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Abstract: Heteroatom substitution into the cores of alternant,
aromatic hydrocarbons containing only even-membered rings is
attracting increasing interest as a method of tuning their electrical
conductance. Here we examine the effect of heteroatom substitution
into molecular cores of non-alternant hydrocarbons, containing odd-
membered rings. Benzodichalcogenophene (BDC) compounds are
rigid, planar n-conjugated structures, with molecular cores containing
5-membered rings fused to a 6-membered aryl ring. To probe the
sensitivity or resilience of constructive quantum interference (CQl) in
these non-bipartite molecular cores, two C,-symmetric molecules (I

Introduction

When a single molecule is connected to source and drain
electrodes, the electrical conductance of the resulting device is
controlled by the quantum interference (Ql) pattern within the
molecule, created by de Broglie waves of electrons injected into
the molecule by the source.l Stimulated by the desire to
develop molecular-scale diodes,?* transistors,>8 switches”-%
and thermoelectric devices!'™"3 with improved performance,
recent effort has been devoted to exploiting such wave patterns
within  heterocyclic  aromatic  molecules. = Polyaromatic
hydrocarbons (PAHs) and their derivatives are particularly
attractive, because they contain multiple interfering pathways,
which promote QI and can be influenced by external
electrostatic or electrochemical gating,l'¥ by varying their
connectivities to external electrodes!'>'®! or by heteroatom
substitution.['l When the core of a graphene-like PAH is weakly
coupled to external electrodes by atoms i and j, the single-
molecule electrical conductance g,; depends on the choice of
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and IlI) and one asymmetric molecule (lll) are investigated. | (Il)
contains S (O) heteroatoms in each of the 5-membered rings, while
Il contains an S in one 5-membered ring and an O in the other.
Differences in their conductances arise primarily from the longer S-C
and shorter O-C bond lengths compared with the C-C bond and the
associated changes in their resonance integrals. We find that
although the conductance of lll is significantly lower than the
conductances of the others, CQI is resilient and persists in all
molecules.

connecting ‘atoms i, j['l Furthermore, unless a molecule is
electrostatically or electrochemically gated, the highest occupied
and lowest unoccupied molecular orbitals (HOMO and LUMO,
respectively) levels adjust themselves such that the Fermi
energy of the electrodes lies in the vicinity of the middle of the
HOMO-LUMO gap.['®"91 Consequently, if the core of the
molecule is weakly coupled to the electrodes (e.g., via triple
bonds, which link the core to an anchoring group), the electrical
conductance is proportional to (g;;)2, where g,; is the amplitude
of an electronic de Broglie wave on atom j, due to electrons
injected into the core at site i with energies close to the middle
of the HOMO-LUMO gap. These concepts of weak coupling,
connectivity and mid-gap transport have been utilised in a series
of papers to develop quantum circuit rules for materials
discovery and to develop a simple magic ratio rule (MRR)!"! for
describing the influence of connectivity on QI in heterocyclic
PAHSs.

With a view to optimising transport through PAH-based
molecular junctions, it is of interest to investigate how such wave
patterns are modified by heteroatom substitution. If the
modification is not too strong, then starting from a “parent”
graphene-like PAH, such a study would allow the electrical
conductance of a “daughter” heteroatom-substituted molecule
to be predicted using simple perturbation theory. For bipartite,
aromatic, parental cores, in which odd-numbered sites are
connected to even-numbered sites only, a recent study
revealed simple rules governing the effect of heteroatom
substitution, which were verified by comparison with density
functional theory and by experiments on heteroatom-
substituted oligo(phenylene-ethynylene) compounds.['7:20]

Our aim is to investigate the effect of heteroatom substitution
when the parent is a non-bipartite, aromatic molecule,
stimulated in part by a desire to understand electron transport
through benzodichalcogenophene (BDC) compounds, which
possess a rigid and planar n-conjugated structure with strong
electron donating ability.?'?2 These properties have led to their
use as organo-electronic compounds in dye-sensitized solar
cells (DSSC), field effect transistors (OFET), organic light-
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emitting diodes (OLED) and in charge transport studies of single
molecules.?32°1 However the non-bipartite nature of the central
core, the non-uniform bonding geometry and structural
rearrangement of typical anchoring groups in the junction,
complicates the interpretation of charge transport data.
Improvement has been achieved through the use of alternative
and rather high conductance carbon-gold anchoring using
trimethylsilyl-terminated compounds, which facilitate a rather
more robust data interpretation.®®3 However, the role of Ql
within the non-bipartite, aromatic core has not been extensively
addressed.

In the present paper, charge transport properties of three BDC
compounds | (SS), Il (OO) and Il (SO) (Figure 1) have been
investigated using a scanning tunneling microscopy-break
junction (STM-BJ). These molecules allow us to examine the
relative effect of C,-symmetric and asymmetric chalcogen
substitution in BDC-compounds. We demonstrate that although
all of them exhibit constructive quantum interference (CQl), the
asymmetric Il (SO) has a conductance value several times
lower than those of the symmetric |1 (SS) and Il (OO). These
experimental results are verified by a combination of density
functional theory (DFT), tight binding (Hickel) modelling and
perturbation theory.

Results and Discussion

The target compounds I-lll were prepared according to literature
methods.?" Their charge transport properties were investigated
using STM-BJ techniques,® as sketched in Figure 1.
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Figure 1. (a) Schematics of STM-BJ measurement. (b) Chemical structures of
compounds | (SS), Il (00), and il (SO).

As shown in Figure 2a-c, the typical conductance-distance
traces (in units of the conductance quantum G, = 2e?/h) from the
conductance measurements of BDC-molecules show a well-
defined plateau in the range of log(G/Go) around -3.6 for
compounds | (8S) and Il (00), and around -3.9 for compound IlI
(S0O), which we assign to the conductance of single-molecule
junctions. The two-dimensional (2D) conductance histograms
(Figure 2d-f) show features of gold atomic contacts around G = 1
Go followed by a cloud-like plateau in the range [1046 Gy < G <
10 32 Gy), centered at G = 10-3° G, for compound Il (SO) and G
= 1036 Gy for compounds I (SS) and Il (00).
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Figure 2. (a-c) Typical conductance-distance traces and (d-f) two-dimensional
histograms of compounds | (SS), Il (00), and lll (SO). The histograms are
constructed from more than 4000 single current-distance traces without data
selection.

The cloud-like plateau in 2D histogram leads to the peak in the
one-dimensional (1D) conductance histogram that constructed
form more than 4000 individual traces without any data selection,
as shown in Figure 3. This is attributed to the formation of
single-molecule junction. As shown by our theoretical modelling
below, this trend in conductances is a reflection of the fact that
the LUMO orbitals of compounds | (8S) and Il (OO) are shifted
to lower and higher energies respectively relative to compound
Il (SO). In addition, the lengths of the S-C and O-C bonds are
Lsc = 0.174 nm and Lo.c = 0.136 nm, which are longer and
shorter respectively than the length of the C-C bond (Lc.c=0.144
nm), leading to smaller and larger resonance integrals between
the heteroatoms on their neighboring carbons. Our theoretical
modelling reveals that the latter effect rather than the level shift
of the LUMOs leads to the lower conductance of compound Il
(SO) compared with compounds | (SS) and Il (OO).
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Figure 3. One-dimensional conductance histograms of compounds | (SS), Il
(00), and 1ll (SO).



To better understand the conductance behavior, the electronic
properties of the molecules and electrical behavior of the
junctions were investigated using DFT-based theory and tight-
binding methods.¥ Initial studies of the electronic structures of
all molecules were carried out at B3LYP level of theory B4 with
6-31G**3 basis set. Figure 4 gives the plots of the HOMOs and
LUMOs. These orbitals are real functions and have either a
positive or negative 35! sign. Crucially, the sign of the HOMOs
on the left acetylene linker are of opposite to the sign on the
right acetylene linker, whereas the LUMOs have the same sign
on the left and right acetylene linkers. As discussed
previously,®® this means that for each molecule, the HOMO
orbital product is negative and the LUMO orbital product is
positive. Therefore, their inter-orbital quantum interference is
constructive within the HOMO-LUMO gap. Figure 4 shows that
the HOMOs of all molecules are extended over the BDC
backbone. The LUMOs exhibit a negligible weight on the S or O
atoms and are therefore are less delocalized than the HOMOs.
In both cases, there is negligible electron density on the
triisopropylsilyl (TIPS) groups.

Figure 5a shows the relaxed geometries of the molecules within
the gold junctions and Figure 5b shows their corresponding
transmission coefficients. As expected from Huckel theory (see
Supporting Information), the LUMO transmission resonances
(near E = 2.3 eV) of the Il (OO) and | (SS) molecules
respectively lie above and below that of the Il (SO) molecule.
Furthermore, as expected, since the HOMO and LUMO orbital
products are of opposite sign, interference is constructive*® and
there is no destructive interference feature within the gap. A key
factor governing the conductance of a molecular junction is the
position of the Fermi level of a metal electrode with respect to
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Figure 4. Plots of the HOMO and LUMO of all molecules (iso-surfaces +0.02
(e/bohr®)"2),

the molecular HOMO and LUMO levels. In turn this energy
alignment is sensitive to the chemical nature of the contacting
groups, which binds the molecule to the electrode, and also the
precise configuration of the metal electrode-molecule contact.3”-
391 However, it is well-known that the Fermi energy predicted by
DFT is often not reliable, and as such the room temperature
electrical conductance G was computed for a range of Fermi
energies Er; the calculated G is plotted as a function of Er —
EfPFT in Figure 5b. This multi-point fitting of the Fermi energy is
a commonly accepted procedure in DFT-based calculations in
molecular  electronics.#%42  To  determine  Eg, the
predicted conductance values of all molecules were compared
with the experimental values and a single common value of Er
was chosen, which gave the closest overall agreement. This
yielded a value of Er — EePFT= 1.0 eV, which is used in all of the
DFT results described below. The experimental data now is
interpreted with the aid of Figure 5b, which indicates that in all
cases the Fermi level lies close to the middle of the HOMO-
LUMO gap and transport takes place via non-resonant
tunneling.*3#%  Table 1 shows a comparison between
experimental and theoretical conductances, along with other
relevant junction parameters.

Figure 5. (a) The relaxed geometries of molecular junctions of | (SS), Il (00), and lll (SO). (b) The transmission functions for all molecular junctions. Black

dashed line shows the chosen Fermi energy (Er — Er°FT = 1 eV). The insert shows the result of a tight binding calculation (see Supporting Information) based on a

minimal Hiickel description of transport through the cores of the molecules.
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Table 1. The experimental (Exp. G/Go) and calculated conductance values (Th. G/Go) at E - Er°FT = 1.0 eV. The calculated electrode separation in relaxed

junctions (Z); Z = dauw-au - 0.25 nm, where 0.25 nm is the calculated center-to-center distance of the apex atoms of the two opposing gold pyramids when the

conductance equals Go in the absence of a molecule. dau-auis the calculated center-to-center distance of the apex atoms of the two opposing gold pyramids in

relaxed junctions. Molecular length (d) is the distance between the centres of anchor atoms in relaxed junction. Bond length (X) is the distance between the top

gold atoms of the pyramids and the anchor atoms in relaxed junctions. AE (eV) is the biding energy of the molecules to the electrodes.

Molecule Exp. G/Go Th. G/IGo z dau-Au d X AE (eV)
nm nm nm nm
SS 2.512x104 2.528x10* 0.991 1.241 0.817 0.212 -3.3
00 2.512x10* 2.528x10* 0.994 1.244 0.821 0.212 -3.4
so 1.258x10* 1.291x10* 0.992 1.242 0.819 0.212 -3.02

To understand the relative effect of the S and O heteroatoms,
we constructed a minimal tight-binding (Hiickel) representation
of the “parental” core of the molecules before heteroatom
substitution shown in Figure 6 and then considered the effect of
heteroatom substitution to yield the “daughters” shown in Figure
5a. The simplest tight-binding Hamiltonian of the parent is
obtained by assigning a site energy ¢, to each diagonal and a
nearest neighbor hopping integral —y between neighbouring
sites, i.e., H; = o and H;; = —y if i,j are nearest neighbours. A
minimal model of the heteroatom-substituted “daughters” is then
obtained simply by shifting the site energies of sites 3 and 9 to
accommodate the different electronegativities of O and S,
leading to first-order shifts in their LUMOs and a negligible shift
in their HOMOs (see Sl for a detailed analysis). However, as
shown in Figure S3 of the SI, such shifts alone are not sufficient
to yield agreement with the DFT results and experiments, and
would not yield a lower value of conductance for the asymmetric
molecule. On the other hand, if the O-C and S-C hopping
integrals are adjusted to account for the differences in lengths
between the O-C bond (0.136 nm), the S-C bond (0.174 nm)
compared with the C-C bonds (0.144 nm), then excellent
agreement between the tight-bonding model (see insert in
Figure 5b) and DFT (main part of Figure 5b) is obtained. This
demonstrates that longer S-C and shorter O-C bonds lengths
compared with the C-C bond and the associated changes in
their resonance integrals leads to the lower conductance of Il
(SO) compared with | (8S) and Il (OO).

10

Figure 6. A tight binding representation of the isolated core of the
benzodichalcogenophene molecule, with nearest neighbour coupling elements
and on-site energies adjusted to account for the presence of heteroatoms on
sites 3 and 9.

Conclusions

In conclusion, we have carried out a combined experimental and
theoretical study of the role of heteroatoms on electron transport
through asymmetric and symmetric alkyne-terminated
benzodichalcogenophene compounds. Excellent agreement
between experiments, DFT-based theory and a minimal tight
binding model is obtained. The tight-binding modelling of
heteroatom  substitution in these non-bipartite cores
demonstrates that the lower conductance of the asymmetric
molecule arises from the asymmetry induced by different bond
lengths in the two 5-membered rings of the molecule.
Furthermore, as shown in Figure 4, the HOMO and LUMO
orbital products of all molecules are of opposite sign and
therefore, as confirmed by the absence of a destructive
interference dip in their DFT transmission functions (Figure 5),
their inter-orbital quantum interference is constructive % and is
resilient to heteroatom substitution.



Experimental Section

The STM-BJ measurements were carried out with a Molecular Imaging
PicoSPM housed in an all-glass argon-filled chamber and equipped with
a dual preamplifier capable of recording currents in a wide range of 1 pA
to 150 pA with high resolution. The non-amplified low-current signal was
fed back to the STM controller preserving the STM imaging capability.
The current-distance measurements were performed with a separate,
lab-build analog ramp unit. For further technical details we refer to our
previous workl*6471. The sample electrode was gold single crystal bead.
The Au (polycrystalline) facet prior to each experiment was subjected to
electrochemical polishing and annealing in a hydrogen flame followed by
cooling under Ar. A freshly prepared solution containing typically 0.1 mM
of the respective molecule was added to a Kel-F flow-through liquid cell
mounted on top of the sample and the uncoated STM tip was
electrochemically etched using gold wire (Goodfellow, 99.999%, 0.25 mm
diameter) capable of imaging with atomic resolution. This system relies
on trapping a molecule between the end of an Au tip and the gold
substrate.

After assembling the experiment, the following protocols were applied:
The tip was brought to a preset tunneling position typically defined by iT
= 50 to 100 pA and a bias voltage Vbias = 0.10 V, followed by imaging
the substrate. After fixing the lateral position of the tip, the STM feedback
is switched off and current-distance measurements were performed and
then the vertical movement of the tip controlled by the ramp unit. The
measuring cycle was performed in the following way: The controlling
software drives the tip towards the adsorbate-modified surface. The
approach was stopped until a predefined upper current limit was reached
(typically 10 pA or < 10 GO with GO being the fundamental conductance
quantum 77.5 uS). After a short delay (~100 ms) ensuring tip relaxation
and the formation of stable contacts, the tip was retracted by 2 to 5 nm
until a low current limit of ~10 pA was reached. The approaching and
withdrawing rates were varied from 56 to145 nm/s. The entire current-
distance traces were recorded with a digital oscilloscope (Yokogawa DL
750, 16 bit, 1 MHz sampling frequency) in blocks of 186 individual traces.
Up to 4000 traces were recorded for each set of experimental conditions
to guarantee the statistical significance of the results.

Theoretical Section

Initial studies of the electronic structures of all molecules were carried out
at B3LYP level of theory with 6-31G™ basis set. Plots of the highest
occupied and lowest unoccupied molecular orbitals (HOMO and LUMO,
respectively) are shown in Figure 4.

To provide further insight into the experimentally observed trends, and to
better evaluate the properties and behavior of these molecular junctions,
calculations using a combination of DFT (the SIESTA code)“® and a
non-equilibrium Green’s function formalism were also carried out. The
DFT-Landauer approach used in the modeling assumes that on the time
scale taken by an electron to traverse the molecule, inelastic scattering is
negligible. This is known to be an accurate assumption for molecules up
to several nanometers in length.

For the transport calculations, each molecule was attached to opposing
35-atom (111) directed pyramidal gold electrodes, then geometrically
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optimization were carried out using the DFT code SIESTA, with a
generalized gradient approximation*849 (PBE functional), double ¢
polarized basis set, 0.01 eV/A force tolerance, a real-space grid with a
plane wave cut-off energy of 250 Ry, zero bias voltage and 1 k points.
The molecules and first layers of gold atoms within each electrode were
then allowed to relax, to yield the optimal junction geometries. Then,
eight layers of (111)-oriented bulk gold with each layer consisting of 6x6
atoms and a layer spacing of 0.235 nm were used to create the
molecular junctions as shown in Figure 5(a). These layers were then
further repeated to yield infinitely-long current-carrying gold electrodes.
From these model junctions the transmission coefficient, T(E), was
calculated using the GOLLUM code.l®dl To determine Er, the predicted
conductance values of all molecules were compared with the
experimental values and a single common value of EF was chosen, which
gave the closest overall agreement. This yielded a value of Er — E¢PFT =
1.0 eV, which is close to the middle of the HOMO-LUMO gap and has
been used in all of the theoretical results described previously. The
employment of DFT to compute the ground state energy of various
molecular junctions, permits to calculate binding energies and optimal
geometries. However, these calculations are subject to errors, due to the
employing of localized basis sets, which are concentrated on the nuclei.
At the point when atoms are sufficiently close to each other so that their
basis functions will overlap. This might cause an artificial strengthening of
the atomic interaction and an artificial shortening of the atomic distances
and hence this could influence the aggregate energy of the system. The
solution of this kind of errors has been demonstrated by the basis set
superposition  error correction (BSSE)® or the counterpoise
correction.®'! Assuming two molecular systems, denoted a and b, the
energy of the interaction may be expressed as:

AE(ab) = E,, — (ES®* + EZ®)

The total energy of the combined a and b system is Ea, while the total
energies of isolated systems a and b are Ea and Ep respectively with
keeping identical basis sets for the three energies. AEas is the binding
energy between anchor groups and gold electrode.
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