al. [25]), EPE-TPP-H2 was electropolymerized in bipo-
tentiostatic mode onto an IDA electrode, using a cable connector for 
interdigitated electrodes from Metrohm AG. EPE-TPP-H2 was dissolved 
to 2.5 mM in 0.1 M TBAPF6/DCM, and polymerized for 10 cycles be-
tween -0.65 and 0.9 V vs. Fc/Fc+, at 0.05 V/s. The voltage bias across the 
IDA electrode was kept at 0.01 V throughout all conductance 
measurements. 

After polymerization, the film was rinsed with DCM and acetone and 
the electrode transferred to a water-cooled cell. A cyclic voltammogram 
was recorded at room temperature between -1.1 and 0.6 V vs. Fc/Fc+

(0.1 M TBAPF6/MeCN, 5 mV/s). Then, the potential across the cell was 
fixed to 0.2 V vs. Fc/Fc+ (where the polymer is doped), and the current 
was recorded every second while decreasing the temperature from 39◦C 
to -10◦C. The temperature was measured as a function of time, so that 
the conductance could be calculated and fitted against temperature. A 
second, similar measurement was then made where the temperature was 
increased back to 39◦C. Cyclic voltammetry was performed in between 
and after the temperature-dependent conductance measurements to 
ensure the film was not degrading. 

2.6. SEM/EDXS 

To investigate the morphology and confirm the composition of the 
polymer film, pEPE-TPP-H2 was studied with SEM and EDXS. EPE-TPP- 
H2 was polymerized onto an IDA electrode (see above), and imaged with 
a Zeiss LEO 1530 FEG in-lens secondary electron detector. Images were 
also taken of a film that had been left to air-dry for three weeks. The 
acceleration voltage was set to 3 kV for SEM and 10 kV for EDXS. 

3. Results and discussion 

3.1. Synthesis 

Using our previously developed method to obtain functionalized 

trimeric thiophenes [11,26,27], EPE-TPP-H2 was assembled through an 
ester coupling between H2TPP-COOH and the hydroxyl-functionalized 
trimer EPE [24]. In its pristine form, EPE-TPP-H2 appears as a dark, 
purple powder. This powder was dissolved in DCM and electrodeposited 
directly onto various electrode surfaces using cyclic voltammetry. Cyclic 
voltammograms (CVs) of this process show strong oxidative current 
responses above 0.3 V vs. Fc/Fc+, paralleled by a continuous increase in 
current magnitude in the entire potential window (see Figure S3). These 
features are consistent with successful electropolymerization [28–30]. 
Thus, the polymer pEPE-TPP-H2 can be deposited in the form of a blue, 
solid film onto glassy carbon, ITO glass and IDA electrode surfaces. The 
polymerization of EPE-TPP-H2 into pEPE-TPP-H2 is illustrated in 
Scheme 1. 

The oxidative response during electropolymerization includes three 
oxidation waves: one irreversible at approximately 0.2 V vs. Fc/Fc+, and 
two quasi-reversible at approximately 0.5 and 0.8 V vs. Fc/Fc+, 
respectively. As the irreversible wave is absent in the porphyrin elec-
trochemistry (see section 3.2), we suggest that it originates in oxidation 
of the EPE unit. Conversely, the two quasi-reversible waves are attrib-
uted to the 0/+I and +I/+II porphyrin redox transitions discussed 
below. Polymerization is slow and results in poorly reproducible films 
unless all three waves are included during cycling (the effect on poly-
merization of the anodic cutoff potential can be seen in Figure S4). This 
is somewhat surprising, as we would expect the EPE oxidation wave to 
be enough for efficient polymer formation. We speculate that a single 
oxidation of the trimer does not produce sufficient radical density on the 
flanking 3,4-ethylenedioxythiophene units for effective polymerization, 
and that further oxidation therefore is necessary for reliable and efficient 
polymer build-up. 

3.2. Cyclic voltammetry 

Fig. 1a shows the CV of H2TPP dissolved in 0.1 M TBAPF6/DCM. Four 
one-electron redox reactions are visible, occurring at -2.01, -1.67, 0.55 
and 0.89 V vs. Fc/Fc+. Because neutral H2TPP has an open circuit po-
tential of around -0.3 V vs. Fc/Fc+, the two peaks at low potentials 
correspond to conversion to reduced states relative the neutral com-
pound, whereas the two peaks at high potentials involve oxidized states. 
These results are in good agreement with previously reported values 
[31–34]. Ordered from lowest potential to highest, the five oxidation 
states of the porphyrin (including the neutral state) will from here on be 
referred to as -II, -I, 0, +I and +II. 

Fig. 1b shows the CV of the -I/-II and 0/-I transitions of EPE-TPP-H2 

Scheme 1. The system studied in this work consists of an alkyldioxythiophene- 
based, H2TPP-functionalized conducting polymer, electropolymerized directly 
onto an electrode surface. 
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dissolved in 0.1 M TBAPF6/DCM. The formal potentials of these tran-
sitions are -1.91 and -1.57 vs. Fc/Fc+, respectively, i.e. 0.1 V less 
negative than for H2TPP. This shift may be caused by the electron 
withdrawing abilities of the ester group in the linker between the 
porphyrin and the trimer. 

Fig. 1c shows the CV of pEPE. There is a clear increase in current 
magnitude with increasing potential, an anodic peak at the beginning of 
this increase, and a current plateau. These are all well-documented and 
typical CV features of a conjugated polymer undergoing p-doping, 
during which charge carriers are formed within the polymer through 
oxidation [25,28,29,35,36]. 

The CV of the full system, pEPE-TPP-H2, can be seen in Fig. 1d. It 
shows that the system is quasi-reversibly redox active, and includes 
polymer doping as well as the -I/-II, 0/-I and 0/+I transitions of the 
porphyrin. These features all remain after soaking the film in DCM and 
DMF, solvents that normally dissolve both EPE and H2TPP (see Fig. 2). 
The formal potentials of the -I/-II and 0/-I transitions of pEPE-TPP-H2 
are -1.93 and -1.53 vs. Fc/Fc+, respectively, in good agreement with the 
formal potentials of EPE-TPP-H2 in solution. The formal potential of the 
0/+I transition is 0.49 V vs. Fc/Fc+, which is slightly lower than for 
H2TPP. A possible explanation is that the MeCN-soaked polymer matrix 
better accommodates charged states than the DCM solution in which 
H2TPP was characterized. 

In general, the CV of pEPE-TPP-H2 agrees very well with the CVs of 
its building blocks, pEPE and H2TPP. In addition, the doping of the 

polymer, the high potential redox conversion (0/+I), and the two low- 
potential porphyrin redox conversions (-I/-II and 0/-I) can all be 
cycled over separately (see Figure S6). These results suggest that the 
functionalities of the building blocks are well preserved within pEPE- 
TPP-H2. However, aside from the shift in redox potentials between 
H2TPP and EPE-TPP-H2, two more side effects of incorporating the 
porphyrin units into the polymer should be addressed. Firstly, the areas 
of the low-potential redox peaks decrease during cycling, unless the 
potential region where the polymer is doped is included in the scan. 
Secondly, the anodic peak around -0.3 V vs. Fc/Fc+ is larger in pEPE- 
TPP-H2 than in pEPE, relative the overall doping level of the polymer. In 
pEPE-TPP-H2, the height of this peak decreases when the low-potential 
transitions are excluded from the scan, until it resembles the anodic peak 
seen in the CV of pEPE. 

These effects can all be understood by noting the charge imbalance in 
pEPE-TPP-H2 between the cathodic and anodic sweeps of the -I/-II and 
0/-I transitions (-2.1 to -1 V vs. Fc/Fc+), as well as between doping and 
dedoping of the polymer (-1 to 0.3 V vs. Fc/Fc+). The amount of charge 
passed – obtained through integration of the CV in Fig. 1d – is 0.49 mC 
during reduction to the -I and -II states, but only 0.25 mC during reox-
idation to the 0 and -I states. Similarly, the amount of charge passed is 
0.63 mC during doping, but only 0.39 mC during dedoping. Conversely, 
in the potential region including both the -I/-II and 0/-I transitions and 
polymer doping/dedoping (-2.1 to 0.3 V vs. Fc/Fc+), the charge is well 
balanced: 0.87 mC is passed during the cathodic sweep, and 0.88 mC 
during the anodic sweep. The missing reoxidation charges are thus 
largely accounted for by the anodic wave at -0.3 V vs. Fc/Fc+. This in-
dicates that redox charges are trapped by the undoped polymer at low 
potentials, preventing complete reoxidation of reduced porphyrin units 
until the charges are released upon polymer doping. Doping improves 
both electronic conductivity and ion diffusion through the polymer, the 
latter because the polymer swells as it picks up counter ions to preserve 
charge neutrality. As both processes are necessary for charge transport, 
it is not possible to distinguish weather charges are trapped at low po-
tentials primarily because the undoped polymer is poorly conducting, or 
because it is too densely packed for efficient ion transport. 

The amount of charge passed through the system can also be used to 
obtain a rough estimate of the number of porphyrin units that are 
electronically accessible through the polymer network. Integration of 
the 0/+I transition (0.3 to 0.6 V vs. Fc/Fc+) yields 0.11 mC for the 
cathodic sweep, and 0.17 mC for the anodic sweep. The current in this 
potential region is caused by a mixture of porphyrin redox conversion 
and continued polymer doping, meaning that the amount of charge 

Fig. 1. CV of a) H2TPP, b) EPE-TPP-H2, c) pEPE, and d) pEPE-TPP-H2. H2TPP 
and EPE-TPP-H2 were characterized in solution (0.1 M TBAPF6/DCM, 0.1 V/s); 
pEPE and pEPE-TPP-H2 were immobilized on glassy carbon electrodes (0.1 M 
TBAPF6/MeCN, 0.1 V/s). Dashed red lines show the formal potentials of the -I/- 
II, 0/-I, 0/+I, and +I/+II transitions of H2TPP in solution. Solid red lines show 
the the formal potentials of the -I/-II, 0/-I, and 0/+I transitions of pEPE-TPP-H2. 

Fig. 2. CV of pEPE-TPP-H2 (0.1 M TBAPF6/MeCN, 0.1 V/s) before and after 
soaking the film in first DCM, then DMF. 
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originating in porphyrin redox conversion is smaller than the given 
values. Importantly, the cathodic (anodic) value is smaller than 1/3 of 
the dedoping (doping) charges discussed above. As there is one 
porphyrin per trimer, this means that all porphyrins are not accessed. 

3.3. Scan rate study 

In pEPE-TPP-H2, the 0/+I transition occurs in the potential region 
where the polymer is conducting, whereas the 0/-I and -I/-II transitions 
occur in the potential region where the polymer is insulating. To 
compare the kinetics of the pEPE-TPP-H2 porphyrin redox reactions 
inside and outside of the potential region where the polymer is doped, a 
cyclic voltammetry scan rate study was performed (see Fig. 3). The scan 
rate affects peak currents as well as the potential difference between 
anodic and cathodic peaks, the peak separation. For electrochemically 
reversible systems that are not limited by diffusion, such as Nernstian 
surface bound systems, the peak separation is 0 [37,38]. The entire 
volume of the redox active layer is then in equilibrium at all times, and 
the peak current increases linearly with the scan rate. For the cathodic 
peak current, ip,c, the relation reads [38] 

⃒
⃒ip,c

⃒
⃒ =

z2F2AΓox

4RT
v, (1)  

where z is the number of charges passed in the reaction, F is the Faraday 
constant, A is the electrode area, Γox is the surface coverage of oxidized 
species, R is the gas constant, T is the temperature and v is the scan rate. 
For electrochemically reversible diffusion-limited systems, the peak 
separation is expected to be 57/z mV, and the peak current is propor-
tional to the square root of the scan rate [39]: 

⃒
⃒ip,c

⃒
⃒ = 0.4463AC∗

ox

(
z3F3Doxv

RT

)1/2

. (2)  

Here, C∗
ox and Dox are the bulk concentration and the diffusion coeffi-

cient of the oxidized species, respectively. At sufficiently high scan rates, 
the reaction kinetics of any system will not be able to keep up with the 
imposed potential change, and the separation between the anodic and 
cathodic peak will grow. 

Fig. 4 shows the logarithm of the cathodic peak current as a function 
of the logarithm of the scan rate for the -I/-II, 0/-I, and 0/+I transitions 
of pEPE-TPP-H2. For the 0/+I transition, the slope of the function is 
close to unity in the scan rate interval 0.02 to 0.4 V/s. In the potential 
region where the polymer is doped, the redox conversion of the 
porphyrin units is therefore complete throughout the entire film up to at 

least 0.4 V/s. For the 0/-I transition, the slope of lnip, c vs. lnv is unity 
only between 0.02 and 0.05 V/s, indicating incomplete redox conver-
sion at scan rates above 0.05 V/s. For the -I/-II transition, the slope is 
only 0.76 even at low scan rates. At the scan rates considered here, the 
low-potential redox conversions are thus at least partly governed by 
diffusion (though not necessarily linear diffusion, as the slope is above 
0.5), whereas the high-potential redox conversion is not. 

Fig. 4 also shows the peak separation as a function of the logarithm of 
the scan rate. The peak separation does not reach 0 for any of the 
transitions, but is below 57 mV at low scan rates for all three. This in-
dicates that the porphyrin units in pEPE-TPP-H2 are able to operate like 
a surface bound system. The peak separation is consistently smaller, and 
remains below 57 mV over a larger range of scan rates, for the 0/+I 
transition than for the -I/-II and 0/-I transitions. Thus, the kinetics of the 
high-potential redox reactions (where the polymer is conducting) are 
more favorable than the kinetics of the low-potential redox reactions 
(where the polymer is insulating). Together, these observations suggest 
that the polymer backbone will function as intended in future attempts 
at heterogeneous catalysis: its presence ensures efficient and steady 
charge transport to and from the catalytic pendant groups. 

Fig. 3. CVs at scan rates 0.01-0.4 V/s in 0.1 M TBAPF6/MeCN, of a) the -I/-II and 0/-I transitions, and b) the 0/+I transition, of pEPE-TPP-H2. The scan rate was 
increased by 0.01 V/s increments between 0.01 and 0.1 V/s, and by 0.1 V/s increments between 0.1 and 0.4 V/s. 

Fig. 4. Peak current and peak separation as functions of scan rate for the -I/-II, 
0/-I and 0/+I transitions of pEPE-TPP-H2. The gray horizontal line marks the 
maximum peak separation for a Nernstian system governed by linear diffusion. 
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3.4. UV/vis spectroscopy and spectroelectrochemistry 

Fig. 5a shows the UV/vis absorbance spectra of H2TPP, EPE and EPE- 
TPP-H2 dissolved in DCM, and of pEPE-TPP-H2 immobilized on an ITO 
electrode and measured in MeCN. H2TPP has a Soret band absorbance 
peak (referred to as S2) at 2.97 eV, and Q band peaks at 1.92, 2.10, 2.26 
and 2.41 eV (Q1-Q4). This is in good agreement with literature values 
[31,34,40]. H2TPP also has a small peak at 2.79 eV, a small shoulder at 
3.11 eV and a broad shoulder at approximately 3.33 eV (S1, S3 and S4, 
respectively). Dissolved EPE has three absorbance peaks, located at 
3.14, 3.32 and 3.50 eV. All the above-mentioned features for EPE and 
H2TPP are clearly visible in the spectrum of EPE-TPP-H2, which closely 
resembles a superposition of the spectra of these individual components. 
This suggests that the unimolecular entity EPE-TPP-H2 preserves the 
unique properties belonging to each of its building blocks. 

Polymerization of EPE-TPP-H2 results in a broadening of S2, an in-
crease in absorbance over the Q band region, the disappearance of the 

absorption bands related to the EPE subunit around 3.3 eV, and the 
appearance of an absorption band around 1.5 eV. The broadening of S2 
is likely due to π-π interaction between porphyrin units and/or between 
porphyrin units and the polymer backbone. The other spectral changes 
occur because the polymerization process extends the EPE π-system, 
which increases the number of available low-energy orbitals and causes 
a general redshift of the EPE spectrum. Importantly, the main spectral 
changes between EPE-TPP-H2 and pEPE-TPP-H2 are related to the EPE 
subunits rather than the porphyrin pendants, suggesting that only EPE is 
involved in the polymerization and that the porphyrins do not take part 
in the reaction. 

The upper panel of Fig. 5b shows the spectroelectrochemical differ-
ence spectra of the oxidation from state 0 to state +I of H2TPP dissolved 
in DCM. As the porphyrin is oxidized, the S2, S3, Q3 and Q4 absorbance 
peaks decrease, whereas the S1, S4, Q1 and Q2 absorbance peaks in-
crease. Similar spectroelectrochemical results have been reported before 
[41–43]. The bottom panel of Fig. 5b shows the spectroelectrochemical 

Fig. 5. a) UV/vis absorbance spectra of H2TPP, EPE, and EPE-TPP-H2 in solution (0.1 M TBAPF6/DCM), and of pEPE-TPP-H2 immobilized on an ITO electrode (0.1 M 
TBAPF6/MeCN). Q1-Q4 are Q band peaks, S2 is the Soret band, and S1, S3 and S4 are other porphyrin-related features. b) Spectroelectrochemical difference spectrum 
of the 0/+I oxidation. Upper: H2TPP in solution (0.1 M TBAPF6/DCM, 60 s potential step from -0.6 to 0.75 V vs. Fc/Fc+). Lower: immobilized pEPE-TPP-H2 (0.1 M 
TBAPF6/MeCN, 0.05 V/s). c) Spectroelectrochemical difference spectrum of pEPE-TPP-H2 during polymer doping and 0/+I redox conversion. P1 corresponds to band 
gap spectral transitions, and P2-P3 to polaron and bipolaron in-gap spectral transitions. d) Change with potential of P1-P3 and S1-S4 as marked in c), and corre-
sponding CV. 

F. Zaar et al.                                                                                                                                                                                                                                     



Electrochimica Acta 424 (2022) 140616

7

difference spectra of the oxidation from state 0 to state +I of the 
porphyrin units in pEPE-TPP-H2 (surface bound and measured in 
MeCN). This was obtained by subtracting the spectrum of the doped 
polymer (at 0.2 V vs. Fc/Fc+) from all spectra recorded in the potential 
region of the porphyrin redox conversion (0.2 to 0.7 V vs. Fc/Fc+). The 
spectral changes associated with porphyrin oxidation in pEPE-TPP-H2 
correspond very well to those observed for the porphyrin oxidation in 
solution, barring an overall redshift. We suggest that the redshift is a 
solvochromatic effect. As mentioned in section 3.2., the MeCN-soaked 
polymer matrix should have a stronger charge-stabilizing effect on the 
porphyrin units than DCM. Charged states are therefore less energeti-
cally unfavorable, and redox or spectroscopic transitions require less 
energy, for doped pEPE-TPP-H2 than for H2TPP in solution. 

To study the interaction between the porphyrin pendants and the 
polymer backbone, a spectroelectrochemical characterization of pEPE- 
TPP-H2 was performed over a potential window covering both the 
polymer doping and the 0/+I porphyrin redox conversion. Fig. 5c shows 
the spectroelectrochemical difference spectra of pEPE-TPP-H2 obtained 
during the forward scan (the backward scan is available in Figure S7). 
There is a large decrease in absorbance at 2.01 eV, paralleled by an 
increase in absorbance at 1.18 and 1.32 eV. These features correspond to 
band gap spectral transitions being replaced by in-gap spectral transi-
tions, due to polaron and bipolaron formation through oxidative poly-
mer doping [9]. They are referred to as P1, P2, and P3, respectively, and 
are described in the schematic representation in Fig. 6. The difference 
spectra of pEPE-TPP-H2 also include spectral features related to the 0/+I 
conversion. Absorbance changes in S1-S4 are clearly visible and corre-
spond well to those described above (refer back to Fig. 5b). The 
porphyrin Q bands, however, are difficult to distinguish from the band 
gap region of the polymer. 

Fig. 5d shows the change in absorbance of P1-P3 and of S1-S4 as a 
function of potential. Spectral changes related to the polymer (P1-P3) 
begin in connection to the onset of polymer doping, whereas changes in 
porphyrin absorbance (S1-S4) occur in the potential region of the 0/+I 
redox conversion. In fact, the formal potential of the 0/+I conversion 
obtained from this spectroelectrochemical study (calculated by taking 
the average of the inflection points of the S1-S4 curves, between the 
forward and backward scans) is 0.47 V vs. Fc/Fc+, in excellent agree-
ment with the formal potential obtained from cyclic voltammetry. These 
results clearly show that the absorbance spectrum of the porphyrin and 
polymer in pEPE-TPP-H2 are independent, another argument in favor of 
that the polymer and the porphyrin are interconnected, but maintain 
their respective functionalities. 

3.5. In-situ conductance 

In-situ conductance measurements were performed using IDA elec-
trodes. An IDA electrode is comprised of two close lying Au working 
electrodes, which can be bridged by e.g. a conducting polymer film. The 
conductance of the polymer can be determined by performing a cyclic 

voltammetry on both working electrodes at once, while keeping a con-
stant voltage bias between them. When the polymer becomes con-
ducting during doping, a current flows through it and connects the 
working electrodes, such that the voltage bias causes the two current 
responses to diverge. The sum of the currents corresponds to the 
response of a regular cyclic voltammetry; the difference can be used to 
calculate the conductance of the polymer film. Provided that the current 
through the polymer is much larger than the faradaic current compo-
nents on the respective electrodes, the conductance is given by Ohm’s 
law: 

G =
Δi

2Ebias
. (3)  

Here, Δi is the difference between the current responses of the two 
working electrodes, and Ebias is the voltage bias across them. The dif-
ference in current is divided by 2, to compensate for double-counting 
electrons. 

The conductance of pEPE-TPP-H2 during cyclic voltammetry is partly 
described by an S-wave into a conductance plateau (see Fig. 7). Such a 
plateau is typical for conjugated polymers [25,28], in which the large 
amount of available redox states allows the Fermi level to shift contin-
uously. The initial increase in conductance occurs at approximately the 
same potential (around -0.3 V vs Fc/Fc+) as the sharp anodic peak in 
Fig. 1c. This strengthens the argument that the peak originates in kinetic 
effects, where trapped charges are released once the polymer becomes 
conducting. 

For our system, the conductance plateau is followed by a second 
increase in conductance towards a maximum found at 0.47 V. A 
maximum in the conductance, as opposed to a plateau, indicates that 
charges are transported via a structure that only has a single or a few 
available redox states. Given that the second increase in conductance 
occurs in the potential region of the 0/+I transition, and that the 
conductance maximum coincides with the formal potential of the 0/+I 
redox conversion, this contribution to the conductance must come from 
charge transport via the porphyrins. Thus, pEPE-TPP-H2 displays two 
different but superimposed charge transport mechanisms: polaronic 
transport through the polymer backbone, and redox conductivity 
through the porphyrins. Though not unheard of [13], this behavior is in 
stark contrast to that of many other conducting redox polymers, for 

Fig. 6. Spectral transitions in a conjugated polymer in neutral, doped, and 
highly doped state. CB and VB refer to the conduction band and the valence 
band, respectively. 

Fig. 7. In-situ conductance of pEPE-TPP-H2 on an IDA electrode (0.1 M 
TBAPF6/MeCN, 5 mV/s, 0.01 V voltage bias). Polymeric conductance is marked 
in blue, contributions from the porphyrin in red. The gray curves in the back-
ground are the diverging currents on the two working electrodes contained in 
the IDA electrode. The inset shows the total CV, obtained by adding the 
two currents. 
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which pendant groups have been shown to have no effect [12], small 
effect [9,10] or detrimental effect [44] on the polymer conductance. 

3.6. Temperature dependence of conductance 

Conducting polymers are organic molecular semiconductors. As 
such, they have strong electron-phonon coupling and polarons as their 
main charge carriers [45–47]. Because polaron formation is related to 
phonon activity, and phonon activity is strongly linked with tempera-
ture, the temperature has a distinct effect on the charge transport 
mechanisms in conducting polymers. At low temperatures, charge 
transport is dominated by tunneling and charge carriers show a 
band-like decrease in mobility with temperature [45,47]. At medium 
temperatures, charge carriers are thermally activated and charge 
transport occurs mainly through hopping. At high temperatures, pho-
nons might be activated enough that the polarons are dissociated, and 
mobility decreases with temperature. 

Electrochemically, charge transport in conducting polymers can be 
described as a diffusion-like process, in which the charge transfer rate is 
directly proportional to an apparent diffusion coefficient [48]. This 
diffusion coefficient is, in turn, proportional to the current [49], which is 
proportional to the conductance. Thus, the conductance is linearly 
related to the charge transfer rate, and can be treated as a function of 
temperature through the Arrhenius equation: 

G∝k = Ae−
ΔG‡

kBT ⇔ lnG = lnA
′

−
ΔG‡

kBT
, (4)  

where A is a constant, R is the gas constant, ΔG‡ is the standard free 
energy of activation, and A′ includes A as well as all proportionality 
constants between G and k. The temperature dependence of the 
conductance for pEPE-TPP-H2 is shown in Fig. 8. Though the material 
degrades between the two scans (indicated by a drop in maximum 
conductance), it is clear that the conductance increases with tempera-
ture. This means that the system is in the medium temperature regime 
and that transport occurs by thermally activated hopping, which is 
typical for conducting polymers [47]. 

The temperature dependence of the conductance is not fully linear, 
indicating that charge transfer in pEPE-TPP-H2 is more complex than a 
single-electron, on-step process. Given the above described charge 
transport interplay between the polymer backbone and the porphyrin 
pendants, an intricate charge transfer mechanism is to be expected. 

Nonetheless, the slope of the linear fit of the Arrhenius equation can be 
used to obtain a rough estimate of ΔG‡ for electron transfer within the 
polymer, in the temperature region used to study pEPE-TPP-H2 (263- 
313 K). Then, the reorganization energy λ can be determined using the 
Marcus equation [50]: 

ΔG‡ =
λ
4

(

1 +
ΔG0

λ

)2

, (5)  

where ΔG0 is the standard free energy of reaction, which in this work is 
set to 0 as electrons are assumed to transfer between identical species. 
The activation energy and reorganization energy for charge transfer 
within pEPE-TPP-H2 in the doped potential region (measured during 
temperature decrease) are 0.12 and 0.49 eV, respectively. These values 
are reasonable, given that the reorganization energy of a number eth-
ylenedioxy hexamers, such as 3,4-ethylenedioxythiophene, 3,4-ethyl-
enedioxyfuran and 3,4-ethylenedioxypyrrole, is approximately 0.3 eV 
[51]. 

3.7. SEM/EDXS 

Two pEPE-TPP-H2 films (electropolymerized onto IDA electrodes) 
were investigated using SEM and EDXS. One film was fresh, and the 
other had been left to dry in air for three weeks. SEM shows that the 
fresh film smoothly covers the electrode surface, including both the Au 
arrays and the glass in between. The old film, on the other hand, is 
cracked and covers only the Au arrays. EDXS analysis shows that poly-
mer constituents such as C, O and S are present on and in between the Au 
arrays for the fresh film, and only on the Au arrays for the old film. These 
results can be seen in Fig. 9. They confirm that EPE-TPP-H2 can indeed 
be polymerized, and show that the resulting fresh film is more or less 
uniform across the electrode surface. Consequently, the porphyrins and 
their catalytic abilities should be accessible throughout the entire film. 

4. Conclusion 

New technologies for energy harvesting and conversion require 
efficient redox catalysts made from earth-abundant elements. To this 
end, molecular design is being used to construct redox catalysts from 
molecules such as porphyrins. Porphyrin catalysts may be tuned towards 
high activity and selectivity, but suffer from poor charge transport 
abilities especially in homogeneous setups. Thus, we have designed, 
synthesized and characterized a porphyrin-functionalized conducting 
polymer. The polymer backbone provides continuous electron transport 
to and from the porphyrins, which means that the porphyrins do not 
have to be redox active in a specific potential region to be catalytically 
active towards a particular reaction. In addition, the polymer backbone 
allows for simple immobilization directly onto a current collector, 
resolving the difficulties of product separation and energy supply 
experienced in homogeneous catalysis. 

In this work, we have shown that our system maintains the indi-
vidual properties of both the polymer and the porphyrins; the polymer is 
doped and can transport charge as expected, and the redox abilities of 
the porphyrins are accessible in the polymerized state. We have shown 
that our system operates like a surface bound system, that the polymer 
indeed ensures efficient charge transport to and from the porphyrins, 
that polaronic transport through the polymer is superimposed by redox 
conductivity through the porphyrins, and that the charge transport 
within the doped polymer occurs through an activated hopping process. 
Finally, we have shown that our system can be polymerized into a 
smooth film, throughout which the catalytic entities should be readily 
accessible. 

With a functioning free base system and an understanding of its inner 
workings, our hopes are high that we have achieved a versatile system 
that can be tuned towards several reactions through appropriate met-
alation. This work is a first step towards heterogeneous molecular 

Fig. 8. Arrhenius plot representing charge transfer in doped pEPE-TPP-H2. The 
inset shows the temperature dependence of the conductance for consecutive 
measurements of temperature decrease and increase. The arrows indicate the 
direction of the scan. 
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catalysis of environmentally beneficial electrochemical reactions. 
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