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In this paper results from ab initio simulations of the electronic structure properties of a class of halogenated
phenylene ethynylene oligomers (OPE) are presented. These molecular species are investigated because of their
suitable properties for application as single-molecule switches in the future emerging molecular electronic devices.
Combined Hartree-Fock and Density Functional Theory approach is applied to investigate the biasing field effects on
the relevant electronic properties, such as potential energy of the ground states, potential barrier height, localization of
frontier molecular orbitals and the HOMO-LUMO gap. Special attention is also paid on the effects of substitution of
the hydrogen atoms in the central phenylene ring of basic OPE molecule with halogen atoms. The analyses of the
obtained results undoubtedly show that the biasing field has a strong impact on the potential barrier height, transition
probabilities and band gap. Halogenation of the central phenylene ring does not have such a strong influence on the
aforementioned properties, but it could be a useful way for fine tuning of some of the properties, especially the

potential barrier height, enabling control of the torsional stochastic switching, inherent for the studied species.

Key words: ab initio; phenylene ethynylene; single-molecule switches; Hartree-Fock; Density Functional
Theory; potential barrier; frontier molecular orbitals; HOMO-LUMO gap; torsional stochastic switching

INTRODUCTION

As the limit of miniaturization and opera-
bility capacities of semiconducting electronic de-
vices have been reached, the tendency toward ever-
smaller size, results in extensive studies of a single-
molecule electronic properties. There is already a
remarkable number of both, experimental and theo-
retical works in which the possibilities a single
molecule to be employed as an electronic component
have been investigated [1-10]. Development of
novel molecular electronic devices is interplay bet-
ween fundamental sciences, such as physics and
chemistry, at one hand, and electrical engineering
on the other. Starting from the late seventies of the
past century, this led to a new interdisciplinary

field, called molecular electronics or moletronics,
which has been opened with the pioneer model of a
molecular rectifier, proposed by Aviram and Ratner
[1, 2]. These ideas were further developed in numer-
ous works [3-10, to name but a few]. Quantum
mechanical effects must be taken into account in the
electronic structure treatment on a molecular scale,
and thus, the investigations of the quantum me-
chanical properties relevant to electron transport in
single molecules and stability of molecular devices,
such as localization of frontier molecular orbitals,
potential energy surface, tunneling probabilities, etc.
are of fundamental importance.

So far, various molecular classes, including
acyclic, cyclic and polycyclic hydrocarbons; C-ma-
terials (carbon nano-tubes, fulerenes, graphene based
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structures); DNA and its derivatives have been the
subject of investigation. Speaking in general, the
organic oligomers, especially the ones based on
phenylene rings are among the most promising
candidates for molecular electronics. Possessing
bistability, delocalized molecular orbitals, appropriate
and controllable gap between the Highest Occupied
Molecular Orbital (HOMO) and Lowest Unoccupied
Molecular Orbital (LUMO), is what makes them
suitable to be applied as electronic devices.

The present paper deals with the phenylene
ethynylene oligomers and its halogenated deriva-
tives. We investigate the electric field effects on the
potential barrier heights, delocalization of frontier
molecular orbitals and the HOMO-LUMO gap for
the halogenated OPE oligomers, where hydrogen
atoms in the central phenylene ring are substituted
by halogen ones (F, Cl, Br, I). These molecules posses
bistability since they can be found in two stationary
states, recognized as planar and perpendicular
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(Figure 1), respectively. Switching between these two
states, with clearly distinguishable conductivity one
from another, in a molecule bound to electrodes is
most likely to occur as a result of torsional oscil-
lations of the central phenylene ring [3, 4, 7, 11]. In
the present paper we are particularly focused on
computational investigations of the HOMO-LUMO
gap and the biasing field effects on it. Electric field
effects on several other properties such as potential
barrier height and transition probability have been
also investigated and are briefly commented later
on. The HOMO-LUMO gap is directly related to
the molecular conductivity, since the highest
occupied molecular orbital is an analogue to the
valent zone in semiconducting devices, and the lowest
unoccupied orbital could be identified as a conducting
zone. Thus, tuning the energy difference between
these orbitals is of substantial importance for mo-
lecular impedance.
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Figure 1. Optimized configurations of perhalogenated OPE oligomers. The hydrogen atoms in the central phenylene ring are
substituted by halogen elements (F, Cl, Br, I). Two stationary points are found on the potential energy surface: a) optimized
configuration representing a global minimum of the potential energy surface, denoted as planar conformer throughout the text,
b) second order saddle point representing a metastable state, denoted as perpendicular conformer throughout the text. The two
imaginary frequencies, corresponding to the second order saddle point for the represented oligomer (chlorinated OPE) are
—7.165-10"" Hz and —6.284 -10"' Hz. These values are approximately the same for the rest of the considered derivatives.

Also, shifting of the frontier molecular
orbitals towards the Fermi level when the molecule
is attached to metallic electrodes is one of the
biggest problems for current flow through single
molecules. In this work we investigate the effects
of the halogenation of the OPE molecules, as well
as the effect of an electric field, with an orientation
coinciding with the biasing field of the prospective
device on the HOMO-LUMO gap, applying first-
principles molecular orbital theory. In our previous
related papers we have analyzed the orbitals shifting,
that was solely due to perhalogenation of the central
phenylene ring, studying different halogen sub-
stituents [7, 11]. We have also studied the electric
field effects on the non-substituted OPE molecule.
Here we extend the investigation, by analyzing the
electric field effects on the halogenated OPE
derivatives, by explicit inclusion of the field in the
many-body Hamiltonian. Our results show that fine

tuning of the HOMO-LUMO gap, as well as
shifting of the frontier molecular orbitals, which is
crucial for charge transfer via single particle states,
can be successfully modulated by the biasing field.

THEORETICAL BACKGROUND

The computational methodology applied for
electronic structure calculations in the present paper
is based on a hybrid Hartree-Fock/Density Functional
Theory (HF/DFT) approach. In this section we only
give short outlines of the most important features of
these methods. It is well known that the problem of
exact solution of the Schrodinger equation for the
polyatomic molecular species, related with the
presence of the two-particle operators in the many-
body Hamiltonians, in first approximation is over-
come within the mean field theory approach (HF
self-consistent field). The two-particle interactions
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are modeled as an interaction of each electron with
the mean field that is due to all other electrons,
enabling substitution of the two-particle operators
with one-particle operators, depending only on the
position of the considered electron. This assump-
tion transforms the n-electron equation to n one-
electron equations. That is, the wave function can
be expressed as a product of n one-electron wave
functions (orbitals), each being solution of one-
electron Hamiltonian. For details about HF methods
see for example [12, 13 and references therein)].

The basic idea behind the DFT methods, ari-
sing from the Hohenberg-Kohn theorem is that the
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where y; are the Kohn-Sham orbitals and E yis the

exchange-correlation energy of the system, which is
also a functional of the electron density and takes into
account all non-classical electron-electron interac-
tions. There is a large number of schemes for
obtaining the functional for the exchange-correlation
energy, and the search for more accurate functional is
still active area of research [12, 13].

COMPUTATIONAL DETAILS

For the purposes of this work we have
employed the methodology based on the density-
functional theory (DFT) combined with the HF
self-consistent field methods, tested and imple-
mented in the frames of our previous works [7, 11].
A combination of the Becke's three parameter
adiabatic connection exchange functional (B3, [15])
with the Lee-Yang-Parr correlation one (LYP, [16])
was used. The Kohn-Sham SCF equations were
iteratively solved by an orbital expansion in the
LANL2DZ basis set (Los Alamos ECP plus DZ on
Na-Bi) [17]. Ultrafine grid was used for the numerical
integration in all DFT calculations. Geometry was
optimized by applying the Schlegel's gradient algo-
rithm [18]. The calculations for the single-molecule
were carried out by GAUSSIAN 03 series of com-
puter codes [19].

Being interested especially in the changes
that biasing field would cause on the frontier
molecular orbitals, in this work we analyze the
orientation of the field along the major molecular
axis (z-axis) which coincides with the biasing field
direction. Field strengths within interval from 0.000
to 0.010 atomic units (1 a.u. = 5.14-10" V/m) were

energy of an electronic system can be expressed in
terms of the electron probability density. Thus the
electronic energy can be considered as a functional of
the electronic density in a sense that for a given elec-
tron density, there's a single corresponding energy
[12, 13]. The main goal of the DFT methods is to
obtain the electron density function. The Kohn-Sham
equations, having one-electron spatial orbitals (Kohn-
Sham orbitals) as solutions are very frequently used
for that purpose. The ground-state electronic energy
of n-electronic system can be expressed in terms of
the Kohn-Sham orbitals as follows:

n N
* . Z L. n)p(r
2w GOVEyi i) = o 3 et +510f4dp( 13,0( indr, + Exclp)
I=1"11 12

explicitly included in the many-body Hamiltonian.
Having in mind that the molecular devices are
intended to be used at voltages of an order of 1 V
and estimating the dimensions of the device with
the molecular length, the aforementioned values are
of the same order of magnitude exerted by the
applied bias voltage. In our previous work we have
also considered stronger field magnitudes and various
field orientations in regard of analyzing control of
the torsional stochastic switching with fields ad-
ditional to the biasing one.

From the first principles calculations we obtain
the ground energy of the conformers, the HOMO-
LUMO gap and delocalization of the orbitals. We
further use the energy difference between the planar
and perpendicular structure of the conformers to find
the potential barrier height, which governs the torsio-
nal stochastic oscillations. The potential barrier height
is further used to evaluate the transition probability
between the aforementioned states. Extensive analysis
of the methodology and computational details regar-
ding the calculation of the transition probability is
presented in our previous works [7, 14].

RESULTS AND DISCUSSION

The fully optimized geometries of the two
stationary points, from which the planar one is a
global minimum and the perpendicular is a second-
order saddle point are given in Figure 1. Frontier
molecular orbitals of the planar conformer of the
halogenated OPE molecules are fully delocalized
(Figure 2, a and b). The presented figures are for
chlorinated OPE, but results are rather similar with
other studied substituents. Delocalization of frontier

Ipunosu, Ogg. ipup. maiti. buoitiex. nayku, 34 (1-2), 19-25 (2013)



22 Irina Petreska et al.

orbitals is one of the presumptions for high con-
ductance. For the perpendicular conformer, the
electron localization and conductance switching is
obvious from Figure 2, (¢ and d). Substituting

hydrogen atoms with halogen ones, localizes the
electrons in the HOMO orbital of the perpendicular
conformer to the lateral rings, which is the only
notable difference with respect to the basic OPE [14].

Figure 2. Delocalization of the frontier molecular orbitals in the chlorinated OPE.
a) HOMO for the planar conformer; b) LUMO for the planar conformer;
¢) HOMO for the perpendicular conformer; d) LUMO for the perpendicular conformer

Together with the delocalization of mole-
cular orbitals, the HOMO-LUMO gap (HLG) is
another property, important for the conductivity.
The lower the HLG, the greater the conductivity.
The presence of halogen atoms in the central
phenylene ring in a free oligomer (out of external

electric field) decreases the HLG, and at the same
time it has no significant effects on delocalization
of the frontier molecular orbitals. The plots for the
HLG versus electric field magnitude is compara-
tively represented for both, substituted and non-
substituted OPE molecules (Figures 3 and 4).
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Figure 3. The HOMO-LUMO gap vs. electric field for planar conformation
of the basic and halogenated OPE molecules
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Figure 4. The HOMO-LUMO gap vs. electric field for perpendicular
conformer of the basic and halogenated OPE molecules

As the magnitude of the field along z-axis
increases, the HLG decreases. Decrease in the HLG
at zero field and lower magnitudes is most obvious in
periodinated and perbrominated derivatives, and as
the field increases the HLG values become nearly
equal for all substituted derivatives. As shown in
our previous work [13], the dependence in the case
of field oriented along the main axis, is more
complex, so that the HLG decreases to some value,
and then it increases at higher field magnitudes.
From the plots obtained in this work one can
conclude that the field effects on the HLG are
similar for both, substituted and non-substituted
OPE, manifesting somewhat steeper HLG decrease
in the case of the basic OPE. Thus, starting from
certain field magnitude the HLG for the basic OPE
HLG gains lower value than for the substituted ones.
Note that higher of the perpendicular conformers with
respect to the planar ones is another important pre-
requisite for lower conductivity or complete conduct-
ance switching. The electric field has influence on
energies of both, HOMO and LUMO orbitals, shifting
them towards lower values. However, the decrease
of the HUMO-LUMO gap results primarily by
shifting of the LUMO orbital closer to HOMO.
Perhalogenation of the central phenylene ring leads
to decrease of the HLG, which means enhancement
of the molecular admittance. If we compare the
trends of the HLG vs. field in non-substituted and
substituted derivatives it is seen that the per-halo-
genation of the central phenylene ring reduces the
HLG by nearly the same amount as the electric
field of around 2:10° V/m applied to a non-sub-
stituted sample. As the molecular electronic devices

are intended to be used under lower bias voltages,
the advantage of per-halogenation is that it enables
significant decrease of the HLG gap with respect to
the non-substituted OPE even at lower field magni-
tudes. Further more in the paper of Pejov et al. [7] it
was shown that the perhalogenation also leads to
obvious stabilization of the torsional stochastic oscil-
lations, by increasing the life time, transition proba-
bility and potential barrier height. Figures 5 and 6
illustrate the field effects on the potential barrier
heights and classical transition probability that are in
fact governed by the barrier height. Evidently the
biasing field by modulating the potential barrier
height reduces the transition probability leading to
control of the torsional stochastic switching. Stronger
electric fields oriented perpendicularly to the biasing
field enable fine tuning and control of the thermally
induced stochastic switching in a more subtle
manner, as it was shown in the aforementioned
paper [14].

To conclude, in the present paper a first
principles study of the electronic properties of halo-
genated OPE oligomers embedded in an electric
field, applied to model the biasing field was carried
out. It was shown that these oligomers are suitable
for future applications as single-molecules switch-
es. The biasing field decreases the HOMO-LUMO
gap which leads to enhancement of the conductance
in the conductive planar conformer. Also, the
biasing field reduces the transition probability, by
increasing the potential barrier height, which is
important for stabilizations of the conductive
molecular configuration.
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Figure 5. Electric field influence on the potential barrier height in iodinated (OPE-I), chlorinated (OPE-CI),
brominated (OPE-Br) and fluorinated (OPE-F) phenylene ethynylene oligomers, respectively.
The electric field £ is expressed in V/m and the potential barrier height V; in eV
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Figure 6. Electric field influence on the classical transition probability in iodinated (OPE-I), chlorinated (OPE-Cl),
brominated (OPE-Br) and fluorinated (OPE-F) phenylene ethynylene oligomers, respectively
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E®EKTUTE O HAABOPEIITHO EJIEKTPUYHO ITIOJIE BP3 EJIEKTPOHCKHUTE
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Hpuna Ierpecka’, Jbynuo Iejos’, Jbymuo Konapes®
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Bo 0BOj Tpya ce mpe3eHTHpaHH pe3ynTaTH O ab initio MPECMETKH Ha EICKTPOHCKATa CTPYKTypa Ha eaHa
KJlaca XaJoreHHpaHH (EHMICH eTHHWICH onuromepu. OBHE MOJEKYJCKH BHIOBU C€ HU3ydyBaaT MOpaad HUBHHTE
MOTOMHKM CBOjCTBA 33 MPUMEHA KAKO MOJICKYJCKH MPEKHHYBAa4d BO HIHHUTEC MOJCKYJICKH EJICKTPOHCKH YPEIH.
Kopucten € KOMOMHHMPaH TEOPETCKU mpucTarn, 6a3upan Ha XapTpu-Dok METOAOT U METOMUTE HAa (PYHKIIMOHAI O]
€JIEKTPOHCKATa IYCTHHA 3a U3y4yBame Ha €PEKTUTE O CJICKTPUIHOTO TOJIE HITO C€ JODKH HA MPUIOKEHUOT HATIOH
Bp3 €IEKTPOHCKUTE CBOjCTBA OJ] MHTEPEC, KAKO IITO CE CHEprujaTa Ha OCHOBHATA COCTOj0a, BUCHHATA HA TOTCHIIH-
jamHarta Gapuepa, Iokanu3amuja Ha Monekyickute opouramn 1 HOMO-LUMO jazot. Ocobeno BHIMaHUE, MCTO TaKa,
€ MOCBETEHO U Ha e()eKTUTE O camara CYNCTUTYIHja Ha BOJOPOJHUTE aTOMH BO LIEHTPATHUOT (DEHHIICHCKH MPCTEH
CO XaJIOTCHH aTOMH. AHAIM3MTE Ha JOOMEHHUTE pPE3yJNTaTH HEJBOCMHCICHO IMOKAKYBaaT JieKa HaJBOPEIIHOTO
HAMOHCKO [MOJI¢ MMa CUJIHO BIMjaHHWE BP3 BHCHHATA Ha MOTCHIMjanHaTa Gapuepa, BEPOjaTHOCTUTE 3a MPEMHH H
HOMO-LUMO ja3zor. Camara xaJoreHH3aIuja Ha IEHTPAITHUOT (PCHUJICHCKU IPCTCH HEMa TOJIKY M3Pa3eHO BIIHMjaHUEC
Bp3 CIIOMHATHTE CBOjCTBa, HO CEMak OM MOKena Ja Ouje KOPHCEH HAuyWH 3a (JUHO MPHCIIOCOOYBame Ha HEKOHM O
CBOjcTBara, 0cOOCHO Ha BHCHHATA HA MOTCHIMjaIHaTa Oapuepa, Co ITO Ce OBO3MOXKYBa KOHTPOJIA Ha CTOXaCTUYHHTE
TOP3MOHH OCLMJIAINH, CBOjCTBEHH 32 OBUE OJIMTOMEPH.

Kayunn 300poBu: ab initio; (eHWIEH ETHHWICH OJUTOMEpPH; MOJEKYJICKH TNpeKuHyBaud; XapTpu-Dok;

(hyHKIIMOHAN OJ €JIEKTPOHCKAaTa T'YCTHHA; MOTCHIMjadHa Oapuepa; HAJABOPEIIHA MOJEKYyICKH opbutamu; HOMO-
LUMO ja3; cToXacTHYHU TOP3UOHH OCLIMITAITIH
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