Electrically transmissive alkyne-anchored monolayers on gold
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Abstract

Well-ordered, tightly-packed (surface coverage 0.97 x 10° mol-cm™) monolayer
films of 1,4-bis((4-ethynylphenyl)ethynyl)benzene (1) on gold are prepared via a simple
self-assembly process, taking advantage of the ready formation of alkynyl C-Au o-bonds.
Electrochemical measurements using [Ru(NH3)s]’", [Fe(CN)s]*, and ferrocenylmethanol
[Fe(n’-CsH4CH,OH)(n’-CsHs)] redox probes indicate that the alkynyl C-Au contacted
monolayer of 1 presents a relatively low barrier for electron transfer. This contrasts with
monolayer films on gold of other oligo(phenylene ethynylene) derivatives of comparable
length and surface coverage, but with different contacting groups. Additionally, a low
voltage transition (Vyans = 0.51 V) from direct tunneling (rectangular barrier) to field
emission (triangular barrier) is observed. This low transition voltage points to a low
tunneling barrier, which is consistent with the facile electron transport observed through the

C-Au contacted self-assembled monolayer of 1.
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Introduction

Surface-molecule interactions underpin the development of surface-functionalised
clusters, metal nanoparticles (NPs) and electrodes and such systems have great promise in
areas including microelectronics, microelectromechanical systems, molecular electronics,
surface protection, sensing, electrochemistry, electrocatalysis, plasmonics and drug delivery
systems, to name but a few.'” Thiols (as thiolates) have been widely used as capping agents
for metal (particularly gold and silver) nanoparticles, and as the exemplary contacting
group in exploratory molecule-metal (gold) junctions for molecular electronics.'” '
However, despite the strength of the Au-S bond and the ease of fabrication of thiol-on-gold
single-molecule contacts and SAMs, the fluxional nature of the Au-S bond coupled with
oxidation, thermal instability, and degradation of thiolate-contacted molecules on metals in

aqueous and ambient environments represent an impediment to their wider application.

Other functional groups, including amines,'* carboxylic acids,'*'* dithiocarboxylic acids,"
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methylthio dimethylphosphine,”®  ethynyltrimethylsilane, viologens®™  and
fullerenes'” *> have been studied as potential molecule-contacting groups for various metal
surfaces. However, these metaljmolecule contacts are also characterized by fluxional bonds
to the surface leading to structural rearrangements of the films, surface etching and
reforming, and, in the case of molecular electronic studies, the observation of multiple
conductance signals, stochastic on-off switching of the molecule-metal contact, high

. . 32, 36-39
contact resistance and other issues.”™

In recent years, robust molecule-on-gold contacting with direct Au-C'" ***

anchoring has
been achieved, and in studies to date molecular junctions formed with these contacts have
proven to be free of many of the complications noted above, prompting further exploration
of these systems. Our group has recently described the formation of a sandwiched Au-C-
molecular wire-C-Au device, with the molecular wires bridging a gold electrode bottom
contact and a gold nanoparticle top contact. In this earlier work, the Au-C contacting was
achieved by sequential fluoride-induced desilylation/metalation of a trimethylsilyl-

44,46 \with the formation of Au-C o-bonds at both the bottom and

protected organic moiety,
the upper electrodes.” The main objective of this previous work was to prepare “all

carbon” molecular bridges comprised of a -C=C-C=C-C=C-C=C- chain and to probe the



integrity of the device chemically bonded between the two electrodes. This present
contribution extends this work in two ways by demonstrating (i) the straightforward
formation of a self-assembled monolayer film of the oligo(phenylene ethynylene) (OPE)
derivative 1,4-bis((4-ethynylphenyl)ethynyl)benzene (1) (Figure 1) with direct activation of
a terminal ethynyl moiety on an Au(l111) electrode to form the top contact, thereby
dispensing with the manipulation of the TMS group during formation of the surface
contact;(ii) by in contrast to OPE-monolayers contacted to gold electrodes by groups such
as thiols, amines, acids, etc., the Au-C contacted monolayers of 1 effectively mediate

electron transfer (ET) between redox active molecules in solution and the electrode in

electrochemical experiments.*® *> 4%+
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Figure 1. Cartoon showing the molecular structure of  1,4-bis((4-
ethynylphenyl)ethynyl)benzene, compound 1, and the incubation process leading to highly
compact monolayers where the molecules exhibit a tilt angle of 42° with respect to the
normal surface.

Experimental

All reagents were purchased from Sigma-Aldrich (now Merck) or prepared using

minor modifications or the literature methods as cited below. Reactions were carried under



an atmosphere of nitrogen using standard Schlenk techniques, although no special
precautions were employed during conventional work-up procedures.

Synthesis of 1. A Schlenk flask was charged with dried, degassed NEt; (20 mL), to
which Me;SiC=CC¢H4C=CH (0.37 g, 1.5 mmol), 1,4-diiodobenzene (0.23 g, 0.70 mmol),
Pd(PPhs)4 (0.09 g, 0.10 mmol)*® and Cul (0.02 g, 0.10 mmol) were added and the resulting
suspension stirred at room temperature overnight. The precipitate was collected by filtration
and washed thoroughly with hexane. The product was then recrystallized from toluene,
yielding 1,4-bis((4-trimethylsilylethynylphenyl)ethynyl)benzene as white needles (0.13 g,
0.28 mmol, 40%). ['H NMR (400 MHz, CDCl;) &: 7.50 (s, 4H), 7.45 (s, br, 8H), 0.26 (s,
18H). "CNMR (101 MHz, CDCl3) &: 132.1, 131.7, 131.6, 123.4, 123.2, 123.3, 104.8, 96.6,
91.2, 91.1, 0.1. MS" (ASAP) m/z (%): 470.20 (100, [M]")].>" A solution of 1,4-bis((4-
trimethylsilylethynylphenyl)ethynyl)benzene (0.05 g, 0.11 mmol) in THF (35 mL) was
treated with a solution of K,COs (0.04 g, 0.29 mmol) in methanol (5 mL) and the mixture
allowed to stir overnight. The solvent was removed under reduced pressure and the residue
re-dissolved in CHCI; (50 mL). The solution was washed with water (2 x 50 mL), brine (1
x 25 mL) and the organic layer dried over MgSOs. The solvent was removed giving 1 as a
rather insoluble white powder (0.029 g, 0.088 mmol, 81%). '"H NMR (400 MHz, CDCl;) §:
7.51 (s, 4H), 7.48 (s, 8H), 3.18 (s, 2H). MS" (ASAP) m/z (%): 326.1 (100, [M]")], Figure
S1 in the Supporting information, SI. IR (Nujol): 3271m, v(=C-H).>

SAMs were prepared under an oxygen free environment using standard Schlenk
techniques® >* by immersion of a clean gold electrode (prepared as described below for
each method of measurement) within a freshly prepared 1-10°* M solution of 1 in a
deoxygenated 2-10* M NEt; solution in CHCl; (HPLC grade, 99.9% degassed by three
freeze pump-thaw cycles), and stirred overnight at 45 °C under an argon atmosphere. After
reaction, the substrate was removed and rinsed with copious amounts of CHCI; to remove
physisorbed material, and dried under a stream of N,. The as prepared samples were stored
under inert atmosphere before use.

Quartz Crystal Microbalance (QCM) measurements were carried out using a Stanford
Research System instrument employing AT-cut, a-quartz crystals with a resonant
frequency of 5 MHz having circular gold electrodes patterned on both sides. The gold

substrates were used for the first time for this experiment and they were just cleaned with



ethanol and allowed to dry. Contact angle measurements were performed with a
commercial optical tensiometer (Theta Lite from Attension).

Raman and Surface-enhanced Raman scattering (SERS) spectra were recorded using
a Confocal Raman Imaging purchased from Witec (model Alpha300M+) with an excitation
wavelength of 633 nm. SERS substrates were prepared using a previously described
methodology.” Briefly, a SiO, wafer was incubated in a poly(diallyldimethilammonium)
chloride aqueous solution (PDDA), 0.2% v/v for 4 hours; followed by rinsing with
deionized water and drying under a N, stream. The substrate was subsequently immersed in
gold nanoparticle solution (synthesized via a modified version of Turkevich method) for 12
hours at 4 2C; afterwards, the SERS substrates were washed with deionized water and N,-
dried. Finally, O,-plasma treatment was performed to clean the SERS substrate surface
(conditions: 0.2 mbar, 50 W and 60 s). AFM images were obtained in tapping and Peak-
Force modes using a Multimode 8 microscope equipped with a Nanoscope V control unit
from Bruker operating in ambient air at a scan rate of 0.5-1.2 Hz, using RFESPA-75 (75-
100 kHz, and 1.5-6 N-m™', nominal radius of 8 nm) and ScanAsyst-Air-HR (130-160 kHz,
and 0.4-0.6 N-m”', nominal radius of 2 nm) cantilever/tip assemblies, purchased from
Bruker. Root Mean Squared (RMS) roughness, Bearing and Depth statistical analysis were
carried out off-line with Nanoscope v. 1.40 and Gwyddion v. 2.41 software packages.

An Agilent 5500 SPM microscope (Agilent Picoscan 5.3.3 software) was used for
determining the electrical properties of the SAM with the “STM touch-to-contact”
method.”® STM tips were freshly prepared for each experiment by etching of a 0.25 mm Au
wire (99.99%) in a mixture of ethanol:HCI 37 % 1:1 at +2.4 V. STM imaging was carried
out by using a Nanoscope Illa (Digital Instruments/Veeco) operating in air at room
temperature. Pt-Ir tips purchased from Bruker were used in these measurements. Typical
bias potentials, tunneling currents, and scan rates were in the range of 0.3-0.6 V, 0.2-0.5
nA, and 1-6 Hz, respectively. The surface coverage, surface features such as raised islands,
vacancies and pits, as well as depth histograms, were assessed with the WSxM, Gwyddeon
and Nanoscope software. Gold substrates were purchased from Arrandee™, Germany and
flame-annealed at approximately 800—1000 °C with a Bunsen burner immediately prior to

use. This procedure is known to result in atomically flat Au(111) terraces.”’



X-ray photoelectron spectroscopy (XPS) spectra were recorded with a Kratos AXIS
ultra DLD spectrometer incorporating a monochromatic Al Ka X-ray source (1486.6 eV)
using a pass energy of 20 eV. The photoelectron take-off angle was 90° with respect to the
sample plane. The XPS binding energies were referenced to the Au(4f;,) peak at 84.0 eV in
order to provide a precise energy calibration. The thickness of these SAMs on the gold
substrates was determined from the attenuation of the Au-4f signal from the substrate
according to the equation: Igan =g psirate €XP(—d/ Asin ) ,>® where d is the SAM thickness,
Lsayr and Lyperae are the average of the intensities of the Au(4fs,) and Au(4f7,) peaks
attenuated by the SAM and from bare gold, respectively, 6 is the photoelectron take-off
angle, and A is the effective attenuation length of the photoelectron (4.2 = 0.1 nm).”

Cyclic voltammetry (CV) experiments were performed with an Autolab potentiostat
from Eco Chemie and a standard three-electrode cell. The working electrode was a gold
substrate from Arrandee™ (either the bare gold electrode or the gold electrode covered by a
SAM of 1) connected to the potentiostat by means of a cable terminated in a metallic
crocodile clip that held the electrode.” The reference electrode was Ag/AgCl, KCI (3M),
and the counter electrode was a Pt sheet.

Results

SAMs of 1 were prepared as indicated in the experimental section and Figure 1.
Quartz Crystal Microbalance (QCM) studies indicate that the SAM of 1 exhibits a surface
coverage of 0.97 x 10” mol-cm™ (Figure S2), which is typical of tightly-packed monolayers
of OPE derivatives.”” ®" Further evidence of the monolayer formation was obtained by
measuring the contact angle of a drop of water onto a bare gold electrode (39°) and onto the
same gold electrode after the deposition of the monolayer (92°). Large-area imaging of the
modified surface using Atomic Force Microscopy (AFM) revealed a homogenous surface
structure free of significant three-dimensional aggregates or large voids (Figure S3). By
scratching the surface with the AFM tip and by carrying out a statistical analysis of the
depths of the scratched region and surrounding areas,®” > an average thickness of the SAM
of 1 on the gold substrate of 1.7 £ 0.2 nm was estimated. A very similar estimation of the
film thickness, 1.7 + 0.1 nm, was obtained by measuring the attenuation of the Au-4f signal

from the substrate in X-ray photoelectron spectroscopy experiments (XPS) after deposition



of the SAM (Figure S4) as explained in the experimental section. Given the molecular
length of 1 (2.3 nm, estimated from computational molecular models: Spartan 08 V1.2.0), it
can be concluded that within the film the molecules of 1 exhibit an average tilt angle of 42°
with respect to the surface normal to the electrode (Figure 1). Chemisorption of 1 onto the
gold substrate and formation of a C-Au bond was demonstrated by comparing the Raman
spectrum of the powder of 1 and the SERS spectrum of a monolayer of 1 onto gold (Figure
S5). The SERS spectrum of the SAM of 1 shows a low intensity band at 418 cm™, which
provides a clear evidence of a covalent Au-C o-bond.** Additionally, a broad band at 1981
cm™ in the SERS spectrum of the SAM of 1 is also indicative of the formation of a -C=C-
Au bond." Further details of the Raman spectra can be found in the SI. In the majority of
alkynyl monolayers on gold studied to date, the molecules have been found to be contacted
to the gold surface as the acetylide after loss of the alkynyl=C-H proton,” and oriented more

#3349 However, DFT calculations suggest that this

or less normal to the substrate.
‘perpendicular’ orientation is the minimum in a shallow potential energy surface, and that
the total energy changes by less than 2 kcal-mol™ as the tilt angle increases to as much as
50° with respect to the normal surface.”® The same authors have noted that the SAM
structure will be strongly influenced by the interactions between the ‘tails’ of the alkyne
moieties, on account of this low energy barrier for tilting the alkynyl backbone away from
the surface normal. In the case of 1, it seems likely that the SAM is stabilized by dispersive
n-t interactions between the offset faces of the aromatic moieties. Such a staggering
between adjacent aromatic rings would reasonably account for the overall tilt of molecules
within the monolayer, and facilitated by the low energy barrier to tilting from the ‘upright’
position (Figure 1). Additional information about the organization of molecules of 1 within
the film has been obtained from scanning tunneling microscopy (STM) and can be found in
the SI (Figures S6-S12).

The identification of well-ordered and tightly packed SAMs of the ‘wire-like’” OPE
derivative 1 on gold substrates prompted us to consider the electron-transfer behavior of
these molecule-on-metal assemblies. By performing cyclic voltammetry in the presence of
electrochemical redox probes, valuable information about the overall charge transfer
processes through the SAM of 1 can be obtained. Depending on the shape, peak current

intensities, and peak potential separations exhibited in the voltammograms, it is possible to



identify and distinguish contributions to the faradaic current arising from electron tunneling
through the organic layer or due to penetration of the redox-probe molecules through
defects/pinholes in the SAM to the underlying metal electrode surface.” Furthermore,
redox probes can be classified according to the sensitivity of their electron transfer kinetics
to the surface chemistry of the electrode.”® Heterogeneous outer-sphere redox systems, such
as [Ru(NH,),]** and ferrocenylmethanol (FcCH,OH), are not especially sensitive to the
nature of the electrode surface.””" In contrast, for systems that undergo heterogeneous
inner-sphere electrode reactions at the electrode, specific interactions between the redox
probe and the surface of the electrode or materials deposited on this surface occur during
the electron transfer reaction. Therefore, the rate constant of a heterogeneous inner-sphere
electrode reaction should be highly dependent on the electrode material and very sensitive
to the surface state. The redox probe [Fe(CN),]> exhibits certain “inner-sphere”
characteristics and a surface sensitive redox response.”> > 7 In the seminal work by
Fleischmann et al.,”” the adsorption of ferro/ferricyanide species on gold surfaces preceding
and following electron transfer was elegantly demonstrated by carrying out in situ
electrochemical SERS measurements. The authors claim structural changes in
ferro/ferricyanide adsorbates depending on the applied potential and the nature of the
support electrolyte. Either a coplanar arrangement of CON groups (via * orbital in the
CON) on the Au(111) surface or a bridging bond (0% orbital) to the metal surface involving
the lone pair of N atoms has been proposed to account for the molecule-surface interaction.
Partial or complete surface blocking can therefore lead to significant and even total
suppression of the electron transfer reactions of [Fe(CN)s]* resulting in decreased peak
currents and increases in the potential peak separation (i.e. blocking of faradaic reaction).

74,75

Such behavior has been reported for gold electrodes modified by aryl-monolayer or by

oligo(phenylene ethynylene) derivatives anchored through various groups including thiols,
amines and carboxylic acids.'> '* 3160 61.76.77

The reversible two-peaked diffusion-controlled electrochemical response of the
[Ru(NH;)e]*" electrochemical redox probe at a gold electrode modified by a SAM of 1 is
almost indiscernible from that recorded using a bare gold electrode (Figure 2a). A similar
result was achieved with FcCH,OH (Fe(n-CsH4sCH,OH)(1n’-CsHs)), with little decrease in

the faradaic current through the surface-modified electrode compared with the bare gold
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electrode (Figure 2b). Therefore on the timescale of these voltammetric determinations the
monolayer of 1 is nearly transparent to the electron transfer process, which is in stark
contrast with other monolayers of other OPE compounds that significantly or completely

12, 14, 31, 56, 61, 76, 78
block the electrode.'> 14 31: 36 61.76.7

By comparison, in the case of the [Fe(CN)s]> redox
probe more changes are seen in the cyclic voltammetry when compared to the more
straightforward outer-sphere redox species ([Ru(NH3)s]*" and FcCH,OH) studied in this
work. A comparison of CVs of K3[Fe(CN)g] recorded with pristine and modified electrodes
demonstrates a more significant attenuation in the peak current pointing to a more
significant, but far from complete, blocking of electron-transfer arising from the SAM of 1
(Figure 2c). For comparison purposes, when this redox probe is studied with a SAM of
octadecanethiol (2) adsorbed on a gold electrode complete ET blocking is observed (Figure
2). It therefore appears that the SAM of 1 is an effective conduit of electron-transfer

between the redox species in solution and the electrode, as demonstrated with the outer-

sphere redox probe.
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Figure 2. Cyclic voltammograms in aqueous 0.1 M KCl (vs. Ag/AgCl, KCI (3M)) for the
indicated redox probes of a bare gold electrode, a SAM of 1 deposited onto a gold
electrode, a SAM of 1 deposited onto a gold electrode and further incubated in a solution of
2 for 24 h, a SAM of 2. In all cases the scan rate was 100 mV-s™. (a) 1 mM [Ru(NH3)s]Cls ;
(b) 1 mM FcMeOH ; (¢) 1 mM Ki[Fe(CN)g] .

Although the high surface coverage of the monolayer determined from the QCM,
AFM and STM experiments are indicative of a closely packed monolayer, it could be
argued that the electrochemical results in Figure 2 might arise from penetration of the redox
probes through the monolayer to the underlying electrode surface. To rule out this
possibility, a SAM-modified gold electrode was subsequently incubated in a 1-10° M
solution of octadecanethiol (2) for 24 hours. Thiols strongly chemisorb onto gold substrates
and should effectively infill any putative pores or holes in the monolayer of 1. However, as

shown in Figure 2, the voltammograms of the various redox probes at electrodes modified
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by the SAM of 1 incubated in 2 are essentially unchanged, i.e., there is no significant
inhibition of the electrode response after incubation of the modified electrode in the thiol
solution. The resilience of the SAM of 1 to replacement by octadecanethiol is in marked
contrast to the ready exchange of alkynyl-terminated alkyl ferrocenes and alkylthiols
between the respective SAMs on gold and molecules in solution as has been observed by
Tucker and Gorman.” It seems probable that the tightly packed monolayer of 1 is
responsible at least in part for limiting the exchange processes.

Electrochemical capacitance determined from cyclic voltammograms of film-covered
electrodes in an inactive base electrolyte in the electrochemical “double-layer” region (i.e.
where no faradaic current flows) can provide an indication of the macroscopic permeability
of the SAM, with permeable or significantly defective films generally showing elevated
capacitance. Such voltammograms were obtained for a bare gold and a gold electrode
covered by the SAM of 1. Cyclic voltammograms recorded at high scan rates (1 V-s) in
the window potential from -0.1 V to -0.6 V in 0.5 M KCI were obtained (Figure 3). The
double layer capacitance noticeably decreased from 35.0 pF-cm™ for the bare gold
electrode to 5.2 pF-cm™ for the gold electrode covered by the SAM of 1.** The low value of
capacitance in the latter case points to deposition of a contiguous film on top of the gold
substrate. In addition, the response of the monolayer of 1 under these experimental
conditions remains unaltered for at least 500 cycles (Figure S13), demonstrating the

stability and robustness of the film.
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Figure 3. Cyclic voltammograms (first scan) for a gold electrode (red) and a gold electrode

covered by a SAM of 1 (black).
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The evidence above supports the notion of the monolayer being nearly transparent to
the electron transfer to the outer-sphere redox probe on the timescale of these voltammetric
measurements. The ability of the Au-C bound monolayer to impede the normal surface
electrochemistry of the gold electrode was also investigated by cyclic voltammetry. For the
comparison here the electrochemical behavior of the bare and modified gold substrate was
analyzed. In aqueous 0.1 M NaOH the unmodified Au(111) electrode gives rise to a
voltammogram which exhibits sharp peaks at 0.13 and 0.33 V. These waves are
characteristic of electrochemical processes of surface adsorbed species, and can be
attributed to the potential induced adsorption of Cl" ions (from the Ag/AgCl reference
electrode) on the gold (gold oxide) electrode (peak Al in Figure 4, red voltammogram), and
adsorption of OH" ions and oxidation of the Au(111) surface with formation of gold surface
oxide (peak A2 in Figure 4, red voltammogram) in excellent agreement with previous

. 47, 81, 82
observations.*” 8"

The subsequent electroreduction of the gold surface oxide is apparent
in the cathodic scan (peak C in Figure 4, red voltammogram). A modified Au(111)
electrode covered by a SAM of 1 does not exhibit the peak corresponding to the gold oxide
formation (Figure 4, black voltammogram) and only a small wave corresponding to the
reduction of the native gold oxide layer is detected on the cathodic scan. These
observations are again consistent with inhibition of the gold oxidation process by the SAM
of 1. Since it is apparent that gold surface oxidation is shifted by ~100-200 mV in the
presence of the SAM this implies very few defects/pinholes in the monolayer. The SAM of
1 therefore protects the gold surface, blocking access of the water molecules and OH™ ions
required to form the gold oxide, and only after an elevated additional overpotential does

surface oxidation occur. Similar inhibition of gold surface oxidation has been reported by

Krings et al. for SAMs of thiolated aromatic and n-conjugated moieties on Au(111).%
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Figure 4. Cyclic voltammograms corresponding to the oxidation of the gold surface on
bare Au (111) or the indicated modified electrodes recorded in aqueous 0.1 M NaOH at 0.1
Vs vs Ag/AgCl.

As the SAM of 1 is acetylene terminated, this provides a reactive moiety for further
chemistry on the exposed ‘top” surface. This is demonstrated here through the attachment of
gold nanoparticles on top of the monolayer. These nanoparticles then also exhibit
voltammograms the shape of which demonstrate electronic communication with the
underlying gold substrate through the monolayer of 1, and further attests to the electronic
transparency of the monolayer. For this voltammetric analysis a SAM of 1 was deposited
on an Au(111) substrate and it was further modified by incubation for 3 hours in an
aqueous solution of ligand free gold nanoparticles (AuNPs) following a previously reported
procedure,”* which is comprehensively described in the SI (Figure S14). Voltammograms
recorded using the resulting AuNPs decorated SAM in aqueous 0.1 M NaOH (indicated in
blue, Figure 4) exhibit a broad, featureless anodic profile, with the additional current
corresponding to the electrochemical response of polycrystalline AuNPs.* * An enhanced
electroreduction peak is also observed following adsorption of AuNPs on-top of the
monolayer and this is attributed to the reduction of the electrochemically formed oxide on
the nanoparticles. In other words, the additional current response between the blue
(monolayer of 1 + AuNPs) and black (monolayer of 1 only) voltammograms is not the
result of diffusion of OH" ions and water molecules through putative defects or pinholes in

the organic layer, but it is associated with the electrochemical response of the attached
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AuNPs. Therefore, these sets of experiments reveal that the compact SAM of 1 formed onto
the gold electrode acts as a conduit for charge transfer to the outlying gold nanoparticles.
These observations together (Figures 3 and 4) are indicative of a compact monolayer of 1
that efficiently permits electron transfer through the SAM to redox couples approaching
from solution.

Previous studies®’ have also used cyclic voltammetry to assess the electrochemical
stability of the SAMs by sweeping to anodic and cathodic potentials, respectively. The
onset of oxidative or reductive currents are then used to define stability limits. For this
purpose cyclic voltammograms of SAMs of 1 are recorded here in both 0.1 M HClIO4 and
0.1 M NaOH. In 0.1 M HCIO4 a SAM of 1 is electrochemically inert (only a constant
capacitive charging current is detected) until about 1 V. At this potential a large faradaic
oxidation wave starts to appear, peaking at ~1.4 V, black voltammogram in Figure 5. The
electrochemical charge involved in this oxidation wave on the initial cycle is related to both
the oxidative desorption of 1 and to contributions arising from the formation of the gold
oxide monolayer. Indeed, the onset for the formation of the gold oxide monolayer appears
at more positive potentials than on a bare Au(111) substrate, red voltammogram in Figure
5, included as a control experiment (red voltammogram, Figure 5). The charge
corresponding to this broad anodic peak amounts to 1890 uC-cm™. The peak current
decreases on repetitive cycling of the voltammogram, until only a wave with consistent
peak current corresponding to gold oxide formation is observed (blue plot in Figure 5),
which is almost identical in on-set voltage and current to a bare Au(111) electrode of the
same dimensions. From this it is concluded that the oxidative desorption of 1 does not foul
the Au(111) surface. The anodic scan exhibits now an oxidation charge of 826 pC-cm™
which is characteristic of a bare Au(111) electrode with a certain density of surface
defects.® After repetitive cycling to these anodic limits, no electrochemical desorption peak
could be subsequently detected in NaOH 0.1 M at cathodic potentials. From this it is
deduced that the monolayer of 1 has been oxidatively desorbed from the Au(111) surface.
In addition, by integrating the electrochemical charge involved in the oxidative
electrodesorption peak, (black voltammogram in Figure 5), and by subtracting the anodic
charge registered in the later scan (blue voltammogram in Figure 5), a value of 1064

uC-cm™ is obtained. Whilst the mechanism of oxidative desorption has not been explored
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in detail, this experiment serves to set the oxidative limit of the electrochemical window of
the SAM of 1 on Au(111). Reductive desorption CV experiments of a SAM of 1 on an
Au(111) electrode in 0.1 M NaOH are characterized by a large cathodic peak at -1.25 V vs.
Ag/AgCl (Figure S15) with an associated faradaic charge of -1.23 mC-cm™. This faradaic
charge is significantly higher than the expectation for an exclusively one-electron
electrochemical desorption of 1 (as estimated from the electrode area and SAM packing
density as a maximum charge of about -0.08 mC-cm™). This large reductive faradaic charge
can be attributed to a combination of the electrodesorptive reduction of 1 and the hydrogen
evolution reaction (HER).*” The onset of the oxidation current is 1 V (in 0.1 M HCIOy)
while the onset of the cathodic currents is around 0.9 V (in 0.1 M NaOH), giving a
“potential window” of 1.9 V between these two current onset values. On the other hand,
other literature work by Fu et al.”’ on the stability of ethynyl-terminated oligo(phenylene
ethynylene)-based moieties assembled on Au(111) formed using desilylation chemistry
defined the stability potential window by using peak currents rather than onset currents.
Although, in our opinion stability is better defined by using onset current rather than peak
currents, the use of the latter does provide a direct comparison between our work and that
of Fu et al. Using peak currents we define a potential window of 2.6 V for monolayers of 1
which compares favorably with the potential window of ~2.2 V reported by Fu ef al.** for
other ethynyl-terminated oligo(phenylene ethynylene)-based moieties assembled on
Au(111).
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Figure 5. Cyclic voltammograms for the electrochemical desorption of the SAM of 1,

recorded at 0.05 V-s' in aqueous 0.1 M HCIO,.
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Following on from these electrochemical determinations of the facile electron-
transfer characteristics of the SAM of 1 on gold, the electrical properties of these
monolayers within electrode|SAM]|electrode molecular junctions can also be analyzed
directly. It is well known that the charge transport mechanism in molecular junctions of a
series of m-conjugated molecules similar to 1 undergoes a transition from direct tunneling
(rectangular barrier) to field emission (triangular barrier) upon increasing the applied

. 88, 89
bias.”™

It is usually assumed that the voltage at which this transition occurs (Vians) 1S
linearly correlated with the energy offset between the electrode Fermi level and the frontier
molecular orbital (FMO) primarily responsible for the conduction in a single channel

tunneling model.”

Although the transition voltage is not directly equal to this energy offset,
it nevertheless does allow us to qualitatively gauge the effective energy barrier to charge
transport by measuring Vians. In other words a high transition voltage would be expected to
indicate a high energy offset between the FMO and the Fermi energy, and vice versa. Thus,
Vians 18 @ measurable quantity which allows us to qualitatively prove the molecular orbital-
Fermi level barrier height without the assumptions and parameter fitting inherent in the
Simmons model. This is especially important as the tunnel barrier height is sensitive to the
molecular electronic topology, electrode-molecule linking group and electrode type.

To obtain Vians, a series of I-V curves were recorded with a scanning tunneling
microscope (STM) using the “STM touch-to-contact” method (Figure S16).°® From set
point parameters U, = 0.6 V (tip bias) and Iy = 0.33 nA (set point current) a tip-substrate
distance of 1.7 nm (s) was obtained, which is in agreement with the monolayer thickness,
indicating that the STM is positioned immediately above and just touching the SAM. Under
these conditions, more than 400 /-V curves for a SAM of 1 were recorded; the average I-V
curve from all the 400 individual registered curves is shown in the inset of Figure 6. A
Fowler-Nordheim plot (In (I//%) against 1/V) using this average I-¥ curve was constructed
(Figure 6).”*° A remarkably low value of 0.51 + 0.05 V for Viuns is obtained for the SAM
of 1 which is indicative of a relatively small offset between the gold Fermi level and

1.47 88 8991 14y order to

(presumably) the highest occupied molecular orbital (HOMO) of
have a broader picture of the role played by the alkynyl anchor group as well as the OPE
structure in the offset between the FMO and the electrode Fermi energy, Virans for the SAM

of 1 is here compared with (i) Vians values of ‘three ring’” OPE derivatives containing other

18



anchoring groups (Table I); (i1) Vians values of another conjugated molecular wires also
containing alkynyl terminal groups (Table I); (iii) Vians values obtained for compounds
containing OPE skeletons or other highly conjugated molecular moieties (Table S1 in the
SI). The Vians values shown in these Tables show a significantly lower value for Vs in
compound 1, in comparison with identical ‘three ring’ OPE structures having other
functional groups (amines, thiols). They also demonstrate a lower value for Vians in
compound 1 when compared to other alkynyl terminal groups attached to other conjugated
chemical structures. Finally, the combined OPE-alkynyl structure also results in lower Vians
values than those previously reported in the literature for other organic materials. These
results support the deductions that the use of the alkynyl moiety directly linked to the OPE

structure leads to a lower tunnel barrier and is consistent with the enhanced electronic

transport observed through 1.

-18.01 et
-18.4 - Vigane = 0.51 V
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Figure 6. Fowler-Nordheim plot for a SAM of 1 obtained from the inset average /-V curve.

The dashed vertical line corresponds to the voltage at which the tunneling barrier transition

oceurs (Virans)-

Table L. V,,,s values for the indicated compounds.
Compound Virans (V) | Reference

HH 0.51 | This work
HZNNHQ 0.65 88
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Conclusions

A complete set of experimental data that include QCM, AFM, STM and CV have
clearly demonstrated that SAMs of 1 are tightly packed. These monolayers exhibit a surface
coverage of 0.97 x 10” mol-cm™ and are nearly free of defects, holes or three-dimensional
aggregates. Additionally, the cyclic voltammetric response exhibited by a bare gold
electrode and a gold electrode modified by a SAM of 1 for the [Ru(NH3)s]’" redox probe
appear to be almost indistinguishable (neither a marked decrease of the faradaic current
density nor increase of the peak potential separation were observed). Together, these results
indicate a negligible contribution of defects and pinholes to the faradaic current and point to
effective electron transfer through the organic layer. Transition voltage spectroscopy (TVS)
analysis further supports an enhanced electronic transport through the SAM of 1 when
compared to similar OPE SAMs terminated with more conventional surface anchoring
groups. Importantly, gold electrodes modified with a SAM of 1 also feature a wide
electrochemical stability window of some 2.6 V (measured between oxidative and reductive
peaks). The facile formation of alkynyl C-Au contacts and remarkably good ET
characteristics of the resulting Au-C contacted SAMs offer new avenues for the fabrication
of highly conductive large—area monomolecular films. Key attributes here are the compact
surface coverage with low apparent defect density and efficient electron transfer through
the organic monolayers formed on a gold electrode. These monolayer films could more
generally also offer new approaches for the capping and stabilization of cluster and metal
nanoparticles, formation of large 3D NPs scaffolds (by linking together metal nanoparticles
through molecular wires strongly linked by C-Au bonds), as well as surface modification of
clusters and NPs to tune physical and optical properties, with future applications in the
fabrication of electrochemical sensors and immunosensors, plasmonics, electrocatalysis,
electroanalysis, and photovoltaics.
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