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HYBRID FUNCTIONAL
ANALYSIS OF ELECTRONIC PROPERTIES
OF TRANSITION-METAL PHTHALOCYANINES

This work presents the ab initio study of transition-metal phthalocyanines within a PBEQ hy-
brid functional. The list of metal impurities includes manganese, iron, cobalt, nickel, copper,
and zinc. All calculations of isolated molecules have been performed with the use of the pro-
jector augment-wave method. For iron phthalocyanine, we have performed four calculations
with different values of the mizing parameter a (the value of the exact exchange) — 0, 1/4,
1/8, and 1/2. For all other molecules, the calculations have been performed for a = 1/4 and
1/8. The electronic structure parameters including the HOMO-LUMO energy gap, Fermi level,
magnetization, and imaginary part of the dielectric function are presented and compared with
available theoretical and experimental data. Manganese, iron, and cobalt phthalocyanines show
a strong dependence of electronic properties on the value of the exact exchange interaction. In

other molecules with nickel, copper, and zinc, this dependence is not significant.
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1. Introduction

Metal phthalocyanine complexes is a group of metal-
organic materials. Each complex is a planar molecule
of phthalocyanine with a metal atom inside the in-
ner C-N ring including 18 mw-electrons. Metal-phtha-
locyanines are widely investigated for electronics pur-
poses and for organic photovoltaics especially. Some
phthalocyanines are already well-known dyes. It is
worth to note that, during the last decades, or-
ganic dyes were intensively studied for electronics
purposes. The cause is in the processability and/or
some unique characteristics of some agents. In addi-
tion to perylene-based dyes which are to be small
molecule acceptors in organic photovoltaics (OPV)
heterostructures, phthalocyanines are explored as
small molecule donor materials [1-5] and organic-
inorganic interfaces [6-9]. Phthalocyanines are also
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attractive for OPV due the possibility to convert
light into electricity in the near-infrared (NIR) region
[10-12].

Beside the light conversation and light emitting de-
vices [13-15] including the photodynamic therapy [16,
17], phthalocyanine are widely studied in the field
of organic field transistors [18], gas sensors [19], and
biosensors [20, 21].

In the case of transition-metal phthalocyanines, re-
searchers explore the behavior of d-electrons and the
interaction with different substrates (graphene, gold,
etc.) in order to get the possibility to use these ma-
terials in spintronics [22-26].

This work is supposed to consider the electronic
properties of a number of transition-metal-phthalo-
cyanines (Fig. 1) within a PBEO hybrid functional
and to analyze the impact of the exact exchange
and self-interaction of d-electrons in metal-organic
systems.
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2. Methods

The hybrid functional is a mixing of an implicit exact-
correlation potential with the exact Hartree—Fock
(exchange) potential. This trick is supposed to solve
the band-gap problem in density functional theory
(DFT). Both local (LDA) and semilocal (GGA) ap-
proximations of DFT underestimate the value of the
electron energy gap in solids, as well as in molecules
or other bounded systems [27-29]. As the cause for
this fact, we consider the self-interaction which is can-
celed in the Hartree—Fock theory. The influence of the
self-interaction rises with the orbital angular momen-

X = Mn, Fe, Co, Nij, Cu, Zn
Fig. 1. Chemical structure of the phthalocyanines under study

Table 1. The initial options for the PAW
generation: the cut-off radii 7. and valence basis states

Atom Tc, "TBohr Valence states
H 0.9 1st
C 1.3 2522p?
Mn 2.1 3523p%3dbast
Fe 2.1 3523p63d74s!
Co 2.1 3523p83dB4st
Ni 1.8 3523p%3d34s2
Cu 2.0 3523p%3d104s!
Zn 2.3 3d104s2
Table 2. PBEO electronic structure
parameters of FePc obtained with four
different mixing parameters o
« Eg, eV Ef, eV m, up
0 1.45/0.06 -1.68 2.05
1/4 1.43/1.31 -1.71 2.00
1/3 1.38/0.91 ~1.52 2.29
1/2 1.37/0.96 ~1.48 4.35
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tum. The reduction of the self-interaction for d-states
is essential in order to obtain accurate results. Here,
we are going to use a PBEO functional in order to
describe metal-organic complexes by the example of
metal-phthalocyanines.

The general formula describing the PBEQ formal-
ism is as follows:

BIP — B+ (- B LB (1

where EPBEO is the hybrid PBEO exchange-corre-
lation potential, FIF is the exact Hartree Fock
exchange, and EYBE and EFPBE are the approxi-
mated exchange and correlation potentials proposed
in [30]. The coefficient « determines the value of the
exact exchange.

We have carried out calculations of the ground
state within the Projector Augmented Wave (PAW)
method [31]. This method combines pseudopotentials
with the linearized augmented plane waves (LAPW)
method. In this case, we can get an auxiliary wave
function v, from the exact all-electron Kohn—Sham
wave function ,,, using the transformation operator
as follows:

|1/}n> = T|d~)n>a (2)

where index n includes k index, band index, and spin
index. This expression results in a new form of the
Kohn—Sham equation:

The transformation operator T can be atom-centered
transformed into the following form:

T=1+) To=1+ ZZ(|¢?> — 160w, (4)

where T is non-zero only inside a sphere centered at
an atom a with a radius r.. The quantities ¢ and J)?
present the true and smooth partial waves, respec-
tively, and p§ is the smooth projector satisfying the
relation

<I5?\€5?> =0;4, r<re. (5)

The summary of PAW options is presented in Ta-
ble 1. All calculations have been performed, by us-
ing the ABINIT code [32]. Molecular geometries have
been optimized by a simple relaxation of the ionic
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Fig. 2. Occupation of spin-polarized electrons zin FePc obtained with different mixing parameters «. Drop black line represents
the Fermi level

Table 3. PBEO electronic structure parameters of transition-metal phthalocyanines
obtained with two mixing parameters, a. The column “other” contains the information about other ab initio
studies with several hybrid functionals (noted in scopes) and experimental data on the magnetic state

PBEO (a = 1/4)

PBEO (a = 1/3)

Other

Eg, eV

Ef, eV

Eg, eV

m, B

Eyf, eV

m, LB

Eg, eV

Spin

MnPc

FePc

CoPc

NiPc

CuPc

ZnPc

1.38/1.04

1.43/1.31

1.39/0.08

1.41/1.41

0.76/0.76

1.35/1.35

-1.42

-1.71

-1.61

-1.72

-1.63

-1.63

3.41

2.00

1.09

0.00

0.00

0.00

1.37/1.07

1.38/0.91

1.41/1.30

1.41/1.41

0.82/0.82

1.35/1.35

-1.40

-1.52

-1.64

-1.72

-1.59

-1.64

2.29

2.91

0.00

0.00

0.00

0.9 (HSE06) [33]
1.4 (B3LYP) [33]
0.4 (DFT+U, U=5 eV) [33]
1.4 (PBEO0) [37]
1.4 (HSE) [37]

1.38 (VNW-+UHF) [38]
1.5 (HSE06) [33]
1.9 (B3LYP) [33]

1.3 (DFT+U, U=5 V) [33]
1.8 (B3LYP) [41]

1.96 (VNW-+UHF) [38]
1.8 (HSE06) [33]
2.2 (B3LYP) [33]
1.5 (DFT+U, U=5 &V) [33]

1.47 (VNW-+UHF) [38]
1.8 (HSE06) [33]
2.2 (B3LYP) [33]
1.5 (DFT+U, U=5 &V) [33]

1.42 (VNW-+UHF) [38]
1.8 (HSE06) [33]
2.2 (B3LYP) [33]
1.4 (DFT+U, U=5eV) [33]
2.3 (PBEO) [44]

1.91 (VNW-+UHF) [38]
2.2 (B3LYP) [41]
2.0 (B3LYP) [45]

3/2 [34-36]

1 [39, 40]

1/2 [36, 42, 43]

0 [42]

1/2 [35, 36

positions according to the force convergence. Having
performed the convergence study, we have defined the
optimal plane wave cutoff energies: 30 Ha for the
wave function, 140 Ha for the electron density and
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potentials, and 3 Ha for RPA dielectric matrix. All
molecules have been calculated, by using the set con-
sisting of 190 bands with metallic occupation de-
scribed by the Fermi-Dirac smearing.
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Fig. 3. Occupation of spin-polarized electrons in CoPc obtained within dif-
ferent mixing parameters o. Drop black line represents the Fermi level
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Fig. 4. Imaginary part of DF obtained in RPA on the base of PBEO with @ = 1/4 and 1/3 in comparison with experimental
absorption spectra. a — [46], b — [47], ¢ — [48], d — [49], e — [50], f— [51], g — [52], h — [53], ¢ — [54], j — [55]
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3. Results and Discussion

For iron (II) phthalocyanine (FePc), we have per-
formed four calculations with different mixing factors:
the pure PBE with a = 0, and the hybrid ones with
a=1/4,1/3, and 1/2. The main results for FePc are
presented in Table 2. We can admit a slight depen-
dence of the energy band gap E, for a spin-up elec-
tron. Meanwhile, a significant diversity of E, is ob-
served in the case of a spin-down one. Spin-polarized
electron occupations are presented in Fig. 2. In the
case of a non-hybrid functional (o = 0), we can ob-
serve a smearing of spin-down electrons around the
Fermi level Ey caused by using the Fermi-Dirac dis-
tribution. In the case of o = 1/4, we observe a slight
difference between spin-up and spin-down electron
levels with the Fermi level Ef close to the middle
of E,;. In the cases where o = 1/3 and 1/2, the elec-
tronic parameters (E, and Ef) and occupations are
quite similar, but the magnetization m is almost twice
higher (Table 2).

We have performed PBEO calculations for the list of
materials (Fig. 1) with o = 1/4 and 1/3 (Table 3). We
also have obtained the frequency-dependent dielectric
function (DF) in the Random Phase Approximation
(RPA). The imaginary part of DF €5 is presented in
Fig. 4.

Considering MnPc, we can note a slight dependence
of both electronic (E, and Ey) and magnetic (m)
properties on the parameter a (Table 3). MePc has
magnetization m around 3.4 up.

Similarly to FePc, a strong impact of the mixing
factor o have been found in CoPc¢ with a smeared
spin-down electron is observed in CoPc with o =
= 1/4 (Fig. 3). In addition to the difference in elec-
tronic parameters, we have noticed a high difference
in magnetic properties: the total magnetization in
CoPc with a = 1/3 is almost three times higher than
in in CoPc with o = 1/4. Comparing e» with experi-
mental absorption spectra in CoPc, we can say that
PBEO (o = 1/3) shows a better agreement.

4. Conclusions

The values of 1/4 and 1/3 of the coefficient o formally
mean a smaller and larger admixture of the exact
Hartree-Fock exchange in the exchange-correlation
functional. It is worth analyzing how the choice of
the exchange-correlation functional influences the re-
sults of calculations of the dielectric function shown in

ISSN 2071-0194. Ukr. J. Phys. 2021. Vol. 66, No. 1

Fig. 4. From Fig. 4, it can be seen that the dielectric
functions corresponding to the functionals are differ-
ent over the entire spectrum of the photon energy
only for the MnPc, FePc, and CoPc. Why does the
NiPc fall out of this row? The answer to this question
is sought in Table 3. It turns out that the magnetic
moment of the entire molecule NiPc is zero. The-
refore, it becomes clear why dielectric functions for
both values of the mixing coefficient are almost iden-
tical. From Fig. 4, we see that the dielectric functions
of the NiPc and CoPc, corresponding to different val-
ues of the mixing factor, are close to each of these
materials. For ZnPc, the dielectric functions, corre-
sponding to different values of the mixing parameter,
are identical throughout the spectrum of the photon
energies under consideration. The dielectric constants
depicted in Fig. 4 allow us to draw the following con-
clusions. Significant differences in the dielectric func-
tions of the MnPc, FePc, and CoPc, corresponding to
different mixing parameters, are due to the strong hy-
bridization of the 3d states of the transition elements
with the states in the valence and conduction bands.
In the materials of NiPc and CuPc, this hybridization
is less pronounced. For the CuPc material, it is even
weaker.
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FO.B. Kaucko, C.B. Cupomiok

JOCJILAXKEHHSA EJJEKTPOHHIX
BJIACTUBOCTEN METAJIO-®TAJIOIIAHIHIB
3A JOIIOMOI'OIO I'BPUAHOT'O ®YHKIIIOHAJIA

B paniit po6oTi nipeacTaBiieHO JOCTIIKEHHS MeTaJ10-ratonia-
HIHIB 3 BUKOpUCTaHHSAM TibpuaHoro dgyukiionasa. Jociimke-
i ¢drasonianminy MiCTHIE aTOMM IEpEXiIHWX MeTaJiB, a ca-
Me MapraHellb, 3aJj1i30, KOOaJbT, HiKeJIb, MiJib Ta HUHK. IIpo-
BEIECHO PO3PaxyHOK i30/1b0BaHUX MOJIEKyI. [l dpramonianiny
3 aTOMOM 3aJiida OyJIO0 IIPOBEJEHO PO3PAaXyHKH 3 4OTHPMa I1a-
pamerpamu 3minrysanns: 0, 1/4, 1/3 ta 1/2. Jns Bcix iHmunx
MOJIEKYJI MU IPOBEJIM PO3PaxXyHKHU 3 JBOMa 3HadeHHAMU: 1/4
Ta 1/3. B poGori HaBeseHO OCHOBHI IapaMeTpH €JEeKTPOHHOI
CTPYKTYDPH, TaKi fK €HePreTUIHa I[iIJINHA MiXK 3aCeJICHUMU Ta
He3aceJIEHUMU PIBHSME, HAaMarHi4yeHiCTb, & TAKOXK rpadiku 3a-
JIEXKHOCTI ysIBHOI YaCTHHH JieJIeKTPUIHOl (DYHKINI Bix eHepril
doToHA B NMOPIBHSHHI 3 €KCIEPUMEHTAJIBHUMU CIIEKTPAMHU I10-
rmHaHHs. PTajIonianing i3 MapraHieM, 3aJi30M Ta Ko0aJIbTOM
MAalOTh CUJIbHY 3aJIEXKHICTh €JIEKTPOHHUX BJIACTUBOCTEN Bij Be-
JIMYMHY J0/1aHOT TOYHOI 0OMiHHOT B3aemo/iil. Tozi sik B MosIeKy-
JIaxX 3 HiKeJeM, MiIIio Ta IMHKOM 3MiHAa I[i€] BeJIUINHU CyTTEBO
He BIUIMBA€ Ha OTPUMaHi PE3yJIbTATH.

Kmovwosi
dyHKIiOHA.

cA06a: MeTaJIoOpraHidyHi Marepianu, riOpumgHUn
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