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Theoretical Electronic Structure of PTCDA and PTCDI
Molecules
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Self-assembly of the molecular system of perylene-3,4,9,10-tetracarboxylic-3,4,9,10-dianhydride (PTCDA)
and the amide analogue (PTCDI) is of potential importance for organic semiconductor devices. Therefore we
studied the density of states (DOS), the charge densities, and intermolacular bond lengths for PTCDA and
PTCDI using the density functional theory calculations.

INTRODUCTION

Self-assembly of organic molecules received
scientific interest due to their potential applications
in organic [1] and molecular electronic devices [2]
and biosensors [3]. Especially, perylene-3,4,9,10-
tetracarboxylic-3,4,9,10-dianhydride (PTCDA)
and the amide analogue (PTCDI) have been
studied on their absorption mechanism on different
metal and semiconductor substrates [4-8].
Although organic molecules on the metallic and
the insulating surfaces have been extensively
studied, little is known about them on nano-
structured metal-semiconductor hybrid substrates
such as the Si(111)In-4x1 surface [9]. Theoretical
analysis is highly required to understand issues
such as the molecule-substrate interaction and the
molecule-molecule interaction, which may affect
the molecular adsorption mechanism and the
subsequent self-assembly pattern formation on the
metal/semiconductor hybrid surfaces

In this paper, we studied the electronic structure
of the neutral PTCDA and PTCDI molecules using
density functional theory (DFT) calculations for
our further researches on the molecule-surface
interaction and the substrate-mediated
intermolecular interaction.

METHODS

We employed the density functional theory
(DFT) code, the Spanish Initiative for Electronic
Simulations with Thousands of Atoms (SIESTA),
as implemented on the EDISON nanophysics web
site [10]. We used the generalized gradient
approximation (GGA) by Perdew, Burke, and
Ernzerhof [11] and the norm-conserving
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pseudopotentials of Troullier and Martins [12]. A
double-zeta basis set was used for all atoms. The
localized basis set was made up of numerical
atomic orbitals which induced an energy shift in
each orbital of 0.02 Ry. We used the energy cutoff
with 100Ry and a 1x1x1 mesh of k points for
integrations over the Brillouin zone, and the
PTCDA and PTCDI molecules were placed in a
supercell of 27x31x20 A®,

RESULTS and DISCUSSION

PTCDA and PTCDI molecules are of the planar
arrangement including five carbon rings, as shown
in Fig. 1. Both molecules share common structural
characteristics consisting of a perylene core, but
the anhydride end groups in PTCDA is replaced by
the imide groups in PTCDI. Overall dimensions of
the flat molecules are 14.2 A x 9.2 A (length x
width) for PTCDA and 14.4 A x 9.2 A for PTCDI.

We obtained the total density of states (DOS)
for the PTCDA and PTCDI molecules and the
energy levels of the two molecules were aligned.
The total DOSs of PTCDA and PTCDI, shown in
Fig. 2 and 3, are made up of molecular orbitals
which are generated from strongly localized s and
p orbitals of the carbon (C), oxygen (O), and
nitrogen (N) atoms. In case of PTCDA, the highest
occupied molecular orbital (HOMO) lies 1.36 eV
below the lowest unoccupied molecular orbital
(LUMO). PTCDI has the HOMO LUMO gap of
1.40 eV. The charge densities related to the
HOMO and LUMO which are depicted in Fig. 2
and 3 are mainly distributed over the perylene core
and have & character. The HOMO and the LUMO
orbitals of PTCDA and PTCDI are delocalized
throughout the molecules, except for the two end
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anhydride or imide groups. The distribution of
charge densities for these molecules can help
understand the bonding and anti-bonding transition.
Some of the C-C bonding regions of the HOMO
are replaced by the repulsive nodes in the LUMO.
On the other hand, the major anti-bonding nodes
of the HOMO, the central anti-bonding plane
along the long axis of the molecules and the C-O
anti-bonding regions, are preserved in the LUMO
over the entire two molecules.

The calculated bond-length data are presented
in Table 1 along with the previous calculations [13,
14]. The labeling of the bonds is shown in Fig. 1.
PTCDA and PTCDI show C-C bond lengths
between 1.41 A and 1.49 A and between 1.41 A
and 1.51 A, respectively, indicating varying
degrees of m conjugation and double-bond
character. Since the HOMO has maxima at the C-
C bonds 2 and 6, the bond character of these bonds
is enhanced and the bond length is shortened by
this mechanism. On the other hand, the HOMO is
of antibonding character for bonds 1, 4, and 8
where the HOMO has nodes, which are elongated
due to occupations of the HOMO.

CONCLUSION

We have examined the electronic DOS and the
HOMO/LUMO orbital characters of PTCDA and
PTCDI using the first-principles calculations. The
DOS and HOMO/LUMO orbitals are similar in
both molecules, which suggest that the molecule-
substrate interaction and the intermolecular
interaction might be similar for PTCDA and
PTCDL.
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Fig. 1. The structure of PTCDA (top) and PTCDI (bottom).
Gray, white, red, and blue sphere correspond to carbon (C),
hydrogen (H), oxygen (O),
respectively. PTCDA and PTCDI
perylene core, but the anhydride end groups in PTCDA is

and nitrogen (N) atoms,

molecules share the
replaces by the imide groups in PTCDI. Each label of the two

molecules refers to the interatomic bonds whose bond lengths

as given in Table 1.
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Fig. 2. Total DOS of PTCDA and the charge density contours
of the HOMO and the LUMO.
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Fig. 3. Total DOS of PTCDI and the charge density contours
of HOMO and LUMO.

Bond length (A) Bond length (A)

f';’?g oa| Ths  DFT(LDA) ?,f}‘gm y [ This  TD-DFT (PBE)
work (Ref.13) work _(Ref.14)
CC() 1473 1463  C-C(1) 1483 1448
C-C(2) 1424 1405  C-C(2) 1424 1430
c-C(3) 1448 1431  C-C(3) 1463 1435
C-C(4) 1422 1400  C-C(4) 1423 1388
CC(5) 1435 1427  CC(5) 1450 1436
c-C(B) 1411 1.392 c-C(6)  1.409 1.407
cc() 1420 1414 CC(7) 1439 1423
C-C(® 1434 1475  C-C(8) 1510 1484
co® 1234 1214  C-O(9 1260 1.225
C-O(10) 1440 1384  CN(10) 1374 1.391

Table 1. The intramolecular bond lengths (in A) of PTCDA
and PTCDI in the gas phase. Our calculations were performed
within DFT-GGA. The bond labels are indicated in Fig. 1.
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