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A B S T R A C T   

Porphyrins constitute a class of attractive materials for harvesting sunlight and promote chemical reactions 
following their natural activity for the photosynthetic process in plants. In this work, we employ an in-silico 
design strategy to propose novel porphyrin-based materials as photocatalysts for hydrogen evolution reaction 
(HER). More specifically, a set of meso-substituted porphyrins with donor-acceptor architecture are evaluated 
within the density functional theory (DFT) framework, according to these screening criteria: i) broad absorption 
spectrum in the ultraviolet–visible (UV–Vis) and near infrared (NIR) range, ii) suitable redox potentials to drive 
the uphill reaction that lead to molecular hydrogen formation, iii) low exciton binding free energy (Eb), and iv) 
low hydrogen binding free energy (ΔGH), a quantity that should present low HER overpotentials, ideally ΔGH =

0. The outcomes indicate that the Se-containing compound, where the donor ligands are attached to the 
porphyrin core by the spacer, outstands as the most promising candidate that is presented in this work. It displays 
a broad absorption in the visible and NIR regions to up to 1000 nm, suitable catalytic power, low Eb (in special in 
high dielectric constant environment, such as water) and the lowest ΔGH = +0.082 eV. This is comparable, in 
absolute values, to the value exhibited by platinum (ΔGH = − 0.10 eV), one of the most efficient catalysts for 
HER.   

1. Introduction 

The use of solar energy to produce renewable fuels is undoubtedly a 
promising strategy to supply the current and future demand for a sus
tainable energy source. Among the solar fuels, hydrogen stands out as 
one of the cleanest options as no pollutants are produced when it is 
burned but only water. For this purpose, photocatalysts capable of 
harvesting photons in a broad range of the solar emission spectrum are 
desired. Organic materials are natural candidates for this application as 
nature itself uses organic molecules in the process of solar-to-chemical 
energy conversion in the photosynthetic processes. Besides that, 
organic materials have the great advantage of enabling an easier func
tionalization when compared to inorganic counterparts opening the 
possibility of tailoring the desired properties [1–4]. 

In the latest years, a variety of organic photocatalysts for H2 evolu
tion reaction (HER) have been reported, from molecular [5–7] and 

polymeric materials [1,8–13] to complex 2-dimensional structures as 
covalent organic frameworks [14–17] and microporous polymers 
[18–20]. In particular, copolymers with the donor-acceptor (D-A) 
configuration have revealed to be active photocatalysts for H2 produc
tion, in particular those containing benzothiadiazole as an acceptor 
building-block [21–25]. 

Porphyrins are also a class of attractive materials for driving uphill 
chemical reactions as they are the main solar energy harvesting com
pounds that are responsible for the natural photosynthesis. Several 
porphyrin derivatives have been reported as light absorbing material for 
photon-to-electricity energy conversion in dye-sensitized solar cells [26] 
[–] [31] and organic photovoltaic devices [32–38], as well as for pho
tocatalytic HER [14,39–42]. In particular, Cao and co-workers have 
reported a water-soluble porphyrin derivative for HER from salt water, 
having platinum as co-catalyst [43]. However, some of those porphyrin 
derivatives are asymmetric [30,31,44,45] requiring more complex 
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synthetic strategies. 
Here, we propose a set of symmetric meso-substituted porphyrins for 

HER containing the combination of electron rich and electron with
drawing moieties that confer the D-A character to the final compound. 
Our theoretical assessment of the optical properties show that the 
substituted porphyrins have a broad absorption spectrum covering all 
the visible and near infrared (NIR) range of the electromagnetic spec
trum, being suitable materials for solar energy harvesting. The calcu
lated reduction potentials reveal that all the proposed compounds have a 
suitable catalytic power to drive the uphill HER. Moreover, the Se 
containing compounds display lower exciton binding energies as well as 
lower hydrogen binding free energy, indicating that, in those materials, 
the absorption of photons leading to a weakly bound excitons and the 
incoming protons is not so tightly attached, which facilitates the HER. 

2. Computational Details 

The optical-related properties of the porphyrin-derivatives and the 
thermodynamic aspects of the hydrogen evolution reaction (HER) were 
theoretically assessed by means of time-independent and time- 
dependent density functional theory (DFT/TD-DFT) [46] frameworks 
as implemented in Gaussian 16 [47]. The level of theory was set based 
on the benchmark study that we have previously reported, [4] where 
M06 [48] was found to be a reliable exchange-correlation functional to 
reproduce experimental results from cyclic voltammetry and UV–Vis 
absorption spectroscopy for organic conjugated materials containing 
similar acceptor units. More specifically, the 6-31G(d) basis set was 
employed for geometry optimizations and frequency analysis, whereas 
further single-point calculations (SP) were carried out with the 6-311G 
(d,p) basis set in accordance with the benchmark report [4,49]. 

2.1. The photocatalytic cycle: optical and electrochemical properties 

In the photocatalytic cycle involving the porphyrin-derivatives as the 
light harvesting materials (see Scheme 1), the photons from the incident 
light source are absorbed by the D-A porphyrin (P) forming a bound 
electron-hole pair known as the exciton. This molecule in its excited state 
(P*) is reduced by an electron donor (II) to subsequently catalyze the H2 
formation (III) (see the left-hand cycle in Scheme 1). This sequence shall 

be here referred as Path A. Another possibility is P* directly driving the 
HER (IIa) and being, in sequence, reduced by the electron donor (IIIa) to 
recover the photocatalyst ground-state (right-hand cycle in Scheme 1). 
This sequence shall be here referred as Path B. For further details, see 
Ref. [2]. 

The UV–Vis absorption spectrum was obtained through TD-DFT 
calculations (SP) by considering the first 60 singlet electronic transi
tions along with their respective oscillator strengths, in which the first- 
transition energy is taken as the optical gap, Eopt. This analysis is 
important to establish whether the material can harvest light in the 
spectral region of interest, namely the UV-Vis and NIR region (~400- 
1000 nm), and the extension of such adsorption. 

The formation of the photoexcited species P* was reproduced by 
calculating Eopt. It is worth to remember that Eopt is not equal to the 
fundamental energy gap Efund, as determined through the difference 
between the oxidation and reduction potentials, because the electro
static attraction held by the exciton alters the first-excited energy level, 
usually moving it downward [50,51]. Therefore, the exciton binding 
energy Eb could be estimated through the difference between these 
quantities, i.e. [52].  

Eb = Efund - Eopt.                                                                             (1) 

It is common in the literature to approximate the oxidation and 
reduction potentials by the frontier orbital energies based on the 
Koopman’s theorem or through vertical transition approximations. 
These approaches lead to particularly poor description of the reduction 
potential [4,49]. Thence, we carefully assessed these quantities using 
the full Gibbs free energies. Furthermore, for the adiabatic exciton 
binding energy, the excited state was also relaxed to obtain the Eopt in 
the geometry of the first excited state. The effects of different degrees of 
approximation have also been estimated (see the attached file). 

The electrochemical potentials were thus obtained through the 
reduction reaction free energies, in the solvated environment ΔrG(solv), 
such as (in V) 

φ = −
ΔrG(solv)

nF
, (2)  

where F and n are the Faraday constant (23.06 kcal mol− 1 V− 1) and the 

Scheme 1. Diagram representing the possible 
pathways for the photocatalytic hydrogen evolu
tion, which is triggered by the photon absorption 
(I), followed by the excited state reduction by some 
sacrificial agent (electron donor, D) (II) and the 
sequential H2 evolution, or the direct H2 evolution 
after the excitation (IIa) and the material’s recovery 
by electron transfer from the donor afterwards. The 
initial material is represented by P, whereas P*, P− , 
and P+ stand for excited, reduced, and oxidized 
polymer, respectively.   
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number of electrons involved in the redox reaction, respectively. The 
oxidation (φox) and reduction (φred) potentials of the porphyrins in their 
ground-states have been obtained from the free energies of the reactions 
P+ + 1e− → ​ P and P + 1e− → ​ P− , respectively. Whereas the oxidation 
(φ*

ox) and reduction (φ*
red) potentials of the porphyrins in their first- 

excited states have been obtained from the free energies of the re
actions P+ + 1e− → ​ P∗ and P∗ + 1e− → ​ P− , respectively. Furthermore, 
ΔrG(solv) was evaluated using the Born- 

Haber thermodynamic cycle, as follows: 

ΔrG(solv) = ΔrG(g)(Red) + ΔG(solv)(Red) − ΔG(solv)(ox), (3)  

in which 

ΔrG(g)(Red)= ΔU(g)(red)+ PV − TΔS(g)(red). (4) 

In Eq. (3), the solvation free energy of the oxidized and reduced 
species, ΔG(solv) (Ox) and ΔG(solv)(Red), respectively, were calculated 
using the polarizable continuum model (SMD) [53] to represent the 
aqueous environment with dielectric constant ε = 78.35 [54]. Addi
tionally, acetonitrile (ε = 35.69) [55], 1- heptanol (ε = 11.32) [56], 
acetic acid (ε = 6.25) [47] and thiophene (ε = 2.73) [47] solvent models 
were considered in this work. The latter solvent is particularly inter
esting because it gives an approximated value for the dielectric constant 
related to the organic conjugated polymers and molecules, which is 
commonly ~3. In Eq. (4), ΔU(g) and ΔS(g) stand for internal energy and 
entropic contributions, respectively. The pressure-volume (PV= KbT) 
term completes the description of the Gibbs free energy of reaction in gas 
phase, ΔrG(g)(red). More specifically, the internal energy of each mo
lecular species in gas phase U was calculated as 

U = Etotal + EZPE + U298, (5)  

where Etotal and EZPE stand for total and zero-point energy, respectively. 
The last term in Eq. (5) corresponds to the finite temperature contri
butions at 298 K, also including the statistical mechanics contributions 
given by vibrational, rotational and translational components. Similarly, 
such thermal contributions were accounted for in the calculation of the 
entropy S298 to compose the Gibbs Free energy of each species G. 

In other words, the photocatalyst is described by the relevant redox 
levels that are involved in each process step. For instance, the photo
excited species P* could be reduced immediately by an appropriate 
electron donor to form the negatively charged species P− , a step that is 
represented by the P*/P− redox pair, with potential φ*

red. The hole 
consumption leads to the exciton dissociation, [50] which allows the 
formation of negatively charged molecule whose relevant redox poten
tial (φred) is associated to the P/P− redox pair. Thus, the charge carrier 
has its thermodynamic driving force increased before it falls into the 
(H+/H2) redox level to form molecular hydrogen as the final product. An 
alternative pathway involves the P*/P+ and P+/P redox pairs (with 
potentials φ*

ox and φox, respectively) with the reaction-product being 
formed ahead of the hole consumption [8,50,51,57]. 

For design purposes, it is also relevant to compute the catalytic 
power (CPr) held by the photocatalyst, as it indicates whether the 
thermodynamic driving force promotes the electron transfer necessary 
for product formation, namely [1,58]. 

CPr =
⃒
⃒φred − φH+/H2

⃒
⃒ (6)  

or 

CPr =
⃒
⃒φ*

ox − φH+/H2

⃒
⃒, (7)  

for paths A and B, respectively. 

2.2. Hydrogen binding free energy 

The hydrogen binding free energy ΔGH has been widely pointed out 

as the main descriptor for HER [1,3,4]. Thus, in order to evaluate the 
nitrogen and carbon catalytic sites at different porphyrin-derivatives, 
this quantity was computed through the relation 

ΔGH =Gporph:H −

(

Gporph +
1
2

GH2

)

, (8)  

where Gporph:H, Gporph and GH2 are the Gibbs free energies of the hydro
genated porphyrin-derivative, pristine porphyrin and hydrogen mole
cule, respectively. The data was obtained in gas phase but also 
considering the solvation effects in aqueous medium. 

3. Results and discussion 

3.1. optical aspects 

As depicted in Fig. 1 (a), we have investigated a set of six meso- 
substituted porphyrins as candidate photocatalysts for HER. More pre
cisely, we have evaluated the effect of replacing the sulfur heteroatom in 
the benzothiadiazole (BT), which is named as 1S – 3S unit by selenium 
(BSe), resulting in 1Se – 3Se, the insertion of the ethynyl spacer (1 → 2) 
and also the substitution of the thiophene (T) donor moiety by 3-meth
ylthieno[3,2-b]-thiophene (TT, corresponding to the 2 → 3), which has a 
more extended π-conjugated structure. 

Solution processed asymmetric porphyrin containing 
benzothiadiazole-thiophene (BT-T) units and the BT-T unit linked to the 
core by an ethynyl group was already proposed as a way to make the 
whole molecule planar so that it becomes π-conjugated [59]. Addition
ally, the push–pull property of the porphyrin core and BT moieties can 
result in an internal charge transfer (ICT) upon excitation as observed in 
D-A like molecules. Interestingly, they only observed a broadening on 
the absorption spectrum for the ethynyl-bridged porphyrin while for the 
case where the BT-T unit is directly linked to the core, they observe the 
characteristic spectrum of porphyrins with a well-defined Soret band 
and the characteristic Q bands [59]. 

As shown in Fig. 1 (b)–(d), all the calculated absorption spectra 
displayed a broad absorption spectrum up to 800 nm for the 1S and 1Se 
(see Fig. 1 (b)), which is further extended to the NIR region when the 
extended π-conjugated unit and spacer is inserted (see Fig. 1 (c) and (d)). 
All the contribution for the electronic transitions and the oscillator 
strengths are displayed in Table S1 in the Supporting Information file. In 
all cases, the dual (or multiple) band feature was observed where the Q- 
bands are not possible to resolve. This is a strong indication that the ICT 
character is achieved thanks to the presence of both electron-rich units, 
such as the T and TT, and electron-withdrawing units as BT(BSe). 

It is possible to see in Fig. 2 where the spatial distribution of the 
frontier orbitals for the Se containing molecules are presented (for the S 
series’ orbital, see Fig. S1 in the supporting information file). For both 1S 
and 1Se systems, the HOMO orbital is delocalized over the whole mol
ecules while the LUMO is more localized at the acceptor units, viz. The 
BT/BSe and the porphyrin core. The insertion of the ethynyl spacer, 
which result in the molecules 2S and 2Se, along with the replacement of 
T by TT (resulting in 3S and 3Se) promoted the distribution of the 
HOMO extending from the core to the T/TT units nearby. Although 
these substitutions keep the same characteristics of the LUMO (locali
zation at the acceptor units) as for 2S and 2Se, in the TT containing 
molecules the LUMO distribution at the BT units are decreased being 
more localized at the porphyrin core. This charge separation effect has 
an impact on the electron-hole coulombic interaction, reducing the 
exciton binding energy as will be discussed later. 

To evaluate the effect of the charge reorganization upon reduction or 
oxidation, induced by structural relaxation in the charged states, Fig. 2 
also displays the cation and anion spin densities. It is possible to see that 
for all the molecules, the cation spin distribution follows the HOMO 
spatial distribution, indicating that the relaxation upon oxidation has a 
minor impact on the charge redistribution. Similar effect was observed 
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for the reduction, except for 3Se (and similarly for 3S as shown in Fig. S1 
in the supporting information file), which displayed a spin distribution 
over the BT/BSe units that is not seen in the LUMO distribution. As the 
molecules in their reduced or excited state will drive the uphill reaction, 

the anion spin densities reveal that both the porphyrin core and the BT/ 
BSe units can act as the catalytic sites for HER. In previous works we 
have investigated the BT/BSe units as catalytic sites when employed as 
acceptor moiety in both copolymer and symmetric small-molecules, [2] 

Fig. 1. a) Molecular structures of the compounds that are discussed in this study. The original alkyl chains have been replaced by methyl groups, as indicated by R2. 
Comparison of calculated absorption spectra for b) 1S and 1Se, c) 2S and 2Se and d) 3S and 3Se. The spectra were obtained from TD-DFT calculation at M06/6-311G 
(d,p) theory level. 

Fig. 2. Comparison between the cation and anion spin density and the spatial distribution of the ground-state HOMO and LUMO orbital for the Se containing 
compounds. Both orbitals and spin densities were calculated at M06/6-311G(d,p) theory levels (isosurfaces = 0.02 for HOMO and LUMO orbitals and isosurfaces =
0.001 for the spin densities). 
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[–] [4] having its performance also experimentally validated [1]. 
Following this line, we focus our investigation on the substituent, letting 
the exploration of the porphyrin core as catalytic site as the scope of a 
future work. 

3.2. Thermodynamic aspects 

As explained in Section 2.1 in the Computational Details, the cata
lytic power CPr is an important property to determine whether the 
thermodynamic condition necessary for product formation is satisfied, a 
quantity that is calculated by subtracting the proton redox potential 
φH+/H2 

from the potentials of the P/P− or P*/P+ redox pairs, depending 
on the reaction pathway considered in Scheme 1. Fig. 3 (a) and (b) show 
the calculated redox potentials for both ground and excited states. The 
reduction potentials φred and the excitonic oxidation potentials φ*

ox 
correspond to the catalytic power as described by eqs. (6) and (7). All 
porphyrin-derivatives of interest in this work exhibit catalytic power for 
HER, with calculated values ranging from 0.75 to 1.45 V and 0.27–0.80 
V in thiophene and water solvent environment, respectively when path 
A is considered. For path B, when the excited state drives the HER, the 
CPr is in the range of 0.31–0.62 V in low dielectric environment (thio
phene) and 0.46–0.85 V in water, considering all the thermal contri
butions to the Gibbs free energy of the excited state. 

Nonetheless, each substitution represented by (x→y) plays a 
different role on this property, as it is further discussed. All variations in 
potential (Δd) cited below are given in reference to the standard 
hydrogen electrode (SHE) and discussed in detail for the cases where 
thiophene (ε = 2.72) or water (ε = 78.35) are considered as dielectric 
environment. 

Firstly, including the ethynyl group to connect the porphyrin core 
with its ligands in 2(S/Se) compounds leads to a significant decrease in 
catalytic power for HER (1S/Se→2S/Se). For instance, φred decreases 
from − 1.3 to − 0.8 V (Δd = +0.5 V) and from − 1.5 to − 0.8 V (Δd =
+0.7 V) for S- and Se-based compounds, respectively, in thiophene 
environment (see Fig. 3 (a)). Similar values are found in water 

environment, with Δd = +0.4 and + 0.8 eV, respectively. On the other 
hand, the (P+/P) redox potential is barely affected by this modification 
in 1S→2S, but becomes more positive in ~0.45 V for Se-based com
pounds regardless of the solvent. In addition, the decreased Efund, i.e., the 
energy difference between φred and φox, leads to a smaller Eb (~0.15 eV) 
upon addition of the ethynyl group in comparison with 1 independently 
of the heteroatom or solvent. 

The replacement of T by TT (2 → 3) has no significant effect over the 
ground state catalytic power of 2S/3S in either solvent, whereas it raises 
slightly (Δd~ 0.1–0.2 V) for Se-based compounds. The former porphy
rins have φox decreased in 0.2–0.3 V, but there is some increase in Δd =
0.2 V for (2Se→3Se). The overall effect on Eb is quite small in either case. 

Both ground-state potentials φox and φred as well as the oxidation 
(φ*

ox) and reduction (φ*
red) potentials of the porphyrins in their first- 

excited states have been obtained from the free energies of the reac
tion. The calculations were performed at M06/6-311G(d,p) theory level. 
(c) The adiabatic exciton binding energy Eb considering different 
dielectric constants for the calculations. 

When the compounds 1 and 3 are compared, the significant decrease 
in catalytic power (Δd = 0.5/0.7 V for S/Se compounds) is mainly 
caused by the inclusion of the ethynyl group, as explained before. The 
φox has significant decrease from 0.3 to 0.4 V for S/Se porphyrins. 
Therefore, Eb also diminishes in 0.1–0.2 eV in connection with the 
decreased Efund. 

Finally, the heteroatom substitution (S→Se) does not lead to drastic 
alterations to the redox potentials and, consequently, Efund and Eb are 
barely affected by such replacement. For instance, the thermodynamic 
driving force for electron or hole transfer for 1 (1S → 1Se) remains 
unaltered in thiophene but increases in ~0.15 V in water environment, 
similarly to the behavior shown by 3 (3S → 3Se) for the hole transfer in 
water. Here, it is interesting to notice that the large decrease in redox 
potential for 2 (2S → 2Se) in 0.3 V is compensated by the increased 
optical gap, leading to an unaffected exciton binding free energy upon 
heteroatom substitution. 

One interesting feature regarding the Eb appears when different 

Fig. 3. Ground-state (GS) and excited state redox potentials in thiophene (a) and water (b).  
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solvents, with different dielectric constants, are considered. As plotted in 
Fig. 3 (c), the Eb is drastically reduced as the dielectric constant of the 
continuum medium, used to compute the solvation free energy, in
creases. This feature is similar in the vertical approach when no relax
ation effects are considered and when the relaxation of both ionic and 
excited states are taken into account to compose an adiabatic binding 
energy and even when all the thermal contributions to the Gibbs free 
energy are considered (see Table S2 in the Supporting Information file). 
For the thiophene, which has the lowest value of ε = 2.72 amongst the 
solvents considered in our study, the vertical Eb are in the range 500 
meV–600 meV while the adiabatic Eb are in the range 500 meV–900 
meV, clearly showing the effect of the molecular relaxation in the 
excited state. That regime mimics the case where the molecules are 
aggregated or forming a thin film, as the dielectric constant for organic 
conjugated materials is known to be low (ε ~ 3). In this case, the exci
tons formed upon absorption of one photon are tightly bound and the 
HER or the reduction of the molecule in its excited state requires a fast 
process to compete with the charge recombination. When the dielectric 
constant is increased to 6.25, which is the case of acetic acid, Eb de
creases to values between 150 meV (190 meV) to 310 meV (550 meV) in 
vertical (adiabatic) approaches, and further increasing ε to 11.32, in the 
case of 1-heptanol, the Eb drop to values as low as 30 meV (73 meV) (the 
range for Eb in this case is 30 (73 meV) – 160 meV (400 meV)). It is worth 
to highlight that in all the cases, the insertion of the spacers and the TT 
units promote a substantial decrement in Eb thanks to the more pro
nounce internal charge transfer observed for these materials, as dis
cussed before, and also observed in the orbital spatial distributions, 
shown in Fig. 2. The extreme case is observed when high values of 
dielectric constants are considered, viz. when acetonitrile or water are 
used to compute the solvation free energy. For these cases, the Eb assume 
negative values, even in the adiabatic regime, indicating that the photon 
absorption leads directly to the formation separated charges stabilized 
by the dielectric environment. This corresponds to the case where the 
molecules are either soluble in those solvents and can be well dispersed 
in them, or when forming porous networks or nanostructures where the 
surface area is increased and thus both optical and electrochemical 
processed are more surface dependent being strongly influenced by the 
solvent. In this case, the recombination processes are expected to be 
disfavored as the unbound charges are spatially separated and screened 
by the solvation effects. Thus, the slow rate proton coupled reaction can 
take place effectively. This result is one more evidence of the promising 
features of these meso-substituted porphyrins as photocatalysts for HER. 
In our calculations, we also considered all the thermal contributions to 
the Gibbs free energy of the excited state. We observed just a small 
variation when only the relaxation is taken into account, showing that, 
at least for the molecules discussed in this work, the thermal contribu
tions play a minor role. For the numeric values, please see Table S2 in 
the Supporting Information file. 

3.3. Hydrogen binding free energy 

The hydrogen binding free energy (ΔGH), depicted in Fig. 4, is 
another relevant individual factor for design purposes in HER photo
catalysis. The choice of adsorption site lies in the presence of electron 
density upon photoexcitation, namely the spin density localization, as 
well as its ability to bind the hydrogen atom [1,4,49,60]. In this sense, 
we previously demonstrated that S- and Se-sites exhibit higverpotentials 
for HER in benzothiadiazole-containing copolymers, [1,4,49] thus being 
unfeasible as the catalytic sites in related materials. Thence, we herein 
consider nitrogen and carbon atoms for such purpose, based on previous 
assessment in polymeric materials [1,4,49,60,61]. The values for ΔGH 
summarized in Table 1 were obtained at the M06/6-311G(d,p) level of 
theory, where the basis set was adjusted in a stepwise procedure, i.e. the 
optimization and frequency calculations were performed using the 
6-31G(d) basis set, followed by a single-point step at the 6-311G(d,p) 
level to compose the Gibbs free energy of each species. 

In general, the low values for ΔGH = 0.300–0.570 eV in the C-site 
demonstrate its feasibility as a potential catalytic site for photocatalytic 
purposes, as verified for poly(p-phenylene) by Prentice et al. [60,61] For 
the N-site, the BT unit offers ΔGH varying from +0.600 to +0.662 eV for 
S-compounds, a range that is significantly decreased with the hetero
atom substitution (S →Se), with ΔGH = +0.082 to +0.531 eV. These 
values are in agreement with our previous contributions, where BT was 
used as electron-withdrawing unit in the fluorene-thiophene-based 
copolymer [1,4]. Moreover, the 2Se porphyrin displayed an 
outstanding value for ΔGH = +0.082 eV, which is comparable, in ab
solute values, with that displayed for platinum (= − 0.10 eV) [62]. 

Finally, it is worth to mention that the some works attribute the 
photocatalytic activity of organic materials to the residual metals such 
as palladium used as catalysts during the synthesis [63,64]. However, 
some of us in a joint experimental/theoretical study reported recently a 
small organic molecule based on the benzothiadiazole unit, preparade 
without the use of metallic catalyst and still having a considerable ac
tivity as electrocatalyst for hydrogen production [65]. This result en
sures the capability of organic materials as photo(electro)catalysts for 
HER. 

4. Conclusions 

In summary, we have investigated a set of meso-substituted por
phyrins containing donor-acceptor-like ligands as candidate materials as 
photocatalysts for hydrogen evolution reaction. Our strategy, based in 
an atomistic scale modelling, aims to provide a guidance to a rational 
design of advanced materials for solar-to-chemical energy conversion. In 
this sense, we evaluated the effects of inserting D-A groups symmetri
cally attached to the porphyrin core, which can make the synthetic 
routes easier. We also investigated the effect of inserting of a spacer and 

Fig. 4. Hydrogen binding free energies (ΔGH) calculated at the nitrogen cata
lytic site for the S- and Se-based porphyrins studied in this work. 

Table 1 
Binding Free Energies (in eV) obtained in gas phase and aqueous environment. 
Level of theory: M06/6-311G(d,p). Solvation method: SMD. Note: The boldface 
values indicate the values for the most outstanding material in this work.  

System ΔGH(g) ΔGH(solv) 

S derivatives N-site C-site N-site C-site 

1S +0.664 +0.363/0.335 +0.610 +0.342/0.317 
2S +0.650 +0.434/0.469 +0.600 +0.424/0.471 
3S +0.739 +0.464/0.393 +0.662 +0.461/0.400 

Se derivatives 

1Se +0.589 +0.589/0.575 +0.531 +0.578/0.570 
2Se þ0.125 þ0.302/0.303 þ0.082 þ0.300/0.313 
3Se +0.430 +0.296/0.287 +0.356 +0.304/0.307  
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extension of the thiophene donor moiety, along with the substitution of 
the sulfur atoms at the benzothiadiazole units by selenium on the ab
sorption profile and the electrochemical potentials. To complete the 
screening protocol, we computed the exciton binding energies and the 
hydrogen binding free energies, which is shown to be a good descriptor 
for the material’s performance as photocatalyst. The outcomes showed 
that all the porphyrins-derivatives indeed displayed a D-A character 
with the characteristic ICT absorption peak, leading to spatially sepa
rated and less bound excitons, in special for the spacer containing 
compounds. Moreover, if the molecules are possible to solvate or 
disperse in water, the photon absorption could lead directly to separated 
charges, which could favor the HER as it is expected to be a low-rate 
proton coupled type of reaction. All the proposed molecules have an 
appreciable catalytic power being capable to drive the uphill HER. 
Amongst the proposed molecules, the 2Se outstands as a very promising 
material for HER thanks to its broad absorption spectrum, suitable 
reduction potential leading to an appreciable catalytic power, lowered 
exciton binding energy (a consequence of the spatial separation of 
electron-holes pair formed upon optical excitation) and the low 
hydrogen binding free energy, comparable with one of the most used 
catalysts, the platinum. 
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