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Abstract

We investigated quantum chemical parameters for single-molecule magnets using theo-
retical calculations using the Density Functional Theory (DFT), which includes the Hub-
bard component (PBE+U). An investigation is conducted into the transition metal phthal-
ocyanine molecules TM-Pc (3d transition metal with TM = Ti, Cr, Mn, Co, and Cu). The
energy of the frontier molecular orbitals, gap (HOMO-LUMO), electronegativity, chemi-
cal potential, global hardness, softness, and electrophilicity index are among the electronic
characteristics and reactivity indices associated with TM-Pc molecules that are displayed.
These characteristics are intended to help comprehend and predict the future course of
innovative experimental research. As a result, the suggested materials exhibit promising
properties for spintronic applications.

Keywords: TM-Pc; DFT + U; HOMO; LUMO,; energy gap; electronegativity ...etc.

1. Introduction

The technology sector is now operating in a new environment where materials are
becoming closer to the molecular level as a result of molecular spintronics. The benefit of
using molecules is that they may be created using a variety of combinations, with the re-
sulting products having specific properties. Single-molecule magnets (SMMs) are a possi-
ble way to high-density information storage and spintronics devices. SMMs have piqued
the interest because to their unique physical features and exciting prospective applica-
tions. The transition- metal phthalocyanine (TM-Pc) molecules with different metals (TM
=V, Cr, Mn, Fe, Co, Ni, Cu, Zn, ... etc.) on Au (111) [1-7], Ag(111) [8,9], and graphene [10]
substrates have been previously explored theoretically and experimentally. In addition,
tetraphenylporphyrin molecules, which are related to phthalocyanines, have also been
calculated to be grafted onto the surfaces of noble metals [5]. Phthalocyanines (Pcs) are
macrocyclic ligands of special importance due to their great stability, good photophysical
characteristics, and ease of structural alteration, which may be utilized to regulate the
properties of associated materials and devices. Because of their small size, high sensitivity,
low cost, simplicity of synthesis, and low processing temperature, metal phthalocyanines
(TM-Pcs) sensors are one of the finest materials available for detecting gases [11,12]. MPc
aromatic macrocycles have the capacity to stack and produce crystalline and poly-crystal-
line films, making them suitable for field-effect transistor construction [13,14]. TM-Pc-
based sensors have also demonstrated significant absorption in the ultraviolet-visible and
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near-infrared ranges, which is why these molecules are employed in cancer photodynamic
treatment [15,16]. Here, we looked closely at the quantum chemical properties of the TM-
Pc molecules. Enhancing the method for conceptually categorizing these molecules to ex-
plain their reactivity is the aim of this effort. These descriptions are intended to make it
easier to comprehend and predict how new experimental studies will behave in the future.
After a brief introduction, Section 2 goes on to detail the computational method. The study
of our theoretical results is covered in Section 3. Section 4’s ultimate conclusions and per-
spectives are found there.

2. Methodoloy

This work performed quantum chemical calculations using the Quantum Espresso
code [17,18]. Density functional theory (DFT) with the Hubbard term U was used to per-
form geometric optimizations through the Perdew-Burke-Ernzerhof exchange-correlation
functional [19] (PBE+U method) in the gaseous phase. For TM-Pc molecules, the kinetic
energy cutoff for wavefunctions was set at 30 Ry, and the equivalent parameters for charge
density and potential were set at 360 Ry. One k-point was used to sample the Brillouin
zone. For TM-Pc structures, we employed pseudopotentials from the PSLibrary [20].We
employed the DFT+U [21] technique with the Hubbard model to address the strong on-
site Coulomb interaction for the TM d-electrons of TM-Pc molecules with U values of 6, 3,
4,1, and 4 eV were employed for Ti, Cr, Mn, Co, and Cu metal atoms. We optimized the
architectures of TM-Pc molecules in three states: positive (+), negative (-), and neutral (0),
in order to determine the quantum chemical parameters of these molecules. So, using op-
timized neutral, cationic, and anionic structures, the electronic parameters such as the ion-
ization potential (IP) and the electron affinity (EA), were calculated. In the simulated cell,
the TM-Pc molecule has a total of 57 atoms.

3. Results and Discussion

For the purpose of better understanding the chemical reactivity of our structures, the
PBE+U method was used to calculate the quantum chemical descriptors for a series of
transition metal phthalocyanine molecules TM-Pc (TM =3d, TM =Ti, Cr, Mn, Co, and Cu).
All of the structures were optimized in three different states. Figure 1 illustrates the mo-
lecular structure of TM-Pc. Table 1 shows the distances between TM-Pc molecules in three
different states (positive, neutral, and negative).

Figure 1. TM-Pc molecule structure where TM represents the transition metal. The TM, N, C, and H
atoms are in yellow, blue, grey, and white colors, respectively. The TM-Pc molecule is planar with

D4, symmetry.
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Table 1. The calculated distances of different optimized components using the PBE+U approach in

different states for TM-Pc molecules.

Molecules (Ti-Pc)- (Ti-P¢)* (Ti-Po)* (Cr-Pc)- (Cr-Pc)® (Cr-Pc)* (Mn-Pc¢)~ (Mn-Pc)® (Mn-Po)*
aTM-N (A) 2.01 2.01 2.06 2.00 2.01 2.01 2.01 2.01 2.01
Molecules (Co-Pc)” (Co-Pc)® (Co-Pc)* (Cu-Pc)- (Cu-Pc)® (Cu-Pc)*

aTM-N (A) 1.92 1.93 1.92 2.01 2.01 2.01

2domain of variation of the liaison TM-N between TM metal atom and the Nitrogen atom.

The TM-N lengths between the core TM atom and its surrounding N atom are nor-
mally fixed in TM-Pc compounds. Furthermore, the bond lengths of all of the TM-N bonds
for each of the individual TM-Pc molecules range between 1.92-2.01 A (neutral and neg-
ative) and 1.92-2.06 A (positive). The TM-N distance (2.01 A) remains the same for TM =
Mn and Cu. Besides, in all other cases, the difference between all states is on the order of
0.01 A, except for Ti-Pc, where this value is in the range of 0.05 A. The quantum chemical
parameters are described using the following formulas:

IE = —Enowmo: adiabatic ionization energy (1)
EA = -Erumo: adiabatic electron affinity (2)
E¢= ELumo — Exomo: electronic gap (3)

p = (Enomo + ELumo)/2: chemical potential 4)
X = —J: electronegativity (5)

1 = (ELumo — Enomo): global hardness 6)

= W?/2n;: electrophilicity (7)

o =1/n: global softness (8)

Different global reactivity parameters, such as electronic gap energy (Eg), adiabatic
ionization potential (IP), adiabatic electronic affinity (EA), chemical potential (i), electro-
negativity (x), global hardness (1), electrophilicity (w), and global softness (o), have been
calculated using Enomo and Erumo, energies of highest occupied molecular orbital (HOMO)
and lowest unoccupied molecular orbital (LUMO), respectively. The distinct states of the
molecules are used to compute the adiabatic ionization energy and the adiabatic electron
affinity. The least amount of energy required to remove one electron from a neutral mol-
ecule is known as the adiabatic ionization energy of a molecule, or the difference between
the energy of the ground state of the neutral species (X) and that of the positive state (X*:
cationic). Moreover, the adiabatic electron affinity is determined by the energy difference
between the neutral system (X), which corresponds to the most stable geometry, and the
negative state of the molecule (X~: anionic). A higher electron affinity often implies a lower
propensity of the atom to accept an extra electron. In our case, X represents the TM-Pc
molecules.

The Highest occupied molecular orbital (HOMO) and the lowest unoccupied molec-
ular orbital (LUMO) are called frontier molecular orbitals (FMOs) because they govern
how the molecule interacts with other species. They serve to exemplify the kinetic stability
of the molecule and the chemical reactivity. The HOMO represents the ability to donate
an electron. As a result, a molecule with a high HOMO energy is less stable since it is more
reactive. The LUMO, as an electron acceptor, represents the ability to obtain an electron.
In addition, a low value of the LUMO energy indicates that the molecule certainly accepts
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electrons. A large HOMO--LUMO gap indicates a high molecular stability in the sense of
its lower reactivity in chemical reactions. The small band gap indicates a highly conduc-
tive system with reduced molecular stability and an increased chemical reactivity. If a
molecule has small (large) HOMO--LUMO gap, it is a soft (hard) molecule. Soft systems
are large and highly polarizable, whereas hard systems are relatively tiny and much less
polarizable. In addition, adsorption might take place at a molecule’s very softest point.
Furthermore, the HOMO--LUMO energy gap is an important parameter to indicate the
stability index, and o is the electric conductivity. It should be noted that changes in band
gap cause differences in conductivity. The following equation may be used to calculate
the connection between conductivity and energy band gap (Eg):

0 x—exp(—E¢/KzT) 9)

The electric conductivity is indicated by o, and Ks represents the Boltzmann constant.
It is clear that a minor reduction in the band gap leads to much better electrical conduc-
tivity. The ionization energy (IP) and the electronic affinity (EA) can be expressed using
HOMO and LUMO orbital energies via the Koopmans theorem. The IP specifies the ap-
plied energy required to extract an electron from the least state. The capacity of an atom
to take an additional electron is referred to as its electronic affinity (EA). In addition, the
chemical potential is a chemical characteristic that represents an atom’s or functional
group’s propensity to attract electrons or electron density towards itself. The global hard-
ness signifies the resistance towards the deformation of the electron cloud of chemical
systems under small perturbations encountered during the chemical process. Moreover,
the global softness is the capacitance of the molecule to acquire charge. A high (small)
value of electrophilicity characterizes a good electrophile (nucleophile). So, we can say
that electrophilicity encompasses both the resistance of the system to exchange the elec-
tronic charge with the environment and the capacity of an electrophile to acquire addi-
tional electronic charges. The ability of an electron or a collection of atoms to attract elec-
trons to itself is known as electronegativity x. There is currently no scientific research de-
scribing the quantum chemical properties of these compounds. Consequently, our re-
search represents a significant contribution to this field as we analyze the parameters of
the TM-Pc molecules.

The relationship between calculated molecular energies and quantum parameters
provides insights into the chemical activity of our structures. The current study focuses
on the characteristics of 3d TM-Pc molecules, specifically those with TM = Ti, Cr, Mn, Co,
and Cu. Table 2 presents the quantum chemistry parameters of the TM-Pc materials,
which were determined using the PBE+U computational approach.

Table 2. IE, EA, Eg, n, 0, u, x, and o of different TM-Pc molecules using the PBE+U approach.

ap Ti-Pc Cr-Pc Mn-Pc Co-Pc Cu-Pc
IE (eV) 4.848 (<4.79) 4.905 4.221(14.468) 4.879 4.895 (*5.077,55.066)
EA (eV) 2.707 (2.42) 2.748 2.761 3.018 2.737 (83.25)
Es(eV) 2.141 (2.37) 2.157 1.460 1.860 (¢1.45) 2.158
n (eV) 2.141 2.157 1.460 1.860 2.158
o (eV) 0.467 0.464 0.685 0.538 0.463
u (eV) -3.777 -3.826 -3.491 -3.949 -3.816
X (eV) 3.777 3.826 3.491 3.949 3.816
w (eV) 3.331 3.393 4174 4.190 3.374

aP: chemical parameter; Pref. [22]; <ref. [23]; cref. [24]; s ref. [25]; Mref. [26].

We can underline that the Cu-Pc molecule has the largest gap energy value, while
the Mn-Pc has the lowest. Furthermore, the material with the smallest band gap, Mn-Pc is
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considered to be the softest one, which means small excitation energies. The Cu-Pc mole-
cule has the hardest structure and is more stable than the other molecules, whose electron
density varies more hardly than a soft molecule. The order of increasing electrophilicity
is as follows: Ti-Pc (3.331 eV) < Cu-Pc(3.374eV) < Cr-Pc(3.393eV) < Mn-Pc (4.174 V)
< Co-Pc (4.19 eV). It is demonstrated that the Co-Pc and Ti-Pc molecules are the best elec-
trophile and nucleophile, respectively. Our theoretical values E; for Ti-Pc and Co-Pc mol-
ecules, are in good accord with the literature [23,24]. For Ti-Pc, Mn-Pc, and Cu-Pc struc-
tures, the IE and EA parameters are in good agreement with earlier theoretical data
[22,23,25,26]. Our comparative examination of several central atoms reveals that the
HOMO and LUMO distributions can vary within certain limits. Thus, we can estimate
that the geometry of molecules offers not only the electronic characteristics but also infor-
mation on the reactivity and selectivity of the compounds using these quantum chemical
parameters.

4. Conclusions

Here, to provide new theoretical insights, we present first-principles calculations re-
lated to quantum chemical descriptors for TM-Pc structures. Chemical and electronic
characteristics are thoroughly discussed. Added to that, our extensive analysis demon-
strates that these computational predictions may be useful in the future design and func-
tionalization of hybrid structures based on TM-Pc. Synergy between theoretical and ex-
perimental research yields novel and significant outcomes. We may draw the conclusion
that the theoretical research can be expanded to include different kinds of SMM materials.
We believe that the predictions given here will enhance experimental efforts by providing
knowledge that might speed future spintronics applications.
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