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A central issue in molecular electronics in order to build functional devices is to assess whether
changes in the electronic structure of isolated compounds by chemical derivatization are retained once
the molecules are inserted into molecular junctions. Recent theoretical studies have suggested that this
is not always the case due to the occurrence of pinning effects making the alignment of the transporting
levels insensitive to the changes in the electronic structure of the isolated systems. We explore here this
phenomenon by investigating at both the experimental and theoretical levels the I/V characteristics of
molecular junctions incorporating three different three-ring phenylene ethynylene derivatives designed
to exhibit a significant variation of the HOMO level in the isolated state. At the theoretical level, our
NEGEF/DFT calculations performed on junctions including the three compounds show that, whereas the
HOMO of the molecules varies by 0.61eV in the isolated state, their alignment with respect to the
Fermi level of the gold electrodes in the junction is very similar (within 0.1 eV). At the experimental
level, the SAMs made of the three compounds have been contacted by a conducting AFM probe to
measure their I/V characteristics. The alignment of the HOMO with respect to the Fermi level of the
gold electrodes has been deduced by fitting the I/V curves, using a model based on a single-level
description (Newns-Anderson model). The extracted values are found to be very similar for the three
derivatives, in full consistency with the theoretical predictions, thus providing a clear evidence for a

HOMO level pinning effect.
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1. Introduction

The field of molecular electronics aims at designing and fabricating molecular junctions whose I/'V
characteristics mimic the behavior of standard electronic components or offer novel electrical signatures at
the nanoscale. Such junctions are typically built by sandwiching between two metallic electrodes a single
molecule or, more realistically for applications, self-assembled monolayers. Prototypical devices are
typically made of conjugated molecules attached covalently to gold electrodes via terminal sulfur atoms. A
key challenge is to manipulate the electronic structure of the molecules in the junction in order to design
functional devices exhibiting for instance: (i) a rectification, namely a large difference in the current
flowing across the junction as a function of the bias polarity;' or (i) a current switching under the
influence of external stimuli.”® This is not an easy task since the electronic structure of the isolated
molecules is strongly perturbed when introduced in junctions. The electronic molecular levels are
broadened upon interaction with the continuum of states of the metallic electrodes; moreover, the
molecular levels can be shifted due to charge transfer processes at the interfaces, as driven by the need to

equalize the chemical potentials of the metallic electrodes and the molecules.”®

In this context, it is still a central and rather unanswered question to know whether changes in the
electronic structure applied to isolated molecules by chemical derivatization are fully reflected in the
electronic structure of the molecular junctions, and hence in the I/V characteristics. In particular, this
issue is alimented by recent experimental studies showing that the I/V characteristics are insensitive to
changes in the nature of the molecules inserted within the junctions.”'? Recently, we have investigated
theoretically the I/V characteristics of molecular junctions incorporating diarylethene derivatives that

3
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are directly connected to gold electrodes via thiol groups. Interestingly, whereas the HOMO level of
the isolated molecules can be modulated by as much as 1 eV by changing the nature of the substituents
on the central C-C bond, the alignment of the HOMO level of the derivatives with respect to the Fermi
level of the electrodes is virtually the same in the junction. This pointed to a pinning effect triggered by
the formation of interface dipoles of varying amplitude at the metal/organic interfaces, which makes
the I/V characteristics insensitive to the actual nature of the molecules inserted within the junction.3’ !
Such a pinning effect has also been observed by other DFT calculations and discussed for: (i) the
HOMO level in SAMs based on biphenyl derivatives anchored via a sulfur atom on a gold surface and
terminated by electroactive substituents of different character (NH, CN);14 (i1) the LUMO level of
oligothiophenes chemisorbed on a TiO, cluster via a carboxylic function.'® Recently, this pinning effect
has been theoretically explored to design molecular rectifiers with a high rectification ratio (up to 150)
based on the control and tuning of Fermi level alignments; the central idea is to promote a pinning of
the HOMO level of a donor fragment at one electrode and a separated pinning of the LUMO of an
acceptor fragment at the other electrode.” '® In presence of weak interfacial couplings, the evolution of
the electronic structure of the isolated compounds is strongly recovered in the molecular junctions,

though with the detrimental effect of a strong drop in the current intensity.

Clear experimental evidences of the pinning effect for molecules strongly coupled to electrodes in
molecular junctions have been first observed by some of us by showing that the alignment of the
HOMO level of oligophenylenes with respect to the Fermi level of the electrodes remains the same
when changing the nature and hence the work functions of the electrodes (Ag, Au, and Pt).'”'®
Likewise, the role of molecular structure on pinning effects has been initially investigated by
McCreery, Bergren, and colleagues.'”” However, to our knowledge, a systematic theoretical
consideration of the origin of pinning effects, with prediction of transport behavior and direct

comparison to experiment, has not been reported previously. This has motivated the present theoretical
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and experimental study aiming to assess whether the pinning effect predicted by DFT calculations for
precisely designed molecular wires is observed at the experimental level. Our choice has turned to
oligophenylene ethynylene (OPE) wires that have been widely characterized in the literature and for
which the HOMO level is known to be responsible for the transport of the current in molecular

junctions when attached to an electrode via a thiol anchoring group.lg'22

We have synthesized three
dithiol-capped three-ring oligomers varying by the nature of the electroactive substituents attached
symmetrically on the central ring in order to vary significantly the energy of their HOMO level: OPE
for the unsubstituted ring, OPF with the central ring substituted by four fluorine atoms, and OPN with

two nitro groups on the same side of the central ring, see the chemical structures in Scheme 1.

OPE

S@ = )—=+A /s
ﬂo O%

e

OPF
S@ = \ / =)~
~ o

Scheme 1. Chemical structures of the molecular wires under study.

In the following, we will first characterize at the experimental and theoretical levels the changes in
the work function of a gold (111) surface upon deposition of SAMs based on these three different
oligomers. Work function modulation by SAMs is widely used in the field of organic electronics to
modify the charge injection barriers for holes or electrons from metallic electrodes to the active organic

2324 The similar evolution of the work function observed when comparing the theoretical and

layer.
experimental scanning Kelvin probe microscopy (SKPM) data demonstrates that our theoretical

approach correctly grasps electronic properties of the metal/organic interfaces. We will then show that
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the pinning effect predicted theoretically in molecular junctions is observed when analyzing the I/V

characteristics obtained by conductive AFM measurements on the SAMs.
2. Methodology

2.1. Chemical synthesis

125

OPE was obtained as previously described by Tour and col.”” while the new OPN and OPF wires were

synthesized following a procedure recently reported.*®
2.2. Theoretical methodology

We have first optimized the geometry of each isolated molecule in Scheme 1 in a 3D periodically
repeated box of 50 x 50 x 50 A® at the Density Functional Theory (DFT) level, using the Perdew-

Burke-Ernzerhof (PBE) functional within the Generalized Gradient Approximation (GGA),”"? as

3032 The valence electrons are described within the LCAO

implemented in the SIESTA package.
approximation using a DZP basis set,”> whereas Troullier-Martins pseudopotentials are used for the
description of the core electrons.”*>® We use a mesh cutoff of 150 Ry and a k-sampling of (5,5,1)
within the Monkhorst-Pack scheme,”” minimizing the forces down to a threshold of 0.03 eV A™. The
acetyl protecting groups used in the chemical synthesis are replaced by hydrogen atoms for the
molecular study. We have computed the ionization potential of the three isolated compounds as the
difference between their total energy in the ground state and in the singly charged state.’® These
calculations yield a variation of the ionization potential by 0.39 eV going from OPE to OPF and by
0.61 eV going from OPE to OPN (see Table 1), which makes the molecules good candidates to observe
a pinning effect. As expected, the increase in the IP (i.e., stabilization of the HOMO level in a one-

electron picture) scales with the strength of the electron-accepting group.”” Although the oxidation

potential of the compounds could not be characterized in solution by cyclic voltammetry, the reliability
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of DFT calculations to predict the impact of electroactive substituents on the electronic properties of

conjugated cores has been demonstrated in previous theoretical studies.***'

The hybrid systems used to model the deposited SAMs are built in a slab approach by constructing first
a unit cell made of five layers of gold atoms, which is next replicated transversally to generate an
infinite slab; the p(2x2) hexagonal lattice cell used contains 4 metal atoms by layer. The slab is also
repeated along a direction normal to the surface, with a large vacuum layer (> 40 A in thickness)
introduced in the unit cell in order to avoid interactions between the slab and its images; a dipolar
correction is also applied along this direction to ensure that the electrostatic potential does not show

discontinuities on the cell borders.*>**

The optimization of the bare surface yields Au-Au distances of
2.9 A and lattice parameters: a = b = 5.74 A and a = 60°, see Figure S1(a); this corresponds to a
theoretical area per molecule of 28.5 A%, which is fully consistent with the experimental estimate of
28.6 A? for thiolated oligophenylene molecules.*> The work function of the clean gold (111) surface
taken as reference (difference between Ep and the value of the local electrostatic potential in the

vacuum region close to the surface) is calculated to be 5.20 eV, close to the experimental values

typically around 5.00-5.20 eV.**

The optimization of the structures were carried out by relaxing the molecules forming the SAM and the
top two metal layers, with the constraints that the anchoring geometry and S-Au distances are fixed to
remove geometric considerations in the analysis of the pinning effect; note that we do expect a similar
average contact geometry at the experimental level in view of the similar shape of the molecules, shape
of the HOMO levels, and identical nature of the anchoring groups, thus minimizing the impact of this
parameter in the measurements. The geometry of the molecular backbone is hardly affected by the
adsorption process; in particular, the planarity of the molecule is preserved, which validates the
comparison between the electronic properties in the isolated state with respect to the SAMs or
molecular junctions. Since the nature of the preferred adsorption site of thiolated compounds has been

7
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. - . 4853
addressed in many previous studies,

we have selected here a stable configuration, with the sulfur
atom located on a bridge site at a distance of 2.42 A. Since our previous calculations have
demonstrated that a pinning triggered by thiol groups on gold is robust against changes in the molecular
tilt angle,>* and in order to ease the visualization of the molecular orbitals when using Periodic
Boundary Conditions, we have also fixed the tilt angle to zero degree during the geometry
optimizations (defined as the angle between the normal to the surface and the axis going from the
sulfur atom to the terminal carbon atom of the backbone). This procedure is consistent with the similar
tilt angles measured by ellipsometry for the three compounds (33°, 30° and 34° in the OPE, OPF and
OPN respectively, Figure S4) and with the fact that the central focus of our theoretical analysis is
relative trends among the compounds rather than absolute values which cannot be a priori reached with
the present formalism;*® being quantitative would indeed require a proper description of the electronic

gap of the molecule together with a proper account of the gap renormalization induced by image effects

in presence of metallic electrodes.

All our single-electrode calculations are done using the GGA.PBE exchange-correlation functional, as
implemented into the SIESTA program. The electronic structure was computed following the same
method as used for the calculations on the isolated molecules, except for a 300 Ry mesh cut-off and a
0.04 eV/A threshold for the geometry optimization. Figure S1 (b) and (c) show the optimized structure
of the cell for the studied systems. Possible reconstruction of the surface induced by ad-atom or
vacancies was not considered in this study since their impact is quite moderate in the case of Au

53
surfaces.

The electronic density associated with the equilibrium geometry is then exploited to plot the plane-
averaged electrostatic potential along the axis normal to the interface; this provides a direct reading of
the work function shift by comparing the converged potential on the bare side of the surface with
respect to the SAM-covered side of the surface. The total work function shift (A®) can be further cast

8
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down into a molecular contribution (AVsam) arising from the dipole supported by the molecular
backbone and a bond dipole (BD) contribution describing the interfacial electronic reorganization upon
formation of the Au—S bonds (and surface reconstruction effects which are weak with gold surfaces)."*
49. 3557 For sake of coherence with our previous studies, we will describe here the chemisorption
process in a radical scenario depicting the formation of a covalent bond between the molecule in its
47,56, 58

radical form and the gold surface.

A(I)= BD + AVSAM (1)

In this framework, AVsawm is estimated by computing the electrostatic potential profile across a
sheet of radicals obtained by removing the metal surface from the full system while keeping the same
geometry for the molecular part; these calculations are also of prime importance to assess whether the
ionization potential on the side of the molecular backbone to be connected to the surface (defined as the
energy difference between the HOMO of the molecule and the vacuum level on the left side) varies
when going from one compound to another, a prerequisite for a Fermi level pinning process that
involves a modulation in the magnitude of the interface dipoles. The value of BD is then obtained by
subtracting AVgam from A®. The radical scenario was also used to calculate the charge rearrangement
at the metal/SAM interface induced by the formation of the bond between the metal surface and the
molecule, Ap(z), defined as the difference between the plane averaged charge densities of the total
metal/SAM system (pgola/s4m) and those associated to the isolated free gold (111) surface (pgo1q) and the

free-standing radical SAM layer in the geometry of the complex (ps4a):

Ap(2) = pgotassam (2) — [Pgora(2) + psam(2)] (2)

The total amount of charge transfer at the interface (Q(z)) is calculated by integrating the charge

density redistribution (4p) along the z normal axis.

Q(2) = [, Ap(2)dz (3)
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Density of States (DOS) were generated in order to establish the evolution of the level energies
going from the isolated monolayer to the self-assembled monolayers chemisorbed on the gold surface
(see DOS in the Supporting information, Figure S8). Since the HOMO and LUMO levels of the
molecules are broadened upon interaction with the continuum of states of the gold electrodes, we have
defined their energy in the SAMs by projecting the density of states on the molecule and by selecting
the energy at the maximum of the peak featuring the same shape as the HOMO and LUMO orbitals of

the isolated molecules.

The electronic structure, Fermi level alignment and transmission spectrum of the gold-molecule-
gold junctions have been calculated using the widely used Non-Equilibrium Green’s Function (NEGF)

formalism coupled to the DFT method, as implemented in the ATK program.”

The exchange-
correlation GGArevPBE functional 2*° has been used with a SZP (DZP) basis set for valence gold
electrons (valence molecular electrons). The core electrons are frozen and included in norm-conserving
Troullier—Martins pseudopotentials.*® Integration of the Brillouin zone was done with a (5,5,50)
Monkhorst-Pack k-sampling,”’” and the mesh cutoff for the resolution of Poisson’s equation was set to

180.0 Ry with a 300K Fermi smearing. All these parameters have been carefully tested to ensure the

convergence of the transmission spectrum.

In order to create the single molecular junction, the hydrogen atoms of the two external thiol groups
were removed from the optimized geometries of molecules in the isolated state and the sulfur atoms
were then connected to two semi-infinite parallel gold (111) surface electrodes. On each side of the
junction, the contact geometry is fixed to be exactly the same as in the SAMs. The electrodes are
periodic in the xy plane, transverse to the transport axis, with an alternation of 3 gold layers [ABC].
The central scattering region consists in 3 gold layers (on the left side), the molecular system, and 4
gold layers (on the right side), Figure S2. The asymmetric configuration ([ABC]ABC-Mol-
CABC[ABC]) is chosen to ensure that the same surface is exposed for grafting and that enough

10
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screening layers are included. Two different unit cells have been chosen in the junction: (i) in the low
coverage regime or single molecule model, the unit cell is made of layers of 5x5 atoms to ensure weak
interactions with molecules in the image cells, i.e., intermolecular distances larger than 12 A and 180.0
A? of area per molecule (vs. 28.5 A%in SAMs on gold); and (ii) in the high coverage regime, the unit
cell is built with 2x2 gold atoms per layer and intermolecular distances around 2.9 A. This matches
exactly the molecular surface area used in the corresponding calculations on SAMs and generates a

continuous molecular monolayer where collective electrostatic effects come into play.

The converged Green's function yields the transmission spectrum across the central scattering
region that dictates the probability for an electron or hole to flow across the junction at a given incident

' The link between transmission and conductance is

energy within a coherent transport regime.’
established by the Landauer-Biittiker formalism,*® via integration of the transmission spectrum in the

bias window defined by the applied bias:

1) =2 [TE) [f (E = ppe) = £ (E = tyigne) | 4E “)

Here, T(E) is the transmission spectrum (calculated out of equilibrium for each bias in a self-consistent
way), E is the incident electron energy, f is the Fermi-Dirac occupation function (at 300 K), and
Wiefrigh= Ert(eV/2), the chemical potential of the electrodes, with Er the metal Fermi energy, e the
elementary charge, and V the applied bias. Bias voltage was swept from -1.20 to +1.20 V windows, as

typically spanned by the experimental measurements to calculate the I-V characteristics.

In order to link the electronic structure of the compounds in the junction to the calculated
transmission spectra, we have visualized the molecular levels of the contacted molecules using the
Molecular Projected Self-consistent Hamiltonian (MPSH) approach,”® which consists in the
diagonalization of the Hamiltonian of the central scattering region, as extracted from a self-consistent

treatment of the full system with an explicit account of the semi-infinite electrodes and projected in a

11
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restricted LCAO basis set. Such an analysis provides a finite number of individual molecular levels
within the junction. By comparing the shape of the orbitals provided by the MPSH analysis to those in
the isolated compounds, we can extract information about the alignment of the HOMO and LUMO

levels with respect to the Fermi level of the electrode (£, for HOMO and & for LUMO).63
2.3.Experimental measurements

Conducting Tip and Substrate Preparation. Contact mode AFM tips were coated by Au at base
pressure (<10® Torr) using a home-built thermal evaporator placed in a Nj-filled glove-box (H,O,
0,<0.1 ppm). Films were deposited with a thickness of 500 A at a rate of 0.5-1.0 A/s atop a 50 A Cr
adhesion layer. They were immediately transferred without exposure to air to another glove box
containing the CP-AFM to carry out the I — V measurements. The radius of the tip is expected to be
~50 nm after metal coating. The tip-SAM contact area is ~25 nm’, corresponding to about 80
molecules in the junction.*” Template-stripped flat metal substrates were used to grow high quality
SAMs for sample characterization and reproducible electrical measurements. The preparation of the Au

template stripped flat substrates has been described earlier.'’

Monolayer Growth and Characterization. To prepare the SAMs, we dissolved the molecules (1 mg)
in 5 mL of toluene at room temperature, followed by the addition of triethyl amine (15 pL). The
mixture was incubated for 10 min before immersing a clean template-stripped flat Au substrate in
solution for 20 h. We characterized the SAMs using X-ray photoelectron spectroscopy (XPS), and
spectroscopic ellipsometry. XPS was carried out to verify the adsorption of molecules and the S 2p
core level data are shown in the Supporting Information (Figure S3). Ellipsometry measurements yield
a film thickness of 1.82 nm for OPE, 1.88 nm for OPF, and 1.78 nm for OPN, which correlates well
with a single-molecular layer, Figure S4, and a tilt angle of 33°, 30° and 34° from normal for OPE,

OPF, and OPN respectively.

12
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Work Function Measurements. Scanning Kelvin probe microscopy (SKPM) measurements were
used to determine the work function without (®) and with a SAM adsorbed on the metal surface
(Ogay = © + AD). SKPM measurements were carried out to acquire the surface potential of the
samples using the same instrument that was employed for /-7 characterization. The AFM instrument is
placed in an Ar filled glove-box (H,O, O, <0.1 ppm). The work functions of the samples were
referenced to the value of 1,4-benzenedithiol on Au substrate obtained by ultraviolet photoelectron

spectroscopy (UPS)."”

Transport Measurements. The electrical measurements were completed by mounting the substrates in
the AFM and bringing the metal coated tip into contact with the SAM under ~1 nN of applied
compressive load. Voltages were applied to the tip with a Keithley model 236 electrometer operated in
“DC mode”. Voltage was swept at the tip, the sample was grounded and current-voltage characteristics
were recorded; V> 0 corresponds to a positive voltage on the tip. All measured I — V curves gradually
switch from practically linear at low biases to gradually more nonlinear at higher biases. The inverse of
the slope of the linear portion of the I — V characteristic was used to define a junction (low bias)
resistance R. We measured the low bias resistance between -0.1 V to +0.1 V, and sweeps to £1.2 V
were applied to determine the transition voltage V; and to observe the pronounced non-linear (/-V)

behavior.
3. Results and discussion
3.1. Self-assembled monolayers

Table 2 collects the work function shifts computed for the three compounds together with the
decomposition into the two components (AVsay and BD) for the SAM at full coverage. Despite the fact

that the HOMO significantly varies among the three molecules in the isolated state, the computed work

13
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function shifts are very similar for the three derivatives, in full consistency with the experimental

trends.

Energies
SAM on Gold Molecular Junction
(2%2) (2%2) ABnL (5%5) (5%55) At (2%2) (2%52) AbrL
OPE 061 157 218 035 140 175 061 151 212
OPF 064 145 209 037 134 171 064 141  2.05
OPN 065 116 181 039 120 159 067 154 221
AE 0.04 041 0.04 020 006 0.13

Table 1. Energies of the molecular frontier levels for OPE, OPF and OPN systems, in the different

states: grafted in SAMs and in junctions with different sizes for the unit cell. All values are given in

eV, with the zero set equal to the Fermi level of the gold electrode. (5x5) and (2x2) refer to the size of

the unit cell.

1P ADpeo Do AVsam BD  A®y, Dy
OPE 5.87 -1.50 3.70 -2.30 0.80 -1.10 4.10
OPF 5.93 -1.51 3.69 -2.29 0.79 -0.99 421
OPN 5.92 -1.44 376  -2.15 0.72 -1.03 4.17

Table 2. Theoretical and experimental work function modification (A®) and work function (®) of gold

upon SAM deposition, with the molecules perpendicularly anchored to the gold surface. Theoretical

molecular contribution (AVgsaym) to A® and bond dipole obtained as the difference between A® and

AVsam (in eV). Experimental changes of the surface work function obtained by scanning Kelvin probe

microscopy (SKPM). [P corresponds to the theoretical ionization potential on the left side of the 2D

layer of molecules to be contacted to the gold substrate, as represented in Figure S6.
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We display in Figure 1 the plane averaged electrostatic potential obtained for OPE while the
corresponding results for OPF and OPN are shown in the SI, Figure S5. According to classical

64-65

electrostatic considerations (Helmholtz equation), the work function shift is given by:

with p, the molecular dipole along the axis normal to the surface, S the surface of the unit cell, and g
the vacuum permittivity.**®” From our calculations, we explain the small variations in the work
function shifts by the fact that the substituents on the central ring do not induce any significant
polarization in the normal direction, and hence do not contribute significantly to the work function shift
according to Helmholtz equation. This contrasts with the significant shifts calculated for thiolated
biphenyl molecules terminated by different electroactive substituents since in that case the dipole is
oriented along the molecular backbone; in that case, a variation larger than 5 eV is predicted going
from amino to cyano as terminal substituent.'* ®® In Table 2, the two calculated components of A® are
not identical (variation of AVgam by -10 meV [-150 meV] and BD by +10 meV [+80 meV] going from
OPE to OPF [OPN]), thus indicating that a compensation of two effects leads to the almost constant
values of the total shift. The charge transfer between the molecule and the gold surface slightly varies
going from OPE to OPF/OPN (from 0.17 to 0.18 |e|); however, this does not necessarily fully reflect
the evolution in BD which also accounts for subtle variations in the continuous electron density that

cannot be grasped by a single charge-transfer model.

15
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Normal Axis (A)

Figure 1. Plane averaged electrostatic potential profile for OPE deposited on a gold (111) surface. We
display curves for the bare Au (111) surface (blue), the gold surface covered by the SAM (black), and
the free SAM layer (red). In the left part, we can identify the five gold layers and the SAM contribution
moving away from the surface. The arrows on the right side points to the work function shift of the full
system (black) and to the contribution arising from the free SAM (red). The difference between these

displacements corresponds to the bond dipole contribution to the work function shift.

Figure 2 shows the evolution of the HOMO and LUMO levels of the three compounds with respect to
the Fermi level of gold in the SAM. We clearly recognize the signature of the HOMO and LUMO
orbital shapes characteristic of the isolated molecules for some electronic levels extracted from the
projected DOS of the SAMs, see Figure 3 and S9, thus validating the energy level alignment presented
in Figure 2. We note however a slight asymmetry of the orbitals induced by the presence of a single
gold electrode which disappears when recovering a more symmetric system by the addition of a second

electrode for the molecular junctions.
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Figure 2. Energy diagram of the molecular frontier levels when molecules are grafted on one gold
surface (left) and sandwiched between two gold electrodes (right) for the low coverage regime or single
molecule junction with (5x5) gold atoms per layer (solid line) and for the higher degree of coverage
using (2x2) gold atoms per layer (dashed line). Energies are relative to the metal Fermi level, which is

taken as zero. The corresponding values are in the Table 1.

When compared to the evolution of the ionization potential in the isolated systems, the same evolution
of the electronic levels upon substitution is recovered in the SAMs although the variation of the HOMO
level energy is significantly attenuated going from OPE to OPN (0.04 eV corresponding to a reduction
by 93%), thus pointing to a pinning of the HOMO level. The absence of pinning for the LUMO level is
attributed to the smaller electronic density on the sulfur atom in the LUMO level which reduced the
extent of interfacial hybridization, see Figure 3; this is further reflected by the higher loss of symmetry

of the HOMO level upon adsorption.
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Figure 3. Topologies of the relevant molecular levels in the isolated state, in the SAMs on gold, in
SAM Junctions (high coverage) and in the single molecule junctions (low coverage) for OPE, OPF and

OPN systems. The HOMO (LUMO) orbital is systematically displayed at the bottom (on top).

The computed plane-averaged electrostatic potential across a monolayer formed by the
molecules in their radical form indicates that the ionization potential on the left side (i.e., the side to be
connected to the metal) is very similar for the three compounds (5.86 eV for OPE, 5.92 eV for OPF and
5.91 eV for OPN), Figure S6, thus indicating that the impact of the electroactive substituents operative
in the isolated molecules is wiped out by the collective electrostatic effects in the monolayer at high
coverage. Since the three compounds have the same symmetry and terminal units, the computed
electrostatic potentials lie virtually on top of each other, except for the central ring due to the presence

of different substituents.

3.2. Molecular junctions

When we add a second gold electrode to build a single molecule junction at low coverage (using an
(5x5) unit cell), the small variation in the HOMO energies is still observed and the variation of the

LUMO energies is reduced among the three compounds (down to 0.20 eV versus 0.41 eV in the SAM,
18
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see Table 1). The MPSH analysis illustrated in Figure S10 confirms that the levels keep the same shape
as in the isolated molecules. Compared to the SAMs characterized in the previous Section, the frontier
molecular levels tend to get closer to the Fermi level of gold (except for the OPN LUMO level), thus
promoting a small reduction of the HOMO-LUMO gap (see Table 1). Since cooperative effects are not
active here, the strong pinning effect observed for the HOMO originates from the strong hybridization
between the orbitals of the anchoring group and the orbitals of the metallic atoms, as described in our
previous study.™ This hybridization generates an interface dipole, resulting from a net electron transfer
from the gold atoms to the sulfur atoms; the amplitude of this dipole scales with the energy difference
between the Fermi level of gold and the HOMO energy of the isolated molecules and creates a varying
electrostatic potential across the junction leading to the observed pinning effect.”’ Since the HOMO
level lies closer to the Fermi level than the LUMO level, it thus governs at low bias the charge transport
across the junction. Accordingly, we expect the transmission and I/V characteristics to be very similar

for the three compounds, as confirmed by the NEGF/DFT calculations reported in Figure 4.
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Figure 4. Theoretical (left and middle) and experimental (right) I-V curves in normal scale for OPE
(red), OPF (black) and OPN (green) molecular junctions from -1.20V to 1.20V. Comparison between
theoretical I-V curves using both (2x2) (dashed lines — central part) and (5x5) (solid lines —left part)

unit cells.
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When the area per molecule is decreased from 180.0 A% t0 28.5 A?, see Figure S2, the variation of
the HOMO and LUMO energy is kept as small as in the single molecule junction (0.06 eV for the
HOMO and 0.13 eV for the LUMO) although the pinning mechanism is different and originates from
dielectric screening effects similar to those operating in the SAMs, as discussed in the previous
Section. This is evidenced in Figure S6 by the similar electrostatic profiles computed for the three
monolayers; this is in line with previous theoretical studies showing that cooperative effects modify the
energy level alignment in dense molecular layers.””””" At high coverage, HOMO-LUMO gaps similar to
those in the SAMs grafted on a single electrode are recovered (Table 1) in contrast to the single-
molecule junctions where the interface dipoles play a major role, thus clearly highlighting that the
pinning mechanism varies as a function of the degree of coverage. The HOMO remains closer to the
Fermi level and is thus still responsible for transport at low bias. A key difference is that the
cooperative effects make the current significantly smaller in the OPN derivatives compared to OPE and

OPF whatever the bias, see Figure 4; this issue will be further discussed hereafter.

It is now of utmost interest to verify whether this prediction is observed experimentally or if this
apparent pinning effect is an artifact due to intrinsic limitations of the DFT theory. To do so, molecular
junctions incorporating SAMs based on the three molecules have been fabricated and their I/V

13, 72
* 72 values of g, have been

characteristics recorded (see Figure 4). Along the line of recent studies,
deduced in the framework of a single-level model (Newns-Anderson model) by plotting first the curves
as | V1 | versus V in order to estimate the transition voltage V; for positive and negative polarities,
Vi and Vi as the two maxima of the function, see Figure S11 and Figure 5. In a second step, &y is

estimated using the simple relation in Eq. 6 below, or more accurately, the expanded version of Eq. 6

given by Eq. 5 in Supporting Information:'®

eV, = 2¢,/3 (6)
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The assumption underlying the single level model that transport is dominated by the HOMO (with
insignificant contribution from HOMO-1) is supported by the computed DOS that shows that the
HOMO-1 lies approximately 0.4 eV lower in energy than the HOMO for all three molecules (see
Figure S8 in Supporting Information). It is also supported by the excellent fits to the I/V data that we
obtain using the predictions of the single level model (see Supporting Information). Within the single
level approximation and the predictions of Eq. 6, we end up with experimental €, values of 0.59 eV,
0.63 eV, and 0.67 eV for OPE, OPF, and OPN, respectively, Table 3. Very interestingly, these values
are very close to one another, in full consistency with the theoretical predictions. Moreover, there is a
very good quantitative agreement between the theoretical and experimental values although most
probably due to compensation of errors, though without affecting our conclusions on the pinning effect.
Indeed, on the one hand, the analytical model used via Eq. 6 might have some limitations linked to the
consideration of a single level responsible for charge transport and to the fact that the interfacial
electronic couplings (i.e., self-energies) are supposed to be bias independent, in contrast with recent
theoretical findings.” On the other hand, DFT calculations suffer from a strong underestimation of the
electronic gap when using GGA functionals and do not account here for the reduction in the electronic
gap induced by the electronic polarization effects (image effects with the metal and induced dipoles in
the neighboring molecules) in the junction.®* " These two major limitations do act in opposite ways
and can thus explain the reasonable quantitative agreement, in terms of Fermi level alignment, obtained
via a cancellation of errors.”’® Accounting for the electronic polarization effects would require a more
sophisticated theoretical treatment dealing explicitly with charged systems, as it is the case for the most

often cost prohibitive GW calculations.®
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Figure 5. Left: Average transition voltages for positive and negative polarities, Vi and Vi of Au-
molecule-Au junctions; and Right: HOMO offset values (blue) and the strength of the electronic
molecule-electrode coupling (red) extracted using the single-level model, for OPE, OPF and OPN

systems.

Vit /Nw/ Eh exp r €n €n
theo( 5X5) theo( 2X2)
OPE 0.68 0.69 0.59 15.6 0.35 0.61
OPF 0.70 0.76 0.63 12.8 0.37 0.64
OPN 0.79 0.77 0.67 6.60 0.39 0.67

Table 3. Summary of the main results for the molecular junctions: Vi: transition voltages in V, &€, in eV,

' in meV.

Regarding the current intensities, the experimental data provide very similar results for OPE and
OPF, in agreement with the theoretical expectations in both single molecule and SAM-based junctions.
However, the lower current experimentally measured for the nitro derivative is partly reproduced by
the calculations at high coverage, thus pointing to key role of intermolecular interactions in the shape
of the I/V curves. Given the very similar g, values for the three compounds, the larger drop of the
current obtained for OPN in the experimental curves is tentatively attributed to a stronger localization
of the HOMO level over the central ring in the actual samples, thus limiting the amplitude of the

interfacial electronic coupling, and hence the efficiency of charge injection; this hypothesized from the
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significant drop in the interfacial coupling I' extracted from the fit of the experimental curves when
going from OPE/OPF to OPN (see Table 3). Such an electronic polarization of the HOMO orbital
should be recovered in calculations explicitly accounting for the presence of a net charge, an issue

beyond the scope of the present paper.
4. Conclusions

In conclusion, we have characterized at the DFT level the evolution of the HOMO level of a
dithiolated three-ring OPE wire and substituted derivatives when going from gas phase to a situation
where the molecules are adsorbed on a gold (111) surface or inserted in a molecular junction. The key
finding is that the significant shifts of the HOMO level under the influence of the electron withdrawing
substituents is strongly attenuated when the molecules are contacted to gold electrodes with the same
areal density and contact geometry, thus pointing to a pronounced Fermi level pinning effect. The
mechanism of pinning varies as a function of the degree coverage and relies more on dielectric
screening effects with the SAM at high coverage and on the formation of interface dipoles of varying
amplitude at low coverage. The same behavior is also observed from the HOMO energy offsets
extracted from the experimental I/V curves of corresponding molecular junctions. This joint study thus
clearly demonstrates that there are situations where a chemical design of the electronic structure of
individual molecules aiming at the optimization of charge injection barriers is completely annihilated in
the molecular junctions; a simple way to attenuate the pinning effect is to decouple electronically the
molecule from the metallic electrode by inserting saturated spacers,” conjugation breaks or proper
torsions, although in a systematically detrimental way for the current intensity. We are thus led to the
conclusion that the design of molecules for molecular electronics should be made in deep parallelism
with the design of the anchoring group to control and find the best compromise for the strength of the

interfacial electronic interactions.
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