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A B S T R A C T   

The development of efficient and reliable membranes for redox flow batteries (RFBs) with high ionic conduc-
tivity and selectivity is challenging. Aiming the development of better membranes, we have synthesized 
porphyrin-containing sulfonated poly(etheretherketone) (SPEEK). In particular, the effect of water soluble 
5,10,15,20-tetrakis(N-methyl-4-pyridinyl)porphyrin iodide (TMePyPI4) and its Cu(II) complex, 5,10,15,20-tet-
rakis(N-methyl-4-pyridinyl)porphyrinate copper(II) iodide, (CuTMePyPI4), at 0.1–0.3 wt%, have been assessed. 
Photophysical studies have shown that porphyrins are aggregated in the J-type. The obtained composite mem-
branes show high macroscopic homogeneity and lower ability to sorb water when compared with pristine SPEEK 
membranes but comparable protonic conductivity. The hydronium diffusion and permeability coefficients sug-
gest that at low porphyrin concentrations an enhancement of proton channels occurs, whilst at high concen-
tration that effect decreases due to the formation of porphyrin aggregates. A similar effect occurs in the 
permeation of vanadium ions through composite membranes with a remarkable lower permeability and diffusion 
coefficients when compared with those obtained for Nafion 115 membranes. This along with the improved 
thermal stability of porphyrin-containing SPEEK composite membranes indicate that these advanced materials 
can be used for improving the performance of RFBs.   

1. Introduction 

The concentration of carbon dioxide (CO2) in the atmosphere caused 
by extensive use of fossil fuel combustion has become one of the main 
environmental challenges. Sustainable strategies for decreasing the at-
mospheric CO2 concentration are urgent. Solutions can be reached by 
using environmentally friendly routes to generate electricity from 
renewable energy sources, such as wind and solar, and to convert CO2 
into value added chemicals (ethanol, methanol, etc.). The implementa-
tion of any of those solutions depends on the ongoing development of 
energy conversion and storage technologies, such as redox flow batteries 
or fuel cells. Fuel cells are electrochemical systems with high efficiency 
for hydrogen-based energy conversion; however, when methanol or 
ethanol are used as alternative fuels there is a significant reduction in 
performance [1,2]. Redox flow batteries (RFBs) are considered one of 

the most suitable technologies for stationary applications. RFBs are 
characterized by its ability for reversible conversion between chemical 
and electrical energies based on two redox reactions. For that reason, 
RFBs are denominated as regenerative fuel cells, as energy is stored in 
incoming fuels, in the form of two redox pairs dissolved in liquid elec-
trolytes, which are easily and efficiently convertible into electricity. This 
technology handles power and storage capacity separately; the power is 
related to the size of the electrochemical cells stack, while the capacity is 
related to the size of the tanks storing the electrolytes. Other properties 
related with the viscosity and composition may also play an important 
role [3,4]. 

The proton exchange membrane (PEM) is a key component influ-
encing performance, durability and cost of RFB and fuel cells. The 
membrane has two essential functions, transfer protons from the anode 
to the cathode and act as barrier to the passage of electrons, gas and 
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electrolytes between the electrodes [5]. Nafion, developed by DuPont, is 
one of the most common and commercially available PEMs as it is 
standard for electrochemical reactions; it shows a remarkable proton 
conductivity, good thermal, mechanical and chemical stability, and has 
been, so far, the most used polymer in high-performance fuel applica-
tions [6]. These membranes allow only protons to crossover (cation 
exchange) and are available with various thicknesses. However, the high 
cost and high crossover rate are important drawbacks, which limits ef-
ficiency of RFB. Thus, the development of proton exchange membranes 
to overcome those drawbacks is an active research topic in the devel-
opment of clean technology for energy production and storage [7,8]. 

Sulfonated poly(etheretherketone) (SPEEK) membranes are a reli-
able and effective alternative to Nafion as a consequence of its better 
thermal stability, low cost and acceptable proton conductivity [9–11]; 
additionally there are evidences that they display lower crossover when 
compared with Nafion [12]. One of the strategies followed to improve 
the performance of the SPEEK-based membranes has been to load them 
with different nanofillers, including carbon nanotubes and graphene 
oxide [13–15], silsesquioxane derivatives [16] and zirconium phosphate 
nanosheets [17]. 

Porphyrins and their metal complexes are key molecules for pro-
moting the development of new material in a wide range of applications, 
including solar energy conversion and carbon dioxide reduction [18, 
19]. Porphyrins have been applied in composite SPEEK membranes to 
improve the charge transport [20] and the proton conductivity [21]. 
Furthermore, due to their ability to self-aggregate [22], porphyrins can 
modify the physical-chemical properties of the polymeric membrane. 

Recently, porphyrin-containing SPEEK membranes were synthesized 
and characterized [21,23]. Carbone et al. showed that the presence of 5, 
10,15,20-tetrakis(4-pyridyl)porphyrin (TPyP) into SPEEK membranes, 
in particular for the composite membrane containing 0.77 wt% TPyP, 
contributed to better power density, tested in a proton exchange fuel 
cell, when compared with the pristine SPEEK membrane [23]; more 
recently, the same authors assessed the performance of meso-tetrakis 
(4-sulfonatophenyl)porphyrin (TPPS)-containing SPEEK composite 
membranes [21]. Previous studies showed that weak self-aggregation 
and high photothermal stability of Cu complexes are beneficial for sta-
bilizing the polymer on polymer solar cells [24] and to improve the 
thermal stability of perovskite solar cells [25]. 

In this work, we report a thorough study involving physical- 
chemical, electrochemical and photophysical analysis of SPEEK-based 
composite membranes containing two water soluble porphyrins: 
5,10,15,20-tetrakis(N-methyl-4-pyridinyl)porphyrin iodide (TMePyPI4) 
and its copper complexes, 5,10,15,20-tetrakis(N-methyl-4-pyridinyl)por-
phyrinate copper(II) iodide, (CuTMePyPI4). Copper complex of water- 
soluble porphyrin was introduced to control aggregation and modify 
the properties of SPEEK, showing good mass transport properties and 
high thermal and chemical stability. 

2. Experimental 

2.1. Materials 

Pyrrole, 4-pyridinecarboxaldehyde, propionic acid, nitrobenzene, 
methyl iodide, copper(II) acetate monohydrate, vanadium(IV) oxide 
sulfate hydrate (97%) and poly(oxy-1,4-phenyleneoxy-1,4- 
phenylenecarbonyl-1,4-phenylene) (PEEK), Sephadex G-10 Medium 
were purchased from Sigma-Aldrich and used as received. Sulfuric acid 
(96%, Honeywell/Fluka™) and hydrochloric acid (Fisher scientific) 
were used for PEEK sulfonation and HCl permeation, respectively. N,N- 
Dimethylformamide, was used as solvent for membrane casting and was 
supplied from Merck. Commercial membranes of Nafion 115 (127 µm) 
were acquired from Sigma. 

2.2. Synthesis of porphyrins 

Synthesis under microwave irradiation were performed using a CEM 
Discover S-Class microwave reactor with automated control of power, 
temperature and pressure. 

Ball milling reactions were performed in a Retsch MM 400 with 
constant frequency and time monitoring. Steel jars (10 mL) and balls (7 
mm diameter). HPLC Elite Lachrom HPLC-DAD system with L-2455 
Diode Array Detector, L-23000 Column Oven (RP-18 endcapped column 
- 5 µm) from Merck), L-2130 Pump and a L-2200 Auto Sampler. NMR 
spectra were registered at room temperature (RT) in a Bruker Avance III 
spectrometer, operating at 400 MHz. TMS was the internal standard 
used. Chemical shifts (δ) and coupling constants (J) are indicated in ppm 
and Hz, respectively. 

2.2.1. 5,10,15,20-tetrakis(4-pyridyl)porphyrin, TPyP 
The porphyrin was synthesised using previously described 

microwave-assisted methodology and purified through column chro-
matography followed by recrystallization [26]. 

2.2.2. 5,10,15,20-tetrakis(4-pyridyl)porphyrin, TPyP 
Yield: 15%, 928 mg (dark-purple solid); mp (ºC) > 300; UV-Vis 

(CH2Cl2): λmax, nm (relative absorbance, %) = 415 (100), 510.5 
(7.7), 544 (3.7), 585.5 (3.9), 641.5 (2.7); 1H NMR (400 MHz, CDCl3): δ, 
ppm = 9.07 (8 H, d, J = 4.2 Hz), 8.87 (8 H, s), 8.16 (8 H, d, J = 4.2 Hz), 
− 2.92 (2 H, bs). Data in accordance with previous report [26]. 

2.2.3. 5,10,15,20-tetrakis(N-methyl-4-pyridinyl)porphyrin iodide, 
TMePyPI4 

Tetramethyl pyridinyl cationic porphyrin was synthesized through 
previously described methodology [26]. The reaction product was 
analysed by HPLC-DAD using as stationary phase Purospher® STAR 
RP-18 endcapped (5 µm) and as eluent: potassium acetate (pH = 3)(A) 
and MeCN:H2O (50:50)(B) (from 100:0–30:70(A/B v/v)); 5% increment 
of B each min. for 12 min; 5% increment of B each 2 min until 22 min 
and 30:70 (A/B v/v) ratio for 12 min. Flow rate of 0.8 mL/min in the 
first 9 min and then 0.4 mL/min until 35 min. L-2455 Diode Array De-
tector (400 nm). Percentage of total chromatogram integration at 
retention time 13.7 min, relative area 98%. 

2.2.4. 5,10,15,20-tetrakis(N-methyl-4-pyridinyl)porphyrin tetraiodine, 
TMePyPI4 

Yield: 94%, 270 mg (dark-purple solid); mp (ºC) > 300; UV-Vis 
(H2O): λmax, nm (relative absorbance, %) = 422 (100), 518 (8.8), 
553.5 (4.7), 586 (5), 637.5 (2.9); 1H NMR (400 MHz, (d6-DMSO): δ, ppm 
= 9.51 (8 H, d, J = 6.8 Hz), 9.22 (8 H, s), 9.01 (8 H, d, J = 6.8 Hz), 4.74 
(12 H, s), − 3.09 (2 H, bs). Data in accordance with previous report [26]. 

2.2.5. 5,10,15,20-tetrakis(N-methyl-4-pyridinyl)porphyrinate copper(II) 
iodide, CuTMePyPI4 

A mixture of 5,10,15,20-tetrakis(N-methyl-4-pyridyl)porphyrin (50 
mg, 0.042 mmol), copper(II) acetate monohydrate (10 equiv, 84.2 mg) 
and two steel spheres were placed in steel jar and submitted to me-
chanical action in a ball milling system (Retsch 400 MM) at 25 Hz during 
90 min. The reaction product was purified through sephadex G-10 
filtration column, using water as eluent. The metalloporphyrin was 
collected and evaporated under reduced pressure. HPLC-DAD analysis 
using as stationary phase Purospher® STAR RP-18 encamped (5 µm) and 
as eluent: potassium acetate (pH = 3)(A) and MeCN:H2O (50:50)(B) 
(from 100:0–30:70(A/B v/v)); 5% increment of B each min. for 12 min; 
5% increment of B each 2 min until 22 min and 30:70 (A/B v/v) ratio for 
12 min. Flow rate of 0.8 mL/min in the first 9 min and then 0.4 mL/min 
until 35 min. L-2455 Diode Array Detector (400 nm). Percentage of total 
chromatogram integration at retention time 14.2 min relative area 98%. 

5,10,15,20-tetrakis(N-methyl-4-pyridinyl)porphyrinate copper(II) io-
dide, CuTMePyPI4, Yield: 46%, 24.3 mg (dark-purple solid); mp (ºC) >
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300; UV-Vis (H2O): λmax, nm (relative absorbance, %) = 425 (100), 548 
(15.6). 

2.3. Sulfonation of PEEK 

PEEK particles were first dried at 100 ºC overnight. Then 6 g of PEEK 
was dissolved gradually in 120 mL of concentrated H2SO4 (96 wt%) 
under stirring (400 rpm), at RT, during about 5 days. The sulfonation 
reaction (Scheme 1) is worked up according to the procedure previously 
described [10]. After that, the polymer was dried at 45 ºC for 1 day and 
the degree of sulfonation was measured through 1H NMR (Bruker Bio-
spinGmbH 400 MHz) using DMSO-d6 (Sigma) as solvent. A sulfonation 
degree of 63% has been found. 

2.4. Composite membranes 

The sulfonated PEEK (SPEEK) was further used as a matrix mem-
brane for porphyrin incorporation. The membranes have been prepared 
as follows: the SPEEK (10% (w/v)) was initially dissolved in dime-
thylformamide (DMF) solvent, at RT. After that, DMF solutions of 
5,10,15,20-tetrakis(N-methyl-4-pyridinyl)porphyrin iodide (TMePyPI4) 
and 5,10,15,20-tetrakis(N-methyl-4-pyridinyl)porphyrinate copper(II) 
iodide, (CuTMePyPI4), previously prepared, were added to SPEEK so-
lutions. The concentrations of porphyrin and SPEEK in the blend solu-
tion are 0.1 wt%, 0.2 wt% and 0.3 wt% [23]. The membranes were 
prepared by casting using an Elcometer (K4340M11) automatic film 
applicator. The obtained membranes are then activated by immersing in 
a 1 M H2SO4 aqueous solution during 24 h. Then the membranes are 
soaked in water to remove the H2SO4 in excess. 

2.5. Characterization of composite membranes 

The incorporation of porphyrin into SPEEK has been evaluated by 
attenuated total reflectance - Fourier transform infrared (ATR-FTIR) 
spectroscopy, using a Varian Cary 630 FTIR spectrometer. The surface 
morphologies of blend films were analyzed by scanning electron mi-
croscopy (SEM). SEM images were recorded on a JSM 6010LV/6010LA, 
Jeol (Tokyo, Japan) scanning microscope, microscope operating under 
low vacuum, using a 10 kV potential. 

Thermogravimetric analysis (TGA) were performed in a TG209 F3 
Tarsus thermogravimetric analyzer (Netzsch Instruments). Samples (ca. 
5 mg) were weighed in alumina crucibles and heated from 30 ºC to 900 
ºC, at a heating rate of 10 ºC/min, under N2 atmosphere (flow rate of 
20 mL/min). 

Water uptake measurements are used for the assessment of the hy-
drophilic/hydrophobic balance occurring as a function of blend 
composition. Four replicates (ca. 1 ×1 cm) of each membrane were 
taken and weighted (wdry). Then, membranes were soaked in Milli-Q 
water for 6 days, at RT. After that, the soaked membranes were 
weighed (wwet). The water uptake (Hp) was calculated by: 

HP(%) =
wwet − wdry

wdry
× 100 (1)  

2.6. Transport properties 

Three different types of transport properties have been measured: 
electrical conductance, proton conductivity and the diffusion and 
permeation of HCl through SPEEK-based membranes. 

The bulk resistivity (ρb) of membranes was computed through the 
equation: 

ρb = 2πsR (2)  

where s is the probe spacing (0.1221 cm) and R is the electrical resis-
tance of the sample, measured by using a four probe electrode (HL 
Jandel), coupled to a Keithley 2401 SourceMeter. 

The proton conductivity (σ) was obtained through electrochemical 
impedance spectroscopy (EIS) measured in 0.5 M H2SO4 and using an 
Autolab/PGSTAT302N workstation controlled by Nova software pack-
age (Nova version 1.11). All membranes were measured at open circuit 
potential (OCP) in a frequency range of 200 kHz to 10 Hz. Two platinum 
wires were used as electrodes (placed close to the membrane). The area 
of the membranes was 4 cm2. 

The ability of membranes for proton permeability and the concen-
tration of free hydrogen ions in the polymer phase have been assessed by 
measuring the flux of HCl, using a cell similar to that reported elsewhere 
[27] and the time-lag method. The horizontal Franz-type cell consists of 
two compartments with ca. 200 mL (V). The donor compartment is filled 
with aqueous 0.1 M HCl solution, and the receptor compartment, filled 
with water. Solutions in both compartments were kept at constant 
temperature at 25.0 ± 0.1 ºC by using a Velp Sientifica Multistirrer 6 
thermostat. The flux of HCl (from the donor to the receptor compart-
ments) is quantified by measuring the electrical conductivity (κ) in the 
receptor compartment using tetracon® 325, controlled by WTW™ 
Multi/ACHAT II software [28]. The conductivity cell constant is calcu-
lated before each experiment. The permeability (P) and the integral 
diffusion (D) coefficients, and the partition coefficient (K), were 
computed by using Eqs. (3–5), respectively: 

P =
Vl
A

1
[HCl]

dct

dt
(3)  

D =
l2

6θ
(4)  

K =
P
D

(5)  

where K is the partition coefficient (Henry’s coefficient), θ is the time 
lag, l is the membrane thickness, A is the permeation area (3.14 cm2) 
and dct/dt corresponds to the slope of the dependence of the flux on 
time, under steady-state conditions. 

Vanadium permeability was also measured to evaluate the perfor-
mance of the composite membrane towards crossover flow. The mea-
surements were carried out using the same permeation cell described 
above. However, in this case, the donor compartment contain 1.0 M 
VO2+ in 2.0 M H2SO4 and the receptor compartment was filled with 
2.0 M H2SO4 (200 mL) [29]. The flux of VO2+ was measured by UV–vis 
spectrophotometry (Shimadzu, model UV-2450) and the permeability 
and diffusion coefficients were computed by using Eqs. (3) and (4) by 

Scheme 1. .  
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substituting [HCl] by the VO2+ concentration. 

2.7. Photophysical characterization 

The spectral data, namely the absorption and fluorescence spectra 
were obtained with Cary 5000 UV-Vis-NIR and Horiba-Jobin-Ivon Flu-
orolog 3.22 spectrometers, respectively. The emission spectra were 
corrected for the instrumental, namely wavelength response, of the 
equipment with correction factors for emission and excitation spectra. 
The absorption spectra of the films were recorded by collecting the 
spectra in the diffuse reflectance mode using a Cary 5000 UV-Vis-NIR 
spectrophotometer equipped with an integrating sphere 
(200–2500 nm range). Prior to the determination of the spectra of the 
films a background correction was performed by obtaining the baseline 
with 100% and 0% reflectance (using a polytetrafluoroethylene, PTFE, 
reference sample and the blocked beam, respectively). The conversion to 
absorption was carried out assuming the Kubelka-Munk function, F(R) 
[30]. 

The fluorescence quantum yields obtained in dimethylsulfoxide 
(DMSO) solution were determined by the comparative method, using 
tetraphenyl-porphyrin in toluene solution as standard, ϕF = 0.11 [31, 
32]. In the solid state (films) the fluorescence quantum yields were 
measured using the absolute method with a Hamamatsu Quantaurus QY 
absolute photoluminescence quantum yield spectrometer, model 
C11347 (integration sphere). 

Singlet oxygen yields (ϕΔ) were obtained by the measurement of 
phosphorescence emission at 1270 nm followed upon irradiation of the 
aerated solution of the samples in DMSO with excitation at 355 nm from 
a Nd:YAG laser with a setup described elsewhere [33]. 5,10,15,20-tetra-
phenylporphyrin in toluene (ϕΔ = 0.66) was used as standard [34] for 
the ϕΔ measurements. 

Fluorescence decays were measured using a home-built picosecond 
time-correlated single photon counting (ps-TCSPC) apparatus described 
elsewhere [33]. 

The fluorescence decays and the instrumental response function 
(IRF) were collected using 1024 channels in a time scale up to 52.7 ps/ 
channel (using a Spectra Physics frequency divider, Pulse picker model 

3980–2 s, to reduce the fundamental laser repetition rate to 8 MHz). 
Deconvolution of the fluorescence decay curves was performed using the 
method of the modulation functions, as implemented in the SAND pro-
gram by George Stricker [35]. 

Time resolved ultrafast transient absorption measurements were 
collected in a broadband HELIOS spectrometer (350–1600 nm) from 
Ultrafast Systems, described elsewhere [36]. The transient absorption 
data was obtained with excitation at 450 nm (and using a 450 nm 
centered bandpass interference filter, FWHM= 10 nm in the pump op-
tical path) and probed in the 350–750 nm range. The measurements in 
solution were obtained in a 2 mm quartz cuvette, with absorptions of ca. 
0.1 at the pump excitation wavelength. Photodegradation of the solution 
samples was avoided by stiring or kept in movement using a motorized 
translating sample holder during the experiments. Spectral chirp was 
corrected using Surface Xplorer PRO program from Ultrafast Systems. 
Global analysis of the data (using a sequential model) was made using 
the Glotaran software. 

3. Results and discussion 

3.1. Porphyrin synthesis 

5,10,15,20-tetrakis(4-pyridyl)porphyrin, TPyP was synthesized in 
one-pot by condensation of pyrrole with 4-pyridylaldehyde under mi-
crowave irradiation. The water-soluble tetramethylate derivative 
5,10,15,20-tetrakis(N-methyl-4-pyridinyl)porphyrin iodide, TMePyPI4, 
Scheme 1, were synthetized accordingly to previously described meth-
odologies [26,37,38]. The 5,10,15,20-tetrakis(4-pyridyl)porphyrin, 
TPyP was synthesized under in one-pot method by condensation of 
pyrrole with 4-pyridylaldehyde under microwave irradiation, followed 
by cationization with methyl iodide (Scheme 2). 

The synthesis of the copper(II) complex was achieved via mechano-
chemistry. The water-soluble porphyrin TMePyPI4 and ten equivalents 
of the metal salt, and two stain-steel spheres were place in the jars and 
submitted to mechanical action for 90 min. The metalloporphyrin was 
obtained with 46% yield after purification by molecular exclusion 
chromatography (Scheme 2). 

Scheme 2. Synthetic procedure and abbreviations of the cationic porphyrins in this work.  
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The classical methodologies for the synthesis of metaloporphyrins 
involve the use of large excess of metal salts and large quantities of 
hazardous and/or high boiling point organic solvents at high tempera-
ture for long reaction times. Therefore, the solvent-free synthesis herein 
described, is an alternative sustainable methodology, in agreement with 
the second, third, fifth and sixth principles of Green Chemistry [39]. 

3.2. Characterization of SPEEK-based composite membranes 

Composite films of SPEEK (10% w/v) with different amounts of 
TMePyPI4 (0.1–0.3 wt%) and CuTMePyPI4 (0.1–0.3 wt%) were pre-
pared. The sulfonation of PEEK has been assessed by FTIR (Fig. 1). 
Comparing both spectra it can be concluded that new bands occurring at 
ca. 1080 and 1403 cm− 1 are assigned to symmetric and unsymmetrical 

Fig. 1. FTIR spectra of PEEK (a) and SPEEK composite films without (b) and with TMePyPI4 (c) 0.1%, (d) 0.2% and (e) 0.3%, and TMePyPI4 (f) 0.1%, (g) 0.2% and 
(h) 0.3%. 

Fig. 2. SEM micrographs of: (a) SPEEK, (b) SPEEK/TMePyPI4 (0.3 wt%) and (c) SPEEK/CuTMePyPI4 (0.3 wt%) membranes. ×1000 magnification. Inset: photos of 
the corresponding membranes. 
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stretching vibrations of sulfonate groups [40]. The peak at ca. 
1467 cm− 1 corresponds to the vibration mode of the aromatic C-C [41]. 
The peak at 1736 cm− 1 is due to the aromatic sulfur (C––C− S) vibra-
tional mode, as due to the linkage of sulfonic acid group to the PEEK 
backbone [42]. Another band that can be attributed to the sulfonic 
group, in particular to the S-O stretching one, can be found at ca. 
707 cm− 1 [12]. Upon the incorporation of porphyrins (either native or 
complexed with copper ion) no significant change in FTIR spectra is 
observed. The lack of vibrational modes characterizing the porphyrins 
may be related with their occurrence in films at low concentrations. 
However, it is worth noticing that the SPEEK band occurring at ca. 
1736 cm− 1 is not observed. 

Despite the lack of features in FTIR analysis related with the por-
phyrins, which can easily be justified by its low content into the com-
posite, it can be seen, by visual inspection, that films with porphyrins 
show a green translucent aspect, suggesting a macroscopic homoge-
neous dispersion throughout the film (see the inset photos in Fig. 2). The 
surface morphology micrographs show homogeneous profile (i.e., no 
phase separation or porphyrin aggregation are occurring at surface) and 
featureless non-porous surface in agreement with that found by Carbone 
et al. for membranes of SPEEK with higher concentrations of TMePyPI4 
[23]. 

The thermal stability of the SPEEK and composites was studied using 
TGA. The temperature of maximum degradation rate for the transition I 
(Tm,I), shown in Table 1, was obtained by using the minimum in the 
derivative thermogravimetry (DTG) curve. SPEEK shows 4 thermal 
transitions (see regions I to IV in the Fig. 3): region I) occurs at 70 ºC and 
is due to residual solvent; region III) aims at the well-defined weight loss 
at 317 ºC that is related to desulfonation reaction of –SO3H groups; and 
region IV) corresponds to the final degradation step at ca. 537 ºC 
assigned to the degradation of polymer backbone [43]. 

Comparing with composite membranes, SPEEK membranes shows a 
further degradation step corresponding to Tm,II = 247 ºC (region II), 

which can be justified by the desorption of high melting temperature 
organic solvent (DMF) [44]. It can be concluded that the incorporation 
of porphyrins leads to a thermal stabilization of the SPEEK membranes, 
from 15 ºC to 20 ºC, which may result from an increase in the inter-
molecular H-bonding, resulting from SPEEK-SPEEK or SPEEK-porphyrin 
interactions and consequent stabilization of the protonated sulfonate 
groups. 

3.3. Photophysical studies 

In DMSO solution, the TMePyPI4 and its copper derivative display 
the characteristic absorption of the tetraphenylporphyrin derivatives, 
absorption maxima of the Soret band at 426 nm and Q bands at 526 nm, 
557 nm, 591 nm and 644 nm for the free-based membranes, and, Soret 
Band at 426 nm and Q band at 550 nm for the copper complex. In so-
lution, the fluorescence emission spectrum of TMePyPI4 shows two 
broad bands at ca. 650 nm and ca. 715 nm (see Fig. 5). The fluorescence 
emission drop with the insertion of paramagnetic copper(II) due to the 
exchange interaction involving the lowest triplet of the porphyrin core 
unit and the dx2-y2 unpaired electron of the metal, being undetectable in 
water [45] and in DMSO solution [32,46]. 

Going to the SPEEK films loaded with porphyrin/SPEEK 0.1% weight 

Table 1 
Thermal properties of neat and SPEEK-based composite films for the observed 
thermal transition regions: I, II, III and IV.   

Tm,I / ◦C Tm,II / ◦C Tm,III / ◦C Tm,IV / ◦C 

SPEEK  70 247  317  532 
SPEEK/TMePyPI4 0.1 wt%  60 267  337  522 
SPEEK/TMePyPI4 0.3 wt%  65 –  332  527 
SPEEK/CuTMePyPI4 0.1 wt%  81 –  332  537 
SPEEK/CuTMePyPI4 0.3 wt%  86 –  332  537  

Fig. 3. TGA and corresponding DTG curves for SPEEK (black lines), SPEEK/TMePyPI4 (0.3 wt%, red lines) and SPEEK/CuTMePyPI4 (0.3 wt%, blue lines). For the 
meaning of I-IV regions see the text. 

Fig. 4. UV-Vis absorption spectra for the investigated porphyrins in DMSO and 
loaded in SPEEK films with porphyrin/SPEEK 0.1% weight percentage ratio 
at 293 K. 
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percentage ratio spectral bathochromic shifts of ~25 nm (absorption) 
and ~15 nm (fluorescence) were observed Fig. 4 and Fig. 5. TPPS 
(5,10,15,20-tetrakis-(4-sulfonatophenyl)porphyrin) tetrasodium [47] 
was used for comparative purpose since its capability to form aggregates 
is well known [48,49]. 

Fluorescence quantum yields (ϕF) for the investigated compounds 
were obtained in solution and in the membranes. The fluorescence 
quantum yield of TMePyP decrease from 0.09 in DMSO solution to 0.011 
in SPEEK film loaded with 0.10% of TMePyP; 0.008 in SPEEK film 
loaded with 0.20% of TMePyP and 0.006 in SPEEK film loaded with 
0.30% of TMePyP. However, the fluorescence quantum yield of TPPS 
was not significantly changed going from solution (0.15) to the film 
(0.16). 

Table 2 presents the fluorescence lifetimes collected with excitation 
at 451 nm in DMSO solution and in the membranes with 0.1% porphyrin 
to polymer loading. For TMePyPI4 the decays in solution were found to 
be well fitted with a biexponential decay law (see Table 2). For TPPS 
instead a monoexponential decay was found, τF = 11.8 ns, in agreement 
to what was previously reported [35]. Going on to membranes with 
0.1% porphyrin loading, for TMePyPI4 the fluorescence decays were 
only properly adjusted with a sum of three exponential terms: i) a 
shorter lifetime in the 0.25–0.29 ns range; ii) an intermediate lifetime of 
1.4 ns; and iii) a longer fluorescence lifetime of 10.5–10.7 ns. The values 
are in good agreement with the those reported by Carbone et. al. [21], in 
which the longest decay time is attributed to the emission of the 
porphyrin monomeric form, the intermediary decay time to J-dimers 
emission and, finally, the fastest decays assigned to the emission of 
J-aggregates. In general, the Soret band hypsochromic shift, the 
decrease in fluorescence intensity [50] and the analysis of the fluores-
cence lifetimes indicate formation of J-type aggregates or dimers in the 
SPEEK composites. 

To further investigate the excited state dynamics of the investigated 
porphyrins in solution and immobilized in SPEEK films the time- 
resolved transient absorption (TA) spectra were obtained in time- 
window of 7.6 ns (see Fig. 6). The spectra show, in the 450–800 nm 
range, dominating positive and broad transient absorption band(s) 

together with a negative transient absorption band (at ca. 420 nm in 
DMSO solution and in the 420–460 nm in the SPEEK films). This last 
band is in agreement with the ground state absorption (GSA) spectra 
shown in (Figs. 4 and 6). 

3.4. Transient absorption (TA) data 

The global analysis of the TA data of the TPPS and TMePyPI4 por-
phyrins in aerated DMSO solutions shows: i) a fast decay transient 
lifetime of 1 ps; followed by ii) an intermediate decay with values of 
105 ps and 23 ps, respectively; a iii) transient lifetimes of 10 ns (which 
match those found for the fluorescence lifetime of TPPS and of 2.8 ns for 
TMePyPI4; and finally iv) long lived transients which, in agreement with 
the observed sensitization of molecular singlet oxygen and to what was 
previously reported for meso-substituted porphyrins, was therefore 
fixed in the analysis and associated to the triplet excited state lifetimes 
(420 μs and 170 μs, respectively) [31,32,51]. Indeed, with excitation at 
the Soret band (450 nm), it is expected that for TPPS and TMePyPI4 the 
time evolution of the TA bands shows, at different wavelengths, 
different profiles mirroring the various occurring processes. These 
include ground-state bleaching (GSB) and excited-state absorption 
relative to the S2 →Sn, Qy → Sn, Qx → Sn and T1 → Tn transitions that 
occur occur after photoexcitation [51]. Therefore, following excitation 
to S2 the decay processes are essentially governed by internal conversion 
(IC), 1 ps, which populates S1 (Qy and Qx bands) which is then followed 
by intersystem crossing (ISC) to the lowest triplet state T1, and further 
decay of the T1 state (which at room temperature is essentially radia-
tionless). In the case of copper metalloporphyrin, as previously reported 
for open 3d shell metalloporphyrins after Soret band excitation the 
singlet excited state, 2S1, undergoes rapid intersystem-crossing to the 
triplet excited state, 2T1, which then populates the CT-excited state or 
decay with short transient lifetime [52,53]. 

The TA data analysis for the porphyrins immobilized in SPEEK films 
(0.1% loading) showed: i) for TPPS the kinetics were well fitted with a 

Fig. 5. Normalized fluorescence emission spectra for porphyrin TMePyI4 ob-
tained in DMSO and dispersed in SPEEK films with porphyrin/SPEEK 0.1% 
weight percentage ratio at T = 293 K. 

Table 2 
Fluorescence lifetimes for the investigated porphyrins in DMSO solution and immobilized in SPEEK films (0.1% porphyrin to polymer loading).  

Compd  λem (nm) τ1 (ns) τ2 (ns) τ3 (ns) ai1 ai2 ai3 χ2 

TPPS DMSO Film (0.1%)  650      11.8        1.11   
665    3.4  5.8    0.487  0.513  1.07   
725          0.568  0.432  1.11 

TMePyPI4 DMSO Film (0.1%)  650    5.4  12.3        1.06   
665  0.25  1.4  10.5  0.641  0.308  0.078  1.13   
725        0.545  0.291  0.164  1.22  

Fig. 6. Time resolved transient absorption spectra obtained for the TPPS and 
TMePyPI4 porphyrins in DMSO at T = 293 K collected with excitation 
at 450 nm. 
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sum of three exponential terms, and lifetimes of 633 fs, 3.1 ns and, a 
long lifetime of 420 μs (fixed in the analysis and associated to the 
essentially radiationless decay of the triplet state in solution; and ii) for 
TMePyPI4 four lifetimes were necessary to properly fit the kinetic traces, 
a shorter lifetime of 38 ps, a second decay component of 374 ps, a third 
of 3.7 ns and a long decay component that again was fixed to the triplet 
decay time obtained in solution 170 μs;. 

Following photolysis of oxygen containing DMSO solutions of the 
porphyrins, the singlet oxygen formation quantum yields (ϕΔ) were 
obtained from the measurement of the molecular oxygen phosphores-
cence at 1270 nm. The ϕΔ values were further obtained with a plot of the 
initial phosphorescence intensity (observed at 1270 nm) as a function of 
the laser energy or doses. The comparison of the slope obtained for the 
studied porphyirins with that of the standard tetraphenylporphyrin in 
toluene provided the ϕΔ values. Furthermore, observing the obtained 
data, a marked decrease is observed in the ϕΔ values on going from TPPS 
(ϕΔ = 0.66 in toluene) to the methyl-pyridyl meso-porphyrins 
(0.16–0.17). Moreover and considering that, ϕΔ values cannot be higher 
than the quantum yield of triplet formation (that is ϕΔ ≤ ϕT) and 
assuming an efficient energy transfer from the triplet state of the meso- 
porphyrins to the triplet molecular oxygen ground-state, SΔ = ϕΔ / ϕT 
= 1, it can be concluded that, in general, the non-radiative deactivation 
yields (ϕIC + ϕT) are the dominant deactivation pathways. Moreover, it 
can be seen that for TPPS ISC dominates the deactivation of S1m, which 
contrasts with the methyl-pyridyl porphyrins derivative, TMePyPI4, 
where IC is the dominant decay process (ϕIC in the 0.74). This feature 
could be related to the chemical stability of the SPEEK composites, the 
reduce ability to generate ROS will reduce the possibility of oxidation 
process to occur. 

3.5. Electrical conductivity 

Table 3 shows the dependence of the bulk resistivity (ρb) and proton 
conductivity (σ) on the composition of composite membranes. In gen-
eral, it can be assessed that the incorporation of neat and Cu(II)- 
containing porphyrins leads to an increase, in one order of magnitude, 
of the bulk electrical resistivity but no significant alteration of proton 
conductivity was observed. 

Since the water inside of membrane is of crucial importance for the 
current transport, the percentage of water uptake of the prepared 
membranes was measured. The results will be compared with those 
obtained for Nafion 115. Taking into account the experimental error the 
Hp of composite membranes are, in average, ca. 40% lower than the 
value for SPEEK membranes; such decrease can be justified by some 
phase separation detected by thermogravimetric analysis and may also 
justify the increase in the ρb values. This is also supported by photo-
physics analysis, where the presence of porphyrin aggregates was 
observed and for the HCl permeation (see following sections). However, 
it is worth noticing that an increase in the percentage of porphyrins into 
membranes, either as neat or Cu(II) complex, leads to a slight decrease in 

the ρb values, being more effective for the Cu(II)-containing porphyrin. 
The former may be justified by the interactions between porphyrins and 
sulfonate groups; however, by increasing the amount of porphyrins 
incorporated into membrane the interactions TMePyP-TMePyP becomes 
predominant leading to a more sulfonate groups free for conduction. 

However, the proton transport channels should also be affected with 
a decrease in the Hp [44,54], i.e., the proton conductivity should also 
decrease. Consequently, it seems that the incorporation of porphyrins 
makes a balance between a decrease in the water uptake and an increase 
in the proton conductivity. 

In order to check the effect of porphyrins on the electrical conduc-
tivity of SPEEK-based films, the results were compared with those ob-
tained with Nafion 115 membrane. The obtained values for ρb and σ are: 
2.4 ( ± 0.4) 105 cm/S and 93 ( ± 1) mS/cm, respectively. These values 
are similar to those reported elsewhere [55]. 

3.6. Permeation analysis 

The permeation of HCl through membranes were carried out using a 
steady-state method to have an insight on the mechanism of proton 
conduction [28]. From Table 4, which summarizes the permeability, 
diffusivity and Henry’s constant at 25 ºC of HCl (0.1 M) in SPEEK-based 
membranes, we can conclude that the porphyrins affect essentially the 
HCl diffusivity. The diffusion coefficient of HCl inside SPEEK mem-
branes is five orders of magnitude lower than the corresponding inter-
molecular diffusion coefficient of HCl (0.1 M) in water (3.017 ×10− 5 

cm2/s [56]), which might be justified by the interaction between H3O+

and the SPEEK membrane, with consequent protonation of the SPEEK at 
specific sites – the sulfonate groups. It can also be stressed that the 
tortuosity might also explain the low effective diffusion coefficient; 
however, according to Cussler, this can only justify a variation in D value 
in one order of magnitude [57]. The diffusion coefficient of HCl in 
Nafion-115 membrane has been obtained and is equal to 5.82 (± 0.08) 
× 10− 9 cm2/s. This value is one half that D reported for the permeation 
of acetic acid (0.1 M) through Nafion 117 membranes (1.5 × 10− 8 

cm2/s) [58] and of the same order of magnitude of the diffusion coef-
ficient of HCl inside Nafion-117 as reported Schwitzgebel and Endres 
[59]. From this comparison it can be stated that the SPEEK-based 
membranes show a higher affinity towards H3O+ than the Nafion 
membranes. Such affinity towards hydronium seems to be enhanced by 
a lower percentage of water uptake in hybrid membranes. 

Concerning the permeability coefficients, it can be concluded that 
the values only slightly change with the addition of porphyrins and its 
concentrations; even so, there is a trend for both composites: the P is 
lower for the composite with less amount of porphyrin and increase as 
the amount of porphyrin increases; this is in close agreement with the 
hypothesis of porphyrin aggregation and consequent occurrence of 

Table 3 
Bulk resistivity (ρb) and proton conductivity (σ) of SPEEK-based membranes 
with different percentages of water uptake (Hp), at 25 ºC.   

Hp / % ρb / (105 cm/S) wet, 
RT 

σ (mS/cm) wet, 
RT 

SPEEK 51 (±7) 1.3 (±0.4) 30 (±4) 
SPEEK/TMePyPI4 0.1% 33 (±5) 18.2 (±2.7) 27 (±3) 
SPEEK/TMePyPI4 0.2% 30 (±3) 17.5 (±1.8) 31 (±2) 
SPEEK/TMePyPI4 0.3% 30 (±6) 16.4 (±0.9) 29 (±0) 
SPEEK/CuTMePyPI4 

0.1% 
24 (±9) 22.6 (±3.3) 34 (±0) 

SPEEK/CuTMePyPI4 

0.2% 
34 
(±14) 

19.9 (±0.4) 26 (±2) 

SPEEK/CuTMePyPI4 

0.3% 
32 (±8) 16.6 (±1.2) 31 (±1)  

Table 4 
Permeability, diffusivity and Henry’s constant at 25 ºC of HCl (0.1 M) in SPEEK- 
based membranes.   

D / (10− 10 cm2/ 
s) 

P / (10− 11 cm2/ 
s) 

K 

SPEEK 6.1 ( ± 0.3) 9.3 ( ± 0.2) 0.15 
( ± 0.07) 

SPEEK/TMePyPI4 0.1% 2.2 ( ± 0.6) 6.0 ( ± 1.2) 0.27 
( ± 0.09) 

SPEEK/TMePyPI4 0.2% 3.0 ( ± 0.3) 6.2 ( ± 0.5) 0.20 
( ± 0.03) 

SPEEK/TMePyPI4 0.3% 5.0 ( ± 1.1) 6.5 ( ± 1.1) 0.13 
( ± 0.04) 

SPEEK/CuTMePyPI4 

0.1% 
3.5 ( ± 0.6) 7.5 ( ± 0.9) 0.21 

( ± 0.01) 
SPEEK/CuTMePyPI4 

0.2% 
4.4 ( ± 0.6) 9.4 ( ± 0.9) 0.21 

( ± 0.04) 
SPEEK/CuTMePyPI4 

0.3% 
7.6 ( ± 0.8) 10.9 ( ± 0.6) 0.12 

( ± 0.01)  

J.F.M. Sousa et al.                                                                                                                                                                                                                              



Materials Today Communications 29 (2021) 102781

9

phase separation [60]. 
The analysis of Henry’s coefficients shows an enhancement of the 

proton transport channels in the presence of porphyrins. 
As stated before, a drawback of Nafion membranes is the high 

crossover of vanadium ions, due to its low affinity, leading to short term 
operation and battery self-discharge when stored [61,62]. To evaluate 
the performance of the prepared membranes in such conditions, the flux 
of VO2+ through SPEEK membranes, in a H2SO4 aqueous medium, was 
measured and the results are shown in Fig. 7. In the present case, the use 
of sulfuric acid in both cells allows to decrease the contribution of the 
osmotic pressure for the flux of vanadium[63]. The analysis of Fig. 7 
allows to withdraw the following conclusions: i) the permeability of 
SPEEK/TMePyPI4 0.1% membrane to V(IV) is the lowest, it is ca. eleven 
times lower than the permeability of Nafion 115; and ii) the diffusion 
coefficients of VO2+ in SPEEK/TMePyPI4 0.1% and SPEEK/CuTMePyPI4 
0.1% are two and one order of magnitude lower than those observed for 
Nafion and SPEEK, respectively. Another interesting point is related 
with the effect of the membranes’ hydrophilicity on the transport 
properties. Although there is no straight relationship between Hp and P 
or D for VO2+, we can observe, as a general trend, a decrease of K(VO2+) 
by increasing Hp, probably due to some competition with H3O+ provided 
by the sulfuric acid. 

4. Conclusions 

The use of SPEEK-based membranes for RFB has been revisited. 
SPEEK composites were prepared by addition of water soluble 
5,10,15,20-tetrakis(N-methyl-4-pyridinyl)porphyrin iodide and its cop-
per(II) complex. In line with the environmental concerns that motivate 
the development of fuel cells and RFBs, the organic compounds were 
prepared accordingly to Green Chemistry principles. The composites 
prepared showed a good thermal stability and chemical stability 
enhanced by the low capability of the copper porphyrin to produce 
reactive oxygen species. Weak self-aggregation of the water-soluble 
porphyrin and its copper complex, showed to be beneficial for stabiliz-
ing the morphology, leading to composites with homogeneous profile 
and featureless non-porous surface. 

SPEEK loaded with water soluble cationic porphyrin presented low 
proton crossover and lower vanadium crossover. Despite that these 
membranes significantly decreases vanadium diffusion, proton cross-
over also decreased when compared with SPEEK free-based ones. 
However, the introduction of copper into the porphyrin core had a 
positive effect in both parameters, recovering the original proton 
diffusion and permeability of SPEEK and keeping low vanadium cross-
over values. Comparing with Nafion 115 membranes, SPEEK showed 

better performance in all measured properties, with the exception of 
proton and electrical conductivities. Additionally the selectivity VO2+/ 
H+ increase significantly for porphyrin-containing SPEEK composites 
compared with both SPEEK and Nafion-115 membranes. Overall, the 
new SPEEK-based composites showed good mass transport properties, 
which together with the high thermal and chemical stability and the low 
cost make them an alternative candidate for the development of viable 
technologies to provide cleaner and more efficient sources of energy. 
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