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ABSTRACT: This article describes the mechanism of charge transport across self-assembled monolayers (SAMs) of
two donor-acceptor (D-A) systems consisting of polycholotriphenylmethyl (PTM) electron-acceptor moiety linked to
an electron-donor ferrocene (Fc) unit supported by ultraflat template-stripped Au (Au"™) and contacted by eutec-tic
alloy of gallium and indium (EGaln) top contacts. The electronic and supramolecular structures of these SAMs were
well-characterized. The PTM unit can be switched between the non-radical (1) and radical (2) forms which
influences the rectification behavior of the junction. Junctions with non-radical units (1) rectify currents via the
highest occupied molecular orbital (HOMO) with a rectification ratio R of 99, but junctions with radical units (2)
have a new accessible state, a single-unoccupied molecular orbital (SUMO), which turns rectification off and R
drops to 6.

One of the main challenges in molecular electronics is to relate charge transport through a single molecule, or a self-assembled
monolayer (SAM), to the chemical and electronic structure of the molecular component of the molecular electronic device.' In
practice, this goal is not always straightforward to achieve because supramolecular and electronic structure of molecular junc-
tions are difficult to control and characterize.”> Dyads formed by a donor unit (D) covalently linked to an acceptor (A) unit by
an organic bridge are very promising materials for applications as molecular rectifiers. Indeed, the first molecular rectifier, pro-
posed by Aviram and Ratner in 1974, was based on a D-c-A dyad.’® Since this first theoretical proposal, several examples of D-A
dyads have been studied as molecular rectifiers.” In general, molecular diodes with rectification ratios R > 10 are difficult to form
and only a few examples have been reported with high values of R of 10°-10>,*™ because it is difficult to control the energy level
alignment and the supramolecular structure, to minimize defects, and to reduce leakage currents.’

During the last years, some of us have studied in detail the rectifying properties of several SAMs based on alkanethiolates with
ferrocene (Fc) head groups concluding that the presence of energetically accessible molecular orbitals (the HOMO of the Fc) is
necessary to obtain large values of R up to 1.1 x 10°.""® The mechanism of these diodes have been confirmed by others experi-
mentally,""® and they works as follow. The HOMO of the molecules centered at the Fc units is slightly lower in energy than the
Fermi levels of the electrodes. At positive bias, the HOMO cannot participate in charge transport and the Fc moieties are part of
the tunneling barrier and the mechanism of charge transport is dominated by temperature independent coherent tunneling. In
contrast, at negative bias the HOMO can participate in the mechanism of charge transport and temperature dependent incoher-
ent tunneling occurs (in other words, Fc is acting as a hopping center). The performance of the molecular diodes also strongly
depends on the degree of asymmetry of the molecular component measured by the difference in the coupling parameter I (i
indicates top (t) or bottom (b) electrode) of the molecular orbitals (MOs) with the Fermi level of the electrodes. The value of I is
related to the potential drop over the junctions, and the asymmetry is parameterised with the dimensionless division parameter
n v =I/(I', + ') and junction rectify when 7y is close to o or 1. The mechanism of the rectification has been recently described
in detail.>"” On the other hand, we have also recently reported the charge transport properties of SAMs based on alkanethiolates
with another electroactive head group, a polychlorotriphenylmethyl (PTM) radical placed close to the top-electrode, which,
surprisingly, did not rectify.”® Here we wish to investigate in detail the mechanisms of charge transport whether it is possible to
turn rectification on and off by combining the Fc and PTM units within a single SAM.

Some of us have reported D-A dyads based on the Fc electron-donor linked to the PTM electron-acceptor via a n-conjugated

vinylene bridge. These D-A systems exhibited bistability in a neutral and a zwitterionic states.””*” Here, we designed and synthe-
sized two new Fc-PTM dyads incorporating a terminal disulfide (DS) group to form SAMs on gold surfaces. We incorporated



these SAMs in EGaln junctions (Figure 1) to study the mechanism of charge transport with the PTM units in their non-radical (3,
DS-Fc-PTM-NR) and radical (2, DS-Fc-PTM-R) forms (Figure 1). Interestingly, junctions with 1 are good molecular diodes with R
= 99 but R decreased to 6 for the same junction but with 2. We attribute this decrease in R to the electronic structure of the
SAMs since both SAMs have the same supramolecular structure and we only changed the PTM units between their closed- and
open-shell structures. In addition, we also synthesized and prepared SAMs of a Fc functionalized with a cyclic disulfide (3, DS-
Fc), lacking the PTM moiety, that we used as a reference. This system helped us to understand the differences in the current
densities J (in A/cm®) as well as in the charge transport mechanism of 1 and 2.
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Figure 1. Idealized schematic representations of the junctions based on Au bottom electrodes, SAMs 1, 2, and 3, and
Ga,0,/EGaln top electrodes.

We synthesized compounds 1, 2, and 3, as reported in the Supporting Information (Scheme S1). SAMs 1, 2 and 3 were prepared
following a previously reported procedure® by immersion of template-stripped Au (Au") substrates in 1.0 mM solution of 1, 2,
and 3, in toluene under a nitrogen atmosphere. The functionalized gold substrates were rinsed thoroughly with anhydrous tolu-
ene to remove any physisorbed material. We characterized the SAMs by means of Time-of-flight secondary ion mass spectrome-
try (ToF-SIMS), electron spin resonance (ESR), cyclic voltammetry (CV), PM-IRRAS, photoemission spectroscopy (PES), and
near edge X-ray absorption fine structure (NEXAFS) spectroscopy (see Sup. Inf.). Figure Si2 shows the cyclic voltammograms of
the SAMs derived from 1 and 2, on Au measured at scan rates (v) of 0.1-1.0 V/s. The reversible redox process assigned to the
oxidation of the Fc unit was observed at E,,”* = 0.70 and 0.67 V for SAM 1 and 2, respectively. The CV of SAM 2 also exhibited
the reduction wave of the PTM radical moiety at E,,”" = -0.14 V. The insets confirm that the redox couples were immobilized as
evidenced by the linear correlation between i, and v. The value of AE,, (= E,, - E,.) was in the range of 20-35 mV as expected for
a surface confined redox couple. Integration of the oxidation waves gave the total charge from which determined the surface
coverage of 1-2 x 10"° mol/cm” (Table 1).

The electronic structures of the SAMs were characterized with ultraviolet photoemission spectroscopy (UPS) and near-edge X-
ray absorption (NEXAFS) of the C K-edge. The UPS data of SAM 1 and 2 showed a peak at 0.75 and 0.65 eV, respectively, as-
signed to the HOMO localized on the Fc units appearing at similar energies for both SAMs (Figure S18). We recorded NEXAFS
spectra of both SAMs at normal and grazing incidence (Figure S19). The main difference between both NEXAFS spectra was the
small peak at 282.6 eV in SAM 2 assigned to the single unoccupied molecular orbital (SUMO) localized on the PTM radical.”®*
The lowest unoccupied molecular orbitals (LUMO) were also determined. Thus, we determined the HOMO, LUMO, and SUMO
energy levels (Table 1) of the closed- and open-shell SAM 1 and 2 which have largely one difference: the absence (SAM 1) or pres-
ence (SAM 2) of the SUMO while retaining the same supramolecular structure. The SOMO orbital was estimated to be at lower
energies than the HOMO (-5.7 eV) as it has been reported for other PTM-based SAMs derivatives.” The orbital energy levels
were used to construct the energy level diagrams shown in Figure 3 below. The UPS spectra show that the work function of the
Au electrodes shift to 4.2 eV as described in our earlier works, and that by others.””*** It is well-known that these shifts in work
functions are caused by push-back effect as result of the Au-S bond.
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Figure 2. The | ] | (V) of the junctions formed by a) Au'>-SAM1/ /Ga,0,/EGaln, b) Au™-SAM2/ /Ga,0,/EGaln and c) Au®s-
SAM3//Ga,0,/EGaln along with histograms (d-f), with Gaussian fits to these histograms, of R determined at +2.0 V.
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Figure 3. Energy level diagrams (with respect to the vacuum) of the a) Au'>-SAM1//Ga,0,/EGaln, b) Au-
SAM2//Ga,0,/EGaln junctions at 2.0 V (left), o V (middle), and -2.0 V (right) based on the experimental data in Table 1.
We biased the Ga,0,/EGaln top electrode and grounded the Au™ bottom electrode. DS stands for disulfide alkyl chain.



The arrows indicate the orbitals that are involved in the electron transfer process. The mechanism of the rectification of
the diode is indicated in the figure and detailed in Refs.>".

Table 1. Physico-chemical properties of SAMs 1 and 2.

UPS NEXAFS XPS *HOMO energies calculated from UPS. The error is 0.05 eV,

d Ton which is the resolution of the UPS. ® Thickness of SAMs calcu-

sal wr E SUMO LUMO (n (x10™ lated from XPS data. © Surface coverage calculated from XPS
HOMO data.

M | (eV) (eV)? (eV) (eV) m mol/c

)Y m3)°© Figure 2 shows that junctions based on SAM 2 have at all as-
sayed bias ~100 times higher values of J than those junctions
with SAM 1 in agreement with previous findings.*** Even
though we can still observe a kink in the shape of J(V) curve at
~-1.0 V similar to junctions with SAM 1, which indicates that the HOMO enters the conduction window, the current at positive
bias (around +0.3V) increases sharply indicating that the SUMO enters the bias window diminishing the rectification ratio. In a
recent study we showed that the SUMO of a PTM unit can participate in the mechanism of charge transport and increases the
tunneling rate.”® Here we believe a similar mechanism of charge transport dominates and Figure 3 shows that the SUMO of SAM
2 provides a new tunneling pathway inside the HOMO-LUMO gap which explains the 100-fold increase in J.
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Interestingly, the junctions with SAM 1 rectify with a value of R =|J(-2.0V) | /| J(+2.0V) of nearly two orders of magnitude
(~99) whereas junctions with SAM 2 marginally rectified current (~6). The energy level diagrams shown in Figure 3 were con-
structed using the work functions and the HOMO onset values from the UPS data, and the LUMO/SUMO levels estimated by
NEXAFS (Table 1). We believe that the mechanism of rectification is similar to that observed for junctions with a single Fc unit
located asymmetrically inside the junction. The Fc, and Fc-PTM units, are electronically decoupled from the bottom-electrode
due to the large potential drop across the insulating alkyl chain, but they are coupled to the top-electrode via van der Waals
interactions. These van der Waals interactions are strong enough for the frontier orbitals to track the changes in the Fermi-level
of the top-electrode when the junctions are biased.>” Due to the aromatic nature of the PTM unit, we assumed that the poten-
tial drop along this part of the molecule will be much smaller than across the insulating aliphatic linker. In other words, the
potential drop across the Fc//top electrode interface is small and here we assume that 0.4 V of the 2 V applied potential drops
due to the PTM unit. Figure 3a shows that this mechanism involves tunneling via the HOMO that only falls in the conductions
window at negative bias and not at positive bias. To test this hypothesis, we also made junctions with SAM 3 (i.e., the junctions
but without the PTM unit) and indeed these junctions also rectify with R = 40. The values of J for junctions with SAM 3 are a
factor of 316 x 10 higher than those of junctions with SAM 1. This result agree with our previous findings were the PTM moiety
has a large HOMO-LUMO gap and thus adds to width of the tunneling barrier and lowers J. The fact that junctions with SAM 1
rectify, despite the fact that the Fc units are separated from the top electrode by the PTM moiety lowering 7 (the Fc units are
approximately located in the middle of the junction), can be explained by a large intramolecular coupling between the Fc and
PTM so that the Fc unit still can follow the changes to the Fermi-level of the top electrode. In other words, we believe that due
to the conjugated nature of the PTM units that the potential drop across them is relatively flat, as indicated in the Figure 3, so
that the HOMO (centered at the Fc unit) can still follow the changes of the Fermi level during applied bias (i.e., the Fc units are
capacitively stronger coupled to the top- than the bottom-electrode) and can participate in the mechanism of charge transport
only at negative bias. On the other hand, junctions with SAM 2 do not rectify. Here, the SUMO is close in energy to the Fermi
levels of the electrodes and falls in the conduction window at both bias polarities (Fig. 3b). As mentioned above, the SUMO
provides an inter HOMO-LUMO gap tunneling pathway resulting in high value of J and the junctions stop to rectify despite
their asymmetry. Although we infer here a coherent transport pathway mediated by the PTM unit based on previous works,"®
additional experiments are needed to investigate the mechanism in more detail.

In summary, we have reported two D-A systems (1 and 2) consisting on the electron-acceptor PTM, with closed- and open-
shell electronic structure, linked to the electron donor Fc moiety that were immobilized on a gold surface through a disulfide
group. Interestingly, the non-radical SAM 1, which has a similar supramolecular structure but a different electronic one than
SAM 2, showed a rectification behavior which was two orders of magnitude larger than its radical analogue. This different be-
havior was attributed to the participation of the SUMO orbital on the charge transport mechanism in SAM 2. Our designed D-A
system provide the approach to control the potential drop over the whole junctions to achieve high rectification. Our results
demonstrate that it is possible to control the rectification ratio by changing the electronic nature, i.e., closed- and open-shell
structure, of the electron-acceptor unit of molecular dyads. Here we switched between the open and closed form by chemical
means, and we believe that our findings are important towards the rational design of active molecular rectifiers.
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