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ABSTRACT

Combining metalloporphyrins (MPr) and graphene constitutes key composites in the development of photovoltaic devices. Here,

we focus on the analysis of the properties of metalloporphyrins/graphene systems by means of the density functional theory
(DFT) and its time-dependent (TDDFT) version, focusing on the ground and singlet excited states. Our benchmark analysis
concludes that @wB97XD density functional combined with 6-31G(d)/Def2-TZVP basis set is a better-suited method for simulating
accurate MPr adsorption on graphene. It is shown that a reduced atomic model where the external organic shell of the structure

is removed provides the same resulting optoelectronic properties of the original model, constituting an important speed-up of the

calculations when studying porphyrins-derived molecules. We observe that ZnPr provides the highest light harvesting efficiency

(LHE) value. In addition, we find out that the adsorption energy increases monotonically with the size of the graphene flake and
the highest stability involves the use of graphene comprising above 500 atoms. Besides, CdPr and HgPr keep their properties as
photosensitizers when they are bonded to graphene and show promising values in terms of LHE emerging as suitable solar energy

harvesters.

1 | Introduction

Graphene has attracted significant attention in recent years
due to its exceptional electronic, optical, and mechanical prop-
erties [1-4]. Expanding the potential applications of graphene,
particularly in the realm of optoelectronic devices and energy
conversion systems, has prompted extensive research into the
interactions between graphene surfaces and organic mole-
cules. More precisely, the noncovalent adsorption of conjugated

organic molecules on graphene, facilitated by m—m interactions, is
a promising soft approach to modifying the electronic properties
of graphene without compromising its structure [5]. Currently,
research is focused on designing new systems to control both
the interaction and the electronic properties of graphene [6-9].
Porphyrins (Pr) and phthalocyanines (Pc) have emerged as
suitable candidates for surface adsorption studies due to their
unique electronic and structural properties with implications in
catalysis, sensing, and photovoltaics [10-13].
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In this context, investigating the properties of Pr and Pc ad-
sorbed on graphene surfaces has become the spotlight in the
exploration and development of organic photovoltaic solar
cells (OPVs) applications [14-16]. In this sense, it is worth not-
ing that the adsorption of organic pigments on graphene can
lead to modifications in the electronic and optical properties
of the system [17]. These organic pigments have the ability to
introduce electrons or holes into graphene, thereby altering its
conductivity. Additionally, the adsorption of organic pigments
can influence light absorption and emission, which is crucial
for optoelectronic applications and photovoltaic devices. The
present study critically examines recent advancements and
challenges in understanding the adsorption mechanisms and
electronic modifications resulting from interactions between
these prominent organic molecules and graphene layers.
Through a comprehensive analysis of experimental and the-
oretical studies, we aim to provide insights into the interplay
between molecular structures and electronic properties, con-
tributing to the design and optimization of graphene-based
devices for OPVs.

Considering the complexity of the features of the organic
pigment-graphene combined system, our aim is also to evaluate
the light-harvesting ability of systems arising from combining
metalloporphyrins and metallophthalocyanines with graphene.
To this end, a series of models are designed and their geometric
structures are optimized by means of a suited density functional
theory (DFT) method. Finally, the optical absorption proper-
ties are investigated through the time-dependent density func-
tional theory (TDDFT) method in light of previous experimental
reports.

2 | Computational Methods and Models

Zinc containing phthalocyanine and porphyrin heterocyclic
compounds are selected to inspect their properties and how
they vary when adsorbed on graphene. Phthalocyanines have
a square planar structure and are highly conjugated and em-
ployed as optoelectronic-derived materials, while porphyrins
are characterized by a tetrapyrrolic macrocycle playing a cru-
cial role in oxygen transport and catalysis. The atomic models
of the full Zn-phthalocyanine (ZnPccor4) and Zn-porphyrin
(ZnPrcor4) are depicted in Figure 1. The choice of crown ethers
moieties is justified by the fact that they do not affect the op-
toelectronic properties of ZnPc and ZnPr while playing a dual
ecological role: absorbing light and capturing both heavy metals
and alkali metals, as reported in previous works theoretically
[18] and experimentally [19-21]. To facilitate the study of the
excited states of these compounds adsorbed, simplified models
have been designed where the external crown ethers are system-
atically removed, as described below. The resulting simplified
models with the four-crown ether removed are also depicted in
Figure 1.

All quantum chemical calculations were performed in the
framework of the density functional theory (DFT) as imple-
mented in GAUSSIAN16 software [22]. In addition, the Gauss
View 6 molecular program was employed for visualizing and an-
alyzing the Gaussian outputs [23]. To select a suited theoretical
approach for studying the adsorption of complexes on graphene,

a benchmark analysis was first carried out using a set of den-
sity functionals including hybrid B3LYP, [24, 25] CAM-B3LYP
[26], meta-hybrid M06 and M06-2X [27], and long-range sepa-
rated wB97XD [28, 29], and different basis sets such as 3-21G
[30], 6-31G(d) [31], 6-311G(d,p) [32], cc-PVDZ [33], cc-PVTZ
[34], LANL2DZ [35], LANL2TZ [36], and def2TZVP [37]. In ad-
dition, the solvent effect was also included by considering the
polarizable continuum model (PCM) [38-40]. The study of the
solvent effect revealed that chloroform admits the highest absor-
bance value and the lowest energy gap (Table 1). Several struc-
tural optimization options have been used to obtain a model of
the simplified (phthalocyanine and porphyrin) pigment. The
“opt=1loose” keyword proved to be helpful in speeding up the
optimization process. It should be noted that “opt=1loose” de-
fines the optimization convergence criteria with a maximum
step size of 0.01u [41].

For the optimized structures, the electronic properties are in-
vestigated focusing first on the HOMO-LUMO gap [42, 43] as
a measure of the electron injection during the operation of the
photovoltaic organic solar cell. In fact, there are two possi-
ble pathways for electron injection, and the levels of frontier
molecular orbitals are important for a better understanding of
pigment performance. To simulate the UV absorption spec-
tra, the first 30 electronic excitation energies with the lowest
energy AE,_, (n denotes the excited state in the 1-30 range,
while 0 stands for the ground one) were computed using the
time-dependent perturbation approach to TDDFT [44-46].
To illustrate the photoelectric properties of the studied com-
pounds, we have focused on defining the corresponding
electronic absorption parameters, including light-harvesting
efficiency (LHE), oscillator strength (f), and maximum ab-
sorbance wavelength (4, ) values. It is important to mention
that LHE refers to the efficiency with which a light-harvesting
system, such as a photovoltaic device, captures and utilizes
light energy. In photovoltaic systems, it is a measure of how
effectively solar cells capture sunlight and convert it into elec-
trical energy. It can be calculated based on the absorption
spectrum of the material and the incident light spectrum. The
former is expressed as:

LHE=1-107 @

For an additional statistical analysis, the mean absolute devi-
ation (MAD) [47] is selected by comparing it to available ex-
perimental results. This statistical parameter determines the
average magnitude of the deviations between the predicted and
observed values, thereby providing insights into the precision
and effectiveness of the methods being used. MAD is defined as,

Noporphyrin E (i) —E
map= 3 0B @

i

where E, (i) represents the value of the theoretical vertical exci-
tation energy of a given system (i) and E,(exp) is the value of the
experimentally measured vertical energy.

From a thermodynamic point of view, the adsorption energy
quantifies the interaction between an adsorbate and a surface.
This allows one to evaluate whether the adsorption is favorable
(or exothermic) or not (or endothermic). The adsorption energies
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FIGURE1 | Atomic representation of ZnPccor4 and ZnPrcor4 and their simplified models ZnPc and ZnPr, where the four crown ether have been

removed, respectively. Light purple, blue, gray, white, and red spheres represent Zn, N, C, H, and O atoms, respectively.

(E,qs) and the contribution of the basis set superposition error

(EB3SE) using the standard counterpoise method, [48, 49] of the
metalloporphyrin (MPr) on a graphene (G) surface are listed in
Table 7. BSSE is required when the employed basis set for dif-
ferent interacting fragments overlap with each other, leading
to an overestimation of the interaction energy. Thus, the inclu-
sion of this energetic term provides a more accurate estimation
of the interaction strength between interacting systems, without
the artificial overestimation due to the basis set superposition.
The adsorption energy is then defined as:

E, ;s = EMPr /G) — [E(MPr) + E(G)] 3)

EBSSE _ [, + EBSSE @

where E(MPr/G) represents the total energy of the graphene with
the supported MPr molecule, E(MPr) is the total energy of the

isolated porphyrin, and E(G) is the total energy of the graphene
layer. Finally, ESSSE stands for the energetic contribution of the
basis set superposition error. The graphene substrate, with a zig-
zag edge configuration, is represented by a sufficiently large flake,
with the edge atoms saturated by H atoms. It should be mentioned
that the dimensions of the graphene layer are approximately on
the order of 13.6 A. The influence of the size of the graphene flake
on the adsorption energy is also considered for further study.

Before closing this section, we want to note that B3LYP density
function works well describing the structural properties of ZnPc
and ZnPr as discussed later. However, more sophisticated den-
sity functionals such as wB97XD are required to describe accu-
rately the electronic properties of such systems. Indeed, since
the latter functional accounts for dispersion, it allows us also to
explore the properties of the investigated systems supported on
graphene, as discussed below (Figure 2).
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TABLE1 | Frontier molecular orbital energies HOMO and LUMO (i.e., e, €;) in €V, fundamental gap energy (E, ) in eV, oscillator strength (f), and
light-harvesting efficiency (LHE) for ZnPr calculated for in various solvents at the DFT/B3LYP/6-31G(d,p) level.

Solvent €y e E, f LHE
H,0 —4.84 —-2.73 2.11 0.50 0.68
Chloroform —4.83 -2.71 2.13 0.56 0.72
DMSO —4.67 -2.53 2.14 0.55 0.71
Dichloromethane —4.75 -1.53 2.13 0.54 0.71
Cyclohexane —4.47 -2.32 2.15 0.56 0.72
Acetone —4.81 —2.68 2.13 0.51 0.69
CCl4 —-4.50 -2.35 2.15 0.52 0.70
Methanol —4.82 -2.70 2.13 0.49 0.68

,W//// o

FIGURE2 | Atomistic model of ZnPc/G System. Carbon atoms are shown in gray, hydrogen in white, oxygen in blue, and zinc in purple. Note that
graphene is represented by a finite flake consisting of 512 C and 62 H atoms featuring a zigzag-edged lattice.

3 | Results and Discussion
3.1 | Effect of the Number of Crown Ethers

We start this section by analyzing the influence of using re-
duced atomic models for phthalocyanine and porphyrin [50].
In the simplified models, the external crown ethers of the ini-
tial ZnPc4cor and ZnPr4cor structure are removed one at a
time, thus reducing the dimensionality of the atomic model. In
this way, models with three crowns (labeled as ZnPc3cor and
ZnPr3cor), two crowns (labeled as ZnPc2cor and ZnPr2cor), and
one crown (labeled as ZnPclcor and ZnPrlcor) are obtained. In
the ZnPc and ZnPr models in Figure 1, the four-crown ethers
have been removed.

Table 2 summarizes the main electronic structure properties,
including frontier molecular orbital energies (i.e., €, €;), fun-
damental energy gap (i.e., Egap), oscillator strength (i.e., f), and
LHE. ZnPr4cor exhibits a higher energy gap and oscillator
strength than ZnPc4cor. Regardless of the composition, gy, €,
Egp f, and LHE parameters remain unaltered upon successively
removing the crown ethers. This is an important result as indi-
cates that this reduction of the system size has a negligible effect
on the electronic properties of interest. This allows one to sim-
plify the atomic structures to both minimize the computational
cost and uncover key relationships between the structural mod-
ifications and their corresponding properties but, more impor-
tantly, it provides reliable models to investigate the electronic

TABLE 2 | Frontier molecular orbital energies HOMO and LUMO
(i.e., ey, €p) in eV, fundamental gap energy (E g) in eV, oscillator strength
(f), and light-harvesting efficiency (LHE) calculated at the DFT/
B3LYP/6-31G(d,p) level with CPCM (i.e., chloroform).

Compound ey e E, f LHE
ZnPc4cor —4.59 —2.41 2.18 1.22 0.94
ZnPc3cor —-4.58 -2.40 2.18 1.22 0.94
ZnPc2cor —-4.58 -2.39 2.19 1.23 0.94
ZnPclcor —4.59 —2.41 2.19 1.33 0.94
ZnPr4cor —4.32 -1.79 2.53 3.50 0.99
ZnPr3cor -432 -1.79 2.53 3.50 0.99
ZnPr2cor —4.32 -1.78 2.54 3.40 0.99
ZnPrlcor —4.32 -1.78 2.53 3.40 0.99

structure of these systems supported on graphene and, in this
way, obtain information about the electronic structure mod-
ifications induced by the graphene support. This approach al-
lowed for a clear assessment of the intrinsic electronic properties
without introducing additional structural complexity. While the
crown-ether groups do not alter these core properties, their po-
tential impact on interactions with graphene was not explored in
this work and remains a subject for future investigation. Further
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research will aim to examine the role of crown-ether groups
in modulating the interactions between these compounds and
graphene.

TABLE 3 | Structural parameters of ZnPc and ZnPr calculated at the
DFT/B3LYP/6-31G(d,p) level with CPCM (i.e., chloroform).

x— X
/ \

5 N----Zn----N 3

———Z N

/7 1\
g
X= T =X
Structural parameter ZnPc ZnPr
d(Zn-N) 2.001 2.067
2.024 [52] 2.050 [53]
d(N-N)P 3.982 4.134
d(C-N,,)°¢ 1.373 1.371
1.368 [52] 1.372 [53]
Ad(C-Xjp ) 1.333 1.376
a(N-Zn-N)® 90.0 90.0
a(C,-N-C)f 108 107
108.8 [52] 106.8 [53]

Note: Atomic model is included to facilitate the location of the structural
parameter listed in the table. Average distances d in (A) and a angles in degrees
as well as values from the literature are included. Experimental data from Refs.
[52, 53].
2Zn-N distance.
°N2-N4 and N3-N5 distances.
‘C-N
dc-

linker"
°N-Zn-N angle.
fi
C,~N-C_angle.

ring”

Additional results of ZnPc and ZnPr excited state and geometric
properties were also analyzed. A strong correlation is observed
between the calculated theoretical values for bond angles and
lengths and the corresponding experimental measurements
[51, 52] as shown in Table 3, thereby validating the adequacy
of the selected computational approach. Table 4 summarizes
the computed maximum absorption wavelengths (4,.), ver-
tical excitation energies (E,) from the ground state to the first
excited state, oscillator strengths (f), and transitions nature.
Both compounds exhibit absorption within the visible range
(432-633nm), crucial for high efficiency (Figure 3). The primary
focus is on determining LHE notably influenced by the intensity
of light absorption. Vertical excitation energy, derived from4__,
also plays a significant role. Higher LHE values are desirable for
maximizing photocurrent response, with ZnPr exhibiting supe-
rior optoelectronic properties, boasting the highest LHE value
of 0.99. Notably, transitioning from ZnPc to ZnPr results in a re-
markable increase in oscillator strength. This result confirms the
preferential choice of porphyrin.

3.2 | The Effect of Graphene as Support

Next, we investigate the effect of the graphene acting as sup-
port. Thus, we first analyze the interaction between either ZnPr
or ZnPc with graphene acting as support. To obtain the equilib-
rium geometry of the combined system, we start optimizing the
isolated graphene model. Subsequently, using this geometry as
a starting point, we add the ZnPr and ZnPc monomers to the
graphene center and then re-optimize the structure. Once the
geometric optimization is completed, calculations of vibrational
frequencies are performed to ensure that the optimized systems
correspond to a minimum in the potential energy surface. For
the ZnPr system, the B3LYP functional with the 6-31G(d,p)
basis set did not provide energy gap values close to the experi-
mental value of 0.1eV [53] (Table 5), which is contrary to pre-
vious findings [18]. However, with this basis set, the ®@B97XD
functional already leads to an energy gap close to the experi-
mental one [54, 55]. Therefore, the wB97XD density functional
is chosen to model these systems. A plausible explanation of
the good performance of this functional in predicting the band
gap of the ZnPr system is the inclusion of range-separation and
Grimme's dispersion correction terms [56, 57]. To better justify

TABLE 4 | Calculated maximum absorption wavelengths (4,...), dominant MO pairs involved in excitations, where H and L are abbreviations of
HOMO and LOMO, respectively; vertical transition energies (EV), oscillator strengths (f), and light-harvesting efficiencies (LHE) of ZnPc and ZnPr

at the B3LYP/6-31G(d,p)/CPCM (chloroform) level.

Compound Appr (nm) MOs E, (eV) f LHE
ZnPc 633 H-L+1 (93%) 1.95 1.22 0.93
H-L (93%)
478 H-3-L (90%) 2.61 1.12
H-3-L+1 (90%)
ZnPr 594 H-L (83%) 2.10 0.64 0.99
H-L+1 (83%)
421 H-2-L+1 (41%); H-- 2.91 3.5
1-L+1 (49%) 595

H-2-L (42%); H-1-L (48%)
H-2-L (54%)
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FIGURE3 | Simulated UV-vis absorption spectra of ZnPc (blue) and
ZnPr (red) as predicted from TDDFT at the B3LYP/6-31G(d,p)/CPCM
(Chloroform) level of theory.

TABLES5 | Calculated gap energy values of ZnPr using the 6-31G(d,p)
basis and the indicated functional.

Functional E « (eV)
B3LYP 1.19
CAM-B3LYP 1.41
wB97XD 0.20
Mo6 1.82
MO06-2X 1.60

Note: Note that the experimental value is 0.1eV [60].

our choice, we show the MAD analysis (Figure 4) for different
density functionals by comparing the experimental and compu-
tational results of the vertical energies of the Q, and Qy bands,
respectively [58-60]. The latter refers to transitions associated

0.3 1

0.2 4

MAD (eV)

0.1+

0.0

T T
B3LYP CAM-B3LYP Mo06 M06-2X  wB97XD

FIGURE4 | Mean absolute deviation (MAD) comparison of the five
TD-DFT functionals in predicting the adiabatic excitation energy of
ZnPr using 6-31G(d,p) basis set.

TABLE 6
from geometry optimization at the wB97XD/CPCM (chloroform) level

Bond lengths (in A) of the ZnPr/graphene system obtained

using different basis sets.

Basis set C_Cgraphene C_Cring Zn_cgraphene
3-21G 1.500 1.456 3.200
6-31G(d.p) 1.413 1.458 3.340
6-311G(d.p) 1.422 1.457 3.350
6-311G+(d.p) 1.434 1.458 3.360
6-31G(d)/ 1.400 1.460 3.350
LANL2DZ

6-31G(d.p)/ 1.411 1.460 3.350
LANL2DZ

6-311G(d)/ 1.412 1.459 3.340
LANL2TZ

6-311G(d.p)/ 1.423 1.459 3.340
LANL2TZ

cc-PVDZ 1.361 1.456 3.350
cc-PVTZ 1.362 1.455 3.340
Def2-TZVP 1.425 1.450 3.390
6-31G(d)/ 1.422 1.447 3.410
Def2-TZVP*

DRX [64, 65] 1.421 1.449 3.420

Note: Experimental data from single-crystal x-ray diffraction are included for
comparison [64, 65].

with the absorption of light polarized along different axes in a
material; Q, represents transitions polarized along the x-axis
while Q_ represents transitions polarized along the y-axis.
These are located in the visible range 500-600 nm correspond-
ing to the first two excited states. M06 and M06-2X hybrid den-
sity functionals provide an overestimation description of the
vertical excitation energy values E,, with MAD values of 0.32
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and 0.27¢€V, respectively. A similar situation is found for the
B3LYP and CAM-B3LYP density functionals with MAD values
0f 0.21 and 0.19 eV, respectively. The reasons for such deviations
are unclear and probably originate from the several approxima-
tions in these functionals, posing challenges in the modeling of
these types of systems [61-63].

Once the suited density functional is chosen, we focus now on
the basis set. Thus, different basis sets were analyzed to find out
the most suitable one providing geometric data close to the exper-
imental available data [64, 65]. An interesting feature in the pig-
ment structure adsorbed over graphene is the length of the Zn-C
bond, which in our system varies between 1.320 and 1.335A (see
Table 6). The best matching between our computational analysis
and experimental data is achieved when employing the 6-31G(d)/
Def2-TZVP basis set combination as found in the literature for
other organic pigments adsorbed on graphene [66-68]. This is be-
cause larger basis sets provide more reliable geometries [69] and

1.0

0.8 1
0.6 1
0.4 1

0.2 4

0.0 T T T
200 400 600 800

Wavelength (nm)

10~5*Molar absorption coefficient (L.Mol™'.cm™)

1000 1200

ZnPr/G

2.0 1
1.54
1.0 4

0.5 ~

0.0 T T
200 400 600 800

Wavelengh (nm)

10~5*Molar absorption coefficient (L.Mol~.cm™)

FIGURES5 | Simulated UV-visabsorption spectra of ZnPc/G (purple)
and ZnPr/G (sky blue) as predicted from TDDFT at the w-B97XD/6-
31G(d)/Def2-TZVP/CPCM (chloroform) level.

are essential for achieving accurate results in post-Hartree-Fock
calculations [70]. Once the structure is obtained, we analyzed
the striking absorption spectra of ZnPc and ZnPr adsorbed on
graphene at the TD-DFT level using the wB97XD/6-31G(d) func-
tional and the sufficiently large Def2-TZVP basis set.

Owing to their intricate conjugated structures, the simulated UV
spectra of ZnPc/G and ZnPr/G reported in Figure 5 exhibit two
discernible bands characterized by intense absorption within the
visible spectrum. These bands include a prominent Soret band, cen-
tered roughly between 400 and 500nm, and a Q band spanning the
550-650 nm range, rendering the molecules deeply pigmented. The
robust Soret band in ZnPr (approximately at ~350nm) corresponds
to the electronic transition from the highest occupied molecular or-
bital (HOMO) to the lowest unoccupied molecular orbital (LUMO),
indicative of z—z* interactions. Conversely, the moderate intensity
of the Q band (around ~500nm) suggests potential involvement
in charge-transfer phenomena, including charge-transfer (CT),

-1.5 1 /-/""” "
|}
/ —a—ZnPr
s -
o =204 [
3 /
5 /
2 /
= —2.5 - /
=] n—H
=
=
2 3.0
<
n
o
-3.5 1
L] T L] T L]
100 200 300 400 500 600

Total number of carbon

FIGURE 6 | Variation of adsorption energy of ZnPr with the size of
graphene flake.

TABLE 7 | Adsorption energies E,4, basis set superposition error
energy, EBSSE, and corrected adsorption energies EBs calculated in (€V)
for MPr (M =Zn, Cd, Hg, Pd, Pt, Rh, Ir, Ru, Os) attached to the graphene

surface at the wB97XD/6-31G(d)/Def2-TZVP/CPCM (chloroform) level.

Metal E, s EBSSE EDSE

Zn -0.149 0.057 -0.092
cd -0.166 0.072 -0.094
Hg -0.164 0.071 -0.093
Pd -0.146 0.060 —0.086
Pt -0.148 0.061 -0.087
Rh -0.108 0.046 -0.062
Ir -0.110 0.047 -0.063
Ru -0.071 0.019 -0.052
Os -0.072 0.018 -0.054
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metal-to-ligand charge-transfer (MLCT), ligand-to-ligand charge-
transfer (LLCT), and metal-centered (MC) transitions, as eluci-
dated by previous studies [71]. In the case of ZnPc/G, the spectrum
predominantly showcases z—z* transitions without significant
contribution from charge transfer mechanisms. Furthermore, the
analysis of UV-visible spectra revealed that the absorbance values
do not affect the adsorption of molecules on graphene, compared
to isolated systems. This finding represents a promising result that
fully justifies the use of graphene as a support.

3.3 | The Effect of the Central Atom

Finally, we analyze the effect of the central atom composing the
porphyrins on the adsorption energy. Numerous experimental
studies have been conducted on the synthesis of materials based
on porphyrins adsorbed on graphene. For example, Xu et al. [72]
successfully synthesized a porphyrin/graphene material demon-
strating interesting optical properties such as enhanced light ab-
sorption, nonlinear optical response, broad absorption spectrum,
and covalent functionalization. The authors suggested that this
material could represent a promising advancement in the field of
light-harvesting devices. Therefore, we here study the adsorption
energy of porphyrin derivatives on a graphene surface using a fi-
nite flake as a model. As depicted in Figure 6, we observe that the
adsorption energies increase monotonically with the size of the
graphene, due to the increased dispersion interaction [73].

The dimensions of the studied system are characterized by a single
layer of sp [2] hybridized carbon atoms arranged in a hexagonal
lattice with a lattice constant of approximately 0.246 nm. The effect
of the central metal atom on the adsorption energy (E, ;) is sum-
marized in Table 7. The type of central metal exerts a subtle influ-
ence on E_,, although this is very weak in all cases. The observed
stability order, with the sequence being CdPr > HgPr > ZnPr >
PtPr > PdPr > IrPr > RhPr > OsPr > RuPr, seems to indicate that
the larger the occupancy of the valence d shell, the larger the in-
teraction as these are quite polarizable electrons. The use of Cd
and Hg atoms within the porphyrin structure leads to the most fa-
vorable adsorption energy. Building upon prior findings regarding
isolated systems, it is evident that porphyrins containing cadmium
and mercury demonstrate superior oscillator strength values com-
pared to other studied metals, except for zinc. This suggests that
Cd and Hg-based porphyrins offer enhanced light-harvesting effi-
ciency (LHE) and overall performance [48]. This finding suggests
a promising direction for optimizing the adsorption process in re-
lated applications and could serve as a valuable guide for optimiz-
ing the design of these complexes to simultaneously enhance solar
cell efficiency and the capture of heavy metals.

This finding suggests a promising direction for optimizing the
adsorption process in related applications and could serve as a
valuable guide for optimizing the design of these complexes to
simultaneously enhance solar cell efficiency and the capture of
heavy metals.

4 | Conclusion

In this study, the adsorption of phthalocyanines and porphyrins
on a graphene surface has been investigated. A first analysis

based on the evaluation of experimental geometric parameters,
and optical and electronic properties showed that a simplifica-
tion of the atomic models is possible when studying these pig-
ments form a computational viewpoint, without losing relevant
information. The present results demonstrated that the wB97XD
functional combined with 31G(d)/Def2-TZVP basis set provides
an excellent choice to lead accurate results in this type of sys-
tem, supported by comparing with experiments.

The use of graphene as an adsorption surface does not signifi-
cantly influence the absorption properties and light harvesting
efficiency in the UV-visible region of the electromagnetic spec-
trum. The spectra reveal intense bands, suggesting potential in-
volvement in charge transfer phenomena, and offer a promising
avenue for designing hybrid materials with specific functional-
ities for various applications.

The adsorption energies of metalloporphyrins on graphene
flakes were also considered. This increases monotonically
with the size of the graphene model and converges for models
containing over 500 atoms. The cadmium and mercury-based
complexes exhibit promising efficiency values as solar power
harvesters, aided by their adsorption on graphene. They also
hold potential as candidates for applications related to the cap-
ture and extraction of heavy metals like cadmium and mercury.
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