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Abstract

The construction of devices based on molecular components depends upon the development of
molecular wires with adaptable current-voltage characteristics. Here, we report that quantum
interference effects could lead to substantial differences in conductivity in molecular wires which
incude some simple polycyclic aromatic hydrocarbons (PAHs). For molecular wires containing a
single benzene, anthracene, or tetracene molecule a large peak appears in the electron transmission
probability spectrum at an energy just above the LUMO. For a molecular wire containing a single
napthalene molecule, however, this same peak essentially vanishes. Furthermore, the peak can be
re-established by altering the attachment points of the molecular leads to the napthalene molecule.
A breakdown of the individual terms contributing the relevant peak confirms that these results are

in fact due to quantum interference effects.



INTRODUCTION

Recently, a great deal of progress has been made towards the realization of miniature
electronic devices constructed from molecular components [1, 2]. Such miniaturized molec-
ular devices could be orders of magnitude more powerful than their silicon counterparts.
Additionally, the use of molecular componentry might allow simple self assembly techniques
to supplant costly and difficult manufacturing techniques associated with silicon based tech-
nology. Of course, molecular wires, which can be thought of as a finite molecular system
wedged between two electron reservoirs or “leads”, would constitute one of the principal
elements of such devices. As a result, molecular wires have become a popular research topic
(3]

It is a necessity for putative molecular wires to have versatile conductance properties. For-
tunately, unlike traditional wires, the conductance properties of molecular wires are intricate
functions of the electronic structure of the molecular wire. Rather than the conductance
being simply proportional to the applied voltage, the conductance generally exhibits steplike
features which correspond to resonances with the molecular eigenstates. As a consequence
of this behavior, organic molecules that are only slightly different can exhibit substantial dif-
ferences in conductivity as the various resonances shift in position and change in size. These
changes have been attributed to reductions in electronic delocalization [4-6], wire-electrode
interactions [7], and quantum interference effects [4, 8.

Recently, Baer and Neuhauser [9] reported the results of calculations on a series of molecu-
lar wires containing different polyacetylene loop structures. The striking results of this study
indicated that by varying the points at which the leads were connected to the loop structure
one could alter the conductivity of a molecular wire by roughly five orders of magnitude.
These results were explained in terms of quantum interference effects. Furthermore, Baer
and Neuhauser derived a simple rule based upon the properties of Hiickel wavefunctions
that could be used to predict relative conductivities in such systems. Although these results
were encouraging, the calculations were carried out at a relatively low level of theory and
the molecular systems under consideration were not realistic.

In an effort to expand upon the recent work of Baer and Neuhauser, we report here on
the behavior of molecular wires consisting of a polyacetylene backbone grafted to a simple

polycyclic aromatic hydrocarbon (PAH). The PAHs examined are benzene, napthalene, an-



thracene, and tetracene. In addition to varying the PAH, we also modify the attachment
points of the molecular leads. Unlike the systems studied by Baer and Neuhauser, these
systems are chemically realistic and easily synthesized. Additionally, we go beyond the sim-
ple tight binding approach of Baer and Neuhauser and employ a much more rigorous DFT
based approach. Similar to previous results, we find that quantum interference can lead to
significant differences in the conductance of these systems.

There is a substantial body of experimental and theoretical work on the properties of
polyacetylene molecular wires and their conduction behavior has been well understood for
some time now [10-14]. More recently, experimental and theoretical work on the conduc-
tance of molecular wires containing a single benzene molecule or benzene derivative has
appeared. André et al. [15] and Tour and coworkers [16, 17] have both reported on the con-
ductance of molecular wires consisting of a single dithiolated benzene molecule or benzene
derivative. Subsequent to this, theoretical research appeared on the conduction of benzene
based molecular wires. Sophisticated SCF based studies by both Yaliraki et al. and Pan-
tiledes et al. predicted conductivity in reasonable agreement with the experimental results,
significantly enhanced the understanding of the experimental results, and suggested new
avenues of research in the field. Tight binding based studies of Emberly and Kirczenow [18]
similarly predicted conductivity in reasonable agreement with experiment and provided ad-
ditional insight into the processes at work in benzene based molecular wires. Unfortunately,
there has been substantially less work on molecular wires constructed from systems larger
than the benzene molecule. Hush and co-workers have considered the possibility of using
porphyrin molecules linked by PAHs as molecular wires [19]. However, their work has only
viewed the conductance in these wires as occurring via a superexchange mechanism and is
therefore somewhat limited. Thus, there is ample reason and opportunity to explore the
properties of molecular wires constructed from more exotic hydrocarbons. Furthermore, the
succes in previous experimental studies on benzene based molecular wires and the develop-
ment of new synthetic techniques [20] strongly suggest that newly proposed systems will in

fact be realizable.



METHODOLOGY

The molecular resonators examined in this study are shown in Figures 1 and 2 along-
side the relevant results and consist of the single ring or multiple ring systems benzene (1
ring), napthalene (2 rings), anthracene (3 ring) and tetracene (4 rings). As indicated, short
polyacetylene chains are attached to the resonators. For napthalene and anthracene, two
configurations of the polyacetylene chains are considered. First, there is a cis configuration
(Fig. 1) in which the chains are attached at the same side of the resonator. Second, there
is a trans configuration (Fig. 2) in which the chains are attached at opposite ends of the
resonator. For benzene and tetracene only the cis configuration is considered. These short
polyacetylene chains are in turn attached through sulfur atoms to reservoirs consisting of a
straight chain of 10 gold atoms. The length of the polyacetylene chains are determined such
that the distance between the sulfur atoms remains relatively constant for all the systems
studied here. In the case of benzene, polyacetylene chains having 5 carbon atoms are used.
This leads to a total of 13 carbon atoms separating the sulfur atoms. For napthalene, the
use of 13 carbon atoms to separate the sulfur atoms leads to a slightly asymmetric molecule.
We therefore also examined a symmetric napthalene based molecular wire with a 15 carbon
long polyacetylene backbone to be certain that the asymmetry doesn’t appreciably affect
the results. As one might expect, the results were almost identical.

The electron transmission probability across the molecular wire from reservoir a to reser-
voir b as a function of energy, T,,(FE), was computed using an expression given by Seideman

and Miller [21]
Top(E) = ARTr [GHE)W.G(E)W,)] . (1)

Here, W, and W, are absorbing potentials [22] which play a role analagous to the self energies
which appear in the familiar self energy formalism [23, 24]. The quantity G(FE) is the total

Green’s function for the system:

1
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The absorbing potentials required in Egs. 1 and 2 were taken to be diagonal in the atomic
orbital (AO) basis. The values of the absorbing potential were chosen to increase paraboli-

cally along the length of each reservoir from 0 eV at the initial gold atom, which is bound



to the sulfur, to a maximum 5 eV at the terminal gold atom. The Hamiltonian used in Eq.
2 was a DFT Fock operator as computed by the Jaguar quantum chemistry package [25].
The LACVP [26] basis set and B3LYP exchange correlation functional, which consists of the
correlation functional of Lee, Yang and Parr [27] in combination the exchange functional of
Becke [28], were used in all calculations.

All molecular geometries were optimized using the UFF molecular mechanics method [29]

as implented in the ArgusLab quantum chemistry package [30].

RESULTS AND DISCUSSION

Figure 1 shows the electron transmission probabilty as a function of energy for a series
of PAH based molecular wires having a cis configuration of polyacetylene chains. For ben-
zene, anthracene, and tetracene a broad and substantial resonance peak occurs at -5 eV.
For napthalene based molecular wires, however, this resonance peak disappears almost com-
pletely. This striking behavior can be analyzed most easily by evaluating Eq. 1 in the basis

of eigenfunctions of the complex DFT Fock operator, which we shall denote as F:
F=F —iW, —iW,. (3)

Here, F' is the usual DFT Fock operator obtained from Jaguar. In this basis, the Green’s
function required (Eq. 2) in Eq. 1 is a diagonal matrix and the contributions to the
transmission probability from the individual molecular orbitals can be illuminated. Note
however that F is not Hermitian and its eigenvectors are therefore no longer orthogonal.
The transformation of the absorbing potentials, which are assumed to be diagonal in the
AO basis, to the basis of eigenfunction of F must then be handled carefully. Here, we first

determine a matrix X which orthogonalizes the underlying AO basis:
XT X = (4)

where is the analytic overlap matrix. The complex Fock matrix is then formed in the AO

basis and transformed to the orthogonal basis using the matrix X:

=X" X. (5)



The matrix  is diagonalized and its resulting eigenvectors and eigenvalues are stored in

the matrices  and the diagonal matrix , respectively:

() = (6)

Notice that in Eq. 6 the inverse of = must be used rather than merely its transpose as the
eigenvectors of  are not necessarily orthogonal. Insertion of Egs. 5 and 6 into Eq. 1 leads
to the following expressions for the representations of the absorbing potentials in the basis

of the eigenvectors of F

a _ ( )TXT ayx (7)
=) XX ) )T (8)
where and are the representations of the absorbing potentials on reservoirs a and b,

respectively, in the AO basis. The expression for the transmission probability then becomes:

Tw(B)= Tu(E)=4® (B~ ) WE- ) W' (9)
Written in the form of Eq. 9, the contributions of various states to the overall transmission
probability can be illuminated in the following manner. Consider first a system having only
one single particle state. Only the term 7, will then arise in Eq. 9. This term must be
positive since the product (F — ) (E — ) is positive and the absorbing potentials
We and W? are represented by positive definite matrices. Furthermore, the transmission
probability will have appreciable amplitude only for energies near  since (E— ) decays
rapidly for energies far from . Now, consider a system having two single particle states.
In this case, Eq. 9 will admit two positive direct terms: 7, and 7, . If the energies
and are far from one another, these two terms will give rise to two distinct peaks in
the transmission probability spectrum centered about and . On the other hand, if
and are close, the two peaks will overlap. One must then also consider the effect of the
interference terms 7, and 7, . Unlike the direct terms, the interference terms can be either
positive or negative and can therefore either reinforce the direct terms or partially cancel
them out. This situation is analagous to that which occurrs for interfering electromagnetic
waves. In principal, the interference terms could be large enough to completely cancel the
effects of the direct terms. Whether or not this happens depends on the details of the

individual system under consideration.



As an example of this interference effect, consider the peaks in Figure 1 centered about -5
eV. This peak is located energetically ust above the LUMO of these systems and is therefore
expected to be quite important for conduction. A listing of the eigenvalues of  reveals that
there are 4 states which contribute to this resonance peak. For two of these states, denoted
as states 1 and 2, the complex part of their eigenvalue is close to 0.1. For the other two
states, denoted as states 3 and 4, the complex part of their eigenvalue is close to 0.4 and
therefore contribute to broadening the peak more than states 1 and 2. A Mulliken analysis
of the four orbitals further reveals that each of them have a similar form in their respective
molecules.

Table I tabulates the contributions that all possible pairs of these four states make to
Eq. 1. The individual terms listed in Table I are computed at the energy where the peaks
centered at about -5 eV have their maximum heights. For the napthalene based molecular
wire, one can see that the contributions of the first two states cancel each other almost
completely (i.e. twice the value of the i =1 = 2 term approximately equals in magnitude
the sum of the i =1 =1andi=2 =2 terms) indicating that quantum interference is
indeed at work here. For all other systems, there is only partial cancellation of states 1 and
2.

In terms of absolute magnitude, states 3 and 4 make only a small contribution to the peak
in napthalene and tetracene. On the other hand, for the benzene and anthracene based wires
the contributions of states 3 and 4 are large in magnitude but cancel one another almost
completely. The additional cross terms inolving either state 1 or 2 and either state 3 or 4
cancel almost completely in all systems. Based on this, it is clear that quantum interference
plays a large role in determining the magnitudes of the resonance peaks in the molecular
wires examined here.

By ad usting the positions of the polyacetylene chains, we expect that the relative phases
of the outgoing portions of the molecular states meeting at the terminal lead will differ. Of
course, this would dramatically effect the quantum interference and alter the conductivity
properties. Furthermore, an ad ustment of the positions of the polyacetylene chains could
change the relative energetics of the relevant states. As noted in our analysis of Eq. 1, this
can also affect the ability of different molecular states to interfere with one another.

Figure 2 shows the electron transmission probability for the napthalene and anthracene

based molecular wires with a trans configuration of polyacetylene chains. As one can see by



again analyzing the resonance peaks centered at -5 eV, the quantum interference properties
have indeed changed dramatically. Although 4 states still contribute to this peak, the states
span a wider energy range and this leads to a bimodal peak. However, the prominent result
in Figure 2 is the large resonance peak which appears at -5 eV for the napthalene based
molecular wire compared to the nearly non-existent peak in Figure 1. Certainly, the wider
energy range spanned by the four states reduced the level of quantum interference. The
relatively large size of the peaks in Figure 1, however, also indicates that little quantum
interference is occuring between states which are nearby in energy.

As noted previously, Hiickel or tight binding based calculations have been extensively
used for the determination of current-voltage characteristics in systems like those examined
here. We have similarly performed Hiickel based calculations to determine the electron
transmission characteristics of the systems shown in Figures 1 and 2. Although we do
not show the results, the transmission probabilties obtained using Hiickel wavefunctions
bear only a superficial resemblance to those computed using DFT wavefunctions. The
interference effect observed for napthalene based molecular wires is certainly not observed
when Hiickel wavefunctions are used. The differences are likely attributable to the fact that
the DF'T wavfunctions do not regard all the carbon atoms as being in identical environments.
This result indicates that an accurate description of the electronic structure of the wire is
important for uncovering interference effects. In fact, some treatment of electron correlation

might alter the results further.

CONCLUSIONS

Here, we suggest that quantum interference can substantially effect the conductivity in
molecular wires constructed from PAHs. Most striking is the prediction that quantum
interference occurs much more readily in napthalene based molecular wires compared to
wires containing benzene, anthracene, or tetracene. The reasons why quantum interference
is so substantial in the napthalene based wire are still not fully understood. Research on this
topic is ongoing in our group and it is hoped that we will ultimately be capable of predicting
a priori where quantum interference will occurr. It should be noted that more sophisticated
treatments of the electronic structure of the molecular wire may be required to achieve this

goal. More specifically, some treatment of electron correlation might be required to make



accurate predictions about the role of quantum intereference in molecular wires.

Previous experimental work on benzene based molecular wires portends the possibility of
constructing molecular wires similar to the systems presented here in which the theoretical
predictions could be tested. Additionally, previous theoretical work has suggested that the
addition of various organic sidegroups [31] can alter the conductivity. This fact, taken
in con unction with the differing quantum interference behavior seen here when the lead
attachment points are varied, suggest the possibility of multi-lead based molecular switches.

Work in this area is also ongoing.



TA LES AND IGURES

TA L : Terms from q. 1 contributing to resonances near - e in Figure 1. The terms were
evaluated at an energy where the peaks centered about - e have their ma imum values. The
data shown for the molecular wire having two fused rings is for the symmetric version of of this

molecuar wire (center panel in Figure 1).
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F . 1: lectron transmission probability across the molecular wire as a function of energy for
systems with a configuration of polyacetylene chains. The energy of the HOMO is shown by

the solid vertical line and the energy of the LUMO is shown by the dashed vertical line.
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F . 2: lectron transmission probability across the molecular wire as a function of energy for
systems with a configuration of polyacetylene chains. The energy of the HOMO is shown by

the solid vertical line and the energy of the LUMO is shown by the dashed vertical line.
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