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Field-induced conformational changes in bimetallic oligoaniline junctions
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We report three types of nonplanar conformations, «, 3, and 7, for a neutral isolated oligoaniline molecule
as well as for an oligoaniline with Au and Pd atoms attached at its ends. Each type of conformation has several
conformers of nearly equal energies. An applied external voltage can be used to switch between conformations,
producing in the process a sharp decrease of their energies. These bias voltage-induced conformational changes
are a potential switching mechanism for two terminal molecular devices at the nanoscale domain. They cause
the conductivity of the molecule to alternate between high and low states, compensating for the behavior of
typical three-terminal devices, needed for the development of a gate-less electronics.
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I. INTRODUCTION

Molecular switches are essential components in molecular
electronics devices as they constitute the building blocks in
logic architectures. Lately, much effort has been devoted to
the identification of these switches, and to the understanding
of the intrinsic mechanisms governing their switching prop-
erties. Many types of switching mechanisms have been iden-
tified, among them, photon-induced [1], change of redox
state [2—4], and electrically induced switching [5-8] to name
a few. A typical electrically driven molecular switch consists
of a single molecule, or many of them, e.g., self-assembled
monolayer (SAM), adsorbed on metal electrodes, which can
be electrically toggled between a high conductance (ON)
state and a low conductance (OFF) state, with the ON and
OFF states being stable enough for a large number of switch-
ing cycles. Recently, it has been shown experimentally that
for a wide range of temperatures oligoaniline molecular
junctions can exhibit electrical bistability and switch be-
tween a high and low conducting states in response to an
applied external bias voltage [7]. It was suggested this be-
havior might be due to a redistribution of charges in the
molecule coupled with a shift in molecular conformations
[7].

In this paper we show that there are three main types of
conformations for the standalone and for the extended (with
electrode atoms of Au or Pd) oligoaniline molecule, called «,
B, and 7y, which undergo conformational changes under the
influence of an external longitudinal electric field. In an Au-
oligoaniline-Pd junction, when equilibrium is reached at
room temperature, « has the highest probability to be present
in the junction, 8 has the smallest. Furthermore, when the
junction is subjected to an external bias voltage there is an
interconversion between the « and y conformations leading
to a switching behavior between high y and low « current
states in the junction, as observed in experiments [7].

We deal with the conformational changes by considering
first an extended oligoaniline molecule as a protojunction
where a sought after property of a molecular switch, such as
conformational changes, can be probed more easily [9,10].
Although by considering just the extended molecule, the in-
teraction with the leads of both the extending metal atoms
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and the molecule is missing, and the dielectric effect of the
leads on the field is not considered, nevertheless, it can still
help elucidate the field-induced changes in molecular confor-
mation and electronic structure for the following reasons.
First, on a first approximation the interaction metal-molecule
may be considered local, with metal atoms in direct contact
with the molecule or in the near neighborhood contributing
the most. This is, in fact, just a restatement of the rationale
behind treating a molecular junction as a metal-extended-
molecule-metal system [11-14]. Second, the molecular and
electronic structures of the extended molecule are those ob-
tained directly from ab initio calculations, which should al-
low for a detailed analysis at the atomic level of structural
(e.g., bond length, torsional angles) and electronic properties
(e.g., polarization, charge distribution) changes taken place
within a molecule exposed to an external field. Such a fine
level of resolution is lost when bulk electrodes are brought
into consideration because of the coarse approximations that
have to be made to treat them in present electron transport
models. Ultimately, to take full advantage of molecular de-
vices one would like to interconnect them, at most, through
small metal clusters rather than through bulk metal solids
[8]. Once the key properties of the extended molecule have
been established, they can be included within an appropriate
framework, such as the Green function method introduced
below, to study the current through the junction.

This paper is organized as follows. Section II introduces
the computational methods for dealing with the electronic
properties of finite clusters and bulk electrodes, and the
current-voltage (I-V) characterization of the junctions. Sec-
tion III presents the DOS and transmission spectra for all
conformations, as well as their I-V characteristics at fixed
geometries. The section ends with a discussion of conforma-
tional changes under applied electric fields. Finally, Sec. IV
summarizes the results of this work.

II. METHODOLOGY AND PROCEDURE

Density functional theory (DFT) and Green’s function
(GF) theory are used to study the electrical properties of
conformations of the standalone oligoaniline and oligoa-
niline junctions. Basically, three different types of calcula-
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FIG. 1. 1 oligoaniline (N,N’-dimethyl-N,N’-diphenyl-1,4-
benzenediamine), 2 oligoaniline with thiol groups used as clips at-
taching the molecule to Au or Pd electrodes, 3 oligoaniline with Pd
contact atoms on each side, 4 oligoaniline with Au contact atoms on
each side, 5 oligoaniline with Au and Pd contact atoms at left and
right sides, respectively.

tions are carried out: the ab initio DFT calculations for the
standalone and extended oligoaniline molecules (calculations
for finite systems), the ab initio DFT calculation with peri-
odic boundary conditions for the bulk materials (ab inifio
study of infinite electrodes), and the Green’s function calcu-
lation for the electron transport through the junctions
(DFT-GF approach).

A. Ab initio calculations for finite systems

The oligoaniline molecule 1 (Fig. 1) is composed of two
amine groups and three benzene rings, its derivative, 2, is
self-assembled on Au or Pd surfaces forming a metal-
S-oligoaniline-S-metal junctions, using Au or Pd electrodes
(3, 4, and 5) in Fig. 1). Reversible bistable switching has
been demonstrated in such molecular junctions, [7] with the
bistable characteristics being attributed to possible molecular
conformation changes occurring as the applied bias voltage
across the junction reaches certain thresholds. In this work,
the structure of these systems is studied in detail using ab
initio quantum chemistry calculations, followed by the
evaluation of electron transfer properties are using a Green’s
function approach based on the empirical Landauer theory
[15-17].

The ab initio calculations are performed for the molecules
(without the Au and Pd atoms) and for their extended ver-
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sions (molecules where some contact atoms have been
added) at the Becke three-parameter, Perdew-Wang 1991
(B3PWO1) functional level of theory [18-21] as imple-
mented in the GAUSSIAN 03 program [22] The correlation-
consistent polarization valence triple zeta (cc-pVTZ) basis
set is used for 1. A combined basis set is implemented for the
extended molecule 3; the 6-31G is used for the C, H, N
atoms and the Los Alamos effective core potential plus
double zeta (LANL2DZ) for S, Au, Pd. For 5 and Au,-5-Pd,,
we use the LANL2DZ. The use of different basis sets allows
us to compare similar calculations we performed in the past
with similar molecules. The use of the cc-pVTZ for 1 yields
a high precision calculation as only first row atoms are in-
volved. This basis set is not available for Au or Pd for in-
stance. However, the difference between the 6-31G and the
LANLDZ for C, H, and N is practically meaningless as both
are double-{ type basis sets. An extended molecule should
not be confused in our nomenclature with an extended or
periodic system such as a crystal of Au or Pd.

In order to find all the conformational isomers, the geo-
metrical optimizations are run from several initial geometries
for each system. All conformational isomers are verified to
be local minima by the calculation of their Hessian matrix
(or frequency calculation). Relative stabilities of the confor-
mational isomers are compared on the basis of their corre-
sponding total energies.

Perhaps, it is also important to clarify that although the
precise shape of the contact may produce a strong impact in
the I-V characteristics, our goal is to choose one shape of the
contact and use it equally for several conformations with the
minimum adaptations to get a stable contact-molecule pair so
we can compare molecules attached to relatively similar con-
tacts. In no way the goal is to determine what is the contact
used experimentally as this also depends on the specific fab-
rication procedure and irreproducible conditions of experi-
ments. So far, it is evident that there is not unique contact
geometry for a single molecule. This is something that mo-
lecular electronics have to deal in the near future; new tech-
niques and different scenarios need to be developed and tried
in order to have a realistic implementation of the field [8,23].

B. Ab Initio study for extended systems

The DOS (density of states) of bulk or extended (peri-
odic) systems of Au and Pd are calculated using the CRYSTAL
03 program [24,25]. For Pd, a hybrid density functional with
LDA exchange [26] and Perdew-Zunger correlation [27] and
a basis set of Stuttgart with relativistic small core ECP
pseudopotentials [28—-30] are used. For Au, the calculation is
performed using the B3LYP functional [18] and LANL2DZ
basis set and core potentials [30]. In both cases the experi-
mental lattice parameters are used [31].

The Fermi energy obtained for Pd is —5.69 eV which is in
good agreement with the experimental value of —5.60 eV
[31]. The calculated Fermi energy of Au, on the other hand,
is —5.80 eV, overestimated by about 10% compared to the
experimental value of —5.31 eV [31]. From the projected
DOS of Au and Pd (Fig. 2) it follows that the main contri-
bution to the total DOS near the Fermi level arises from the
d bands, d., and d,y,, With d,, contributing the largest share.
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FIG. 2. (Color online) DOS of (a) palladium, solid (red), and (b)
gold, solid (red). The DOS is projected onto the s, dotted (purple),
p, dashed-dotted (light blue), d,,, dashed (green) and d,,, long-
dotted (blue), bands; these projections are helpful because the cou-
pling between the electrodes and the molecule depends on the sym-
metry of the orbitals. The vertical dashed lines are drawn at the
Fermi energy of the bulk metals.

Interestingly, Pt, the best catalyst, has the Fermi level at the
starting of the d band as opposed to gold that have it at the
tail.

C. The DFT-GF approach

The Green’s function (GF) and density functional theory
(DFT) are used to study the electrical characteristics of the
bimetallic oligoaniline junctions, Pdy-3-Pdpu, Aupy-
S-deulk, and Aubu]kAU2-5-Pd2deu1k. This notation [32] indi-
cates that the standalone molecule, 1, is extended with metal
atoms on each side, in place of the end H atoms, as follows:
in the first case, one Pd-atom at each end, yielding molecule
3; in the second, one Au atom on the left and one Pd atom on
the right, yielding molecule 5 [Fig. 3(a)]; and in the last,
three-Au atoms on the left and three-Pd atoms on the right,
yielding molecule Au,-5-Pd, [Fig. 3(b)]. In all cases, the
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FIG. 3. (Color online) Extended molecules 5 (a) and
Au,-5-Pd, (b). Palladium atoms [top single (a) and top trimer (b)]
are colored dark green; gold atoms [bottom single (a) and bottom
trimer (b)] light green. The other atoms are colored as follows:
sulfur, interfacing the metal atoms with the rest of the molecule,
yellow; nitrogen, joining the benzene rings, blue; carbon, black; and
hydrogen, light gray. See also Fig. 1 for a chemical formula of 5.
The z axis in the figure defines the direction of the applied electric
field.

extended molecule is then attached at both ends to semi-
infinite bulk leads of metals matching the extending atoms.

Our procedure is as follows, see also [8,32-34] and refer-
ences therein: (1) The geometry of the extended molecule is
optimized in the absence of field using the GAUSSIAN 03 pro-
gram [22] until a local energy minimum is obtained. As vary-
ing the initial geometry usually leads to several local
minima, several optimized geometries may result at this
stage. (2) A frequency calculation is carried out on the opti-
mized geometries to guarantee the stability of the extended
molecule. (3) For each applied bias electric field at which the
current is calculated, we either use a fixed optimized mol-
ecule geometry found in (2), or optimize the molecule geom-
etry under field, and then proceed to compute the Hamil-
tonian and overlap matrices of the extended molecule at that
particular field. Thus, every point of the I-V curve corre-
sponds to a full ab inifio calculation under field. (4) The
DOS for the bulk materials is obtained using the CRYSTAL 03
program [35,36]. (5) Through a Green’s function transport
scheme explained below, the Hamiltonian and overlap matri-
ces obtained in step three are combined with the bulk DOSs
obtained in step four to yield the DOS, electron transmission
probabilities and /-V characteristics of the molecule. In this
procedure, the self-consistent treatment used when the bias
electric field is applied to the extended molecule ensures that
the chemistry of the molecule is not lost throughout the cal-
culations.
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In the GF method, the Green’s function of the standalone
molecule, G, is obtained from the Hamiltonian, H, and
overlap, S, matrices of the extended molecule for each ap-
plied bias voltage, V, as (for clarity we have removed the V
dependence in all equations)

Gu(E) =[ESyp — Hypy — S1(E) = Sr(E)] ™, (1)

Sx(E) = (ESyx — Hyx)8x(ESxy — Hxy), X=L.,R, (2)

where subscripts X and Y in Hyy and Sy (submatrices of H
and S, respectively) refer to the molecule (M), left contact

(DS)XK(E) 0

0 (Dp)xx(E)
gxk(E) = 0 0
0 0

The diagonal entries of gyx(E), from top to bottom, give the
s,p,d,zg,deg contributions to the DOS of contact-atom K.
The number of contact-atoms is such that the size of gy(E)
equals the number of columns (rows) of the coupling matrix
Hyx (Hgy)-

The transmission function (7) and the DOS (D) are ob-
tained from the relations

T(E) = Tr(T((E)Gy(E) r(E) Gy (E)) (5)

D(E) =Tr(i[Gy(E) - Gy(E)]S), (6)

where I'y(E)=i(2x(E)-23%(E)). T(E) is the sum of the trans-
mission probabilities from each of the channels available at
energy E. In consequence, the current I(V) at a bias voltage
V is obtained from

2 o}
(V)= ;ef dET(E)(f1(E—eVI2) — fr(E+eVI2)) (7)
with fy denoting the Fermi-Dirac function at contact X.

III. RESULTS AND DISCUSSIONS

For the sake of practical solvability, the molecular junc-
tions are initially approximated by the extended molecules 3,
4, and 5, in which the electrodes are included as small clus-
ters of sizes of up to three Pd or Au atoms. This is a reason-
able approximation since the characteristics of a molecular
junction converge well when very few metallic ending atoms
are used in the calculations [5,37-39]. The extended mol-
ecules are then linked at their ends with semi-infinite metal-
lic leads of similar atoms as those at their endings. For these
final configurations we obtain the I-V characteristics which
together with all the information gathered in the previous
steps allow us to give a complete account of the events lead-
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(L), and right contact (R). The self-energy function Xy ac-
counts for the coupling between contact X and the standalone
molecule; it contributes to the shifting and broadening of the
molecular levels and depends on the Green’s function of the
contact, gy, which is given by

gXl cee 0
gE)=mi| © .| 3)
0 8xNy
0 0
0 0
(Dd,, )xk(E) 0 )
0 (Ddeg)XK(E)

ing to the observed bistability phenomenon in the oligoa-
niline molecular junction.

A. Molecular structures

Three distinctive types of conformational isomers, desig-
nated «, B, and v, are found for the oligoaniline 1. Each type
has many different isomers, two of which are depicted in Fig.
4, namely, a: 6 and 6’, B: 8 and 8', and y: 7 and 7'. For
example, 6’ is obtained from 6 by rotating the latter left
a-phenyl-N-methyl substructure an angle of ~90° around
the N7-C1 bond (notation is as in 1, Fig. 1). An oligoaniline

9 9
6 (0 meV)

6' (1.6 meV)

7 (1.5 meV)

8' (46.1 meV)

FIG. 4. (Color online) Stable conformations of the oligoaniline
1: 6 and 6’ are isomers in « conformation; 7 and 7’ are isomers in
v conformation; and 8 and 8’ are isomers in B8 conformation. The
isomers’ energies shown in parentheses are with respect to the «
conformation 6. Each primed configuration is obtained from the
unprimed one by a rotation of one of the exterior-phenyl-N-methyl
substructures around the adjacent N-C bond joining the substructure
N atom to the central phenyl.
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TABLE 1. Bond lengths (A), bond angles (degrees), and dihe-
dral angles (degrees) of a selected set of optimized oligoaniline
conformational isomers

Parameter a (6) B (8) v (7) a (6')
H14-H6 2.824 2.818 2.765 2.782
H5-H22 2.823 2.818 2.873 2.781
C9-N7 1.399 1.416 1.418 1.398
CI1-N7 1.419 1.405 1.398 1.418
C8-N7 1.452 1.452 1.452 1.452
C12-C20 12.431 12.430 11.645 11.370
C9-N7-C8 118.9 117.4 117.5 118.9
C1-N7-C8 117.2 118.3 118.7 117.3
C9-N7-Cl 121.0 120.7 121.3 121.2
C4-N15-Cl16 117.2 118.3 116.9 117.3
Cl17-N15-Cl16 118.9 117.4 119.2 118.9
C4-N15-C17 121.0 120.7 121.0 121.2
C10-C9-N7-C8 -8.8 58.2 -58.9 -8.7
C14-C9-N7-C8 168.3 -120.8 119.7 168.3
C2-C1-N7-C8 -61.7 12.9 -10.2 -61.0
C6-C1-N7-C8 116.6 -163.9 166.7 117.2
C3-C4-N15-Cl16 -116.6 164.0 110.6 -60.9
C5-C4-N15-Cl16 61.7 -12.9 -67.3 117.3
C18-C17-N15-C16 8.8 -58.2 -5.3 -8.7
C22-C17-N15-C16 -168.3 120.8 172.2 168.4

structural isomer will be called a conformation, if both of its
methyl groups are (almost) coplanar with the (exterior)
a-phenyls; B conformation, if the methyl groups are in (al-
most) coplanar conformation with the (central) S-phenyl;
and vy conformation, if one of the methyl group is (almost)
coplanar with an a-phenyl and the other is so with the
B-phenyl. Typical geometrical parameters for conformers of
the three types are listed in Table 1.

Our calculations show that the a conformer 6 has the
lowest conformational energy (0 meV—our reference en-
ergy) and the B conformer 8 the highest (54 meV). The en-
ergies of the y and « conformations are spread over a range
of only a few meV from the reference energy: 6, 0.0 meV;
6’, 1.6 meV; 7, 1.5 meV; and 7', 2.2 meV. This shows that
the potential energy landscape of the standalone oligoaniline
is rather flat around our zero energy. By contrast, the ener-
gies of the 8 conformers are above 46 meV and well sepa-
rated from each other: 8, 46.1 meV; 8’, 54 meV. It can be
estimated that there are about 48%, 7%, and 45% of the
molecules in the «, B, and 7y conformations, respectively,
when equilibrium is reached at room temperature (25 °C).

Conformations differences have a large effect on the elec-
tron transport properties of molecular junctions, and confor-
mational changes have been used to explain molecular diode
behavior [4,40] and the bistability (or switching) observed in
some molecular junctions [3,6,7,10,34,41]. Since, as dis-
cussed above, the conformational energies of many of the
oligoaniline isomers are only a few meV, an external electric
field induced by the bias voltage applied to the junction can
easily cause conformational changes on the oligoaniline (see

PHYSICAL REVIEW A 75, 022511 (2007)

Sec. III F), affecting in this way its conformational distribu-
tion. As a result, switch between different conductivities is
expected in an oligoaniline molecular junction.

B. Electronic structure of oligoaniline

The molecular orbitals shapes and energies for the three
types of conformational isomers of oligoaniline 1 are shown
in Fig. 5. Although the total energies of these isomers may be
very similar, the energies of their orbitals may be quite dif-
ferent, especially those of the HOMO (highest occupied mo-
lecular orbital) and LUMO (lowest unoccupied molecular
orbital). A methyl coplanarity with an a-phenyl (methyl in
a-conformation) tends to decrease the HOMO and LUMO
energies; whereas its coplanarity with a S-phenyl (methyl in
B conformation) has the opposite effect. Since an « isomer
has two methyl groups in a conformation, then it has the
lowest HOMO and LUMO energies. The 8 isomer, on the
other hand, having two methyl groups in 8 conformation, has
the highest HOMO and LUMO energies. The y isomer
HOMO and LUMO energies lie somewhere between those of
the a and B isomers. These changes in HOMO and LUMO
energies caused by conformational isomerization will greatly
affect their relative conductivities, and are one of the major
mechanisms which may cause bistable states on the oligoa-
niline molecular junction as observed in experiments [7].

In all the isomers, the HOMO is more delocalized than
the LUMO as well as well delocalized through the entire
molecule. A fully delocalized orbital is usually considered a
good conduction channel [42-45]; therefore, it is reasonable
to expect that the oligoaniline molecular junction has a hole-
conduction mechanism, in which, the conduction is induced
by the positively charged holes injected from a metal elec-
trode into the HOMO of the molecule. In a more realistic
picture, each molecular orbital, occupied and unoccupied,
contributes to the electron transport according to their sepa-
ration from the Fermi level and to their spatial shapes
[32,46]. To analyze this point further, we next consider the
molecular energy levels of an extended oligoaniline mol-
ecule.

C. Electronic structure of the extended oligoaniline molecule

Figure 6 shows the energy level diagrams of the confor-
mations of the extended molecule Au,-5-Pd,. Unlike the mo-
lecular orbital diagrams of 1, Fig. 5, the Fermi levels of the
extended molecule conformations are rather similar, with the
existence of much more allowable state energies close to the
Fermi levels of bulk Au and Pd due to the addition of the
contact atoms. This addition also shifts downwards the Fermi
level of 1, assumed to be located at the center of its HOMO-
LUMO gap, towards the Fermi levels of bulk gold and pal-
ladium. In particular, the a conformers have the HOMOs
with the lowest energies, 6’ (—4.92 ¢V) and 6 (-4.94 eV),
and v, 7, has the smallest HOMO-LUMO gap, 0.64 eV, with
a, 6', having the largest, 0.91 eV. Such as for the standalone
oligoaniline, our calculations (not shown) indicates that the
HOMO of the extended molecule is more delocalized than
the LUMO, which is localized at the Au-S interface, and has
better coupling in the S-Pd interface than in the S-Au. That
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FIG. 5. (Color online) Zero-field molecular orbital energies and
orbitals for the a (6 and 6'), B (8), and y (7) conformers of the
oligoaniline 1. The Fermi energies are calculated as the center of the
HOMO-LUMO gap.

o (6"

S-Pd is a better interface than S-Au for charge transport was
theoretically suggested [33] and experimentally corroborated
[47]. Therefore, the HOMO is a better conduction channel
than the LUMO, suggesting that charge transport in the oli-
goaniline junction Auy,Au,-5-Pd,Pd,, as well as in
Auy-5-Pdy and Pdy -3-Pdy, . occurs mainly via hole
injection from the Pd lead to the HOMO level of the mol-
ecule.
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FIG. 6. (Color online) Allowable energy levels for a(6 and 6'),
B (8), and y (7) configurations of the Au,-5-Pd,. The long horizon-
tal black bars indicate the Fermi level of the molecules.

D. DOS and TF of fixed oligoaniline molecular junctions

In our calculations we have considered both a symmetric
junction with Pd electrodes as well as an asymmetric one
with Au and Pd electrodes. In the former, the standalone
oligoaniline has been extended with one electrode atom at
each end, whereas in the latter it has been extended with
either one or three such atoms; in all cases sulfur atoms have
been used as clippers. These extensions should help obtain
an adequate qualitative picture of the /-V characteristics of
the junctions. Indeed, some calculations have found that the
on-top contact structure is stable for both regular and irregu-
lar electrode surfaces [48] with modifications in the atomic
contact geometry leading to a slight shift of the conductance
peaks; although chemical intuition and our calculations sug-
gest that regular surfaces would be unstable. Other analysis
of the on-top contact structure with different topological
neighborhoods yielded that the single gold atom interacting
directly with the molecule played the most important role in
the I-V characteristics of the junction [5,49].

When an isolated oligoaniline molecule is connected to
the contacts via the S clippers, its discrete states are broad-
ened and shifted, as illustrated in Fig. 7 for the « spin of an
a conformer of the oligoaniline, 6, in the asymmetric junc-
tion, Auy,Au,-5-Pd,Pd, . The broadening of the density
of states (DOS) depends on the strength of the coupling to
the contacts and on the wave function of the considered state
[32]. As seen in Fig. 7 (top panel), the peak of the HOMO is
broader than that of the LUMO, indicating a greater coupling
strength of the former. This can be explained by looking at
the frontier molecular orbitals of the extended molecule
Au,-5-Pd, of 6’ (not shown), which reveals that the HOMO
is delocalized throughout 6’ and the metal contact interfaces
whereas the LUMO is localized around the gold contact in-
terface and neighboring ring. The energy states of the bare 6’
and its extended molecule Au,-5-Pd, are depicted in the bot-
tom and middle panels, respectively, of Fig. 7; in either case
the HOMO is indicated by H and the LUMO by L. The
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FIG. 7. (Color online) Zero-bias transmission function and DOS
for the alpha spin of molecule 6’ in an Au,-5-Pd,Pd,; junction
(top panel). Also shown are the discrete energy levels of 6’ when
isolated (bottom panel) and when extended as Au,-5-Pd, (middle
panel), indicating in either case the HOMO and LUMO energies.
The Fermi line in the top panel corresponds to the average of the
HOMO and LUMO energies of the extended 6’. All calculations are
done at the B3APWIO1/LANL2DZ level of theory.

molecular orbitals of Au,-5-Pd, are linear combinations of
orbitals of Au, Pd, S (the clipper) and 6'. As listed in Table
II, its HOMO sits at —4.94 eV, nearby the HOMO of 6/,
located at —4.92 eV; whereas its LUMO sits at —4.01 eV, far
apart from the LUMO of 6’, located at —0.67 eV. Indeed, an
analysis of the contributions of the molecular orbitals of the
extended molecule component atoms to the HOMO and
LUMO [50] yields, S: 0.14, Au: 0.06, Pd: 0.14, and 6': 0.66,
for the HOMO, and S: 0.08, Au: 0.87, Pd: 0.00, and 6’: 0.05,
for the LUMO. In consequence, the HOMO is mainly a 6’
molecular orbital, it is in fact the 6’ HOMO shifted by
0.2 eV, and that the LUMO is, to all purposes, an Au mo-
lecular orbital. As a matter of fact, the first 6’ molecular
orbital to the right of the HOMO lies at about —0.83 eV, with
a population composition of S: 0.01, Au: 0.01, Pd: 0.02, and
6': 0.96. This is the 6’ LUMO which has been shifted by
~—0.16 eV. In this case, both the total density of states
(DOS) and transmission functions (top panel) peak around
the states of the isolated molecule (bottom panel).

Figure 8 shows the zero-bias DOS, panels (a-c), and
transmission function, panel (d), for three conformations of

TABLE II. The total energy and the HOMO and LUMO ener-
gies of the isolated oligoaniline in conformation a (6’) and its
extended molecules: with single-particle clusters of Au and Pd, 5,
and with trimer clusters of the same metals, Au,-5-Pd,. Also listed
is the HOMO-LUMO gap for each of the molecules. The column
“cluster size” lists the size of the extending clusters.

Cluster Energy HOMO LUMO Gap

Molecule size (Ha) (eV) (eV) (eV)
6’ 0 -883.19712 -4.94 -0.67 427
5 1 —1164.54463 -5.15 -3.47 1.68
Au,-5-Pd, 3 —-1689.24547 -4.92 -4.01 0.91
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molecule 3 in the symmetric junction, Pdy;-3-Pdy,. The
Fermi line in a panel refers to the average of the HOMO and
LUMO of a conformation of 3. In the calculations, the 6-31G
basis set was used for all atoms except S and Pd, for which
the LANL2DZ basis set and effective core potential were
used. Panels (a-c) reveal strong hybridization between the
molecular orbitals and the extended states of bulk Pd due to
the covalent bond between Pd and S. For each conformation
there is a gaplike structure for the transmission, and DOS at
about —2.8 eV. In addition, the shape of the total transmis-
sion resembles closely that of the DOS and both of them
peak around the energy levels of the isolated molecule
shown in the bottom panels in (a-c).

E. Current-voltage characteristics at fixed geometries

Current-voltage calculations for the junction Pdyp-3-
Pdy,« have been carried out with molecule 3 fixed at its
energy optimized geometries « (6), 8 (8), and y (7); the re-
sults are displayed in Fig. 9. The energies of these conform-
ers of 3 relative to that of its most stable conformer, « (6),
are: « (6), 0 meV; B (8), 34 meV, and vy (7), 18 meV. It is
then reasonable to expect that when equilibrium is reached at
room temperature, o has the highest probability to be found
in the junction and S has the lowest. In spite of this latter
characteristic of 8 and of its high instability under the action
of an applied external voltage (when molecular structural
changes are taken into account, see Sec. III F), we show,
nevertheless, its I-V curve in Fig. 9 to compare it with those
of the other conformers. It follows that overall S carries the
highest current over the voltage range |V|<5.0 V. Moreover,
for voltages |V|<~2.3 V, a and vy carry very similar cur-
rents; outside of this range, vy carries the higher current, until
+4.5 V, after which points « becomes the higher current car-
rier. Given that « has a much higher probability than 7y to be
found in the junction at room temperature, the above evi-
dence suggests a possible scenario for understanding the ex-
perimentally observed current switching between low and
high current states in a Pdy,-3-Pdy, junction [7], and also
in the other oligoaniline junctions [7], at room temperature,
namely, conformational switching between « and 7, under
the action of an applied bias potential with « carrying the
low current and 7y the high. Although the conformational
switching scenario was already suggested [7], here we name
the conformations involved in the switching, and in the next
section will give, through a simple model calculation, con-
crete evidence supporting the role of these conformations in
the hysteretic behavior of the oligoaniline junction. In this
preliminary assessment we have neither consider structural
changes in the sandwiched molecule, nor general charging
effects, nor molecular screening for that matter.

F. Conformational changes under applied electric fields

We have performed geometry optimizations of the confor-
mations of a neutral molecule 5 in the presence of an electric
field to test their stability under the action of an applied
external field. All optimizations have been done at the
B3PWOI1/LANL2DZ level of theory, with fields directed
along the z-axis as indicated in Fig. 10.
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FIG. 8. (Color online) (a—c) Top panels: DOS for the (a) « (6),
(b) B(8), and (c) 7y (7) conformations of oligoaniline 1 in the
Pdy1-3-Pdyi junction. The Fermi lines denote the Fermi levels of
the corresponding conformers of 3. Bottom panels: discrete energy
levels of the (a) a (6), (b) B(8) and (c) 7y (7) conformers of 1
indicating in each case the HOMO (H) and LUMO (L) energies.
The transmission functions of the conformers of 1 in the junction
are shown in logarithmic scale in panel (d). For better visualization
the curves have been shifted upward by consecutive powers of ten.
Top (purple) curve corresponds to 7y (7), middle (green) curve to
B (8), and lower (red) curve to « (6).

PHYSICAL REVIEW A 75, 022511 (2007)

Current (uA)
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FIG. 9. (Color online) I-V characteristics of the «, B, and y
conformations of oligoaniline 1 molecular junction Pdy,-3-Pdpy.
The inset highlights the currents for small positive bias voltages.

For comparison, in Table III we show the energies of the
zero-field optimized conformers « (6), B (8), y(7), and
a (6") for the standalone, 5 and Au,-5-Pd, molecules. For
each molecule, the energies are given relative to the energy
of a (6), the most stable conformer. As can be seen from the
table, the relative energy of a (6') is of just a few meV and
fairly stable upon addition of a few extending atoms. In con-
trast, the relative energies of B (8) and ¥(7) are at least an
order of magnitude larger than those of the « in spite of their
large fluctuations. Although the data set is small to establish
a definite pattern for the stabilization of the energy as a func-
tion of the number of the extending atoms, nevertheless it
suggests relative energies for 8 and vy that are many times
over those of the «, with 8 energy being the largest. It then
follows that to a first approximation (i.e., considering few
extending atoms), when equilibrium is reached, the a con-
formation has the highest probability to exist at room tem-
perature, 3 has the lowest. In fact, we shall see later on that
for molecule S, 8 is also unstable under the action of an
external applied field. Table III also suggests that by consid-
ering the extended molecule 5 in our optimization calcula-
tions, we are most likely using upper bound relative energies
for the extended molecules.

Now, the optimization runs are done for positive and
negative fields, starting in either case at zero-field and incre-
menting the field strength in steps of 0.0005 a.u. until
0.0035 a.u.. The molecule optimized geometry as well as its
wave function is used as input for the optimization at the
next higher positive (lower negative) field. For example, the
zero-field optimized a conformer is used as input for the
optimization at 0.0005 a.u.. This procedure is repeated until
the end of the run, in the positive direction in this example.
Since the field strength is given by F=V/L, where L is the
length of the (extended) molecule, then it may yield different
bias voltages depending on the length of the molecule con-
sidered. Moreover, as our sampling of field strengths is rather
coarse, it is not possible to tell exactly at which field strength
a conformational change actually takes place. We have thus
assigned the switching point to the first point in our grid
where this occurs, the actual switching point possibly being
at a smaller strength. For the range of bias applied fields
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FIG. 10. (Color online) Zero-field stable conformations of the extended molecule, 5, of the oligoaniline: « (6), B (8), y (7), and « (6).
Field optimizations of these conformers are carried out with the field applied along the z axis. In all cases the xy plane is orthogonal to the

plane of the figure.

spanning from —0.0035 to 0.0035 a.u., we find that « and y
are the most likely conformations to be found in a given
sample, see Fig. 11. By this we mean that the geometry of a
conformation satisfy the overall geometrical characteristic of
the a or vy configuration as defined in Sec. IIT A, e.g., the
methyl groups are (almost) coplanar with the a-phenyls in an
a configuration; but undoubtedly some of the molecules’ di-
hedral angles as well as spatial dimensions will change with
the applied field. At low fields, |F | <0.001 a.u., say, most of
the visible changes will take place at the S-Au and S-Pd
interfaces, though drastic changes in the molecule geometry
may occur, as is the case for the S8 conformation, Fig. 11.
Increasing the magnitude of the applied field, however, will
make apparent the changes taking place in the internal di-

TABLE III. Zero-field energies of the optimized conformers «
(6), B (8), ¥ (7), and a (6') of the standalone, 5 and Au,-5-Pds
molecules. All energies are given relative to the energy of the most
stable conformer, @ (6). The column “extending cluster size” lists
the size of the extending metallic clusters at each end..

Extending Energy Energy Energy Energy

cluster a (6) B (8) v (7) a (67)

Molecule size (meV) (meV) (meV) (meV)
Standalone 0 0 61 3 1
5 1 0 89 34 1
Au,-.5-Pd, 3 0 56 17 4

mensions of the molecule. Although our ab initio calcula-
tions for the conformational changes of the extended oligoa-
niline under field take into account all these considerations,
for a practical description of conformational changes, we

150 T T T T T T T T T T T T T T
100
50

0
-50
-100
-150
-200
-250

-300 /4 5
.350 switch 0L to Y

Relative Energy (meV)

-400 - ™ switch otoy 1
_450 1 1 1 1 1 1 1 1 1 1 1 1 1 1
4-35-3-25-2-15-1-050 05 1 15 2 25 3 35 4
Field

FIG. 11. (Color online) Electric field effects on the energies of
the conformations of molecule 5. All energies are relative to that of
the most stable conformation at no field, namely « (6). Field
sweeps are done for positive and negative fields, starting in either
case at zero field. Plus signs, open circles, open triangles and open
squares refer to data for the « (6), a (6'), v (7), and B (8) confor-
mations, respectively. The switching points of the conformers (see
text) are indicated by a text “switch x to y” alongside the points.
Electric field is in 1073 a.u. (1 a.u.=51.423 V/A).
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have chosen to emphasize the role of the relative positions of
the methyl groups with respect to the a- and [B-phenyl
groups in the molecule, that is, the role of changes in the
dihedral angles of the molecule.

As we pointed out in Sec. III A, at zero-field many con-
formers are available for each conformation type. They es-
sentially differ by the dihedral angles each of their methyl
groups makes with its neighboring a- and B-phenyl rings;
which in turn implies they have different lengths. We can
use, for instance, the set of dihedral angles C6-C1-N7-C8,
C10-C9-N7-C8, (C5-C4-N15-C16 and CI18-C17-N15-C16
(notation is as in Fig. 1) to specify the conformers. For ex-
ample, the optimized « conformer 6 of § would be specified
by the angles 121.5°, —10.4°, 53.6°, and 11.0°, whereas the
optimized 6’ would be so by 120.7°, -9.3°, 122.9°, and
—10.8°. Although this scheme yields a systematic procedure
to label the conformers, its use to follow the evolution of a
conformer geometry under the action of a field would be
tedious as in this case the dihedral angles will regularly
change. Instead, we choose to label a conformer by its type,
indicating, whenever possible, the molecule in Fig. 4 that
best resembles it; especially in regards of the above set of
dihedral angles. Thus, we write, for example, “~6" to denote
a conformer whose geometry is close to that of 6. This
scheme is both simple and sufficient for our goal of describ-
ing the conformational changes of the extended oligoaniline.

Figure 11 summarizes our results for the energy changes
under field of the conformations of molecule 5. The quoted
energies are relative to the energy of the most stable con-
former, « (6), at zero-field [10]. We see that for negative
fields, the energy of the a conformers decreases smoothly as
the field strength increases, with 6’ having slightly lower
energy than 6. At a field of —0.003 a.u., however, the energy
of 6’ falls sharply signaling a change of conformation to vy at
—0.0035 a.u.; in contrast, 6 does not flip within the range of
negative fields studied. The energy of the B conformer, on
the other hand, drops sharply on going from zero field to
—0.0005 a.u., whereupon B switches to a 7y conformation
(~17"), whose energy steadily decreases as the strength of the
negative field increases, remaining at a lower energy than
those of the other conformers. The energy of the y con-
former, 7, increases slightly at first reaching its maximum at
—0.0005 a.u., it then decreases slowly until abruptly diving at
—-0.001 a.u. signaling the flipping of y to « (~6’) at
—0.0015 a.u.. Further increase of the field strength brings
about a second steep decrease in energy at —0.002 a.u. lead-
ing to a switching conformation back to a ' (~7') at
—0.0025 a.u.. For positive fields, the a conformer, 6, has a
slightly higher energy than 6’, with both conformers flipping
to a y conformation (~7'), the former at 0.003 a.u. and the
latter at 0.0035 a.u.. These flips are signaled by sharp energy
drops, at 0.0025 a.u. for 6, and at 0.003 a.u. for 6’. The
energy of the B conformer, on the other hand, decreases
slowly at first before taking a steep dive at 0.0005 a.u., lead-
ing to B flipping to a y conformation at 0.001 a.u. The en-
ergy of this latter conformation decreases smoothly for in-
creasing field strength, remaining the lowest of all
conformers’ energies. Finally, the energy of the y conformer,
7, follows a smooth and monotonically decreasing curve for
increasing field strengths.

PHYSICAL REVIEW A 75, 022511 (2007)
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FIG. 12. (Color online) Effect of the bias electric field on the
energy of a y conformer of 5. The sweep starts at zero field, point 1,
with a y conformation, and heads in the direction indicated by the
sequence of numbers. At point 4 the molecule changes conforma-
tion from y to «, switching back to a y conformation at point 12.
The molecule is in y conformation at the open triangle points and in
a conformation at the open circle points. All the energies are rela-
tive to the energy of the a (6) conformer at zero field. Electric field
isin 107 a.u. (1 au.=51.423 V/A).

In summary, in the negative field regime there are only
two conformations of the oligoaniline present, & and vy and
this is also the case in the positive field regime, save for
fields below about 0.0005 a.u. where the B8 conformer is also
present. Moreover, a closer look in Fig. 11 at the energy
changes and switching points of the o and y conformations
reveals some hints of hysteretic phenomenon in the energy of
5. Indeed, for moderate positive fields both « conformers
switch to a y conformation, whereas for low negative fields
the vy conformer switches to an a conformation. These
changes are further explored in Fig. 12.

To investigate the hysteretic behavior of the energy of 5,
we carry out on S a full round of geometry optimizations
under field (Fig. 12), starting and ending at zero-field (points
1 and 17, respectively, in Fig. 12). We start with 5 in y
conformation (7), and as before, the optimized geometry and
wave functions obtained at one point in the circuit are used
as input in the optimization run at the next point. When the
field is swept from O to —0.0015 a.u, the energy of 5 follows
a smooth arc until taking an sharp dive at —0.001 a.u. (point
3) leading to a switch of conformations, from 7y to «, at a
negative threshold field (F7) of —0.0015 a.u. (point 4). 5 re-
mains in this « conformation state on sweeping the field
upward from —0.0015 a.u., through zero field (point 7), until
0.002 a.u. (point 11), at which point its energy once again
suddenly jumps down, leading to § switching back to a y
conformation at a positive threshold field (F7) of 0.0025 a.u.
(point 12). Likewise, once 5 is in the y conformation state, it
will remain in this state until sweeping the bias field down to
the negative field threshold (points 12-17; the remaining two
points are not shown). Furthermore, once 5 is brought to a
threshold field, lowering the field to —0.002 a.u. from the
negative threshold, or increasing the field to 0.0035 a.u. from
the positive threshold, will keep its state unchanged, as can
be deduced from the a- and vy-curves in Fig. 11. As can be
seen in Fig. 12, the path described by the relative energies is
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FIG. 13. (Color online) Transmission functions for the @ spin of
the 7, solid (red) curve, and «, dotted (blue) line, conformers of 5 at
points 3 and 5, respectively, of Fig. 12 (see also Fig. 14).

almost closed; the energy at the ending point 17 is lower than
that at the starting point 1 by just 1.09 meV, an about 3%
relative energy decrease. This path describes a typical hys-
teretic curve for the extended molecule 5.

An immediate question then arises as to what happens to
the current through the junction as the molecule follows its
hysteretic path. To answer this question, we have used Eq.
(7) of Sec. I C to compute the current through the junction
at each point of the hysteretic curve depicted in Fig. 12. Our
results for the /-V characteristics of the junction, displayed in
Fig. 14, show that the oligoaniline junction Auy;-5-Pdy,
exhibits a hysteretic switching behavior as found experimen-
tally in [7]. Indeed, the junction is in its high current state
(red curve) when the oligoaniline is in vy conformation, and is
in its low current state (blue curve) when the oligoaniline is
in « conformation. Furthermore, the positive voltage thresh-
old (Vy,) for switching from low to high current is~2.2 V,
and the negative voltage threshold (V;_) for the reverse
switching is ~—1.2 V; these voltage thresholds correspond
to the positive, F’ J}, and negative, F7, field thresholds, respec-
tively, introduced earlier. Although the hysteretic strength
shows weakly for positive voltages, it does show quite
strongly for negative voltages. In particular, for instance, Fig.
13 shows that for the hysteretic curve in Fig. 14, the y con-
former at point 3 has an overall higher transmission function,
with a narrower gap, than that of the « conformer at point 5.
These transmission functions are obtained at an applied field
of 0.001 a.u. before and after the switching from 7y to a. The
above characteristics are consistent with the finding in Fig.
14 that the current at point 3 is higher than the current at
point 5.

Our aim throughout this section has been to explore the
qualitative aspects of the experimental results in [7], still we
feel it is a good idea to compare some of the quantities that
can be extracted from our calculations with those measured
in Ref. [7] more than anything else, as an attempt to come to
grips with the limitations of such comparisons. First, our
calculated currents span a range of values twice as large as
that of the experimentally measured values: from ~-2 to
~2.5 pA, for the former, and from —0.6 to 1 uA, for the
latter. Still, they are of the same order of magnitude as the
measured ones, and the discrepancies are hardly surprising in
view that the measured current corresponds to that of an
Au-SAM(oligoaniline)-Pd junction whereas the computed
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FIG. 14. (Color online) Hysteretic behavior of the current in an
oligoaniline junction Aup,-5-Pdy,x under the action of a bias po-
tential. Open triangles refer to high-current data, open circles to
low-current data. The junction is in a high-current state when the
oligoaniline is in 7y conformation and in a low-current state when
the oligoaniline is in & conformation. The sequence of points indi-
cates the direction of the voltage sweep and is the same as that of
Fig. 12. The solid lines are guides to the eye.

current correspond to that of a single molecule oligoaniline
junction. Notice that, at this point, there is no way to experi-
mentally find out how many molecules were conducting.
Moreover, the measured threshold voltages for current
switching were, V;__=~—-1.5 V and V.=~ 1.5 V, whereas
the computed values were, V;_=-1.2+04V and Vg,
=2.2+0.5 V, where in the latter account has been taken of
the size of the field mesh used. Again, the agreement seems
remarkable, especially when considering the abundant ran-
domness in the experimental settings.

In summary, we have argued and shown that the confor-
mational switching scenario could very well explain the ex-
perimentally observed bistable switching in nanoscale thiol-
substituted oligoaniline molecular junctions [7].

Finally, a possible point of concern is that the contacts
constrain considerably the movements of the molecules, as
well as the SAM environment used in the experiments; thus
suggesting that at least the metal atoms should be con-
strained during optimizations with the applied electric field.
Although, this seems very logical, it has been proved, at least
for gold theoretically [51] and experimentally [52] that at-
oms on the gold surface are not better attached than atoms in
an organic molecule. Gold atoms may be attached to the
surface through one gold atom with energies of
~40 kcal/mol as opposed to the bonds on the molecule
whose energies are of ~80 kcal/mol. Macroscopically we
might think of a hard tip attached to a floppy molecule, ato-
mistically we have a strong molecule attached to flexible
gold atoms. An analysis of the atomic lengths from the mol-
ecule to the metal atoms yield root-mean-square displace-
ments with respect to their neighbor atoms in the molecule of
~0.1 and 0.3 bohr for Au and Pd, respectively, per
(1073 hartree e~! bohr™") of applied electric field.

IV. CONCLUSIONS

We have presented a theoretical study of the structural and
electronic properties of the oligoaniline molecule. We found
three types of nonplanar conformations, «, 3, and v, for the
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neutral isolated and extended oligoaniline. @ and 7y types
have nearly equal energies and are more stable than the 8
type. Each conformation type presents several conformers
whose energies have about the same value. On an extended
oligoaniline, switching between conformations a and 7y can
be obtained by applying an external voltage to the molecule.
These switching takes place producing a hysteretic phenom-
enon in the relative energies for these two conformers.

Charge transport in the oligoaniline junction occurs via
hole conduction due to the metal electrodes coupling to the
molecule HOMO level which is delocalized throughout the
molecule. This makes the HOMO a better conduction chan-
nel than the LUMO, which is localized around the Au-S
interface.

PHYSICAL REVIEW A 75, 022511 (2007)

Although we feel this preliminary study gives a reason-
able theoretical picture of the oligoaniline molecular junc-
tion, there are still several issues to resolve to completely
understand and use these junctions in a molecular electronics
scenario determining whether the hysteretic phenomenon can
still be clearly observed when the oligoaniline molecule is
arranged in a molecular circuit. This certainly requires of
concerted theoretical and experimental efforts to determine
the behavior of individual devices in realistic circuits.
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