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ABSTRACT: Robust molecule—metal linkages are essential for
developing high-performance and air-stable devices for molecular
and organic electronics. In this work, we report a facile method for
forming robust and covalent bonding contacts between unpro-
tected terminal acetylenes and metal (Ag) interfaces. Using this
approach, we study the charge transport properties of conjugated
oligophenylenes with covalent metal—carbon contacts to silver
electrodes formed from unprotected terminal acetylene anchors.
We performed single molecule charge transport experiments and
molecular simulations on a series of arylacetylenes using gold and
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silver electrodes. Our results show that molecular junctions on silver electrodes spontaneously form silver—carbynyl carbon (Ag—C)
contacts, resulting in a nearly 10-fold increase in conductance compared to the same molecules on gold electrodes. Overall, this work
presents a simple, new electrode—anchor pair that reliably forms molecular junctions with stable and robust contacts for molecular

electronics.

KEYWORDS: metal—molecule linkages, single molecule conductance, molecular electronics, contact resistance,

scanning tunneling microscope break-junction (STM-BJ)

D 1 olecule—electrode interfaces play a key role in

controlling the charge transport properties of molecular
junctions." Robust, low-resistance contacts between organic
molecules and metal electrode interfaces are crucial for
building high-performance molecular and organic electronic
devices.”” Linkages between metallic electrodes and organic
molecules are commonly achieved using dative anchors (e.g.,
amine,” methyl sulfide,” pyridine,’ and oxazole”) or covalent
anchors (e.g, thiol®) at the termini of molecular junctions. In
general, covalent anchors provide ~10 to 100 times lower
contact resistance compared to dative anchors, but common
covalent anchors suffer from several drawbacks. For example,
thiol-based covalent anchors are known to exhibit transient
physical adsorption/desorption from metal interfaces, which
hinders their use in some practical applications.”® Moreover,
covalent anchors formed from trimethyltin-terminated mole-
cules have shown undesirable dimerization and require the use
of toxic reagents,g'10 whereas covalent bonds formed based on
trimethylsilyl-terminated alkynes require chemical deprotec-
tion schemes.'""?

Recently, Olavarria-Contreras et al.'> and Bejarano et al.'*
reported the formation of gold—carbon (Au—C) covalent
bonds using terminal acetylene anchors without the need for
chemical protecting groups. However, this method was not
efficient for forming stable junctions involving small molecules
(e.g., 1,4-diethynylbenzene). In addition, the conductance of
molecular junctions formed by Au—C covalent bonds involving
terminal acetylene anchors is approximately 10—100 times
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lower than those formed by Au—C covalent bonds from sp*
carbon.”® From this view, there is a need for continued
development of robust, reliably formed, and highly conductive
covalent linkages for molecule—electrode contacts.

In this work, we report the spontaneous formation of robust
and covalent metal-molecule linkages using acetylene-
terminated oligophenylenes with silver (Ag) electrodes,
resulting in highly conductive molecular wires with signifi-
cantly lower contact resistance (6 k{2) compared to those with
gold electrodes (36 k). Raman spectroscopy and single
molecule conductance experiments provide evidence for the
rapid formation of covalent Ag—C bonds, thereby generating
stable molecular junctions from acetylene-terminated
oligomers and small molecules such as 1,4-diethynylbenzene.
Density functional theory (DFT) simulations are further used
to elucidate the key role of metal-molecule binding
configurations for covalent linkages involving terminal
acetylene anchors. Our results also show that conjugated
molecules with acetylene anchors exhibit quantum interference

effects, such that the molecular conductance ratio (Gpm/ G eta)
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Figure 1. Charge transport in acetylene-terminated molecular wires. (a) Schematic of a Ag—molecule—Ag junction and chemical structures of
acetylene-terminated oligophenylene compounds P1—P3. (b) Molecular conductance histograms for P1—P3 using Ag electrodes, each constructed

from >4000 single molecule conductance traces.
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Figure 2. Two-dimensional (2D) molecular conductance histograms for P1—P3 using Ag electrodes (a—c) or Au electrodes (d—f). Each histogram

is constructed from >4000 individual traces.

of para- versus meta-linked diethynylbenzene is significantly
larger compared to other commonly used anchors. Taken
together, our work provides a straightforward method to
achieve robust and thiol-free covalent metal-molecule link-
ages, thereby opening new avenues for molecular and organic
electronics.

We began by characterizing the charge transport properties
of a series of acetylene-terminated oligophenylenes (P1—P3)
using Ag and Au electrodes. Single molecule conductance is
determined using a custom-built scanning tunneling micro-
scope break-junction (STM-BJ) technique under low bias (250
mV) in 1,2,4-trichlorobenzene (1 mM solution) (Figure 1a), as
previously described.'”™"7 In particular, single molecule
conductance data are collected over the course of 4 h in the
STM-B]J instrument following a brief incubation period of a
few minutes. Using this approach, one-dimensional (1D)
(Figures 1b and S1) and two-dimensional (2D) (Figure 2)
molecular conductance histograms are determined for P1-P3,
such that each histogram is generated from a large ensemble of
>4000 individual molecules. Interestingly, P1 exhibits two
peaks in molecular conductance for Ag electrodes, whereas P2
and P3 only show a single prominent peak (Figure 1b). We
posit that the lower conductance peak for P1 arises from the
spontaneous, in situ formation of coordination dimers with
silver atoms'® or from the formation of a diyne by oxidative
dimerization'" as previously reported (Figure S2). By fitting

the peaks in the 1D conductance histograms with a Lorentzian
function, we determined that the average molecular con-
ductance of P1 is 107" G,, while the average conductance
values of P2 and P3 are 107 G, and 107>* G,, respectively
(G, = 2¢/h = 77.5 uS). Two-dimensional conductance
histograms show that the average tip-to-surface displacement
at junction breakage increases with molecular length, such that
junctions based on P3 are stretched to displacements of ~1.5
nm.

To understand the role of metal electrodes on charge
transport, we performed single molecule conductance experi-
ments on P1-P3 under the same conditions using gold
electrodes (Figures 2d-2f, Figure S1). In contrast to molecular
junctions formed with Ag electrodes, we did not observe clear
molecular signatures suggestive of stable covalent interactions
between P1 and the Au electrodes (Figure 2d), which is
consistent with prior work using mechanically controlled break
junction (MCBJ) and STM-BJ methods."'>'” Using Au
electrodes, P2 and P3 show appreciable conductance signals,
albeit with shorter junction lengths than Ag electrodes (Figure
2e and f). Similar phenomena have been observed in amine-
and pyridine-terminated oligophenylenes due to a smaller
reorganization time in Ag—molecule—Ag junctions.””*’ B
analyzing the 1D conductance histograms (Figure S1) with a
Lorentzian function, we found that the average molecular
conductance values of P2 and P3 with Au electrodes are 1072
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G, and 1073* G, respectively. Interestingly, the average
conductance values of Ag-based junctions for P2 and P3 using
terminal acetylene anchors are nearly 10X higher compared to
junctions formed with Au electrodes.

We next determined the molecular decay constants for
acetylene-terminated oligophenylenes with different metal—
carbon covalent linkages. Figure 3 shows the average molecular
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Figure 3. Average molecular conductance of oligophenylenes with
different terminal anchors for Au and Ag electrodes. Conductance
peak values for —CH,—Au contacts (red, n = 1, 2, 3, 4, from ref 9),
—C=C—Ag contacts (gray, n=1,2,3),and —C=C—Au contacts
(orange, n = 1 (from ref 11.), 2, 3) are plotted as a function of
molecular length. Lines show fits to the data following the equation G
= Goe ", where f is the molecular conductance decay constant.

conductance plotted on a semilog scale as a function of the
distance between distal carbon atoms in terminal anchor
groups (determined by DFT calculations). Using a quantum
tunneling model such that G/G, = A exp (—fL), where A is
contact conductance, ff is the molecular decay constant, and L
is the molecular length between terminal carbon atoms, we
determined molecular decay constants = 0.37 + 0.04 A~
(Ag electrodes) and 8 = 0.38 + 0.03 A™' (Au electrodes) for
acetylene-terminated oligophenylenes, which is consistent with
trimethyltin-terminated (# = 0.43 A™')” and amine-terminated
(B =042 + 001 A™')” oligophenylenes.

We further determined the contact resistance of acetylene-
terminated oligophenylene junctions with different metal
electrodes. By extrapolating the data in Figure 3 to L = 0,
we estimated the contact resistance of acetylene—Ag
oligophenylene junctions as 6 kQQ, which is significantly
smaller than the contact resistance of oligophenylene junctions
with acetylene—Au interfaces (36 kQ), S—Au interfaces (40
kQ),"" and amine-Au interfaces (189 kQ).” For these
calculations, we used the conductance value of deprotected
trimethylsilyl-terminated oligophenylene ethylene (TMS-
OPE1) (ref 11) for the contact resistance of deprotonated
P1. Although CH,—Au interfaces generally show the lowest
contact resistance (1 kQ), these junctions require the use of
toxic reagents and show unavoidable dimerization, which
hinders their practical applications.”' In this way, acetylene-
terminated Ag—C junctions readily form robust and highly
conductive molecular wires in a straightforward way without
the need for complex reaction conditions or chemical
protection/deprotection.

We next used surface-enhanced Raman spectroscopy
(SERS) to directly probe the formation of covalent Ag—C
and Au—C bonds using acetylene-terminated molecules
(Figure 4, Figure S3). Self-assembled monolayers are prepared
by treating Au or Ag substrates with a solution of 1,2,4-
trichlorobenzene containing 1 mM target molecule. Function-
alized Au/Ag substrates are then rinsed with acetone and
ethanol to remove unbound molecules at various time
intervals. Figure 4 shows Raman spectra of P1—-P3 after 24
h incubation time for Au and 4 h for Ag. Three distinct Raman
signal regions are shown in Figures 4a and 4b at 1592 cm™
(gray, peak A), 1950—2050 cm™" (blue, peak B), and 2117
cm™ (red, peak C). Peaks A and C are associated with the in-
plane stretching mode from the benzene ring and the
vibrational stretching mode v(C=C)g, in P1-P3, respec-
tively.21 Prior work has shown that the (C=C)j,. stretching
mode will broaden and shift from 2127 to 2000 cm™" when the

carbynyl-carbon is covalently bound to metal surfaces.'"**~*°
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Figure 4. Surface-enhanced Raman spectroscopy (SERS) spectra for P1—P3 on (a, c) Au substrates and (b, d) Ag substrates. (c, d) Magnified
SERS spectra of the relevant C=C stretching regions (1800—2400 cm™') on Au and Ag, respectively.
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Figure S. Charge transport behavior of acetylene-terminated oligophenylenes using density functional theory (DFT) simulations. (a) Transmission
function values G/G, (at E = Eg) for acetylene-terminated oligophenylenes with Ag (hollow), Au (atop), and Ag (atop) binding configurations
plotted against the molecular length on a semilog scale. (b) Structures of P1 molecular junctions in NEGF-DFT simulations in (a).

Interestingly, a broad peak B around 2000 cm ™" v(C=C)}oun
was observed on both Au and Ag substrates, which indicates
the formation of covalent Au—C and Ag—C bonds.

We further analyzed the relevant regions of Raman spectra,
including the C=C stretching regions (1800—2400 cm™"), as
shown in Figures 4c and 4d. For P2 and P3, v(C=C)j,, and
V(C=C)younq signals were observed on both Au and Ag
substrates. In contrast, v(C=C);,. and v(C=C).,,q signals
from P1 were only observed on Ag substrates. Strikingly, there
is no evidence for P1 binding on Au surfaces even after 24 h
incubation time, which agrees with STM-BJ experiments
suggesting that P1 does not form stable junctions on Au
electrodes (Figure 2d). Interestingly, acetylene-terminated
oligophenylene covalently binds to Ag surfaces after incubation
after only S min at ambient temperature (Figure S4). Taken
together, these results directly show that terminal acetylene
groups covalently bind to Ag and Au surfaces, with Ag—C
linkages forming robust and stable junctions.

Additional evidence for the formation of acetylene—Ag
junctions via deprotonation is obtained from single molecule
conductance experiments on control molecules, namely, 1,4-
bis(phenylethynyl)benzene (P1-Ph), 1,4-dicyanobenzene (P1-
CN), and phenylacetylene (H—P1) (Figure SS). Here, we did
not observe stable junction formation when the terminal
hydrogen is replaced with phenyl (P1-Ph) or nitrogen atoms
(P1-CN). Moreover, molecules containing only one terminal
acetylene group (H—P1) showed no conductance signal,
which suggests that deprotonation on both terminal acetylene
groups is necessary to form a stable molecular junction.

To further understand molecular conductance in acetylene-
terminated oligophenylenes using Ag and Au electrodes, we
used nonequilibrium Green’s function-density functional
theory (NEGF-DFT) simulations via the Atomistix Toolkit
package.””” Molecular geometries for P1—P3 are optimized
with DFT performed on Spartan’l6 Parallel Suite using the
B3LYP functional with a 6-31G(d,p) basis set. Geometry-
optimized molecules are then used to build Au or Ag junctions
with different binding configurations, followed by calculation
of transmission spectra (Figures S6 and S7).'” Interestingly,
acetylene—Ag contacts with atop binding configurations show
smaller transmission values (at E = E) compared to those with
acetylene—Au contacts (Figure 5). However, it is known that
acetylene-terminated molecules adopt different binding con-
figurations on metal surfaces, such that binding with atop,28
bridged,29 or hollow® sites can occur. Therefore, we
determined the transmission spectra for Ag junctions with
hollow binding configurations (Figure S). The transmission
function values (at E = Eg) acetylene—Ag with hollow sites are

larger than those for acetylene—Au with atop sites, which is
consistent with the trends in molecular conductance from
single molecule experiments. Taken together, these results
suggest that different binding motifs of terminal acetylene
groups result in a lower Ag—C contact resistance compared to
Au—C contacts.

We further examined the role of quantum interference (QI)
on molecular junctions formed with terminal acetylene
groups.*w_32 In a single phenyl ring, destructive or constructive
QI arises in meta- or para-linked configurations, respectively, as
the de Broglie electron waves emerge either out-of-phase or in-
phase after traversing different molecular conduction pathways.
In this way, constructive QI generally results in larger values of
molecular conductance in para-linked phenyl rings.””** To
examine the role of QI in acetylene-terminated phenyl
junctions, we studied the molecular conductance of 1,3-
diethynylbenzene (P1-meta) using Ag electrodes (Figure S8).
From the most-probable conductance results, we found that
the conductance of P1-meta is significantly lower than that of
P1, such that G,u./Gpea = 69. Surprisingly, these results
suggest that acetylene-terminated phenylene shows a larger
conductance ratio G,/ Gy, compared to other anchors such
as amine (Gpam/Gmem = 2))35 —SH (Gpam/Gmeta = 10)!36
—CH,SMe (Gpura/ Geta = 2),” 4-0xaz0lyl (Gpgre/ Gopeta = 6.6),”
and 5-oxazolyl (Gpua/Geta = 6.2).” In this way, acetylene-
terminated phenyl junctions formed with Ag electrodes will
facilitate the design of new molecular transistors with large
conductance ratios.*

In summary, we used experiments and simulations to show
that unprotected acetylene-terminated oligophenylenes form
robust and covalent contacts with Ag interfaces. Covalent Ag—
C contacts are stable under ambient conditions and
spontaneously form without the need for chemical protec-
tion/deprotection. Recently, thiol-free metal-molecule link-
ages have been explored as robust and stable chemistries for
organic electronics,” electrochemistry,”® nanoparticle syn-
thesis,>” and biological investigations.40 From this view, our
work provides a promising alternative to thiol-based linkers for
forming covalent metal-molecule contacts in a straightforward
manner. In addition, automated chemical synthesis approaches
based on Suzuki coupling are generally compatible with
acetylene-terminated molecules, which could enable synthesis
of libraries of acetylene-terminated molecules with precise
sequence regulation for organic electronics applications.’
Together, our results open new avenues for building molecular
wires with low contact resistance and designing thiol-free
metal—molecule linkages for diverse applications.
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