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Abstract. In a recent work we calculated some electronic properties of metal-free phthalocyanine such
as band structure, density of states and energy gap. We have also presented some optical properties
such as dielectric function, electrical loss function, optical conduction, absorption and refractive index,
some of which have never been studied before. Calculations were performed in the framework of density
functional theory (DFT), using the full-potential linearized augmented plane wave (FP-LAPW) method.
This study presents the electrical gap energy of metal-free phthalocyanine to be Ey = 2.4 eV which is in
good agreement with experimental data. A trap energy level is also observed. Optical band gap is about
2.48 eV with an optical trap level at 1.48 eV. In addition, we obtained the static refractive index in the
2-, ¥ and zdirections as noze = 2.43, noyy = 2.06 and nog.. = 2.32. Finally, absorption spectra display the
existence of strong absorption bands at the wavelengths of 400 and 800 nm which compare favorably with

experimental results.

1 Introduction

Metal-free phthalocyanine (HoPc) was first discovered in
1907 by Braun and Tcherniac and in 1930 the molecu-
lar structures of HoPc and metal Pcs (MPcs) were found
and confirmed. Pcs form a large group of organic semi-
conductor compounds, which have been the main basis
for the search of molecular semiconductors. They have a
porphyrin-like structure in which the aza-bridge carbons
are substituted by nitrogens, surrounded by four benzene
rings and two hydrogens are located in the center of the
macrocycles. The most interesting derivative is a dian-
ion that may be complexed with up to 70 different metal
cations which determine the electronic, optical and mag-
netic properties [1-3]. HyPc has two polymorphs (or crys-
talline forms), the a- and B-forms. The [-form is more
thermodynamically stable than the a-form. The a-form
can be converted into the g-form by heating the solid
material under vacuum for a time long enough depend-
ing on the temperature used for the conversion [4]. So
in the present work, the structural properties of (-form
were studied. Pcs have many attractive properties such as
availability in high purity due to the ease of crystalliza-
tion and sublimation, extraordinary thermal and chemical
stability. Also intense absorption is noticed in the red and
blue spectrum range, which makes them very pure blue
pigments [2,5]. Because of these distinctive characteris-
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tics, Pcs have been widely used as pigments for coloring
plastics and metal surfaces, and as catalysts in the oil in-
dustry [5]. In recent years, new applications have emerged
for Pcs due to their semiconducting properties. They have
been used in photovoltaic devices, photodetectors, pho-
toresistive detectors, organic transistors and solar cells.
Moreover, they are promising candidates for optical and
electronic devices for gas sensing sensors because of their
electronic properties [3-13]. Pes are also commonly used
as a hole injection layer in organic light-emitting diodes
(OLEDs) [14,15]. The knowledge of the electrical and op-
tical properties is necessary to understand the fundamen-
tal aspects of the materials. Therefore, the aim of the
present work is to investigate and analyze these proper-
ties of metal-free phthalocyanine to confirm some essential
parameters and predict more optical properties.

2 Method of calculations

The calculations were performed in the framework of den-
sity functional theory (DFT) [16], using the full-potential
linearized augmented plane wave (FP-LAPW) method as
implemented in Wien2k codes [17,18]. We selected the
generalized gradient approximation (GGA) of Kronig for
the exchange correlation energy in our calculations [19].
The chosen radii of MT spheres for atoms are RMT (C) =
1.16 A, RMT (N) = 1.13 A and RMT(H) = 0.61 A. The
separation energy, which defines the separation into core
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Fig. 1. (Color online) Structure and atomic positions of metal
free phthalocyanine (Cs2H1sNs).

and band states, was chosen to be about —6.0 Ryd. Fig-
ure 1 pictures the crystal unit cell of HoPc, it has a mon-
oclinic structure with P21/a space group in which there
are two phthalocyanine molecules per unit cell.

Dielectric tensor is used for analyzing the behavior of
crystal before the electromagnetic field. The real part of
this function is indicated with &;(w), and the imaginary
part with es(w), so we have:

e(w) = e1(w) + iea(w). (1)
We applied Kramers-Kronig transformation to analyze the
data. This transformation allows us to calculate the real
part of the dielectric function when having its imaginary
part. The imaginary and real parts of the dielectric con-
stant at the frequency of the incident photon can be writ-
ten as [20]:

47762 4 :
Ime; = —5 3 % Z dk(ck|p*[ve) (vk [P’ |cx)
X 0(Eck — Evk — W), (2)
2 o w'Imaij (w’)
Reeij (w) = 0ij + ;p/o de’, (3)

where |c;) and |vg) are conduction and valence states of
the electron in a given wave vector k, and the delta func-
tion implies the conserving of the energy in transitions,
where €. and €, are energies of the scattered electron
in the initial valence and final conduction states, respec-
tively. Two factors are effective for determining optical
properties, density of states (DOS) above the Fermi level
and the number of crystal symmetries which are discussed
in the following sections.

3 Results and discussion

At first, we determine new lattice parameters by volume
optimization ratio to energy. This volume optimization is
calculated with the alteration to the rate of ¢/a. As illus-
trated in Figure 2 the minimum value of energy for this
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Fig. 2. Changes of energy ratio to different values of ¢/a%.

Table 1. Comparing the lattice vector in GGA method with
the experimental method.

Method a (bohr) b (bohr) ¢ (bohr)
GGA (this work) 37.15 8.84 28.24
Experimental [21] 37.398 8.9 27.88
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Fig. 3. Total DOS of metal-free phthalocyanine (C32H1sNsg).

crystal occurs at 1.5%. The values of lattice parameters
are presented in Table 1.

The total density of states (DOS) is exhibited in
Figure 3 (attached detail is given in Tab. 2). Zero energy
marks the Fermi level and is shown by the dashed line. The
major contribution at the top of the valence band belongs
to nitrogen atoms, which is due to their stronger elec-
tronegativity than carbon atoms in carbon-nitrogen bond
(peaks of 11, 12 and 13). In addition, the peaks of 3, 5, 6
and 9 denote the overlapping of N-2P and C-2S orbitals.
It should be noticed that there are two types of hybrid
orbitals for carbon-carbon bond (peaks of 8, 14). The sp?
orbitals are related to benzene rings and the other hybrid
orbitals belong to the bonds between carbons which are
out of the benzene rings. The conduction band mostly con-
tains hybrid orbitals of carbon-nitrogen bonds. Also a trap
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Table 2. The highest density of state related to different orbitals.

Peak Related to Peak Related to Peak Related to
number atom orbitals number atom orbitals number atom orbitals
1 Cio, Ci2, Ci3, N3-2S 8 C4, Cs, Cio, Cio, 15 Cq, Cg, Co, C16-2P Ny,
Cis, C16-2P N2, N3-2P
2 CQ-QS 9 CQ, ey C77 C12, 0137 Ny-2P 16 Cll, 013, 014, N.-2P
3 C-2P, N2, N4-2P 10 Ca, ..., C7-2P, Hy, H5-1S 17 Cy, Cs, Cg, Cg, C10-2P,
Ci2, Ci3, C14-2P
4 N3-2P 11 Ni, N2, Ny-2P 18 Cy, Cs, ..., Cs, Cyo,
012, ey ClG—ZP
N-2P
5 Cs, ..., Co, Ci2, Ci13, C16-2P 12 N;-2P 19 Cy, Ca, Cs, Cg, C16-2P
Ns, N3, Ny4-2P
6 Cq, Csg, Cy, C13, No-2P 13 Na, N4-2P 20 Cq, Co, C3, Cs, ..., C11,
C13-2P
N1, N4-2P
7 Ci, Cs, Cg, Cs, Na, N3-2P 14 Ci, Csg, Cg, Cia, 21 Ci, ..., Ci2, C16, N-2P
H1, H57 H7, Hg-ls C13, CIG'QP

Fig. 4a. (Color online) Side view of (1 1 0) plate.

band exists at the position of 15th peak [22]. The physical
properties are controlled by traps, which are associated
with dislocations, imperfections, grain boundaries [23]. Tt
is remarkable that the contribution of H-1S orbital is the
least because of its low electronegativity. Figure 4a repre-
sents the (1 1 0) plate and contours of the electric charge
density are shown in Figure 4b. It is evident that apart
from N-H bond which is a hydrogen bond, all other bonds
are covalent.

The band structure related to the chosen point of
Figure ba is displayed in Figure 5b. It should be noted
that the energies have been shifted so that the Fermi en-
ergy is located at the top of the valence band as zero
energy. It is observed that this compound has an indirect

Fig. 4b. (Color online) Contours of electron charge density
in the (1 1 0) plate.

band gap with an energy gap of about F, = 2.4 eV which
is in good agreement with the experimental value [24].

3.1 Optical properties

The real part of the dielectric functions for the z-, - and
zdirections is illustrated in Figure 6. As shown in the
diagrams any of the directions has different value for di-
electric function. The values related to F = 1.32 eV in
2-, y- and zdirections are 14.29, 14.52 and 21.77 respec-
tively. Indeed, there is anisotropy with the energies less
than 5 eV because of no accordance between diagrams in
all three directions.
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Fig. 5a. (Color online) First Brillouin zone (K.1, K.2, K.3 are
the chosen points).
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Fig. 5b. (Color online) Band structure of metal-free ph-
thalocyanine compound along the lines with high symmetry.
The Fermi energy has been set to zero.
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Fig. 6. Real part of the dielectric function of metal-free
phthalocyanine.
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Fig. 7. Energy loss function of metal-free phthalocyanine
(HQPC).

Roots of the real part of the dielectric function are a
necessary condition for plasmon oscillations, but are not
enough. We must also study the energy loss function for
exact determination [25].

Figure 7 shows the energy loss function in all three di-
rections. The maximum values of energy loss function in
a~direction are at energies of 5.32, 3.36 and 1.89 eV which
are in good agreement with the roots of Figure 5b at en-
ergies of 5.21, 3.36 and 1.89 eV. Therefore, this compound
has three plasmon oscillations.

In Figures 8 and 9, energies related to maximums in
the imaginary part of dielectric function and optical
conduction are the same. So we just analyze optical con-
duction since analyzing the imaginary part of dielectric
function results is nothing new.

The electrons of occupied states are excited to
unoccupied states above the Fermi level by the absorp-
tion of photon energy. This is called optical conduction,
which is the same in all three directions. Threshold
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Fig. 8. Imaginary part of the dielectric function of metal-free
phthalocyanine.
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Fig. 9. Optical conduction of metal-free phthalocyanine
(HzPC).

optical conduction occurs at about 2.48 eV, there is also
an optical trap level at 1.48 eV and the refractive index
of HyPc for all three directions, z-, - and z, is illustrated
in Figure 10.

We see a small difference in these directions that means,
this compound can have birefractive characteristic at these
frequencies. In fact, this characteristic has been observed
in zy-direction more than in zzdirection. In addition, at
high frequencies all directions reach an agreement and
there is no birefracting behavior. In order to obtain the
static refractive index, we employed the following equa-
tion that relates the magnitude of refractive index with
dielectric function:

Naa (W) =

leaa(w) + Reeqq (w)
\/ 5 : (4)
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Fig. 10. Refractive index of metal-free phthalocyanine (HzPc).
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Fig. 11. Absorption index of metal-free phthalocyanine
(HQPC).

According to this relation and noting that the imaginary
part of the dielectric constant vanishes at zero frequency,
we obtained the static refractive index in the -, y- and
#directions as nogz = V5.91 = 2.43, ngyy = vV4.25 = 2.06
and ng,, = V5.36 &~ 2.32, which are nearly the same as the
values of Figure 10 at zero energy. The maximum values
of refraction index for a-, y- and z-directions are 4.75, 3.91
and 4.21, respectively, which are gained at the energy of
1.32 eV.

In Figure 11, absorption spectra display the existence
of strong absorption bands at the wavelengths of 400 and
800 nm which compare favorably with experiment and
it is caused by the m — 7 transitions of the conjugated
macrocycle of 187 electrons [25].

4 Conclusions

A detailed investigation of the band structure and DOS by
means of the DFT-GGA method was carried out.
Electrical band gap is about 2.4 eV with a trap band.
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The dielectric function, electric loss function, absorption 9.
index, optical conductivity and refractive index were
calculated. As results: this compound has three plasmon 10.
oscillations at energies of 5.21, 3.36 and 1.89 eV and static
refractive index in the -, y- and zdirections is ng,, = 2.43,
Noyy = 2.06 and ng,, = 2.32. Absorption spectra display 11.
the existence of strong absorption bands in the range of
400 and 800 nm. On the whole, calculated values of band 12.
gap and absorption are in good agreement with experi-
ments and the other results for the optical properties await 13.
experimental findings for comparison. 14
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