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evolution (—=1.31 V vs. Fc/Fc* in THF) is comparable to those of metal containing electrocatalysts such as

metallated porphyrins or other metallated macrocycles. Combining experimental observations and DFT
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Introduction

Production of molecular hydrogen through electrochemical
hydrogen evolution reactions (HERs) is crucial for the develop-
ment of several clean-energy technologies. Such reactions require
efficient and robust catalysts that are able to increase the reaction
kinetics by lowering the high activation energy of hydrogen
generation.'” Platinum metal is a highly efficient catalyst which is
able to generate high exchange current densities at practically zero
overpotential.*** However, platinum is scarce and expensive.*
Thus, replacement of platinum by other cost-effective alternatives
with promisingly high electrocatalytic activity is necessary for the
sustainable production of hydrogen gas.®® Currently, nearly
all HER catalysts developed are based on earth-abundant
transition metals such as Mo, Co, Ni, Fe and their complexes.*™**
HER catalytic systems utilizing metal-free compounds are
uncommon;'®” however, organic-based hydrogen generation
catalysts may provide superior synthetic flexibility, lower
manufacturing costs, and greater chemical stability.
Metalloporphyrins have been well investigated for their ability
to generate H, both electrochemically and photochemically.'®>*
In metallated HER electrocatalysts, the metal center is the active
site in the hydrogen production process by participating in the
formation of metal-hydrogen bonds and is the redox center in
the multielectron reduction process.’**® In comparison, free-
base porphyrins are known to exhibit rich multielectron redox
chemistry.””*® Two basic imine nitrogen atoms in the porphyrin
core can produce a diprotonated porphyrin species.>*** Thus,
free-base porphyrins have the ability to form covalent nitrogen—
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computations, we propose the most favorable hydrogen generation mechanism to be a (1) reduction, (2)
protonation, (3) reduction, (4) protonation (E-P—E—P) pathway.

hydrogen bonds and can also be electrochemically active. In
addition, the four-nitrogen porphyrin core is perfectly suited for
bringing protons in close proximity to lower the activation energy
of dihydrogen production by prearranging the transition state of
hydrogen-hydrogen bond formation. However, whether a molec-
ular metal-free porphyrin has the ability to exhibit similar and
comparable electrocatalytic HER activity to the existing well-
studied metallated macrocyclic complexes has not yet been
studied or reported.

In this work we show that free-base meso-tetra(penta-
fluorophenyl)porphyrin, 1, is a HER electrocatalyst in the
presence of p-toluenesulfonic (tosic) acid as the proton source
with THF as the solvent. The electrocatalytic activity of 1 was
estimated by electrochemical studies and H, gas analysis in
acidic solutions. Spectroscopic measurements including UV-vis
spectra and spectroelectrochemical studies reveal the spectral
signatures of the intermediates during the catalysis giving
insight into the mechanism of H, generation. In addition,
density functional theory (DFT) calculations were performed to
provide further support to the mechanistic HER behavior of 1.

Experimental section
Materials

All reagents used for synthesis were purchased from Sigma-
Aldrich. Pyrrole was freshly distilled prior to use. Solvents
used for electrochemical studies were dried and degassed
through a Pure Process Technology solvent purification system.
Tetrabutylammonium hexafluorophosphate (TBAPF;) and tosic
acid were purchased from Acros Organics. Meso-tetra(penta-
fluorophenyl)porphyrin and meso-tetraphenylporphyrin were
synthesized according to Lindsey's method.**

Synthesis of meso-tetra(pentafluorophenyl)porphyrin, 1

Pentafluorobenzaldehyde (3.00 g, 0.0153 mol) was dissolved in
500 mL of DCM, followed by addition of pyrrole (1.04 g, 0.0153
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mol) dropwise. The mixture was stirred and bubbled with N, for
15 minutes. Next, 0.500 mL of BF;-Et,O was added with a glass
syringe without exposing to air. After 2 hours, the resulting
porphyrinogen was oxidized by adding 2,3-dichloro-5,6-
dicyanobenzoquinone (DDQ) (5.00 g, 0.0220 mol) and letting
it react for 30 minutes. Compound 1 (1.80 g, 24.3% yield) was
obtained after recrystallization and column chromatography
purification on silica gel eluted with a mixture of hexane and
dichloromethane (2:1). "H NMR (Ce¢Dg): 8.71 ppm (s, 8H),
—2.10 ppm (s, 2H); "°F NMR (Ce¢D¢): —161.3 ppm (t, 2F),
—150.5 ppm (t, 1F), —137.2 ppm (d, 2F); ESI-MS: m/z: 975.5; UV-
vis (THF): 2 max 408, 503, 543, 584, and 634 nm.

Cyclic voltammetry

All electrochemical measurements were obtained by using
a CHI760D potentiostat, with 0.1 M TBAPF, as the supporting
electrolyte. The electrolyte and tosic acid were placed under
vacuum and oven dried prior to use. All cyclic voltammograms
were obtained in a dry N,-filled glovebox, using a 4 mm diam-
eter glassy carbon working electrode, a Pt mesh auxiliary
counter electrode, and an Ag/Ag" reference electrode. Ferrocene
(Fc) was added after each measurement as an internal standard.

Controlled-potential electrolysis and H, detection

Controlled-potential electrolysis was done in a custom-built
two-compartment gas-tight electrochemical cell under an
argon atmosphere. One part of the cell contains: (I) a carbon rod
working electrode (3 mm diameter and 0.95 mm length); (II) an
Ag/Ag' reference electrode; (III) a gas inlet and gas outlet. The
other part of the cell contains a Pt auxiliary wire counter elec-
trode and a gas outlet. The working and counter electrodes are
separated through a glass frit. Electrolysis was carried out at
—1.7 Vvs. Fe/Fc' in THF, containing 0.1 M TBAPF, and 10 mM
tosic acid with and without adding the catalyst.

Spectroelectrochemistry

Spectroelectrochemistry was performed using an optical trans-
parent 1 mm thin-layer spectroelectrochemical quartz cell
containing an Au gauze working electrode, a non-aqueous Ag/
Ag' reference electrode and a Pt wire counter electrode. The
absorption spectra were recorded using a UV-vis spectropho-
tometer while the bulk electrolysis was performed using the
CHI760D potentiostat. Solutions of 1 containing 0.1 M TBAPF,
with and without acid were prepared and degassed with N,
before each measurement. The changes of the UV-vis spectra
were recorded at one second intervals for 10 minutes at
different applied potentials.

Other physical methods

"H NMR and '°F NMR spectra were recorded on a JEOL 600 MHz
NMR spectrometer. The proton NMR spectrum was referenced
to the residual deuterated solvent signal as an internal cali-
bration (C¢Dg = 7.16 ppm). The UV-vis spectra were recorded on
a SEC2000 spectra system equipped with VISUAL SPECTRA 2.1
software.
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Computational details

The molecular geometries of the free base porphyrin and porphyrin
derivatives (Scheme 1) were optimized using density functional
theory (DFT). The DFT method employed was Becke's® three
parameter hybrid exchange functional, coupled with the Lee-Yang-
Parr® nonlocal correlation functional (B3LYP) for all calculations.
The 6-31+G*** Pople basis set, as implemented in Gaussian 09, was
used for all atoms.* Zero point energies and thermodynamic data
were calculated at 298.15 K and 1 atm by performing frequency
calculations. Calculations were performed on the optimized gas-
phase geometries using the solvation model based on density
(SMD) as implemented in the Gaussian 09 suite.”*

In order to ease the computational expense, a model in which
the pentafluorophenyl groups are replaced with chlorine atoms
was employed. This substitution is reasonable due to the similar
electron-withdrawing ability of Cl compared to that of —-C¢F5 as
supported by their Hammett substitution constants (Table S27).
We followed several theoretical models®***° for the determination
of thermodynamic quantities such as reduction potentials and
PKas so as to give insight into the hydrogen evolution mechanism.

Calculation of reduction free energies

From a Born-Haber thermodynamic cycle (Scheme 2), we can
associate the reaction free energies with the gas-phase and
solvation energies using eqn (1):

CeFs CeFs —‘ =
CeFs CeFs CeFs CeFs
CeFs CeFs
1 11
CeF5 T 2- CesFs
CeFs CeFs CeFs CeFs
CeFs CeFs
nr [1-H]
CeFs
CeFs CeFs CeFs
CoFs
[-HH]

CeFs CeFs CeFs

CeFs
[1-HH]?*

Scheme 1 Porphyrin derivatives involved in the proposed mechanistic
pathways for hydrogen generation.

This journal is © The Royal Society of Chemistry 2018
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Scheme 2 Born—-Haber thermodynamic cycle for the calculation of
the free energy of reduction.

o

AG, = AG, +AG,, (Red) — AG,, (Ox) — AG, (e7) (1)

sol) solv

o o

where AG,, (Red) and AG,,(Ox) represent the free energies
upon solvation for both the reduced and the oxidized species,

AG.,(e”) the contribution of the electron to the solvation free

energy, and AGEg) the free energy of the reaction in the gas
phase. We can calculate the last value with the expression

AG(g) = AH(,) — TAS,).

Calculation of Astol),

redox potentials using eqn (2):

EO = (_AG:ol/nF) + E:ef (2)

allows the determination of

where E° is the standard reduction potential, F is the Faraday
constant and 7 is the number of electrons involved in the redox
reaction. In order to allow a direct comparison of calculated vs.
experimental data, the redox potentials reported are referenced
to the ferrocene/ferrocenium (Fc/Fc') couple.

Calculation of proton dissociation free energies

The direct calculation of reaction free energies in solution
cannot be performed because the free energy of the solvated
proton is difficult to calculate with accuracy. In order to calcu-
late the thermodynamic value, we need to consider a proton-
exchange reaction between a reference compound (AH) and
the free base porphyrin (1):

A+ 1-H" > AH + 1 (3)

Herein, we define the free energy change of reaction (3) as
AG (- To caleulate AG ), we must relate it to the free energy
in the gas phase using the thermodynamic cycle depicted in

Scheme 3, obtaining the following equation:
(AH) + AG,,, (1)

(A7) = AG,,,(I-HY) 4)

solv

— AG,

solv

AG,,, = AG, + AG,

where AG, (A7), AG,,,(1-H'), AG,,(AH) and AG,, (1) are
the free energies upon solvation of the referenced conjugated
base, the protonated porphyrin, the referenced acid and the
porphyrin, respectivelyp. We can calculate AGEg), using the

expression AG, = AH, — TAS . The pK, can be calculated
from AG,, using:

pK, = (AG,,/2.303RT) + pKyrer) (5)

This journal is © The Royal Society of Chemistry 2018
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Scheme 3 Born—-Haber thermodynamic cycle for the calculation of
the free energy of proton transfer.

where R is the gas constant, T'is the temperature (298.15 K), and
PKaqer) 18 the experimentally reported pK, of the reference
reaction. Since the deprotonation of acetic acid has been
studied in THF and the pkK, value is available, we chose this
reaction as our reference.>

Results and discussion

Cyclic voltammetry experiments were conducted in THF in
order to assess the electrocatalytic activity of 1. In the absence of
acid, 1 features two reversible one-electron reductions at E;;, =
—1.14 V and E,;, = —1.54 V vs. F¢/Fc' that yield the porphyrin
radical anion [1]"~ and the dianion species [1]*~, respectively
(Fig. 1). Upon successive addition of tosic acid, the first reduc-
tion wave of 1 remains unchanged, while a catalytic wave
appears at a potential near —1.31 V vs. Fc/Fc', which occurs
before the second reduction wave of 1 at —1.54 V. This indicates
that protonation of this porphyrin is not possible under these
conditions prior to the one-electron reduction. The reduction
potential of H'/H, (EH") with tosic acid in THF is —0.605 V vs.
Fc/Fc', which corresponds to an overpotential of 1.02 V.32
Notably, addition of acid without the presence of 1 shows
a negligible current increase (Fig. S17). As a control, a second
metal-free porphyrin, meso-tetraphenylporphyrin was also
evaluated as a HER electrocatalyst using tosic acid as the proton

450 b
N/‘\
5
< 300
3
p—
>
=
&
150
3
=
= i
C
S 0 x
1 "
-1.0 15 2.0 25 3.0
V vs Fe/Fet

Fig. 1 Cyclic voltammograms of 0.1 mM 1 in a solution containing
0.1 M TBAPFg with and without tosic acid: (from bottom to top):
0 equiv. acid, 4 equiv. acid, 9 equiv. acid, and 12 equiv. acid. Scan rate:
100 mV s™%; a glassy carbon working electrode.
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Fig.2 Controlled-potential electrolysis experiments containing 1 mM
1, 0.1 M TBAPFg and 10 mM tosic acid on a carbon rod electrode: (A)
10 mM tosic acid with 1 mM 1, and (@) 10 mM tosic acid without 1.
Potential: —1.7 V vs. Fc/Fc*.

source. The electrocatalytic current achieved using this
porphyrin was very low (onset potential: —1.89 V vs. Fc/Fc'; peak
current: 18 pA. see Fig. S37).

Hydrogen gas production was confirmed by gas chromatog-
raphy through the evaluation of the gas product obtained from
controlled potential electrolysis. Fig. 2 depicts the dependence
of accumulated charge over 40 minutes, resulting in 3.2 C of
charge corresponding to 90% faradaic efficiency (see Experi-
mental section for full experimental details).

In order to investigate whether there is a formation of
a heterogeneous metal-free porphyrin thin film on the working
electrode, which can be responsible for HER activity, cyclic
voltammograms were obtained using a glassy carbon electrode
after performing controlled-potential electrolysis. Two glassy
carbon electrodes were subjected to 1 h of electrolysis in the
presence of 1 with and without tosic acid. After the experiment,
the electrodes were rinsed with THF and dried in air. Then they
were exposed to fresh acidic solutions (1.5 mM) without the
addition of 1. In neither case the working electrode shows any
increase of catalytic current (Fig. S6 and S7t), implying that 1
does not adsorb on the working electrode surface during our
electrochemical studies.

HER kinetics were measured by foot-of-the-wave analysis
(FOWA). The observed rate constant (k.ps) was calculated from
the slope of the linear region near the foot of the wave (see the
ESIY for full experimental details). The calculated ks are dis-
played in Table S3, showing values of 0.528, 0.742 and
0.891 s~ " at acid concentrations ([H']) of 0.4, 0.9 and 1.2 mM
respectively. Plotting kops versus [H'] gives a linear relationship
(Fig. S91), suggesting a first order dependence of [H']. A kinetic
isotope effect (KIE) of 1.16 was observed when using deuterated
tosic acid (C;H,SO;D).

The HER mechanism of 1 was probed through spectroscopic
techniques. When two protons and two electrons are involved,
several different pathways can be followed in order to generate
hydrogen. The following possible sequential mechanistic steps
were considered: E-E-P-P, E-P-E-P, E-P-P-E, P-E-E-P, P-E-P-E,
and P-P-E-E, where E stands for reduction and P stands for
protonation. In THF, 1 exhibits a narrow and intense absorbance
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Fig. 3 UV-Vis spectrum of 1 in THF containing 0.1 M TBAPF¢ before
and after titrating with tosic acid.

in the typical Soret (375-425 nm) region and four small Q-bands
between 470 and 650 nm. Upon titration of tosic acid, the elec-
tronic spectrum remains constant (Fig. 3). This indicates that in
THF, tosic acid is not strong enough to protonate 1, suggesting
that the first step of hydrogen generation is a reduction.

Fig. 4 shows the spectral changes of 1 under different
electrolysis conditions. The UV-vis spectrum of 1 upon
controlled-potential bulk electrolysis at the potential of the first
one-electron reduction of the porphyrin (—1.35 V vs. Fe/Fc'),
shows a decrease of the Soret (408 nm) and Q-bands (503, 530,
584, and 634 nm); and the appearance of an absorption band at
436 nm along with an isosbestic point at 428 nm. This new band
can be attributed to the generation of the radical anion [1]"™
(Fig. 4a). Under the same controlled potential of —1.35 V vs. Fc/
Fc' but in the presence of tosic acid, the band at 436 nm cor-
responding to the radical anion [1]"~ is also seen but the iso-
sbestic point at 428 nm disappears as a function of time
(Fig. 4b). This implies that in addition to the generation of the
radical anion [1] 7, other chemical species are also produced.
Since the only condition changed between Fig. 4a and b is the
addition of acid, the second step of the catalytic cycle should be
assigned to protonation after the one-electron reduction.

When performing bulk electrolysis at the potential above the
second electron reduction wave (—1.7 V vs. Fc/Fc') without the
presence of acid, the recorded spectrum (Fig. 4c) shows an
immediate decay of the Soret absorbance coupled to an increase
of a broad absorbance at 454 nm, a new band at 369 nm and
another new band in the ultraviolet region (300 nm), along with
an isosbestic point at 425 nm. This features the transformation
from the free-base porphyrin [1] into the dianion species [1]*".
When bulk electrolysis was conducted at the same potential
(1.7 Vvs. Fc/Fc') in the presence of tosic acid, the absorbance
belonging to the dianion [1]*~ is not observed and only
a decrease of the Soret absorbance occurs (Fig. 4d). However,
the rate of decay of the Soret band in the presence of acid is
slower compared to that without acid (Fig. S12t). This suggests
that 1 is regenerated upon H, production. Overall these spec-
troscopy studies show that the first and second events of the
mechanism of hydrogen generation with 1 in the presence of
tosic acid are reduction and protonation, respectively.

This journal is © The Royal Society of Chemistry 2018
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Fig. 4 Uv-vis spectroelectrochemistry of 1 in the absence and in the presence of tosic acid containing 0.1 M TBAPF¢ in THF: (a) 1at —1.35V; (b) 1
containing tosic acid at —1.35 V; (c) 1 at —1.7 V; (d) 1 containing tosic acid at —1.7 V (potentials are referred to Fc/Fc*).

Thermodynamic theoretical calculations were also per-
formed to provide further insight into the next steps of
hydrogen generation. Scheme 4 shows the three different
pathways for hydrogen generation in THF after the first reduc-
tion, and Fig. 5 shows the calculated relative free energies cor-
responding to each of these pathways. The calculated relative
free energies in Fig. 5 are plotted relative to the tosic acid/
dihydrogen (TsOH/H,) couple.

The relative free energy difference between [1] and [1] ™ is
calculated to be 12.8 kcal mol " (+0.556 eV) which corresponds to
a potential of —1.06 V vs. Fe/Fc'. Upon the first reduction, [1]"~
can follow two possible paths: it can be either further reduced to
[1]*~ or protonated at the N core using tosic acid to yield [1-H].
Protonation to generate [1-H] is thermodynamically favored with
a relative free energy of +2.39 kcal mol * (+0.104 eV), compared to
going uphill +36.3 kcal mol " (+1.57 eV) to form [1]*".

The calculated relative pK, for the deprotonation of [1-H] is
20.3. Since the pK, of tosic acid in THF is predicted to be 11.8,
the reduced porphyrin is likely to get protonated. The first two
steps of the proposed mechanism (E-P) are in agreement with
our experimental observations. The next step can be either
electron transfer or protonation, to yield [1-H]™ or [1-HH]',
respectively. While we cannot experimentally discern between
these two pathways, [1-H] is calculated to be thermodynami-
cally favored by 8.91 kcal mol * when compared to generating
[1-HH]'. The following step yields [1-HH], which putatively
produces H,, and closes the cycle. The overall proposed

This journal is © The Royal Society of Chemistry 2018

mechanism is described in Scheme 5. Calculated relative pK,s
and redox potentials for all possible mechanistic pathways for
H, generation are presented in Table S3.1

Pathway 1
[1+e — ]~
[1]7+HA ———> [1-H] + A~
[1-H] + HA —> [1-HH]* + A~
[1-HH]* + e« —> [1-HH]
[1-HH] ——— > [1] +H,
Pathway 2
[il+e ——— I~
[1]"+HA ——> [1-H] + A-
[1-H] +e&= ——> [1-H]"
[1-H]-+ HA ——> [1-HH] + A~
[1-HH] ——— > [1]+H,
Pathway 3
[ilte ——> nl°
[]-+e ——> [
[1"+HA ——> [1-H] +A"
[1-H]-+HA ——> [1-HH] + A~
[1-HH] ——— > [1]+H,

Scheme 4 Mechanistic pathways proposed for hydrogen generation
in THF, with tosic acid as the proton source.

Chem. Sci., 2018, 9, 4689-4695 | 4693
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Fig. 5 Free energy diagram of H, evolution catalyzed using 1 in THF
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to the tosic acid/dihydrogen (TsOH/H,) couple.
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Scheme 5 Proposed catalytic cycle for H, evolution, following an E—
P—E-P mechanism, with THF as solvent.

Conclusion

In conclusion, we have studied the electrocatalytic generation
of H, using a metal-free perfluorinated porphyrin. The cata-
lytic activity was studied through cyclic voltammetry and
controlled-potential electrolysis. Hydrogen is produced elec-
trochemically at —1.31 V vs. F¢/Fc¢' in THF using tosic acid at
90% faradaic yield. Electronic spectra and spectroelec-
trochemical experiments combined with thermodynamic
calculations using density functional theory computations
suggest that the most favorable mechanistic process is an
E-P-E-P sequence. This promising finding may contribute to
open a new area for replacing noble metals with much more
abundant organic compounds for the catalytic generation of
hydrogen gas. It should be noted that this observed activity is
limited to the meso-tetrapentafluorophenyl porphyrin with
tosic acid and in THF as the solvent. We are currently working
on the catalytic study of other substitution patterns (and other
organic macrocycles) for the electrocatalytic production of
hydrogen.
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