FElectrochimica Acta 467 (2023) 143003

Contents lists available at ScienceDirect

Electrochimica Acta

journal homepage: www.journals.elsevier.com/electrochimica-acta

ELSEVIER

Check for
updates

Characterization and catalytic prospects of
metalloporphyrin-functionalized conducting polymers

Felicia Zaar ?, Rikard Emanuelsson ”, Philipp Gaiser *, Maria Strgmme °, Martin Sjodin®"

@ Department of Materials Science and Engineering, Division of Nanotechnology and Functional Materials, Uppsala University, Box 35, SE-751 03 Uppsala, Sweden
b Department of Chemistry — BMC, Uppsala University, Box 576, SE-751 23 Uppsala, Sweden

ARTICLE INFO ABSTRACT

Keywords: Molecular catalysts are attracting interest as drivers of redox reactions for sustainable applications. Through
Conduct‘ing polymers systematic molecular design, they could be engineered to have high selectivity and activity towards a multitude
Porphyrins of catalytic reactions. However, as long as they are used in homogeneous setups, they will suffer from incon-
Electrocatalysis

venient energy supply, inefficient charge transport and difficulty in separation from reaction products. To be
relevant for industrial applications, molecular catalysts must be bound to solid materials in direct contact with
the energy source. In this regard, conducting polymers are particularly interesting, as they provide a straight-
forward means of both surface immobilization and charge transport. In this work, we synthesize and characterize
three different metalloporphyrin-functionalized conducting polymers and apply them to catalysis of the
hydrogen evolution reaction (HER) and the oxygen reduction reaction (ORR). We show that incorporation of
porphyrins into conducting polymers is a reliable immobilization method, that the properties of both the
porphyrin units and the polymer backbone are preserved in all systems, and that the polymers provide efficient
charge transport to and from the catalytic centers. Nevertheless, we also find that the polymers are negatively
affected by intermediates formed during the HER and the ORR. We conclude that the choice of immobilization
method has a large impact on the quality of the molecular catalyst, and that the effect of the catalytic cycle on the

Redox chemistry
Reaction kinetics

immobilization matrix must be considered in the molecular design process.

1. Introduction

In connection to the transition towards a more environmentally
friendly society, molecular catalysts are attracting interest as parts of
sustainable electrocatalytic cycles including e.g. the hydrogen evolution
reaction (HER) or oxygen reduction reaction (ORR) for production of
fuels and chemicals. Molecular catalysts can be tuned towards high
selectivity and activity [1,2] and have proven useful for both electro-
catalysis [3,4] and photocatalysis [3,5]. So far, they have mostly been
used for homogeneous catalysis, which allows for exact mechanistic
resolution, but forces the catalytic process to rely on diffusion for energy
supply, requires an excess of catalyst, and makes separation of the re-
action products from the catalysts difficult. In addition, homogeneous
molecular catalysts must often be activated through redox conversion,
meaning that no catalytic activity will be observed until the catalytic
molecules have been e.g. reduced. Consequently, the amount of desired
product cannot necessarily be increased by simply increasing the driving
force of the reaction, as the driving force of substrate conversion will
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scale only with the reduction potential of the catalyst rather than with
the applied potential [6].

In heterogeneous catalysis, the driving force of the catalytic reaction
scales with the applied potential (over certain ranges) [7], and both
energy supply to the catalytic reaction and separation between the
catalyst and reaction products are straightforward. Molecular catalysis
would therefore benefit greatly from efficient techniques for surface
immobilization, which would produce molecular, heterogeneous cata-
lytic systems. There are already several examples of successful attempts
to immobilize molecular catalysts, such as incorporation of Mn(II)
complexes into zeolite cages [8], functionalization with organic groups
of Si supports [9], various metal-organic frameworks [10] and poly-
merization of aminophenylporphyrins [11].

An alternative method to immobilize molecular catalysts would be to
attach them as pendant groups on a conducting polymer backbone,
forming so-called conducting redox polymers (CRPs). A suitable pre-
coursor can be electropolymerized onto various types of current col-
lectors, and offer simple charge transport to the catalytic sites
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throughout three-dimensional structures. Moreover, the concept is
compatible with multiple small molecule pendants. For example, we
have previously successfully used CRPs as battery electrode materials
[12-14], and for surface immobilization of free base tetraphenylpor-
phyrin [15]. CRPs are thus promising as an immobilization platform for
molecular catalysts and redox active small molecules in general.
Furthermore, several similar conducting polymer systems have been
reported as catalytically active, for example towards the CO, reduction
reaction [16] and the ORR [17]. However, their versatility in terms of
catalytic units and catalytic reactions have not been tested. In addition,
it is not known how the polymer network is affected by catalytic cycles
or if the catalytic abilities of the active sites are strictly transferrable
from homogeneous to heterogeneous conditions.

In this work, we show that immobilization through formation of
CRPs can be applied to several metalated tetraphenylporphyrins (MTPP)
to produce the alkyldioxythiophene-based polymeric systems pEPE-
TPP-M. The same electropolymerization conditions apply to EPE-TPP-
M as to the corresponding free base compound, EPE-TPP-H,, and in
some cases, metalation of the free base system is also possible after
polymerization. Through a thorough electrochemical characterization,
we show that the properties of the polymer and the porphyrin pendants
are individually preserved in all systems, and that the conductivity of the
polymer improves the reaction kinetics of the porphyrin redox transi-
tions. However, we find that under catalytic conditions, reaction in-
termediates of the HER and the ORR are harmful to the polymer
backbone. We conclude that CRPs are a good platform for surface
immobilization of various small molecules, but must be investigated
further in catalytic environments before the benefits of conducting
polymers can be fully applied to catalysis of the HER and the ORR.

2. Experimental
2.1. General

All commercially available, solid chemicals were purchased from
Sigma Aldrich and used as received. Acetonitrile (MeCN, >99.5%,
AnalaR NORMAPUR® ACS, Reag. pH. Eur. analytical reagent),
dichloromethane (DCM, puriss. p.a., ACS reag., reag. ISO, GC, > 99.9%)
and dimethylformamide (DMF, >99.8%, AnalaR NORMAPUR® ACS,
Reag. pH. Eur. analytical reagent) were purchased from VWR chemicals.
All electrochemical characterizations were conducted at room temper-
ature in a three-electrode or four-electrode setup using an Autolab
PGSTATO032N potentiostat from Metrohm AG equipped with a bipo-
tentiostat module. A Pt wire was used as the counter electrode and 0.1 M
tetrabutylammonium hexafluorophosphate (TBAPFg) as the supporting
electrolyte. Potentials were measured against an Ag/Ag’ reference
electrode, consisting of an Ag wire in a solution of AgNO3 and electro-
lyte. In MeCN-based electrolyte AgNO3 was dissolved to 0.01 M and in
DCM-based electrolyte to saturation, and in both cases the reference
electrode was placed in a separate compartment connected to the bulk
solution by a porous frit. The Fc/Fct couple was used as an internal
standard, by dissolving a small amount of ferrocene in the electrolyte
solution after each round of measurements. Unless otherwise stated, all
measurements were performed under Ny atmosphere, after purging with
solvent-saturated Ny.

Glassy carbon (GC) electrodes, Pt wire electrodes and reference
electrodes were purchased from Bio-Logic. Glassy carbon electrodes
were 3 mm in diameter, 70 mm long and polished with 0.3 ym micro-
alumina powder paste before and after use. Interdigitated array (IDA)
electrodes were purchased from Metrohm and consisted of two Au
bands, which were 0.75 m long, 150 nm high, 10 pm wide, 10 um apart
and attached to a glass substrate. Indium tin oxide (ITO) glass electrodes
were purchased from Praezisions Glas & Optik GmbH.
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2.2. Synthesis

EPE-TPP-H, was synthesized from EP(OH)E [18] and H,TPP-COOH
as previously reported [15], and then metalated before or after poly-
merization. To metalate the system before polymerization, EPE-TPP-H,
(50 mg, 0.045 mmol) was dissolved in DMF (45 mL), resulting in a clear
dark red/purple solution. After purging the solution with N for 10 min,
the respective metal acetate (10 eq., Co(II)OAc - 4 H,0, Cu(II)OAc- HyO
or Zn(II)OAc- 2 H,0) was added and the mixture was stirred at 100 °C
for 60-90 min. The reaction was confirmed as complete by thin layer
chromatography and the mixture was cooled to room temperature.
Water (100 mL) and ethyl acetate (100 mL) were added and the phases
were separated. The organic layer was washed with brine (50 mlL,
saturated solution of NaCl in water) and dried (NazSO4), and the solvent
was removed under reduced pressure. Column chromatography (neutral
aluminum oxide d = 6 cm, h = 10 cm, CH,Cly/n-pentane: 50%,/50% to
100%/0%) yielded the products as red/purple solids. Note that
Zn-TPP-COO-EPE was synthesized at half the scale, and that it was
precipitated from CHxCl; by adding MeOH rather than through column
chromatography. 'H nuclear magnetic resonance (NMR) spectra of the
products EPE-TPP-Co, EPE-TPP-Cu and EPE-TPP-Zn are available in
Figure S1-S3. 13C NMR spectra of EPE-TPP-Cu and EPE-TPP-Zn are
shown in Figure S4 and Figure S5, respectively.

Polymerization of both the free base and metallated porphyrin-
functionalized trimers (EPE-TPP-X, X = Hs, Co (II), Cu (II), Zn (II))
was performed through potentiodynamic cycling of a solution of 2.5 mM
trimer in 0.1 M TBAPF¢/DCM, at a scan rate of 0.05 V/s between po-
tential cutoffs —0.7 V and 0.8-1.0 V vs. Fc/Fc*. The upper cutoff po-
tential was chosen to include any porphyrin redox activity in the
potential window (see discussion on polymerization process in Section
3.1). 7-10 cycles in this potential interval window yielded smooth, dark
blue/purple films on GC, ITO and IDA electrode surfaces for all EPE-TPP-
X. After polymerization, the films were rinsed with acetone to remove
any excess electrolyte. Scanning electron microscopy and energy-
dispersive X-ray spectroscopy analyses of the film morphology is avail-
able for the free base system in ref. [15].

Metalation after polymerization was performed by soaking a
polymer-covered electrode in a salt solution containing the metal of
interest (5 mM Co(II)OAc - 4 H,O in DMF, 5 mM Cu(II)OAc - H;O in
DMF or ethanol, 0.1 M Zn(NOs)s - 6 H,O in DMF) overnight. During
metalation with Co, the solution was initially heated to 60 °C for 2 h and
then to 70 °C for another 2 h, as metalation did not proceed efficiently at
either room temperature or 60 °C (see discussion on partial metalation,
Section 3.1). The metalation process was further investigated on by
recording the UV/vis absorbance spectrum before, during and after
soaking of films polymerized onto ITO electrodes. In addition to soaking,
metalation with Cu(II) was also achieved through cyclic voltammetry of
pEPE-TPP-Cu in 0.1 TBAPFs/MeCN containing 5 mM Cu(II)OAc- HyO, at
a scan rate of 0.1 V/s between approximately —2.3 and 0.6 V vs Fc/Fc™.
After metalation, electrodes were rinsed with acetone to remove any
leftover salt from the polymers.

2.3. Cyclic voltammetry

Cyclic voltammograms (CVs) were recorded of the polymers pEPE-
TPP-X immobilized onto GC electrodes, in 0.1 M TBAPF¢/MeCN at
0.1 V/s. Scan rate studies were conducted for each compound between
0.005 V/s and 1 V/s across all observed redox transitions. CVs of the
unpolymerized porphyrin units XTPP were obtained using solutions of
2.5 mM porphyrin in 0.1 M TBAPF¢/DCM, and for CoTPP also in 0.1 M
TBAPF¢/DMF.

2.4. UV/vis spectroscopy

UV/vis spectroscopy was performed using an Agilent 8453 UV-vi-
sible single beam spectrophotometer in the interval 190-1100 nm. The
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UV/vis absorbance spectra of pEPE-TPP-M (M = Co, Cu, Zn) were ob-
tained by electropolymerizing each trimer onto a translucent ITO elec-
trode under the conditions described in Section 2.2, placing the
electrode in a 1 x 1 cm quartz glass cuvette, and subtracting the spec-
trum of an empty ITO electrode from each sample spectrum. The
absorbance spectra of MTPP were obtained by dissolving the porphyrin
to 25 pM in DCM in a 1 mm thin layer spectroelectrochemical quartz
cell, after subtracting the spectrum of porphyrin-free solution. Spec-
troelectrochemistry was performed by recording the absorbance every
second while simultaneously conducting cyclic voltammetry (0.05 V/s,
0.1 M TBAPFg/MeCN). The change in absorbance (the difference spec-
trum) was then obtained by subtracting the spectrum recorded at the
lower cutoff potential (—1 V vs. Fc/Fc™) as well as a blank consisting of
an empty ITO electrode in electrolyte solution, from all subsequent
spectra. In this case, the solution was not purged with Nj.

2.5. Conductance measurements

Each EPE-TPP-M was potentiodynamically electropolymerized onto
an Au IDA electrode under the conditions described in Section 2.2, but
using bipotentiostatic mode for four-electrode setups at a 0.01 V bias
and a cable connector for interdigitated electrodes (Metrohm AG). The
conductance of pEPE-TPP-M was then determined by performing bipo-
tentiostatic cyclic voltammetry (0.005 V/s, 0.01 V bias) and measuring
the current through the polymer.

2.6. Catalysis

PEPE-TPP-Co immobilized on to GC electrodes was used to catalyze
the HER and the ORR in MeCN using the same setup as for cyclic vol-
tammetry. The HER was studied using proton sources of increasing
concentration and decreasing pK,, specifically 0.1 mM, 1 mM, 0.1 M and
1 M acetic acid (AcOH, pK, 23.5 in MeCN [19]), 1 M p-toluensulfonic
acid (PTSA, pK, 8.5 in MeCN [19]), and 0.1 M and 1 M tri-
fluoromethanesulfonic acid (TfOH, pK, 0.7 in MeCN [20]). To evaluate
the effects of reaction products on the system, a CV of pEPE-TPP-Co was
also recorded in Hy-saturated MeCN under Hy atmosphere. The ORR was
studied by purging the electrolyte with Oy and maintaining an O at-
mosphere during cyclic voltammetry. The scan rate was set to 0.1 V/s in
all cases and the response of an unmodified GC electrode was recorded
for reference under the same conditions.

3. Results and discussion
3.1. Metalation

Metalloporphyrin-functionalized CRPs pEPE-TPP-M (M = Co, Cu,
Zn) were achieved through post-polymerization metalation of the free
base polymeric system pEPE-TPP-Hy, and pre-polymerization metal-
ation of the free base trimeric compound EPE-TPP-H,. All polymers used
and studied in this work are shown in Scheme 1. Unless otherwise stated,
the metal centers of the porphyrins are in oxidation state +II.

Pre-polymerization metalation was successful for all investigated
PEPE-TPP-M, resulting in high yields (87%, 76% and 98% for M = Co,
Cu and Zn, respectively) after minor losses during purification. During
cyclic voltammetry of the trimers EPE-TPP-M, an overall and continuous
increase in current magnitude was observed for each compound,
indicative of oxidative polymerization (see Figure S6). Each polymeri-
zation CV also includes 1-3 quasi-reversible redox waves, corresponding
to redox transitions of the porphyrin. For EPE-TPP-Cu and EPE-TPP-Zn,
the porphyrin transitions are preceded by a nonreversible anodic wave,
which is attributed to oxidation of the EPE unit. This wave likely occurs
in EPE-TPP-Co as well, but is overlapped by the porphyrin reaction. For
all three compounds, efficient polymerization and good reproducibility
of polymer properties requires the upper cutoff potential to be set above
the potential of the porphyrin redox transitions, suggesting that the EPE
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Scheme 1. Polymeric systems used and studied in this work.

unit needs to be oxidized twice for efficient polymerization to occur.
These results are in good agreement with those obtained for the free base
compound EPE-TPP-H, [15]. However, the onset of polymerization is
approximately 0 V vs. Fc/Fc™ for all three metalated compounds, which
is lower than the 0.3 V onset observed for the free base system.

Post-polymerization metalation was less complete than pre-
polymerization metalation for pEPE-TPP-Co. For pre-metalated pEPE-
TPP-Co, the half-wave potentials of the porphyrin redox transitions
(discussed in detail in Section 3.2.1.) are in good agreement with the
half-wave potentials of COTPP in solution, and in much better agreement
than with the half-wave potentials of HoTPP in solution. For post-
metalated pEPE-TPP-Co, the half-wave potentials are only partially
shifted from those of the free base towards those of CoTPP. That the
metalation is only partial is also clear from UV/vis spectroscopy (see
Figure S7a), where features associated with HoTPP only partially change
towards those associated with CoTPP throughout the metalation pro-
cess. It should be noted that the half-wave potentials of pEPE-TPP-Co
agree with those of CoTPP measured in DMF, but not with those of
CoTPP measured in DCM. It is likely that the redox transition of the
metal center (Co(IIl)/Co(Il)) is sensitive to the polarity of the sur-
rounding environment, and that the charged polymer is more similar to
the more polar solvent DMF than the less polar solvent DCM.

For pEPE-TPP-Cu, post-polymerization metalation works well in
terms of reproducibility and correspondence of porphyrin half-wave
potentials with those of CuTPP. UV/vis spectra of the metalation pro-
cess, as well as the results of cycling pEPE-TPP-Cu in the presence of Cu
(IDOAc - Ho0, suggest that a larger portion of the porphyrins than for
pEPE-TPP-Co becomes metalated (see Figure S7b and S8). In fact, the
difference in half-wave potentials is smaller between post-metalated
pEPE-TPP-Cu and CuTPP than between pre-metalated pEPE-TPP-Cu
and CuTPP. However, pre-metalated films display a more reversible
porphyrin response at low potentials (where the polymer is not con-
ducting), and a larger porphyrin response at high potentials (where the
polymer is conducting), than post-metalated films. In other words, the
redox chemistry of the pre-metalated pEPE-TPP-Cu films is more distinct
from that of the free base system than the post-metalated pEPE-TPP-Cu
films. The same type of behavior is observed for pEPE-TPP-Co, which
clearly undergoes only partial metalation after polymerization. Thus,
post-polymerization metalation with Cu(II) is not complete, but may be
more efficient than post-polymerization with Co(Il). For pEPE-TPP-Zn,
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both cyclic voltammetry and UV/vis spectroscopy suggest that post-
polymerization metalation results in a fully metalated system that is
essentially identical to the pre-metalated one.

It has previously been suggested that the degree of post-
polymerization metalation for Mg and Co polyporphine films depends
on the film thickness [21]. However, the results of our study suggest that
the most important factor for successful post-polymerization metalation
is the packing of the porphyrins. As will be discussed in Sections 3.2.3.
and 3.4, ZnTPP and H,TPP seem to z-stack, whereas CoTPP and CuTPP
do not. A likely explanation is that five- or six-coordination is favorable
for Co(II) and Cu(Il) in tetraphenylporphyrins, in which case axial li-
gands would increase the shortest possible distance between porphyrin
units, particularly if the axial ligand bonds are lengthened by
Jahn-Teller distortion. As a result, Co(II) and Cu(II) would have diffi-
culty adjusting to the tightly packed, planar porphyrin units in
PEPE-TPP-H,, leaving metalation partial. Zn(Il), on the other hand, may
prefer four-coordination to the porphyrin ligand and thereby be able to
completely metalate pEPE-TPP-Hy. A summary of post-and pre--
polymerization electrochemical behavior is available in Fig. 1 and in
Scheme S1.

3.2. Electrochemical characterization

3.2.1. Redox activity

pEPE-TPP-Co, pEPE-TPP-Cu and pEPE-TPP-Zn all undergo oxidative
polymer doping, i.e. continuous oxidation of the many overlapping
redox sates of the polymer chains [22,23]. This is indicated by the in-
crease in current magnitude beginning around —0.6 V vs. Fc/Fc ™, and
means that the polymer backbones are able to transport charge as ex-
pected. In this regard, the metalated systems all behave like the free base
system [15].

All investigated pEPE-TPP-X systems are also quasi-reversibly redox
active, displaying 1-2 oxidative transitions and 1-2 reductive transi-
tions in relation to their open circuit potentials of approximately —0.3 V
vs. Fc/Fc™ (the CVs of HoTPP and pEPE-TPP-H, are available in

CoTPP
pEPE-TPP-Co?
pEPE-TPP-Co?

CuTPP
pPEPE-TPP-Cu?
— pEPE-TPP-Cu®

20 pA
100 pA

50 pA
500 pA

24 18 12 06 0.0 06 12
E vs. Fc/Fc*/V

24 18 12 06 00 06 12
E vs. Fc/Fc* 1V

ZnTPP
pEPE-TPP-Zn?
— pEPE-TPP-Zn®

XTPP pEPE-TPP-X?
XTPP in DMF O pEPE-TPP-X?

100 pA
100 pA |

2418 12 06 0.0 0.6 12
Evs. Fc/Fc* IV

24-18-12-06 0.0 06 1.2
Evs. Fc/Fc* /1 V

Fig. 1. CVs of pEPE-TPP-M (0.1 V/s, 0.1 M TBAPFs/MeCN) and the corre-
sponding MTPP (0.1 V/s, 0.1 M TBAPF/DCM for M = Cu, Zn, 0.1 M TBAPFg/
DMF for M = Co). A summary of the half-wave potentials is shown to the
bottom right, where the free base is included for reference. *“Metalation after
polymerization. ®Metalation before polymerization.
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Figure S9). These redox transitions occur either at the porphyrin ligand
or at the metal center, and will be referred to as L™/L" for changes from
ligand charge m to ligand charge n, or as M(p)/M(q) for changes from
metal oxidation state p to metal oxidation state q. The formal potential
of each redox transition is here approximated as the half-wave potential,
determined by taking the average of the anodic and cathodic peak po-
tentials associated with the reaction. The approximation should be ac-
curate, as all redox conversions discussed here are at least quasi-
reversible and the diffusion coefficients are not expected to vary
notably between oxidized and reduced species of a given reaction.

PEPE-TPP-Co undergoes three redox transitions, and according to
studies of CoTPP in solution [24-31], these correspond to the Co(II)/Co
(I), Co(I11)/Co(II) and L1*/0 transitions. For pre-metalated pEPE-TPP-Co,
they occur at —1.24, 0.01 and 0.72 V vs. Fc/Fc™, respectively. The first
and last agree well with the half-wave potentials of CoTPP in solution,
whereas the Co(III)/Co(II) transition in pEPE-TPP-Co occurs approxi-
mately 0.2 V positive of the corresponding transition in CoTPP dissolved
in DMF (see Table 1). For post-metalated pEPE-TPP-Co, only the
half-wave potential of the Co(II)/Co(I) transition agrees with that of
COTPP. The half-wave potential of the L'*/° transition in post-metalated
pEPE-TPP-Co is identical to that of pEPE-TPP-Hj,, indicating partial
metalation.

PEPE-TPP-Cu displays the L2~ L%~ and L}*/° transitions, ac-
cording to studies of CuTPP in solution [24,25,27,29,30,32-34]. For
pre-metalated pEPE-TPP-Cu, these occur at —2.05, —1.65 and 0.68 V vs.
Fc/Fc', respectively, and for post-metalated pEPE-TPP-Cu at —2.09,
—1.69 and 0.45 V vs. F¢/Fc™, respectively. The L2~ and L%~ transi-
tions occur at more negative potentials for pEPE-TPP-Cu than for
PEPE-TPP-Hy, just like the L'2~ and L'~ transitions occur at more
negative potentials for CuTPP than for HoTPP in solution. The L*/°
transition, however, occurs at almost the same potential for
post-metalated pEPE-TPP-Cu and pEPE-TPP-H,, but at a higher potential
for pre-metalated pEPE-TPP-Cu than for pEPE-TPP-Hy. For
pre-metalated pEPE-TPP-Cu, the L'*/0 transition occurs at 0.68 V vs.
Fc/Fc', which is close to the average of the half-wave potentials of the
L'/ and L?*/1* transitions for CuTPP in solution. The similarities in
redox chemistry between post-metalated pEPE-TPP-Cu and
PEPE-TPP-H,, as well as the differences in redox behavior between pre-

Table 1

Redox chemistry of XTPP in solution (V vs. F¢/Fc™, 0.1 V/s, 0.1 M TBAPFs/DCM
or 0.1 M TBAPFs/DMF) and of surface-immobilized pEPE-TPP-X (V vs. Fc/Fc™,
0.1 V/s, 0.1 M TBAPFgz/MeCN).

Compound L/ LY/ M(I)/M M(IID)/M Lt/ Ly
L2 L'- (o] (I L0 L+
H,TPP* -1.99  -1.64 0.56 0.90
pEPE-TPP- -1.93 153 0.49
Hy"
CoTPP in -1.91  -1.39 0.34 0.55 0.79
DCM
CoTPP in -2.42 -1.27 -0.19 0.64
DMF
PEPE-TPP- -1.24 0.01 0.72
COM
PEPE-TPP- -1.24 0.04 0.49
Co*
CuTPP* -232  -1.88 0.44 0.82
PEPE-TPP- -2.05  -1.65 0.68
Cuh
pEPE-TPP- —2.09  -1.69 0.45
Cu®
ZnTPP* -1.85 0.36 0.66
pEPE-TPP- ~1.94 0.48 0.78
Znh
PEPE-TPP- -1.93 0.48
Zn©

@ Previously reported in ref. [15].
b Pre-polymerization metalation.
¢ Post-polymerization metalation.
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and post-metalated pEPE-TPP-Cu, suggest that post-polymerization
metalation is only partial for this system.

pEPE-TPP-Zn undergoes the L2~ L%~ and L!*/? transitions, by
comparison with studies of ZnTPP in solution [24,25,27,28,30,33,
35-38]. These reactions occur at the same, or almost the same, poten-
tials for pre- and post-metalated pEPE-TPP-Zn, indicating complete
post-polymerization metalation. Like the L%~ occurs at more negative
potentials for ZnTPP than for HoTPP, it occurs at more negative poten-
tials for pEPE-TPP-Zn than for pEPE-TPP-H,. However, the L'*/0 occurs
at about the same potential in pEPE-TPP-Zn as in pEPE-TPP-Hj, despite
this transition occurring at substantially less positive potentials for
ZnTPP than for HoTPP.

A summary of the half-wave potentials of all observed redox transitions
is shown in Table 1 and Table S1. In general, the agreement in porphyrin
half-wave potentials between the polymeric and solvated systems is higher
for the porphyrin reductions than for the oxidations. This discrepancy is in
part due to interactions between the porphyrin redox activity and the
doping of the polymer backbone at oxidative potentials. As will be dis-
cussed below, the choice of metal center in the porphyrins has a clear
influence on the behavior on the doping profile and conductance of the
polymer. However, the redox chemistry of both XTPP in solution and
PEPE-TPP-X will also be affected by the local environment. Differences in
polarity between the polymer matrix and the pure solvent (as well as be-
tween DCM, DMF and MeCN), variations in the formation of solvent cages,
and interactions between porphyrins or between the linker and the poly-
mer backbone may all affect the half-wave potentials. Thus, immobiliza-
tion of porphyrins into CRP films affords qualitatively the same but not
identical redox chemistry to porphyrins in solution.

3.2.2. Charge balance

In the potential region where the polymer is not conducting, the
reductive porphyrin redox peaks are larger than their oxidative coun-
terparts for all systems. For all systems, there is also an anodic peak at
the onset of polymer doping, which becomes substantially less pro-
nounced if these redox transitions are not included in the scan. These
effects result from charge trapping during porphyrin reduction at low
potentials [15]. The amount of charge passed during reduction and
oxidation of the system can be calculated by integrating and comparing
the anodic and cathodic current responses within the potential region of
interest. For example, 858 xC is passed between —1.1 and —2.1 V vs.
Fe/Fet during reduction from L to L'~ in pEPE-TPP-Zn. During reox-
idation over the same potential region, only 144 mC is passed, resulting
in a difference in charge between reduction and oxidation of 714 uC.
However, if the potential region is extended to include the anodic peak
at the onset of polymer doping (—2.1 to 0.2 V vs. Fc/Fc"), the charge
difference is only 269 pC, and thereafter decreases further. This implies
that the charges trapped during reduction of the porphyrin units in the
potential region where the polymer is not conducting, are to a large
extent released as soon as the polymer becomes conducting, and that the
remaining trapped charges are released as the degree of polymer doping
is increased. The amount of charge trapping varies between the systems
and is likely determined by a combination of polymer packing, inter-
action between the porphyrins and the polymer backbone, and film
thickness. More information can be found in Figure S10 and Table S2.

By calculating the charges passed across a porphyrin redox peak in
the potential region where the polymer is conducting, and comparing it
to the accumulated polymer response throughout this potential region,
the doping level of the polymer backbone can be estimated (see
Figure S11). As summarized in Table S3, the ratio between porphyrin
and polymer charges is about 1/2 for all pre-metalated systems. Given
that there is one porphyrin per trimer unit and assuming that all
porphyrin units are accessed at high potentials (which is reasonable
according to the small peak splits observed in the scan rate studies
described below), about 1 in every 6 thiophene subunits of the polymer
chains become oxidized in the potential windows studied here.
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3.2.3. Reaction kinetics and limitations

Scan rate studies were conducted to evaluate the influence of the charge
transport abilities of the polymer backbone on the kinetics and limitations
of the porphyrin redox conversions. For a system that is not limited by
diffusion, such as a Nernstian redox reaction occurring in a surface bound
system, the peak current of the reduction (or oxidation) wave increases
linearly with the scan rate v if the entire material is redox converted [39]:

Z2F2AT
E——

|ip,red } = ART (1)

where 2z is the number of charges transferred in the reaction, F is the
Faraday constant, A is the area of the electrode, [,y is the surface
coverage of the oxidized species, R is the gas constant and T is the
temperature (the equation also applies if i, q is replaced by i ox and I'ox
by I'req)- Equivalently, the logarithm of the peak current is proportional
to the logarithm of the scan rate with unity slope:

In(|iprea| ) et + Inv )

where c; is a constant. For a reaction governed by linear diffusion, the
peak current is instead proportional to the square root of the scan rate
[40]:

SF3 Dy, 1/2
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Here, C;, is the bulk concentration of the oxidized species and D,y is the
diffusion coefficient of the oxidized species. Equation (3) is equivalent to

ln(|ip,red ‘ ) xc; + 0.5Inv (€))

where ¢, is another constant.

In addition to the peak current, the scan rate also affects the potential
difference between the oxidation and reduction peaks. For a Nernstian,
surface bound system AE, = Ej, ;eq — Epox = 0 V [39], and for a system
governed by linear diffusion at room temperature, AE, = 57/2mV [40].
These relations hold in ideal systems, free from solution resistance,
convection, side reactions and other interferences. They are also only
true at scan rates low enough that the reaction kinetics are much faster
than the change in potential. Thus, the higher the scan rate at which AE,
diverges from ideality, the faster the redox reaction.

Figure 2 shows In(|iyrq|) and AE, as functions of In(v) for the
pre-metalated systems. The redox transitions of pEPE-TPP-Co and
PEPE-TPP-Cu occurring at low potentials (here denoted I /II" and 0/1" to
include both ligand- and metal-centered reactions) have slopes that are
exactly or close to 0.5 throughout the full scan rate interval 0.005-1 V/s. In
addition, AE, > 57 mV for all scan rates. These results clearly indicate that
the Co(II)/Co(I) transition of pEPE-TPP-Co and the L'/L%" transition of
PEPE-TPP-Cu are governed by diffusion, and that redox conversion
throughoutthe filmisincomplete (the scanrate study of the 19%/11~ transition
in pEPE-TPP-Zn did not yield any useful results due to poor reversibility). It
should be noted that the L%/L!~ transition of pEPE-TPP-Cu is not visible
unlessthe potential region where the polymerisdopedisincluded in thescan.
This can be explained by the difference in polymer packing between the
doped and undoped states of the polymer. During doping, the polymer swells
due to intercalation of counter ions, facilitating ion transport through the
film. Dedoping then causes the counter ions to be expelled, the polymer to
contract and the ion transport to be impeded. Poor ion transport can, in turn,
intensify irreversibility and charge trapping during redox activity. This is
evident from Figure S12, which shows the first scan rate measurement of
PEPE-TPP-Cu at low potentials. In the first cycle, both the L%/L!~ and the
L!~/L% reductionsarevisible, but only the L' /L’ reoxidation. In the second
cycle, only the L1~ /12~ transition occurs. This suggests that as the polymer
contracts, charges are trapped within it such that the L state canno longer be
reached, leaving only the L'~ /L2~ transition for the following scan rate
measurements.
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Fig. 2. In(|iyreq|) and AE, as functions of In(v) for pEPE-TPP-M (0.005-1.0 V/s, 0.1 M TBAPFs/MeCN). In the upper panels, labels show M, the slope of the linear fit,
and the scan rate interval in which this linear fit applies. In the lower panels, the labels show M, if the peak separation is larger or smaller than 57 mV, and in which

scan rate interval this relation applies.

From Fig. 2, it is clear that at high potentials, pEPE-TPP-Co, pEPE-
TPP-Cu and pEPE-TPP-Zn all behave like surface bound systems. The
slope of the I* /0 transition (referring to either M(III)/M(II) or L1 s
exactly or close to unity between 0.03 and 0.3 V/s, 0.005 and 0.03 V/s,
and 0.02 and 0.1 V/s for pEPE-TPP-Co, pEPE-TPP-Cu and pEPE-TPP-Zn,
respectively. In addition, AE, < 57 mV at low scan rates for all three
systems. For pEPE-TPP-Co, AE, < 57 mV all the way up to 0.2 V/s,
indicating this system can be completely (or almost completely) redox
converted with high efficiency. Redox conversion is also complete in the
lower section of the scan rate interval during the II*/I" transition in
PEPE-TPP-Co and pEPE-TPP-Zn. All CVs related to the scan rate studies
in MeCN are available in Figure S13-S15.

For pre-metalated pEPE-TPP-Co and pEPE-TPP-Cu, the difference in
redox behavior between high and low potentials (surface-like vs.
diffusion-limited) can be related to the heights of the redox peaks. For
these systems, the porphyrin transitions at low potentials are notably
smaller than the porphyrin transitions at high potentials. This can be
explained by the ease of diffusion through the film, supported by the
observation that the porphyrin peaks at low potentials are less affected
by film thickness than the transitions at high potentials (see Figure S16).
At high potentials, where the polymer is conducting, the full film can be
accessed and the magnitude of the porphyrin response will scale with
the number of porphyrins in the film. At low potentials, where redox
conversion relies on diffusion, it is likely that redox conversion only
happens in the porphyrins closest to the electrode surface (or at the
polymer-solvent interface, depending on whether electron or ion
transport is limiting), i.e. the number of porphyrins that are reached at
low potentials depends on the extent of the diffusion gradient into the
film. The gradient is determined by the diffusivity if the charged species
involved in the reaction rather than the thickness of the film, meaning
that the height of the porphyrin redox peaks at low potentials should not
be strongly affected by film thickness. However, the dense packing of the
porphyrin matrix at low potentials impedes ion transport, which may be
more noticeable in a thick film. This may result in slightly smaller
diffusion-limited redox peaks in a thick film than in a thin one, an effect
that is exemplified by pEPE-TPP-Co in Figure S16.

For pEPE-TPP-Zn, post-metalated pEPE-TPP-Cu and pEPE-TPP-Ha,
there is no obvious relation between peak height, system limitations and
film thickness. For pEPE-TPP-Zn, the porphyrin transitions give rise to
peaks that are about the same height throughout the entire potential

window and for post-metalated pEPE-TPP-Cu and pEPE-TPP-H, the
peaks at low potentials are higher than the peaks at high potentials.
These behaviors cannot be explained by ease of diffusion through the
film, but may instead be an issue of porphyrin stacking. In pEPE-TPP-H,,
the porphyrin units are planar and likely to z-stack, and it has been
shown that a large portion of the charge transport of this system origi-
nates in hopping through the porphyrins [15]. This charge transport
may compete with that of the polymer backbone, such that the baseline
for the porphyrin transitions at high potentials occurs within the current
response of the polymer. Given that post-metalated pEPE-TPP-Cu is only
partially metalated, its current response can be expected to be similar to
that of pEPE-TPP-H,. As will be shown in Section 3.4, the conductance
profile of pEPE-TPP-Zn is more similar to that of pEPE-TPP-H; than to
that of pre-metalated pEPE-TPP-Co and pEPE-TPP-Cu, indicating that
ZnTPP are able to z-stack whereas CoTPP and CuTPP are not, presum-
ably due to a difference in coordination geometries.

3.3. Spectroelectrochemistry

To ensure that the porphyrin and polymer features of the metalated
systems can be individually accessed, pEPE-TPP-Co was investigated
with spectroelectrochemistry. Figure 3a shows the change in UV/vis
absorbance as pEPE-TPP-Co is oxidized through polymer doping and the
Co(II)/Co(ID) and L'*/L? transitions of the porphyrin. Similarly to what
was observed for the free base system [15], the spectra include features
related to both the polymer backbone and the porphyrin units. The
porphyrin features include the Soret band, a single Q band and a wide
band at short wavelengths (see Figure S17c). Changes to the Soret band
can be seen at 394 and 438 nm, changes to the Q band at 528 and 546
nm, and to the wide absorption band at 326 and 353 nm. The changes in
absorbance associated with the polymer backbone occur due to a
decrease of bandgap transitions at and around 617 nm, and an increase
of polaron/bipolaron transitions at and around 895 nm.

The fact that each of the porphyrin features changes at two distinct
wavelengths indicates that the porphyrin units undergo two successful,
separate oxidations. Indeed, if the absorbance at each wavelength
associated with a change in the spectrum is plotted against potential, it is
clear that the polymer doping and the two porphyrin oxidations occur as
independent events. This is shown in Fig. 3b, where the changes to the
polymer features (blue lines) begin at the onset of polymer doping, the
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Fig. 3. a) Difference spectrum of pEPE-TPP-Co during oxidation of the polymer
backbone and the porphyrin units. Changes to the porphyrin features occur at
326, 353, 394, 438, 528 and 546 nm, and changes to polymer features at 617
and 895 nm. The absorbances highlighted by symbols and color correspond to
potentials 1-4 marked in b). b) Changes in polymer and porphyrin spectro-
scopic features with potential. The numbers to the right show the wavelengths
at which the features occur in the difference spectrum, the faded lines in the
background show the forward scan of the corresponding CV, and the symbols
1-4 indicate the starting potential, the onset of the Co(II)/Co(Il) transition, the
onset of the L1*/L? transition and the end potential, respectively.

first set of changes to the porphyrin features (green lines) at the potential
of the Co(IlI)/Co(Il) transition, and the second set of changes to the
porphyrin features (red lines) at the potential of the L'*/L° transition
(though it should be noted that the independence between polymer and
porphyrin is slightly less clear for the features at 528 and 546 nm, as
these overlap with the wavelengths of the polymer bandgap). These
observations confirm that the properties of the two building-blocks of
the system — the conductivity of the polymer and the redox activity of
the porphyrins - are individually preserved in pEPE-TPP-Co. As this
behavior is identical to that of the free base system [15], it was also
assumed to apply to pEPE-TPP-Cu and pEPE-TPP-Zn.

3.4. Conductance measurements

The conductance of pEPE-TPP-Co, pEPE-TPP-Cu and pEPE-TPP-Zn
was investigated in order to evaluate the efficiency of charge transport
through the polymer backbone and the porphyrin units. Each trimer was
polymerized onto an IDA electrode, which consists of two closely spaced
Au working electrodes, WE1 and WE2. By applying a potential bias
across WE1 and WE2 and performing cyclic voltammetry using both
electrodes simultaneously, a current will flow through the polymer once
it becomes conducting during doping. Provided that this current is much
larger than the faradaic contributions to the total current, the conduc-
tance across the polymer is given by [41]:
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where Ai is the difference between the currents measured on the two
working electrodes, and Ey;,s is the voltage bias applied across them (see
Section 3.3 of the Supporting Information for details).

As shown in Fig. 4, pEPE-TPP-Co and pEPE-TPP-Cu undergo a strong
increase in conductance beginning at approximately the same potential
as the onset of doping. However, in contrast to the free base system [15],
the conductance does not increase during porphyrin oxidation and
reduction, indicating that there is no contribution to the charge trans-
port through hopping via the porphyrin units (the small changes in
conductance at the potentials of the porphyrin transitions result from
differences in the measured faradaic contributions between WE1 and
WE2). pEPE-TPP-Zn, on the other hand, has a conductance profile
similar to that of pEPE-TPP-Hj, in that there is a strong increase in
conductance at the potential of the porphyrin conversion, in addition to
that at the onset of polymer doping. This indicates that in pEPE-TPP-Zn,
charges are transported not only through the polymer backbone, but
also through the porphyrin units. Taken together, these observations are
in agreement with the argument that CoTPP and CuTPP have different
coordination geometries from ZnTPP and H,TPP, resulting in that
CoTPP and CuTPP are not able to z-stack to the same extent as ZnTPP
and HoTPP and that charge transport via the porphyrins is prevented in
PEPE-TPP-Co and pEPE-TPP-Cu.

3.5. Catalysis

To evaluate the influence of the polymer backbone on the efficiency
of catalysis, pEPE-TPP-Co was used to catalyze the HER in the presence
of increasing concentrations of acid, and acids with decreasing pK,.
Figure 5a shows CVs of pEPE-TPP-Co in the presence of 0.1 mM - 1 M
AcOH, 1 M PTSA and 50 mM - 0.5 M TfOH. A catalytic wave is observed
in all cases, and occurs at less and less negative potentials throughout
the series. In the presence of 0.5 M TfOH, the catalytic wave occurs
within the potential region where the polymer is conducting. However,
here the catalytic reaction has a detrimental effect on the polymer
backbone, and the porphyrin response disappears. One possible expla-
nation could have been that the polymer was directly affected by the
strongly acidic environment, but as shown in Fig. 5b, the current
response does not dramatically change until the catalytic reaction is
included in the potential window of the scan.

Figure 5c shows cycling of pEPE-TPP-Co under Hy atmosphere, in Hp-
saturated MeCN. The upper cutoff potential is gradually increased past
the potential of the HER in the presence of 0.5 TfOH, to finally reach the
full stability window of the polymer. It is evident that Hy, i.e. the re-
action product of the HER, is not harmful to the system. Rather, it is
likely that e.g. an H radical species, formed as an intermediate in the
catalytic cycle, attacks the double bonds throughout the polymer and
destroys the polymer z-network.

To further evaluate the effects on polymeric systems of reaction
products and intermediates formed during a catalytic cycle, pEPE-TPP-
Co was also used to catalyze the ORR in Oj-saturated MeCN under Oq
atmosphere. In Figure S20a, a small catalytic current can be seen at the
potential of the Co(II)/Co(I) transition. However, the polymer gradually
degrades until its current response strongly resembles that of an empty
GC electrode. For GC, the response is not catalytic, but reversible. Given
the lack of water and protons in the solution, it is likely that GC simply
converts Oy back and forth between its neutral and radical species. The
response of pEPE-TPP-Co also dramatically changes even if the upper
potential cutoff is set below the onset of polymer doping (see
Figure S20b). The Co(II)/Co(I) peak gradually changes into the GC
response, but in this case the polymer remains more intact. It thus ap-
pears that O or a biproduct of the ORR attacks the ester linkers between
the porphyrins and the trimer units, and that the swelling of the polymer
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Fig. 5. a) Catalysis of the HER by pEPE-TPP-Co using acids at increasing concentration and with decreasing pK,. GC response (dashed lines) included for reference. b)
Cycling of pEPE-TPP-Co using decreasing lower cutoff potential. ¢) Cycling of pEPE-TPP-Co in the presence of H, using increasing upper cutoff potential.

that occurs during doping enhances this process by facilitating diffusion
of the harmful species to the attack sites. These results suggest that
pPEPE-TPP-Co is unsuitable for catalysis of the ORR until the degradation
mechanism has been better understood and counteracted, but also that
CoTPP may be able catalyze electrochemical cleavage of ester bonds,
which is interesting for chemical synthesis.

As tetraphenylporphyrins and other similar structures have previ-
ously been used successfully towards both the HER [42-44] and the ORR
[45,21, 46-48] in homogeneous setups it is clear that the choice of
immobilization method has a large impact on the quality of molecular
catalysis. It is not necessarily the case that the catalytic behavior of a
molecule is transferrable from a homogenous to a heterogenous envi-
ronment, unless the impact of the catalytic cycle on the immobilization
matrix is accounted for.

4. Conclusion

We have synthesized and characterized three systems for molecular
electrocatalysis consisting of metalloporphyrin-functionalized con-
ducting polymers. The same polymerization conditions apply to all three
metalated systems as to the corresponding free base system. Metalation
of the free base system is possible before and after polymerization, but in
particular for the pEPE-TPP-Co and pEPE-TPP-Cu, pre-polymerization
metalation is more complete than post-polymerization metalation. The
properties of the porphyrins as well as of the polymer backbones are
individually preserved in all systems, and the polymer facilitates charge

transport to and from the porphyrin redox centers. These qualities make
the systems promising for molecular, heterogeneous catalysis. However,
during both the HER and the ORR, the polymer backbone is negatively
affected by some reaction intermediate. In conclusion, CRPs can be used
as a platform for straightforward immobilization of redox active met-
alloporphyrins, but successful catalysis by molecular catalysts incorpo-
rated into polymeric systems requires better understanding of the effects
of the catalytic cycle on the polymer matrix. Studies aimed at identifying
the harmful intermediates of the HER and the ORR are ongoing.
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