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Why do use thiols in Molecular Electronics? They stink,
oxidize readily, poison catalysts, and often require nontriv-
ial protection/deprotection chemistry. In this communica-
tion we demonstrate the fabrication of tunneling junctions
formed by contacting self-assembled monolayers (SAMs)
of terminal alkynes on silver and gold substrates. The
SAMs form spontaneously upon exposure of the substrates
to ethanolic solutions of the alkynes. Characterization by
vibrational spectroscopy, XPS, and contact angles shows
that the packing of the SAMs is nearly identical to those
formed from equivalent thiols. Electrical characterization
of the junctions revealed virtually no differences between
SAMs on gold and silver, yielding Ba,= 1.17 £ 0.04 nEl,
Jo = (2.83640.001) x 10> A/cm” for Au, and Byp= 1.23 +
0.09 ng', Jo = (4.7224+0.002) x 103 A/cm? for Ag. These
values are in excellent agreement with junctions formed
from alkanethiols of the same lengths as the alkynes, sug-
gesting that there is no functional difference between thiols
and alkynes as anchoring groups for SAMs. Yet alkynes
are synthetically versatile, do not poison catalysts, are not
odorous, and do not spontaneously oxidize, which are all
attractive features for use in Molecular Electronics.

The strong, selective binding of organothiols to gold and
other noble metals is widely exploited in Molecular Elec-
tronics (ME) to bind molecules to one or both electrodes in
a device. Bottom-up tunneling junctions rely almost exclu-
sively on self-assembled monolayers (SAMs) of thiols to de-
fine the gap between the electrodes.' Alkanethiols, in particu-
lar, are favored because they reproducibly form dense mono-
layers in a variety of conditions and tolerate a wide variety
of head groups. The key feature of SAMs of thiols is the si-
multaneous strength and reversibility of the metal-thiol bond,
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which allows molecules to self-assemble into dense monolay-
ers that are sufficiently robust to support the application of a
top-contact in a bottom-up device. Despite their popularity,
there are significant disadvantages that are common to virtu-
ally all organothiols: They oxidize to disulfides under ambi-
ent conditions; their stench is detectible at concentrations of
parts per billion and long term exposure can lead to perma-
nent olfactory damage; and the reactivity of thiols and their
tendency to poison catalysts can limit their synthetic accessi-
bility and/or require the use of protecting groups that compli-
cate or preclude synthetic efforts. Furthermore, in ME appli-
cations, the gold-thiolate interface introduces non-trivial com-
plexities to modeling studies and acts as a barrier to change
transport from the involvement of sulphur 3d orbitals in bond-
ing metals.?~* Researchers in ME—particularly in top-down,
single-molecule experiments—have explored alternative an-
choring groups, such as isonitriles, aryl diazoniums, aryl iodo-
niums, and thiocyanates, dithiocarbamate, and selenium, but
none have matched the facile, selective self-assembly of thi-
ols that is required to form robust tunneling junctions in high
yields.> In this communication we suggest terminal alkynes as
a drop-in replacement for thiols in bottom-up tunneling junc-
tions comprising SAMs on gold and silver. Alkynes are an
ideal replacement for three reasons; i) they are synthetically
accessible (and widely utilized in synthetic organic chem-
istry), ii) they form carbon-metal bonds spontaneously, and
iii) they bind exclusively in an upright configuration via a ¢
interaction.

Alkynes are known to have an affinity for and chelate
with metals,”!! but their self-assembly on surfaces had been
thought to require the formation of acetylides electrochemi-
cally 2 or by deprotonation. '3 Gorman and co-workers char-
acterized SAMs formed by exposing solutions of n-alkyl ter-
minal alkynes (acetylenes) in ethanol to gold, showing that
alkynes spontaneously form densely packed monolayers anal-
ogously to thiols. '* However, while acetylides have been used
in single-molecule ME devices (break-junctions),’ to the
best of our knowledge, tunneling junctions based on the self-
assembly of terminal alkynes—particularly into SAMs—have
not been reported. We used eutectic EGaln as top electrode '°
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to contact SAMs of n-alkyl terminal alkynes on template-
stripped 7 gold (Au™®) and silver (Ag™) and measure tun-
neling currents. We characterized the SAMs on Au'™> using
surface enhanced Raman spectroscopy (SERS), attenuated to-
tal reflection (ATR) FT-IR, XPS, and contact angles to con-
firm the presence of the terminal alkynes on the surface (by
comparison to Zhang et al.'#) and the relative density of the
monolayers. Further structural characterization of SAMs of
alkynes on Au, including high-resolution scanning tunneling
microscope images is reported elsewhere. '8

We performed Raman and attenuated total reflectance
(ATR) measurements on neat 1-Hexyne, 1-Octyne, 1-Decyne,
and 1-Dodecyne which we abbreviate AC6-12, respectively.
All four alkynes clearly showed the expected v(C=C) mode at
2118 cm™! which corresponds to the alkyne stretching vibra-
tion. This vibration is expected to be weak for IR and strong
Raman (see Figures S1 and S2 in the Supporting Information
for ordinary Raman and FT-IR). While surface-enhanced Ra-
man spectroscopy (SERS) studies have established that termi-
nal alkynes bind to Au and Ag,'?! the unambiguous char-
acterization of SAMs of alkynes has only been performed on
Au. %18 Thus we first analyzed AC6-12 by SERS on rough-
ened Au beads (see Supporting Information for experimen-
tal details). The resulting data, shown in Fig. 1, confirm the
binding of all four alkynes to Au via the ~ 100 cm™! red-shift
in the alkyne stretching vibrations in the SER spectra, which
occurs upon the adsorption/complexation of alkyne species
to Au and Ag.68911.1921 These peaks (at ~ 2000 cm™! in
Fig. 1) are broader than the Raman peaks due to the rough-
ness of the polycrystalline surfaces of the gold beads and the
presence of numerous defects induced by the Au surface re-
construction. Other peaks of interest are the CH, and CH,4
stretches at 2926 and 2955 cm™!. These stretching modes can
be used to compare the density of molecules and their packing,
i.e., the slight shift going from AC6 to AC12 is an indication
of increasing order.?> The values are also within ~ 1 cm™
of asymmetric stretching modes in polycrystalline alkanethi-
ols.?} Furthermore, typical modes for alkanes are present at
~1450 and ~1300 cm™!, which we assign to scissoring vibra-
tions of CH,. 42!

We formed SAMs of AC6-12, by exposing 10 mM ethano-
lic solutions of the appropriate n-alkyl terminal alkyne to Au™>
and Ag™ substrates for ~20 h (see Supporting Information
for details). To prove that densely-packed SAMs form on
these ultra-smooth substrates, we measured the whole series
on Au™ by ATR-IR. A blow-up of this spectrum is shown in
Fig. 2, showing the characteristic CH, and CH; peaks associ-
ated with trans-extended SAMs, see Figure S3 for full spectra.
The values of the peaks are within 1% of values reported for
densely-packed SAMs of alkanethiolates on Au, which is a
strong indication that the alkyl portion of the SAMs studied
in this work pack similarly to the equivalent thiol.?* Taken
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Fig. 1 SER spectra of AC6-12 SAMS on electrochemically
roughened gold beads showing the characteristic peak for
surface-bound alkynes.
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Fig. 2 ATR-IR of AC6-12 on AuTS showing the characteristics
methyl and methylene modes for trans-extended alkanes in a
densely-packed monolayer. See Supporting Information for
experimental details.

together, the vibrational spectra unambiguously show the for-
mation of ordered SAMs as depicted in Fig. 3. We observed
the appearance of two peaks at 1740 and 1692 cm™' respec-
tively (see Figure S4). These modes could be attributed to
aldehydes, however there is no evidence of oxidation of the
alkynyl group on the surface. Oxidized carbon has been ob-
served by XPS metal-bound acetylenes, 12,13 however, it was
not observed by Zhang et al. We performed XPS on AC12
(see Supporting Information) and found evidence of oxidized
carbon species, however, some is also present in bare AuTS
substrate. Nevertheless the relative ratio sp’/sp is 4.8 : 1.0
which is consistent with previous results, !4 and small impu-
rities from oxidized carbon do not appear to affect tunneling
transport or interfere with the stability and reproducibility of
the resulting SAMs.

We compared the advancing water contact angles of SAMs

2] 1-6
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Galn ent positions on each of multiple substrates (Fig. 3). This
procedure is described in details elsewhere.?®%° We analyzed
G3.203 ~0.7 nm the resulting data by fitting a histogram of logJ for each value
CH, of V to a Gaussian distribution. (See the Supporting Infor-
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Fig. 3 A schematic of the tunneling junctions investigated;
Self-assembled monolayers of n-alkyl terminal alkynes on gold or
silver are contacted with EGaln bearing a ~ 0.7 nm native oxide.

of AC6-12 on Au™ and Ag™, shown in Fig. 1, showing a
clear angle increase with the increasing molecular length (i.e.,
number of methylene units), which is an indication of increas-
ing order in SAM:s of alkanethiolates.? The values for SAMs
of AC6-12 have been reported on Au surfaces (they are lower
than for SAMs of alkanethiolates) and are in excellent agree-
ment with our data, !4 but they have not been reported on Ag.
The contact angles are higher for Au™ than Ag™, which sug-
gests looser packing on Ag, however, in the absence of litera-
ture data against which to compare, we cannot draw any firm
conclusions; the close agreement of the tunneling transport
measurements, see Fig 4 and 2, is strong evidence that there is
little structural difference between SAMs of AC6-12 on Ag™
and Au™>, particularly in light of recent evidence of the sen-
sitivity of EGaln junctions to subtle differences in molecular
packing. 26>

Table 1 Advancing contact angles measured for Milli-Q water on
SAMs of AC6-12 on Au™S and Ag™S

SAMs Au 0,4, Ag B4y
AC6 | 80.1° (79°) 61.4°
AC8 | 89.7° (86°) 71.2°
ACI10 | 91.2° (90°) 86.7°
AC12 | 98.7° (96°) 97.3°

2 Values from reference 14 are shown in parentheses.

We constructed tunneling junctions of the SAMs of AC6-
12 on Ag™ and Au™ by contacting them with sharp tips of
EGaln, sweeping through a potential range of +0.6 V, and
collecting current-density versus voltage (J/V) plots at differ-

mation and Figures S4 and S5 for experimental details and
the histograms.) The symbols in Fig. 4 represent the Gaus-
sian mean for the corresponding SAMs on Au™ (yellow) and
Ag™ (grey). The error bars are the variance. The SAMs of
AC6-12 behaved identically to alkanethiolates—they form ro-
bust junctions in high yields—thus we were able to treat the
data identically. The conductances for AC6-12 on Ag™ and
Au™S are within error of each other and nearly indistinguish-
able. This remarkable similarity means that charge-transport
most likely occurs through the backbones of the molecules
and/or that the packing on Au™ and Ag™ is identical and that
there is little, if any, difference in the binding modes on Ag and
Au. The magnitude of J in Fig. 4 is also remarkably similar to
SAM s of alkanethiolates with the same number of carbons.?’
This observation agrees with the observation that SAMs of
carboxylic acids on AgO produce data indistinguishable from
SAMs of thiols on Ag using eutectic Ga-In (EGaln) as a top
contact.*® Coupled with the observation that the identity of the
head groups (e.g., at the Ga,Oj; interface) does not impact the
rate of tunneling charge-transport3'-2 we hypothesize that, al-
though the carbon-metal bonds that anchor the SAMS of AC6-
12 are probably less resistive than metal-thiolate (and certainly
CO,H//AgO), but that the resistance of junctions comprising
alkanes is dominated by the tunneling barrier formed from the
carbon backbones and not the interfaces. The yields of work-
ing junctions, determined by the percentage of junctions that
failed during a series of potential sweeps, and the total num-
ber of traces acquired for each SAM are shown in Table 2. The
yields are in all cases excellent. The lowest yield is for AC10
on Ag™, which we compensated for by acquiring more scans
on more junctions.

The different packing of SAMs of AC6-12 on Ag™ as com-
pared to Au™® is apparent by the difference in advancing con-
tact angles, which are systematically lower for Ag™S. This
trend may be apparent in Figure 4. Although within error,
the mean values of J for AC12, AC10, and AC6 are lower
on Ag™ than AuTS. Since the yield of working junctions does
not correlate with order in SAMs in EGaln junctions* we can
assume that the lower contact angles are the result of looser
packing, but that the molecules are still standing perpendicular
to the substrate. Under this assumption there are simply fewer
molecules in junctions (of the same area) formed on Ag™>,
which leads to smaller currents and hence lower average val-
ues of J. If we assume that the lower contact angles instead
are a manifestation of disorder, then the lower values of J im-
ply that disordered molecules are more resistive than those in
ordered, densely packed regions of the SAMs. At the extreme
of disorder, molecules are lying flat or nearly flat and the de-
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SAM Traces Yield
AuTS AgTS AuTS AgTS
AC6 420 1140 | 100% 90%
AC8 800 528 2%  96%
AC10 | 660 3084 | 93%  80%
AC12 | 822 808 98%  98%

Table 2 Number of J/V traces acquired and the % of junctions that
did not fail during measurement (yield).

crease in tunneling distance will cause an increase in J, how-
ever, small perturbations such as Gauche defects can maintain
roughly the same tunneling distance while lowering the cou-
pling between carbon atoms by distorting the ¢ framework.
(The hopping integral, 7, in the sequential tunneling model. 3%)
These explanations are purely speculative and do not account
for the identical values of J for ACS, but it is possible to rec-
oncile the lower contact angles of SAMs on Ag™ with the
observation that the yields and J/V properties are nearly in-
distinguishable.
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Fig. 4 Plots of current density (J) versus voltage (V) for SAMs of
AC6 (squares), AC8 (circles), AC10 (triangles), and AC12
(diamonds) on Au™S (yellow) and Ag™ (grey) determined by fitting
log-normal plots of J at each value of V to a Gaussian. The error
bars (shown on one point per trace for clarity) represent the variance.

The length-dependence of J for SAMs of n-alkanethiolates
is well established as following Simmons’ approximation,
J= Jge’dﬁ, where d is the tunneling distance, Jy is the the-
oretical value of J at d = 0, and P is the characteristic tunnel-
ing decay constant.? Values of B are often used to compare
to or “validate” a method of measuring tunneling currents us-
ing values from the literature. Detailed statistical analyses of
EGaln/Ga,O; junctions show that B ~ 1 ng ! (i.e., per methy-
lene unit; 0.8 A1) at 200-500 mV for SAMs of alkanethi-
olates,3® which agrees well with literature values from var-

ious experimental techniques.?’370 There are no reported
values of B (or tunneling junctions comprising SAMs) for
alkynes against which to compare AC6-12, thus, to contex-
tualize our data, we fit plots of InJ versus the total number of
carbons in the alkynes (as opposed to inferring the molecular
length). These data are shown in Fig. 5. We found Ba,=
1.1740.04 ng', Jo = (2.836+0.001) x 10> A/cm? for Au™S,
and BA%: 1.23+0.09 nal, Jo = (4.72240.002) x 10? A/cm2
for Ag™. A comparison of these values to a range of val-
ues from the literature shows that B for both Au™ and Ag™
are in excellent agreement with reported values for SAMs of
alkanethiolates measured using a variety of experimental tech-
niques, which is further evidence that charges tunnel through
the backbones of the molecules of the SAM and that the
packing of the molecules is similar to that of alkanethiolates,
i.e., that the alkyl portion is trans-extended. This compari-
son is summarized in Table 3. It has been shown that alkynes
bind perpendicularly to Au through ¢ interactions and that the
acidic acetylene proton is lost during this process.® Our tun-
neling data imply that this binding mode is shared by both
Au™ and Ag™S, which is also consistent with previous studies
of ellipsometric thicknesses and electrochemical data on Au
surfaces. 1441

ok B=1.17+0.04
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Fig. 5 Plots of InJ at 400 mV versus the number of carbons in the
backbones of AC6-12 on Au™S (yellow) and Ag"™ (grey). The insets
show P (the negative slope).

Values of Jy are more difficult to compare than f3, as they are
reported less frequently and are more sensitive to experimental
variations. However, our values are in good agreement, if not
a bit higher, than those reported for EGaln junctions compris-
ing SAMs of alkanethiolates on Ag™>.?” Since Jy reflects the
theoretical value of J at d = 0, it can be thought of as the total
contact resistance of a junction. The values of Jy for AC6-
12 on both Au™ and Ag™ are also in excellent agreement
with values reported for SAMs of alkanethiols using a variety

4] 1-6
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Table 3 Comparison of values of  and Jy to published values on
thiolate SAMs.

Substrate Bng' log|Jo Acm™2|
Au? 1.17+0.04 | 2.836+0.001
Ag? 1.23+0.09 | 4.722+£0.002
Au® | 0.76-1.10 2.0-8.9
Agt 0.92—-1.00 1.9-3.6

4 This work at 0.4V.
b Reference 42 all electrodes at 0.5V.
¢ Reference 42 only EGaln at 0.5V.

of other electrodes and techniques,*? (but slightly higher than
those of partially-conjugated SAMs on Au™ in EGaln junc-
tions).%® This result implies that Jy is dominated by the non-
covalent interface between the Ga,0O; and the SAM, which
is in agreement with impedance data.*? If J, were dominated
by the interface at the anchoring groups, it would differ for
CO,H//AgO, S-Au, S-Ag, C=C-Au, and C=C-Ag and the lat-
ter two would produce the lowest value by virtue of the better
electronic coupling of C-metal bonds.

Further studies are necessary to establish the behavior of
conjugated and more exotic molecular motifs in SAMs of
alkynes, and to better understand the structure of AC6-12 on
Ag™, but the data presented in this communication unambigu-
ously show that SAMs of n-alkyl terminal alkynes can act as
drop-in replacements for SAMs of alkanethiolates. In light of
the myriad practical advantages of alkynes over thiols, why
not use alkynes instead of thiols in Molecular Electronics?
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