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The effects of molecular conformation on conductance in oligosilane-bridged metal —molecule—metal junctions
are studied theoretically using density functional theory combined with a nonequilibrium Green’s function
approach. Varying the internal SiSiSiSi dihedral angles in hexasilane diamine chains changes the conductance
by up to 3 orders of magnitude. This conformational dependence is due to the effects of o-delocalization on
the positions of the highest occupied molecular orbital (HOMO) energies. The conductance values for the
different conformations are related to electron transfer rates in donor—bridge—acceptor systems, and the effect
of shifting the injection energy is examined. The transport properties are found to be extremely sensitive to
the alignment between the HOMO energies and Fermi level of the gold electrodes.

I. Introduction

Development of molecular electronic devices requires careful
tailoring of the electronic transport properties to achieve the
desired functionalities.!? One approach for engineering specific
transport properties that has been studied theoretically*~® and
realized experimentally’® controls the effect of molecular
conformation on conductance. Recent experiments’ have shown
that extending sr-conjugation to varying degrees in a biphenyl
system by altering the twist angle between the two phenyl rings
affects the electronic transport, with a conformational depen-
dence predicted by sr-orbital overlap arguments.**?

The conformational dependence of the electronic properties
of m-conjugated molecules has an analogue in the electronic
properties of o-conjugated molecules. Methylated and catenated
oligosilanes have been the subject of research studying the
effects of o-delocalization on optical properties such as UV and
IR absorption.!°~2° These studies indicate that o-delocalization
is extended by anti turns (SiSiSiSi dihedral angles of 180°) but
not by cisoid turns (small dihedral angles) in the backbone of
silane chains. Given the phenomenon of conformation-dependent
transport in s-conjugated structures, it is worth examining
whether o-conjugated structures exhibit a similar effect.

In this work, we examine theoretically how the conforma-
tional dependence of the electronic properties of oligosilane
chains can be used to control electronic transport in single
molecule junctions. Charge transport properties are calculated
for a series of amine-terminated hexasilane chains between gold
electrodes with varying internal dihedral angles ranging from
0° to 180° (Figure 1). Zero-bias conductances for the chains
are computed by using a combination of density functional
theory (DFT) and nonequilibrium Green’s function (NEGF)
techniques.?! The results indicate a strong dependence of the
conductance on the silane backbone conformation and are un-
derstood by using an analysis of the offsets between the highest
occupied molecular orbital (HOMO) energies and the Fermi
level for the different conformations. Comparisons with results
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Figure 1. Model of an NH,—(SiH,)s—NH, molecule between extended
gold electrodes modeled by single adatoms above 4x4 Au[111] layers.
The blue atoms are nitrogen, gray atoms are silicon, white atoms are
hydrogen, and gold atoms are gold. Below, four of the ten conformations
studied are shown. The black arrows indicate the direction the dihedral
angle has changed from the conformation to the left. Of the three silane
dihedral angles in hexasilane diamine, the center angle remains ~180°
in all the structures while the outer angles change.

from the Hiickel-type Ladder C model'®'® confirm the role of
o-delocalization in the transport properties.

II. Computational Methods

Electronic  transport properties are calculated for
NH,—SigH;,—NH, molecules sandwiched between gold elec-
trodes in which the amine groups bond to coordinatively
unsaturated gold adatoms?>?3 above 4 x4 Au[111] slabs (Figure
1). The gold—amine bonding distance is determined by relaxing
an Auyy—NH,—SigH;,—NH,—Au,, system in which the amine
groups are bonded to single gold apex atoms, as described in
previous work.?* This Au—N distance is fixed for the other silane
conformations. The additional conformations with varying
internal dihedral angles are generated by using DFT-based
geometry relaxations in Q-Chem 3.0.2 Au—NH,—SigH,—
NH,—Au complexes undergo constrained relaxations in which
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the Au—N bond distances are fixed at 2.33 A, the two outer
silane backbone dihedral angles are fixed at varying angles, and
the Au—N—N—Au dihedral angle is fixed at 180°. The
relaxations are performed by using the B3LYP hybrid exchange/
correlation functional®*” with a 6-31g** basis set for the lighter
atoms and the LANL2DZ effective core potential (ECP) for
the gold atoms.?® The complexes are then inserted between larger
gold electrodes where each electrode consists of two 4x4
Au[111] layers. The gold adatoms are positioned in the hcp
hollow sites with surface atom to adatom distances of 2.8 A2

Electronic currents are calculated from these geometries by
using a NEGF/DFT formalism implemented in ATK 2.0.%
Periodic DFT calculations are performed to calculate the
electronic structure of the system, using the local density
approximation (LDA) parametrized by Perdew and Zunger.*
A single-§ plus polarization basis set is used for gold atoms,
and a double- plus polarization basis set is used for all other
atoms.

The zero-bias, low-temperature conductance is calculated by
using

2
§=8(Ep)="ZT(Ep) (1

where g is the conductance, 7 is the transmission, and Ef is the
Fermi level. The zero-bias conductance can be related to the
electron transfer (ET) rate in a donor—bridge—acceptor (DBA)
system via the rough approximation®!
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The T'{kR) parameters represent the broadening of the donor
and acceptor levels due to their binding to the metallic
electrodes, F is the thermally averaged Franck—Condon weighted
density of nuclear states, and kp—4 is the electron transfer rate.
Equation 2 is valid under the approximation that the donor and
acceptor energies shift toward the Fermi level such that Ep,Ex
= Ef, and the electronic structure of the bridging molecule
remains relatively unchanged in the presence of the metallic
electrodes. In the electron transport formalism, the donor and
acceptor groups function as linkers from the bridge to the
electrodes and the Fermi energy takes the place of the donor
energy in the ET rate expression. By plotting the transmission
as a function of energy, one can see how the zero bias
conductance varies with injection energy, and consequently one
can approximate how electron transfer rates vary with the donor
energy; higher transmission values correspond to higher ET
rates.

From eqs 1 and 2, it is clear that to obtain correct conductance
and electron transfer values, an accurate calculation of T(EF)is
required. This value is strongly dependent on the offset between
the HOMO energy level and Fermi level® for systems where
hole transport dominates. If the Fermi energy lies far from the
HOMO energy, the system will have a lower transmission than
if the Fermi energy lies close to the HOMO. However, the use
of DFT to describe the HOMO-Fermi level alignment has been
shown to yield incorrect transport properties due to errors in
the description of charge transfer between the molecule and
electrode.’3* While remaining mindful of this potential source
of error, we use the HOMO-Fermi level offset for hexasilane
diamine between gold electrodes calculated in a previous study.?*
In that work, the HOMO energy of Au,—NH,—SicH;,—
NH,—Au,, was approximated by its Kohn—Sham eigenvalue
calculated by using DFT, and the band alignment was deter-
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Figure 2. (a) Resonance integrals and (b) dihedral angle @ used in
the Ladder C Hiickel calculations. The geminal and primary interactions,
denoted by fg and fp, remain unchanged as the dihedral angle w of
the silane backbone changes while the vicinal interaction, Sy, has a
cosine dependence on the dihedral angle.

mined by finding the difference between the HOMO energy
and the work function of gold (—5.1 eV).#

The role of o-delocalization in determining the relative
location of the HOMOs for peralkylated silane chains with
different conformations can be understood with the Ladder C
model,'®!® a modified version of the Sandorfy C model.** The
Hiickel-type Ladder C model includes three types of resonance
integrals (Figure 2) and a Coulomb integral o; to describe the
electronegativity of the silicon sp® hybrid orbital. The g and
Pp resonance integrals describe the geminal and primary
interactions between sp’ orbitals, respectively; they remain
constant regardless of conformation. The Sy resonance integral
has a cos(w) dependence on the dihedral angle w (Figure 2),
and is the only angle-dependent term. The values for these
parameters, fg = —1.1, fp = —3.5, fy = 0.11 — 0.70 cos(w)
(all values in eV), are obtained from a study by Schepers et
al.!” in which the integral values were optimized to best fit
Hiickel orbital energies to Hartree—Fock ab initio orbital
energies for a range of different permethylated oligosilane
conformers. By using dihedral angles from the same silane
geometries as in the transport calculations, the Ladder C model
is used to calculate HOMO energies for the different conforma-
tions to show what effect o-delocalization has on the location
of the HOMO:s.

III. Results and Discussion

The transmission curves calculated with ATK for the different
silane conformations are plotted in Figure 3. The position of
the Fermi level is set by using the previously calculated HOMO-
Fermi level offset of 0.27 eV?* with the HOMO energy of the
all-trans case used for the Fermi level alignment. The peaks
near 1 eV are likely due to metal-induced gap states (MIGS).*
The close proximity of the Fermi level to the HOMO energies
results in the zero-bias conductance values (Figure 4) being
highly sensitive to shifts in the relative HOMO energies within
the series of different conformations. These shifts in HOMO
energies are partly the result of o-delocalization.

The addition of the S and Sy resonance integrals (Figure 2)
as perturbative terms to the a; and Sp terms from the Sandorfy
C model allows for a description of o-delocalization within
oligosilane systems.*® As the dihedral angle w increases from
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Figure 3. Transmission versus energy shifted from the Fermi energy
for the different conformers, calculated using NEGF/DFT.? The dotted
line corresponds to the Fermi energy. The peaks near 1 eV correspond
to metal-induced gap states while the HOMOs lie just below the Fermi
energy.
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Figure 4. Conductance versus internal silane dihedral angles, w. The
range over several orders of magnitude is dependent upon the exact
HOMO-Fermi level offset (calculations done with ATK 2.0).

0° to 180°, the value of By goes from negative to positive, and
o-delocalization increases as the interference between g and
Bv goes from destructive to constructive.'” At w = 180°, the
HOMO is most destabilized due to the large, positive Sy term.
Ladder C calculations of the different conformations” HOMOs
(Figure 5a) exhibit the expected sinusoidal behavior, and HOMO
energies calculated for hexasilane diamine conformations
(without electrodes present) using DFT with the Perdew and
Zunger parametrization®® of the LDA (Figure 5b) exhibit a
similar trend, albeit with a slightly different range of energies
and an aberration at w = 40°. The disparities between the DFT
and Ladder C results may be attributed to the different end
groups on the silane chains in the two studies. In the DFT
calculations, the silane chains are terminated by NH, groups
while in the Ladder C calculations, the chains have Si(CH3)s3
end groups. Also, the Ladder C parameters presented by
Schepers!” were suggested to describe methylated silane chains.
The DFT calculations were performed on silane chains without
methyl side groups.

The energies of peaks in the transmission plots corresponding
to the conformations’ HOMOs display the effects of o-delo-
calization as well (Figure 5c). The presence of the gold
electrodes causes the additional shifts in relative energies
between the conformations as compared to the HOMO energies
computed with DFT for the molecules without gold atoms. It
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Figure 5. Highest occupied molecular orbital (HOMO) energies versus
internal silane dihedral angles. The energies in part a are calculated by
using the Hiickel Ladder C model with parameters optimized to match
ab initio results' for a methylated hexasilane chain. The energies in
part b are computed by using DFT with the local density approximation
(LDA) for hexasilane diamine. The results in part c are calculated by
determining the location of the HOMO peaks in the transmission 7(E)
plots. Absolute energies are obtained in part ¢ by approximating the
Fermi energy to be the work function of gold (—5.1 eV).*

is assumed that the HOMO of the molecule in the junction is
still composed of the delocalized o-bonding orbital that con-
stitutes the HOMO of the isolated molecule. It has been shown?’
that aryl substitution in polysilane chains can lead to the HOMO
having more 5-like character, but the gold electrodes are not
expected to have a similar effect.

The additional shifts observed in the HOMO energies for
calculations in the junction (the energies of HOMO peaks in
Figure 3) can be explained in part by the Au—N—Si bond angles
for the different molecular configurations (Figure 6). Previous
work by Hybertsen et al. has shown that the orientation of the
amine end group with respect to the gold adatom it binds to
affects the transport properties of alkyl diamine systems due to
the directionality of the nitrogen’s lone pair.* The Au—N—Si
bond angles suggest that this effect works synergistically with
o-delocalization to increase the relative HOMO shifts and
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Figure 6. The bond angles of Au—N—Si versus silane dihedral angles.
The small changes in Au—N—Si bond angles could contribute weakly
to the more dominant effect that o-delocalization has on the relative
shifts in HOMO energies seen in transmission plots.

ultimately alter the conductance properties. Given the small
changes in Au—N—Si bond angles, however, the dominant cause
of the HOMO shifts is expected to be due to o-delocalization.

Comparing the conductance results with the HOMO energies
from the transmission plots in Figure 3 reveals the dramatic
effect that o-delocalization has on the transport properties of
silane-bridged molecular junctions. The zero-bias conductance
values follow the HOMO energies very closely leading to a
variation of several orders of magnitude depending on the
internal dihedral angles in the hexasilane backbone. Electron
transfer rates in DBA systems with oligosilane bridges are
expected to exhibit a similar conformational dependence, albeit
with a smaller variation. Because the shifts in HOMO energies
in the molecular junctions are partly due to the presence of the
gold electrodes (Figure 5), the shifts in HOMO energies for
oligosilanes in DBA systems will likely be smaller and therefore
cause less variation in the ET rates. However, the general trends
calculated for the conductance values are expected to hold for
DBA systems in which the donor energy lies close to the HOMO
energy of the bridging molecule.

The conformational dependence of the zero-bias conductance
values is highly sensitive on the band alignment between the
HOMOs and Fermi level, as seen from the spectral representa-
tion of the conductance®' and Figure 3. If the Fermi level is
close to the HOMOs, the trend in conductance values follows
the trend in orbital energies predicted by the Ladder C model.
It the HOMO-Fermi level offset is larger (greater than ~1.5
eV), that trend begins to break down. Recent experimental
results® from photoinduced electron transfer reactions with
conformationally constrained tetrasilane bridges can be under-
stood by using such an analysis.

Shibano et al.* report that charge recombination rates in DBA
systems with permethylated silane bridging molecules exhibit
very little conformational dependence, and that charge recom-
bination rates are actually lowest for unconstrained silanes
compared to constrained silanes with @ = 0° or 180°. This is
contrary to our conductance results which indicate that the w
= (0° conformation should have the lowest recombination rate.
This disparity can be understood by examining the energy region
beyond 1.25 eV in the transmission (Figure 3) and recalling
the close relation between transmission and ET rates presented
in eqs 1 and 2. If the electron injection energy is greater than
the all-trans bridging silanes” HOMO by over ~1.5 eV, then
the zero-bias conductance results for the @ = 0° conformation
would no longer be lowest; the conductance, and consequently
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ET rate, for the w = 60° or 80° conformation would be lowest.
Given the low barrier for conformational changes in oligosi-
lanes,'! it is likely that the unconstrained silane would sample
the w = 60° and 80° conformations leading to a lower average
conductance than the @ = 0° case. At injection energies near
the bridging silanes” HOMO energies, conductance results and
experimental electron transfer results are expected to agree.
Additionally, if an electronic resonance is approached, the
Landauer-based eq 1 needs? to be corrected by vibronic effects.

IV. Conclusion

Electronic transport properties of hexasilane diamines bridg-
ing gold electrodes to form metal—molecule—metal junctions
have been computed. The effects of o-delocalization on the
junctions’ zero-bias conductance values have been studied by
using a series of hexasilanes with different dihedral angles in
the silane backbones. The results indicate that a strong confor-
mational dependence exists in the conductance values due to
the shifting of HOMO energies in the transmission, with
predicted conductance values spanning several orders of mag-
nitude. The HOMO energy shifts can be explained by changes
in the o-delocalization of the silane chains, and the o-delocal-
ization can be understood by using the Hiickel-type Ladder C
model. 18

Previously, it was shown that the decay in conductance with
increasing length in silane-bridged molecular junctions is less
steep than the decay in alkane-bridged junctions.?* However,
the exact value of the decay constant in the silane-bridged
systems is extremely sensitive to the HOMO-Fermi level
alignment. The same sensitivity exists for the conformational
dependence of the conductance. For HOMO-Fermi level offsets
less than ~1.5 eV, the trend in conductance values for the
different conformations follows the trend in HOMO energies.
For larger offsets, the similarity between the shifts in relative
HOMO energies and conductance values begins to fade. This
is likely due to the actual form of the Green’s functions that
enter the transmission 7T in eq 1 quadratically.?! For orbital
energies close to the Fermi energy, the transmission is dominated
by the closest accessible orbital. As the gap increases, many
orbitals make comparable contributions, so the simple correlation
of the conductance with the HOMO-Fermi level offset is
expected to fail. The existence of two regimes in the transmis-
sion is a potential explanation for why experimental electron
transfer results in constrained tetrasilane chains may differ from
the ET rates expected from our conductance results.

One of the major potential benefits of molecular electronics
is the additional control over electronic current that is not present
in traditional semiconductor junctions. By changing the shape
of the molecular “wire” in silane-bridged metal—molecule—
metal junctions, the (small injection gap) electronic transport
properties can be modified very substantially. Exploiting the
properties of o-delocalization in silane chains introduces an
additional dimension to transport in o-bonded molecules that
could lead to an increased functionality of silane-based molec-
ular wires in nanoscale electronics.
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