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ABSTRACT: Employing a scanning tunneling microscopy based beak
junction technique and mechanically controlled break junction
experiments, we investigated tolane (diphenylacetylene)-type single
molecular junctions having four different anchoring groups (SH,
pyridyl (PY), NH,, and CN) at a solid/liquid interface. The
combination of current—distance and current—voltage measurements
and their quantitative statistical analysis revealed the following
sequence for junction formation probability and stability: PY > SH >
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NH, > CN. For all single molecular junctions investigated, we

observed the evolution through multiple junction configurations, with a

particularly well-defined binding geometry for PY. The comparison of density functional theory type model calculations and
molecular dynamics simulations with the experimental results revealed structure and mechanistic details of the evolution of the
different types of (single) molecular junctions upon stretching quantitatively.

B INTRODUCTION

The formation of molecular junctions is a prerequisite for
addressing charge transport in molecular components and
devices.' ™ Several approaches have been developed to monitor
and to characterize charge transport in nanoscale junctions.
They include techniques for formation of molecular junctions®
such as scanning tunneling microscopy (STM),*~” conductive-
probe atomic force microscopy (CP-AFM),*”'® scanning
tunneling microscopy break junctions (STM-BJs),>''™"
crossed wires,'® nanoparticle assemblies,'” mechanically con-
trolled break junctions (MCBJs),>'*"* electromigration break
junctions (E-BJs),”>** nanopores,” and liquid metal junctions
employing mercury”®”’ or gallium—indium eutectic alloys
(EGaln).”® A critical issue in all these experimental techniques
is the electrical contact between single and/or small ensembles
of molecular wires and the macroscopic leads. The ideal
molecular anchoring group should form reproducible and
mechanically stable contacts with well-defined binding sites. To
optimize charge transport, a second essential property is the
strong electronic coupling between the ends of the molecule
and the macroscopic (metal) electrodes.”*® Chemical syn-
thesis offers unique possibilities to tailor anchoring groups to
specific contact sites. This strategy is the main topic of the
present paper. However, there are also promising alternative
approaches which are based on surface grafting via covalent
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bonds, such as carbon—carbon,®' metal—carbon,** silicon—
carbon.*

Amino (NH,), pyridyl (PY), and thiol (SH) groups are the
most frequently used “chemical” anchoring groups in charge
transport studies of single-molecule junctions because of their
rather stable binding to metals (often gold electrodes) as well
as their reasonable electrical coupling in nanoscale hetero-
junctions with contact to macroscopic metal leads. Thiol was
the first and still is the most widespread anchoring group in
fundamental charge transport studies with single molecular
junctions because of its stron§ binding to many metals, such as
»33 Charge transport through SH-
bound molecular junctions is dominated by hole transport

through the highest occupied molecular orbital (HOMO)
13435

gold, copper, and silver.

because this is the closest level to the metal Fermi leve
Several authors have demonstrated that SH linkers bind to
different sites on metal surfaces, such as gold, which often leads
to a wide spread in experimentally measured conductan-
ces. 123637 Furthermore, the strong covalent bond between SH
and in particular gold surfaces leads to distinct changes in the
surface crystallography, such as a weakening of the Au—Au
spacing between the first and second metal layers,*® which may
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affect the conductance characteristics of such junctions.
Venkataraman et al. showed in a series of recent papers that
the NH, group might be a promising alternative to SH because
of its relatively uniform molecular binding geometry.’**
Transport through NH,-terminated metal—molecule—metal
junctions is HOMO controlled.*' Experimental studies with
4,4"-bipyridine suggested that the aromatic PY anchoring group
may also form stable and reproducible molecular junctions.®
However, Quek et al. argue that surface coordination sites and
configurations may change upon stretching of a molecular
junction.* These authors®**** showed that the charge
transport in wires with PY-type anchoring groups is
preferentially controlled by the lowest unoccupied molecular
orbital (LUMO).** Additional support for this conclusion
was communicated recently in a single-molecule transport
study with PY-terminated oligoynes.*> Our group explored the
contact characteristics of the nitrile (CN) anchoring group in a
systematic study with biphenyl derivatives. Density functional
theory (DFT) based transport calculations suggested that the
LUMO represents the main transport channel.> Other
anchoring groups explored include isonitrile (NC),>**
carboxylic acid termini (COOH),*” nitro (NO,),*® trimethyltin
(SnMe;),* and fullerene.*®*

Tao et al. compared conductances of aliphatic molecular
wires with COOH, SH, and NH, anchoring groups. These
authors reported that the junction conductances decrease in the
following sequence: SH > NH, > COOH.*” Kushmerick et al.
showed in experiments with SH-, PY-, and NO,-terminated
oligo(phenyleneethynylene) (OPE) derivatives that the nature
of the anchoring group has a distinct effect on the current
rectification.’® These conclusions are supported by Zotti’s
calculations with SH, CN, NO,, and NH, anchoring groups30
and a recent experimental report by Loertscher et al. with NC
and SH* substituted molecular rods. Both papers are based on
an analysis of current (I)—bias voltage (V) traces acquired in
an MCB]J setup under vacuum conditions. In particular, the
electronic coupling at the respective molecule—metal interfaces
was investigated.

MCB]J and STM-B] experiments provide a unique platform
for exploring the evolution of molecular contacts during the
formation and breaking processes under controlled conditions
in a wide parameter space. Many configurations can be sampled
and characterized quantitatively on the basis of a statistical
analysis of current—distance and/or current—voltage traces.
Comparison with ab initio calculations has the potential to
extract most probable junction geometries as well as structural
changes during the pulling and/or breaking processes.”">>
Besides the conductance characteristics, the plateau length in
current—distance traces provides additional information about
the stability and evolution of molecular junctions. At room
temperature, the plateau length and stability are dominated by
the binding strength of the anchoring group and competition
with thermal vibrations. Tao et al. found, on the basis of room
temperature STM-BJ studies in toluene, that NH,-terminated
aliphatic wires form longer plateaus, i.e., more stable molecular
junctions, than COOH wires.*” Venkataraman et al. compared
amines (NH,) with dimethylphosphine (PMe,) and methyl
sulfide (SMe) anchoring groups. These authors reported the
following stability sequence: PMe, > SMe > NH,.>>** Anchor
groups with a narrow distribution of binding sites and
conformations also provide a unique platform to explore
molecular details of the evolution of junction structure and
conductance properties during the stretching process. This
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strategy was explicitly addressed in a comparative experimental
work with benzene derivatives having SH-, NH,-, and NC-
terminated contact sites.*”

Most experimental works to date have focused on the search
for and determination of conductance values for specific
systems and the comparison of measurements and predictions
by different research groups. However, the evolution of a
molecular junction during the stretching process was hardly
investigated.*>**~%° The analysis of entire stretching traces is
essential for understanding contact geometries, binding
configurations, molecular-junction evolution, most probable
junction characteristics and their spread, and differences
between the results of various experimental approaches. Kruger
et al. reported ab initio molecular dynamics (MD) simulations
of gold nanowires formed in the presence of chemisorbed
thiolates.’® They demonstrated the formation of monatomic
gold nanowires leading to the preferential breaking of Au—Au
instead of Au—S bonds during a simulated rupture event. This
approach was also used to demonstrate the formation of gold
clusters during the stretching process.”” The result is in
agreement with an earlier suggestion.”® Konopka et al. showed
for the copper—alkylthiolate interface that mechanical stress, as
typically applied in a molecular junction, stabilizes selectively
the S—C bond due to the suppression of fluctuations and
undercoordination of the sulfur atom due to a strongly uniaxial
stress upon pulling.>® Very recently, Kim et al. reported in a
combined experimental and theoretical study of SH- and NH,-
terminated octanes, bound at low temperatures to gold
electrodes, that the SH-terminated molecules cause large
deformations of the Au electrode.® This effect is much weaker
for amine-terminated molecular wires. However, the full
simulation of the evolution of molecular configuration changes
during the stretching process remains a major challenge.

In this paper we present studies of charge transport during
the evolution of single molecular junctions of tolane molecular
wires with four terminal end groups, PY, SH, NH,, and CN
(Scheme 1) attached to gold leads. We report complementary

W

1b R=SH
1c R=NH,
1d R=CN

Scheme 1. Structures of the Studied Molecules

W

experiments in STM-BJs as well as in an MCB]J setup, both in
solution and under environmentally controlled conditions. On
the basis of a statistical analysis of conductance—distance traces,
we have explored the evolution of the four types of single
molecular junctions during the stretching process and extracted
conductances for different junction geometries and addressed
their stability and their probability of formation. We aim to
develop an understanding of the entire stretching process in an
attempt to evaluate the specifics of the individual anchoring
groups in promoting efficient electronic and mechanical
coupling to metal electrodes. The relative position of the
molecular levels with respect to the Fermi level is extracted
from current—voltage curves as recorded simultaneously at
various stages of the stretching process. DFT-based calculations
reveal the nature of the transport channels involved for selected
stable binding geometries. These computations are then
extended to yield a simulation of entire conductance versus
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displacement traces. Comparison with experiments in the range
from 10 to 107° G, reveals unique details of the structure and
stability of the nanoscale molecular junctions during the entire
stretching process.

B EXPERIMENTAL SECTION

Chemicals and Organic Synthesis. Compounds 1a,* 1¢,%* and
1d% were synthesized according to literature routes. The acetyl-
protected compound 1b%* was synthesized by the modification of the
literature route. Further details are summarized in the Supporting
Information.

Conductance Measurements. The transport characteristics of
single molecular junctions were studied using STM-BJ and
complementary MCBJ measurements, in solution, at room temper-
ature, and in an argon-protected environment. Typically, a freshly
prepared solution containing a 0.1 mM concentration of the respective
sample molecule 1a—1d in a mixture of 1,3,5-dimethylbenzene (TMB;
Aldrich, p.a.) and tetrahydrofuran (THF; Aldrich, p.a), ratio 4:1 (v/v),
was added into the liquid cell. Deprotection of the diacetyl derivative
of 1b was performed in situ by adding 4 equiv of tetrabutylammonium
hydroxide (25%, Aldrich, p.a.). We also carried out complementary
STM-BJ and MCB] experiments in the absence of deprotection agents.

The STM-BJ measurements were performed with a modified
Molecular Imaging Pico-SPM housed in an all-glass argon-filled
chamber following an experimental strate%y and data analysis protocols
as described in our previous reports.'”*" In short, the experimental
approach is based on the repeated formation and breaking of
molecular junctions between a sharp gold STM tip (0.25 mm diameter
wires electrochemically etched, 99.999%, Goodfellow, Cambridge,
U.K.) and an atomically flat Au(111) disk electrode. The conductance
(G)—distance measurements were performed by applying a constant
bias voltage Vi, between the tip and substrate and recording the
corresponding current signal through a linear amplifier stage. The
STM tip was typically moving with a rate of 58 nm/s.

The MCBJ experiments are based on the formation and breaking of
molecular junctions between a notched, freely suspended gold wire
(0.1 mm diameter, 99.999%, Goodfellow), supported on spring steel
sheets (10 mm X 30 mm, thickness 0.25 mm) and fixed with a two-
component epoxy glue (Stycast 2850 FT with catalyst 9). The sample
sheets were positioned between two holders. A Kel-F liquid cell was
mounted onto the sample sheet with a Kalrez O-ring. The sample
sheet was bent with a pushing rod controlled by the combination of a
stepper motor and a piezo stack. The bending was initialized by the
stepper motor. Once the measured current reached a value
corresponding to 15 Gy, the stepper motor paused and the piezo
stack was activated. This strategy could reduce significantly noise
contributions from the operation of the stepper motor. After the
junction was completely broken, the piezo stack was reset and the rod
pushed down by the stepper motor. In the conductance—distance
measurements, the typical moving rate of the pushing rod was 100
nm/s, which translates into an opening and respective closing rate for
the two leads of about 1—5 nm/s (displacement ratio of 0.01—0.05).
Experiments with the CN-terminated tolane 1d were carried out with
1000 nm/s and a corresponding relative rate of about S0 nm/s for the
horizontal movement of the gold wires. All current measurements
were performed with a logarithmic I—V converter which operates in a
wide dynamic range giving access to conductance measurements from
10 to below 1077 G, For further technical and data evaluation details
of our MCBJ setup, we refer to a recent paper.®®

The high mechanical stability of the MCBJ setup also allowed the
simultaneous acquisition of current—voltage characteristics during the
stretching process. In these experiments, we reduced the piezo speed
to 10 nm/s to slow the breaking process and swept V,;,, continuously
from —1 to +1 V with a speed of 40 V/s. We recorded 500 data points
for every I-Vy;,, curve and acquired 25 traces per second. Typically,
we measured 20—50 individual curves during the various stages of one
single breaking half-cycle. The conductance was calculated from the
slopes of the linear parts of the -V, curves (—0.3 to +0.3 V). Two-
dimensional I-V,;,, histograms of a molecular junction were
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constructed by evaluating the experimental traces in the surroundings
of the most probable conductance G* from 10~ 02G*/ G, to 10702G*/
Gy,
Theoretical Details. The electronic and transport calculations of
the four tolane derivatives 1a—1d were performed with the ab initio
code SMEAGOL,***” which uses the Hamiltonian provided by the
DFT code SIESTA,68 in combination with the nonequilibrium Green
function formalism. SIESTA employs nonconserving pseudopotentials
to account for the core electrons and a linear combination of
pseudoatomic orbitals. SMEAGOL divides the entire nanoscale
junction into three parts: the left and the right bulk electrodes
simulated by six gold layers grown along the (111) direction and the
“extended molecule” that consists of the molecule, surface clusters, and
two layers of gold. SMEAGOL uses the Hamiltonian derived from
SIESTA to calculate self-consistently the density matrix, the
transmission coefficients T(E) of the electrons from the left to the
right lead, and the I-V;,,, characteristics. Further details about the
above computation methods, the energy level alignment, and
simulations of the conductance versus distance traces are given in
the Supporting Information.

B EXPERIMENTAL RESULTS

STM-BJ and MCBJ Conductance Measurements. Figure
1 displays typical conductance—distance stretching traces (on

B
MCBJ
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Figure 1. (A, B) Schematics of the of STM-BJ (A) and MCBJ (B)
configurations. (C, D) Typical conductance—distance traces of 0.1
mM la (PY) in THF/TMB (1:4, v/v) recorded in the STM-BJ (C)
and MCB]J (D) configurations. H, M, and L refer to high, medium, and
low conductances, respectively.

the logarithmic scale) as recorded for the PY derivative 1a in
the STM-BJ (Figure 1C) and MCBJ (Figure 1D) setups at a
bias potential Vi, = 0.10 V. The curves show characteristic
quantized conductance steps occurring at integer multiples of
G, = 2¢*/h, the fundamental quantum conductance. Opening
the gap results in an elongation of the gold—gold junction and
decreases the number of gold atoms in the constriction, which
causes the conductance to change by up to ~1 G, where the
contact between the tip and Au(111) substrate of the STM-BJ
or between the two gold leads of the MCB] consists of only one
gold atom. Subsequently, an abrupt decrease of the current over
several orders of magnitude occurs, which is assigned to the
“jump out of atomic contact”,* and additional features are
observed at G < 107 G,. The curves show well-developed
plateaus in the range from 107 to 10 G, characterized by a
slight, but distinct, monotonic decrease in the conductance with
stretching distance. This pronounced high-conductance plateau
region (H) is followed by up to two additional, less extended
steplike features in the conductance traces, which we label M
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and L, until the noise level is reached. The transitions are not
always sequential. We observed traces with plateaus in the H
region with either a sharp drop directly into the L region or a
drop via the M stage. The features H, M, and L are assigned to
molecular junctions bridging the gap between the two gold
electrodes. We also note that the noise level is different in the
STM-B] (G < 10° G,) and MCBJ (G < 1077 G,)
measurements because of the different preamplification stages
used. Furthermore, due to thermal fluctuations at room
temperature, the molecular plateau regions H, M, and L exhibit
a certain variation from one trace to another in both
experimental configurations, which might reflect different
binding geometries and/or switching events between different
molecular configurations in the individual stretching traces.
Several thousand individual traces were recorded and
subsequently analyzed further by constructing all-data-point
histograms without any data selection to extract statistically
significant results from the different junction configurations.
Figure 2 displays the corresponding one-dimensional (1D)

Counts

P TR R T

log(G/G,)

Figure 2. Conductance histogram of (A) PY, (B) SH, (C) NH,, and
(D) CN tolane-type wires from 2000 curves recorded in the STM-BJ
(black) or the MCBJ (red) setup. H = high-conductance feature, M =
medium-conductance feature, and L = low-conductance feature. The
asterisk indicates an experimental artifact originating from switching
ranges in our linear amplifier in the STM-B] setup.

histograms in the logarithmic scale for the four derivatives,
constructed from both the experimental STM-BJ (black) and
the MCBJ (red) measurements. We observed a clear peak
around 1 Gy, which represents the breaking of the last gold—
gold atomic contact and a prominent molecular conductance
feature H at 1072 G, (PY), 1077 G, (SH), 107! G, (NH,),
and 107*¢ G, (CN). Except for the CN derivative 1d, a second
low-conductance peak (L) is clearly resolved for 1a (PY, 107%°
G,) and 1c (NH,, 107*% G,), as well as a more shallow peak for
the dithiol derivative 1b. Here the data scatter between 107
and 10°% G,. STM-B]J experiments (black trace in Figure 2B)
revealed a broad, single second conductance feature around
107*7 G, while two broad maxima could be resolved in the
MCBJ setup (red trace) around 107*? and 107°% G,
respectively. As a unique characteristic of 1a, a third molecular
conductance feature M develops between the H and L regions.
For the MCBJ the M feature is much less pronounced in the
conductance histogram (Figure 2A). Limitations in extracting
the characteristic properties of the L region, in particular in the
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STM-BJ setup with 1a, could be overcome by complementary
MCB]J experiments, which are carried out with a preamplifier
stage of higher current sensitivity. The statistically most
probable conductance states of the single-molecule junctions
formed by la—1d as trapped between the gold contacts were
obtained by fitting Gaussians to the characteristic maxima in
the conductance histograms. All conductance values (H and L)
are summarized in Table 1. They demonstrate nearly perfect

Table 1. Most Probable Conductance Values of 1a—1d from
Both MCBJ and STM-BJ Measurements

H (STM-BJ) H (MCBJ) L (STM-B]) L (STM)
10g(GH/ Go) 10g(GH/ Go) 10g(GL/ Go) IOS(GL/ Go)
1a (PY) -3.3 =33 —6.0 —-6.0
1b (SH) -2.7 —2.7 —4.7 —4.2/-5.8
1c (NH,) =3.1 =3.1 —4.8 —-4.9
1d (CN) —4.6 —4.6

agreement between STM-BJ and MCB]J experiments. The most
probable main conductances H decrease in the following
sequence: SH > NH, > PY > CN. While the values for the first
three molecules are rather similar, the CN anchoring group
leads to a significantly lower junction conductance for 1d. The
same sequence was observed in recent single-molecule junction
conductance studies of substituted biphenyls.'"'** The
accessible L data show a similar trend, e.g, SH > NH, > PY.
However, their values spread over nearly 2 orders of magnitude
between 107* and 107 G,. A possible low-conductance feature
could not be resolved for the CN-substituted compound 1d
due to masking by instrumental noise.

Two-Dimensional Histograms. The above analysis was
extended by constructing two-dimensional (2D) conductance
vs displacement histograms.*” This strategy provides direct
access to the evolution of molecular junctions during the
formation, stretching, and breakdown steps. The precise
calibration of the distance scale in the STM-B] and MCBJ
measurements was carried out by tunneling experiments in the
clean solvent. In addition, the piezo movement in the STM
setup was scaled with the known height of monatomic steps on
the Au(111) surface (d = 0245 nm). The displacement
calibration of the MCBJ traces is performed with the
assumption that the tunneling decay is identical to that in an
STM-BJ setup under the same experimental conditions.

Parts A—D of Figure 3 display the 2D conductance-versus-
displacement histograms*® of the four tolane derivatives as
constructed from 2000 individual STM-BJ traces. The
corresponding graphs of the complementary MCBJ measure-
ments are given in the Supporting Information. To assign a
common scale to each conductance—distance trace, we have
introduced a relative displacement with Az, defined so that Az
= 0 at 0.1 G,." This procedure leads to an accurate alignment
of the conductance—distance curves because of the sharp drop
in conductance at G < Gy. The graphs in Figure 3A—D show
features in the upper part of the 2D histograms which are
attributed to the quantum conductance of gold—gold atomic
contacts. Once the gold—gold contact breaks (Az = 0), the
gold atoms snap back quickly by an amount Az_, estimated as
~0.5 nm (see the Supporting Information for details) and
create a nanogap between the two gold electrodes.”® After
adding this correction to the relative displacement, we obtain
an absolute displacement z = Az + Az, which we attribute to
the electrode separation. The junctions with molecules trapped
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Figure 3. (A—D) 2D conductance—relative displacement histograms
from STM-BJ experiments. (E—H) Relative displacement (Az)
distribution from STM-BJ experiments. The relative displacement
histograms are obtained from conductance traces between 0.1 and
1037 G, (SH), 10°*° G, (NH,), and 10 G, (CN). In the case of
PY, we consider medium conductances as a subfeature of high
conductances and construct relative displacement histograms from
conductance traces between 0.1 and 107> G,,.

between the adjacent leads undergo several structural changes
during the stretching process (i.e., with increasing displacement
Az), which leads to the evolution of distinct data density clouds
until the noise level is reached. All tolanes studied reveal clear
high-conductance clouds, indicated by the H regions in Figure
3A-D.

In particular, the pyridyl and thiol derivatives 1a and 1b show
well-defined high-conductance clouds centered on the most
probable conductances 107°* and 107>7 G, respectively. The
boundaries of the density clouds of the NH, (107>* to 10~**

G,) and CN (107** to 107>° G,) compounds are less clearly
resolved, illustrating that, for these junctions, the percentage of
traces which do not lead to molecular junctions is significantly
larger. The “smearing out” effect results from the correspond-
ing tunneling-through-solvent traces. As indicated in the 1D
histograms of Figure 2, we also observed clear L features for 1a
(107 to 107° G,), 1b (107* to 107° G,), and 1c (107*° to 107°
G,) which have never been reported before. No L region was
detectable for the CN-terminated tolane, again most probably
due to sensitivity limitations of both setups. A medium-
conductance region (M) of 1a is shown in the 1D histograms of
Figure 2A and appears in Figure 3A as a small but distinct data
density cloud between the H and L states ranging from ~107*
to ~10° G,. Regarding the evolution of the two M and H
regions for 1b (SH) and 1c (NH,) and the M, H, and L regions
for 1a (PY), the analysis of the 2D histograms of Figure 3
shows clearly that the H state evolves immediately after
breaking of the gold—gold contact, while M and L develop at a
later stage during the displacement, at a relative displacement
Az distinctly different from zero. In a comparison with
literature data, we notice that molecular junctions of la
trapped between two gold electrodes were explored by Wang et
al.* and Velizhanin et al.”" using an STM-BJ approach. Their
data (107*° to 107* G, and 1077 to 107> G,) agree within
half an order of magnitude with our findings for the M and H
states, respectively. However, no evidence was found
previously™”" for the low-conductance region as discovered
in our work. In this context we also mention that two
conductance states were also found by Quek et al.*” for the PY-
terminated prototype molecule 4,4-bipyridine. In a compara-
tive study of dithiolate and carbodithioate linkers, Xing et al.”*
reported a conductance value for 1b of 107>¢ G,. No suggestion
of this value was found in our work. On the other hand, the
most probable conductance values, 107! and 10732 G, as
published in recent papers by Widowsky et al.”*> and Hybertsen
et al.”* for 1c in 1,2,4-trichlorobenzne are in good agreement
with our data for the H state. Finally, we note that Zotti et al.
presented I—V,;,, curves of an MCBJ experiment with 1d, from
which we estimate a low bias junction conductance of 107*° G,

Stretching Distances and Junction Formation Proba-
bility. We now analyze the relative-displacement histograms of
Figure 3E—H in more detail. The conductance histograms of
Figure 2 are obtained by collapsing the 2D data of Figure 3A—
D onto the vertical axis. Calculation of the displacement from
the relative zero position (0.1 Go) to the end of the high-
conductance feature (1077 G, (SH), 10*° G, (NH,), and
10%%G, (CN)) of every individual trace yields the relative-
displacement distribution histograms of Figure 3E—H. The PY-
terminated molecule 1a develops no stretching traces shorter
than 0.3 nm, and the 2D histogram (Figure 3A) does not show
features attributed to direct tunneling (T). We conclude that

Table 2. Lengths of Molecular Junctions from DFT Calculations and Experimental Measurements

molecule L, (DFT)%/nm Az7# P /nm 2% = A 4 2 S/nm AZ"Y/nm 2% = A" + Az, /nm
PY 1.14 0.7 £ 0.1 12 £02 08 £ 0.1 13 +£02
SH 1.48 09 + 0.3 14 + 04 12 +£03 1.7 £ 04
NH, 143 0.7 +£ 0.2 12 +£03 1.0+ 04 1.5+ 0.5
CN 1.70 0.6 + 0.3 1.1 +04

“DFT result for the distance L, from the center of the bond between the left binding gold atom and the anchor atom closest to the center of the
corresponding bond on the right electrode. bEstimated from the relative displacement histograms log(G/Gy) vs Az. “z,, is the snapback distance
(see the Supporting Information for details; the error is the standard deviation).
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100% of all stretching traces lead to the successful formation of
a single-molecule junction. Upon further displacement Az, a
partial transformation into the M and L states takes place
(Figure 3E and Supporting Information). In contrast, the
relative-displacement distributions of the molecules with SH,
NH,, or CN termini reveal clear peaks labeled with T around
0.2—0.3 nm which represent contributions from direct
tunneling traces (see the Supporting Information). The
assignment and discrimination of direct tunneling (T) and
molecular junction contributions (H, M, L) were discussed in
detail in our previous paper.'®> The peaks marked with L (and
H) in Figure 3E—H represent the contribution of true
molecular junctions.

The maxima of the relative-displacement distributions, which
correspond to the most probable relative displacements Az*,
are a measure of the most probable plateau length of a
molecular junction in a certain conductance range because
peaks in the relative-displacement distributions arise from sharp
drops in the conductance traces. The values of Az* obtained
for the H regions (denoted Az"*) are summarized in Table 2.
The SH derivative 1b gives the highest most probable
displacement of 0.9 nm, while the other three molecules, 1a,
1¢, and 1d, are characterized by lower values ranging between
0.6 and 0.7 nm. The data for 1a (PY) (Figure 3E) correspond
to both the H and M states with Az* = 0.6 nm and Az* = 0.7
nm, respectively.

Taking the area ratio between the molecular contributions of
the H, M, and L states and the total data density in Figure 3E—
H leads to a junction formation probability of the high-
conductance state of 90% for the SH-terminated, 60% for the
NH,-terminated, and 70% for the CN-terminated tolane
junctions. After the high-conductance junctions break, the
junctions transform to the low-conductance state. Extending
the analysis of the relative displacement to the entire accessible
conductance range between 107! and 10° G, yields an
estimation of the most probable relative displacements Az"*
in the L regions. The trend is similar to that of the H regions,
with the longest value of Az"* for 1b, which amounts to 1.2
nm, followed by 1c (1.0 nm) and 1a (0.9 nm). The numerical
values are summarized in Table 2.

For 1a (PY), as shown in Figure 3E, most of the molecular
junctions break at a relative displacement Az"* of around 0.7
nm. A detailed analysis of the molecular junctions formed (see
also the Supporting Information) reveals that 24% of the traces
break from the H state and transform to the L state at around
0.5 nm, 22% of the junctions have the transformation at around
0.7 nm, and 54% transform from the H state via the M state
into the L state at around 0.7 nm. All the traces ruptured
subsequently at around 0.8 nm from the L state. A similar
analysis for 1b—1d (Supporting Information, Figure S14)
demonstrates that the majority of molecular junctions [(91%
(SH), 59% (NH,), and 70% (CN)] break in the H state with a
minor contribution from the respective L state (9% (SH), 41%
(NHS,), or 30% (bare tunneling, CN)) without formation of the
H state.

Absolute Displacement Scale. The absolute displacement
in an experimental molecular junction was estimated by adding
the snapback distance upon rupture of the Au—Au monatomic
contact to the experimentally measured displacment Az (Figure
3, Table 2). On the basis of current—displacement traces
without trapped molecules, we estimated a snapback distance of
Az, = 05 + 0.1 nm (for details see the Sug};orting
Information), in agreement with literature data.*”° No
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particular trend of Az, was found for the various anchoring
groups, and therefore, we use this value as a common
correction for all junctions. The corrected most probable
absolute displacement z*= Az*+ Az, may be considered as
an estimate of the electrode separation at which a sharp drop in
the conductance occurs.

Adding the snapback distance Az, to the relative
displacement Az yields the absolute displacement z = Az +
Az, which is a measure of the electrode separation. The most
probable absolute displacements z* = Az* + Az, are listed in
Table 2. The values of the most probable absolute displace-
ments z'* for the high-conductance states match the molecular
lengths of the SH- and PY-terminated tolanes 1a and 1b, which
suggests that the most probable breaking of the junction occurs
when the molecule is in an upright orientation with respect to
the surface normal. The other two derivatives, 1c and 1d,
possess values of z* which are lower than their molecular
lengths, pointing to a most probable breakage in a tilted
orientation. These types of configurations were also analyzed in
DFT-based transport calculations with oligo-
(phenyleneethynylene) molecular rods.”> Examination of the
junction displacement into the medium-conductance (PY) and
low-conductance (PY, SH, and NH,) regions reveals most
probable absolute displacements z'* which are longer than the
molecular length, which suggests, in particular for 1a and 1b,
the pulling out of gold adatoms*”**¢" and/or the formation of
intermolecular 7-stacking assemblies.*"”®

Conductance Decay and Variation with Displace-
ment. The analysis of the 2D histograms and the displacement
characteristics provide important information about the
evolution of molecular junctions in the H plateau regions and
their transition into the M and then L configurations.
Venkataraman et al. used the width of the conductance peak
to evaluate variations of the binding geometries of SH and NH,
anchoring groups.”® However, the peak width also contains
contributions from the conductance decay during the stretching
process as caused by changes of the tilt and/or torsion angles of
the respective molecular rods”> and evolution of the binding
sites. In an attempt to exclude the influence of the conductance
decay, we calculated the most probable conductance values as
well as the standard derivations from Gaussian fits to cross
sections of the 2D histograms at different displacement
positions Az (Figure 4). Compared to the rather constant
plateau conductances observed when breaking monatomic
metal contacts,”” the plateaus of molecular junctions extend
over much longer distances, with conductance changes during
the stretching process of up to 2—3 orders of magnitude. This
feature reflects the evolution of molecular orientations and
junction configurations during the stretching either in a
continuous or in a more steplike regime until complete
breakage occurs. As illustrated in Figure 4, the molecules la
(PY) and 1c (NH,) show a linear conductance decay during
the stretching in the H region with slopes of 1.9 and 1.2 log(G/
Goy)/nm, respectively. Our stretching simulations (discussed
below) suggest that this trend partly reflects the sliding of
molecular rods along the electrode surfaces.** The dithiol
derivate 1b also exhibits a linear dependence of the
conductance on displacement Az in the H region. However,
upon the onset of the transition into the L state, an inflection
point develops at around 0.6 nm. At longer displacements, the
slope of llog(G/Gy)! versus Az increases significantly, which
may reflect changes in the Au—S coordination geometry. The
CN derivative 1d also shows an inflection point. However, its
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Figure 4. (A—D) Statistically averaged conductance—distance traces
(circles) with variation indicated by the standard deviation (bar) and
fitting of the traces (line) of PY (A), SH (B), NH, (C), and CN (D).
(E, F) Distribution of variations in different positions in the (E) H
range and (F) M/L range during stretching,.

position at around 0.3 nm primarily reflects contributions of
“through-space” tunneling at the beginning of the stretching
process, which interferes with the molecular junction
conductance in this displacement range. Upon increasing the
distance between the gold contacts, the additional contribution
of the direct tunneling current decreases, and the slope at Az >
0.3 nm is exclusively determined by the conductance through
the molecular junction. The statistically averaged conductance—
distance traces (Figure 4A—D) show different conductance
decays for the four anchor groups, which reflects differences in
the evolution of the respective molecular junction config-
urations during the stretching process. Details of this process
will be addressed further in the theory section.

The distributions of conductance-variation histograms shown
in Figure 4E were obtained by decomposing the 2D histograms
shown in Figure 3 into 1D histograms at different relative
displacements Az. Subsequently, we fitted the main features in
the H and L regions with Gaussians to extract the local
maximum value of the respective conductance and its variation
(i.e., standard deviation) at each relative displacement Az. The
resulting distributions of the variation for all four derivatives in
the H region are plotted in Figure 4E. The widths of the
distributions of the variations decrease according to the
following sequence: PY < NH, < SH < CN. Comparison
with theory (cf. Figure S16, left column, Supporting
Information) suggests that the greater width of the distribution
of 1b reflects the nonuniform binding geometry of the thiol—
Au coordination, which may involve 3-fold,”® bridge,78 and
atop'” sites. In contrast, we attribute the large conductance
variation of 1d to the lower binding energy of the CN—Au
bond. Attempts to analyze the L regions in a similar way yielded
a rather large distribution in the variation of the respective
conductance values (Figure 4F), which correlates with the
weaker interaction between the different molecules in these
junctions and a larger variation in possible binding geometries.
Moreover, we found that the conductance deviation of the M
feature of PY is close to that of the H feature and clearly
represents the characteristics of a single-molecule junction.

I-Vyias Curves from the MCBJ Measurements. The high
stability of the MCB]J setup offers the possibility of acquiring

2298

simultaneously I—V,;,, curves during the slow opening and
closing of molecular junctions.”” Figure $ displays typical traces
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Figure S. (A—C) Individual current—voltage curves of (A) gold—gold
contact, (B) a molecular junction (H/L feature), and (C) tunneling
current and noise level. (D) Conductance changes from the calculated
slopes of I-Vy,, curves in the four stretching processes. (E)
Conductance histograms built from calculated slopes of I—Vi;,
measurement (red) and conductance—displacement measurement

(black) on the MCBJ setup.

for the PY derivative la recorded in different conductance
ranges which represent Au—Au contacts (Figure SA), the
formation of a molecular junction (Figure SB), and tunneling
through the solvent (Figure SC).

The corresponding zero bias conductances (Figure SD) were
calculated from the slopes of the linear parts of the I—Vi
curves in the range from —0.30 to +0.30 V at different stages
during the stretching process. As shown in Figure SD (where
every data point represents the calculated conductance of one
I—Vi;, trace), [= Vi, curves initially exhibit the conductance of
gold—gold contacts (orange area in panel D). Once the gold—
gold contact is broken, up to 10 I-Vy;, curves can be acquired
in the H range of the molecular junction (dark gray area in
panel D). The light gray area corresponds to traces recorded in
the L range until approaching the noise level. We also note that
the enhanced fluctuations at high bias voltages may lead to the
breaking of molecular junctions before a complete elongation is
reached. Examples are traces a and b in Figure SD. The
corresponding 1D log conductance histogram, as constructed
from ~1000 individual data points, is displayed in Figure SE. A
peak at 107** G, represents the estimated most probable
conductance, which, as expected, is in perfect agreement with
the value 107** G, obtained from the conductance—displace-
ment measurements in the MCBJ as well as in the STM-BJ
configuration (Figure 2 and Table 1). Limitations in the setup
for I-V;,, measurements at larger values of V},, prevented us
from obtaining reliable data in the lower conductance regions
M and L (see the Supporting Information).

To perform a statistical analysis of the I-Vi,, curves
associated with the most probable conductances, we selected
curves with log(G/G,) in a range equal to the most probable
value +0.2 (from Table 1; in the case of PY, 3.3 + 0.2 was
chosen). The corresponding I—V,;,, curves are shown in Figure
6.

Parts A—D of Figure 6 demonstrate clearly the existence of
preferential conductance states. The most probable current as a
function of bias was subsequently determined by fitting
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Gaussians to vertical sections of each bias voltage bin.”> The
resulting most probable I—V};, curve is plotted as an open-
circle trace in Figure 6A—D. These curves are nonlinear, but
show no characteristic resonance features. The experimentally
determined most probable IV, curves are the basis for the
comparison with ab initio generated transmission curves. Two
factors control the conductance of a single-molecule junction in
the nonresonant tunneling regime: (i) the position of the
dominant transport channel relative to the metal Fermi level
and (i) the couplin§ of this level to the metal leads, resulting in
a level broadening. ' As shown in Figure 6, the I-Vy;, traces
reveal distinct differences between the four tolane derivatives
with different anchoring groups. For example, the 1a (PY) trace
is almost linear, which suggests that the true Fermi energy is
located far from a molecular resonance peak. In contrast, the
inflection points in the statistically constructed I—Vy,,, traces of
1b—1d suggest a closer position of the Fermi level to the main
transport channel in the SH-, NH,-, and CN-terminated
molecular junctions.

B DFT CALCULATIONS AND INTERPRETATION OF
EXPERIMENTAL RESULTS

Binding Geometry and Binding Energy. To gain insight
into the origin of measured conductances and I—Vy;,, curves,
we now compare experimental results with detailed DFT-based
calculations. Initially we investigated the energetics of the four
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tolane derivatives bound to clusters of one (ENDI1), two
(END2), or three (END3) gold adatoms placed at the end of a
Au(111) surface. These adatom clusters are shown in Figure
S16 in the Supporting Information and were chosen to mimic
the not flat surface of leads just after a monatomic contact
breaks and snaps back.”” The binding energies for each cluster
and anchor group are shown in Table S1, Supporting
Information.

We found that PY, NH,, and CN bind selectively to
undercoordinated gold sites regardless of the initially enforced
bridge, hollow, or top positions. For the S anchor of the thiol
(which remains after removal of the H from the SH moiety in
all simulations), we found that, in the case of three adatoms, the
hollow position is favored while, in the case of two adatoms, the
bridge position is preferred. As shown in Figure S16 in the
Supporting Information, compared to the terminal PY, NH,, or
CN end groups, the S anchoring site appears to have the least
uniform binding geometry,>”*® which contributes to a broad-
ening of the conductance histograms.*® Similar geometries have
been reported®””>”*%! for related dithiolated aromatic wires.

Depending on the position of the anchor atom with respect
to the atoms of a surface gold cluster (see Figure S16,
Supporting Information), the Au—N bond lengths were
computed as 0.212—0.214 and 0.209—0.211 nm for PY and
CN, respectively. The Au—S bond lengths were obtained as
0.249—-0.263 nm. We also observed that NH, binds less
strongly to gold adatoms due to steric hindrance caused by the
hydrogen atoms next to the nitrogen. Similarly, as demon-
strated for 1,4-benzenediamine®® and later for an entire family
of aliphatic and aromatic diamines,”* we found that this group
favors binding to one gold adatom in a rather specific way as
depicted in Figure S16. Depending on the coordination of the
binding gold atom, the optimal Au—N bond length is computed
to be 0.233—0.254 nm.

Table S1 in the Supporting Information reveals that the
binding energies follow the sequence Au—S > Au—PY > Au—
CN > Au—NH,. The thiol-based molecular junctions appear to
be the most stable. Experimental support for this statement is
provided by the observation that single-molecule junctions with
Au—S contacts have the largest most probable glateau length
(Table 2). Recent CP-AFM measurements’”**%* and first
principle calculations®>*® of bond rupture forces of Au—S$ (1.5
+ 02 nN), Au—PY (0.8 + 0.2 nN), and Au—NH, (0.6 + 0.2
nN) support our order of the binding energies. (For Au—Au
the corresponding force is ~1.5 nN.) The junction formation
probabilities for both the main H states (Figure 3) and the L
state (Supporting Information, Figure S13) follow the sequence
PY > S > CN > NH,, which is identical to the binding energy
sequence, except that PY and S are reversed. This suggests that
the binding energy plays a major role in determining the
junction formation probability. Other factors affecting the
junction formation include the ability of a molecule to migrate
into the junction, which in the case of S may be reduced if the
higher binding energy decreases the mobility of the anchor in
the vicinity of the Au tip.

To compute electron transmission coefficients, electrodes
with these surface clusters were attached to opposite ends of a
molecule. Each electrode consisted of a cluster of adatoms on
the surface, followed by two layers (a surface and a subsurface
layer), each comprising 4 X 4 gold atoms. After geometry
relaxation, current—voltage characteristics were calculated by
connecting the subsurface layers to semiinfinite crystalline leads
formed from 4 X 4 unit cells of gold atoms. We constructed the
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initial geometries in the following way: First, we created
perfectly symmetric contacts with three adatoms at both sides.
We initially set the anchor atom (N for PY and CN, S for thiol)
around top, bridge, and hollow positions. For NH, we initially
placed the nitrogen atom in top and bridge positions, so that
the hydrogen atoms pointed away from the gold adatoms. We
performed geometry optimization of these initial systems with
several different lead—molecule—lead distances and chose the
energetically most favorable distances to determine the optimal
molecule length L, (Table 2). At this optimal distance, we
systematically removed adatoms from each electrode and again
performed geometry optimizations. The energy minimization
allowed the molecule and the adatoms to relax their geometries
while the gold layers were kept fixed. We used a double-{
polarization (DZP) basis set and a generalized gradient
approximation (GGA) exchange correlation functional with a
0.02 eV/A force tolerance and applied periodic boundary
conditions in all directions. Examples of optimal geometries for
different numbers of surface adatoms are illustrated in Figure
S17 in the Supporting Information.

Length of the Molecular Junctions. DFT calculations
revealed the following values of an optimal length L of the
four molecular junctions in the preferred binding geometries
with three adatoms on both electrodes: 1.14 nm (PY), 1.48 nm
(SH), 1.43 nm (NH,), and 1.70 nm (CN) (Table 2).

The data in Table 2 demonstrate that the experimental
absolute displacements in the high-conductance regions, z"*=
AZ™*F + Az, for PY 1a (z2"* = 1.2 + 0.2 nm compared to L,
= 1.14 nm) and SH 1b (z™* = 1.4 + 0.4 nm compared to L,, =
1.48 nm) are close to L,, suggesting that the junctions break
when the molecules are being straightened. However, for the
NH,-substituted tolane 1c (z™* = 1.2 + 0.3 nm compared to
L,, = 1.43 nm) and the CN-substituted tolane 1d (1.1 + 0.4 nm
compared to 1.70 nm), 2" is lower than L, suggesting that the
high-conductance junctions break before a fully stretched
configuration is reached. This observation is attributed to the
stability of the junctions. We note that the CN-substituted
tolane 1d shows only one conductance state (H). In contrast,
for 1a to 1c, the histograms in Figures 2 and 3 and their
analysis show that a certain number of initially formed traces
with H features transform into configurations representing an L
state. An additional M state is observed for the special case of
1a (PY). We also estimate the most probable junction lengths
in the L state (Table 2). The corresponding values of Az"* +
Az, for 1a (1.3 + 0.2 nm) and in particular 1b (1.7 + 0.4
nm) appear to be clearly larger than L,, at 1.14 and 1.48 nm,
respectively. This trend suggests a more complex evolution of
the low-conductance state, which might involve the elongation
of the contact region beyond the equilibrium state, the pulling
out of gold adatoms,*>*%*° or the formation of intermolecular
stacking assemblies”' before complete breaking of the junction
occurs. The case of the PY derivative 1a is special because the
transition of the H states into the low-conductance region
occurs either directly or via an M state.

Simulation of the Configuration Evolution during
Stretching. The observation (Figure 4) that the most probable
conductance decreases during the pulling process indicates that
molecular junctions evolve through a series of geometries as the
electrode separation increases. To gain insight into the
evolution of the junctions, we performed DFT-based
simulations of a pulling curve for each of the tolanes la—1d.
As an initial configuration we started with an “extended
molecule” formed by placing a six-atom gold pyramid at each
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end of the molecule (see Figure S17 in the Supporting
Information). To follow the evolution of the junction, we
generated a series of geometries with different electrode
separations, which we defined to be the distance between the
first 4 X 4 gold atomic layers at both sides. Initially. the
distances between the pyramid peaks were smaller (~0.6 nm)
than the molecular lengths and the optimized molecules were
positioned approximately symmetrically next to the pyramids
(later we refer to this as a SIDE configuration). To simulate the
evolution of a junction, we introduced a classical Morse
potential between the anchor and the gold atoms in the
pyramids and hard wall potentials between the rest of the atoms
(for more details see the Supporting Information). Then we
performed a classical molecular dynamics simulation of the
junction development with a rigid molecule and fixed gold
pyramids in which only the position and orientation of the
molecule relative to the pyramid varied. The Morse potential is
intended to model the attachment of the molecule to the gold
pyramids, and the hard wall was introduced to avoid unrealistic
collisions of atoms. At each simulation step we changed the
electrode separation distance by 0.04 nm and classically
optimized the structure. The simulation started with a few
steps of compression to decrease the gap between the gold
pyramids to approach the snapback distance, which was
estimated from experiments to be ~0.5 nm. From this point
we simulated the stretching process of the molecular junction
by increasing the distances until the molecular junction was
completely broken. The sole purpose of this classical simulation
was to generate a series of hypothetical initial geometries for
the further DFT geometry optimization in which only the gold
layers were kept fixed. Therefore, a realistic junction geometry
was formed under different electrode separation constraints.

During the simulation we found that only the constrained
space caused a large compression that bends the molecules
significantly, which reflects the strong stiffness and rigidity of
the molecules. The stiffness of the molecules introduces an
extra constraint on the anchors at the two ends that limits the
possibilities of forming optimal bonds with the anchors.
Therefore, at the early stages of compression, the anchors are
less important than the backbone of the molecule. Figure 7
shows the development of the junctions.

Transmission Curves and Most Probable Junction
Conductances. After obtainment of the junction geometry at
each stage in the stretching process, we then used the
underlying DFT mean-field Hamiltonian to compute the
electrical conductance. In an attempt to rationalize the
experimentally observed trends, we calculated the quantum
mechanical electron transmission coefficients for the series of
relaxed geometries using a combination of the DFT-generated
Hamiltonian (SIESTA) and the SMEAGOL package. The
conductance was then obtained from the electron transmission
coefficient T(E), evaluated at the Fermi energy E = Ep.

DFT does not usually predict correctly the alignment of the
frontier molecular energy levels in the junction relative to the
Fermi energy, which results in too high conductance values. To
overcome this deficiency, self-energy and screening corrections
are required.*”®” However, these corrections are typically
obtained for locally optimal configurations in vacuum between
rather flat contacts, which is not the case in our simulations.
Furthermore, our current experiments are carried out at room
temperature in a solution containing typically a 0.1 mM
concentration of the tolane molecules. The correction depends
sensitively on the precise coordination of the bridging gold
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Figure 7. Experimentally measured conductance decay (blue line) and
simulated stretching curves (red points) and their linear fits (red line)
for PY (A), SH (B), NH, (C), and CN (D) together with examples of
junction configurations at selected points along the curves. The red
hollow circles indicate the points used to determine the Fermi energy.

atom, on the relative strengths of binding to the two gold
electrodes, and on the position and orientation of the image—
charge plane.*' In view of these uncertainties, we adopted a
more empirical approach to locating Ez. We located the relative
positions of the dominant conductance channel (HOMO or
LUMO) with respect to the Fermi energy by comparing DFT/
SMEAGOL-computed current—voltage characteristics with
experimentally measured -V, curves (for details see the
Supporting Information).

The comparison between experiment and theory involves
measuring the I—Vy,,; characteristics of samples corresponding
to the most probable high conductances (Table 2 and data
points indicated in Figure 3A—D) at the corresponding most
probable values of the electrode separation Az™* + Az, and
Az + Az, (see Figure 3E—H for H and the Supporting
Information for L). Subsequently, we computed the -V,
characteristics of the junction with this separation for a range of
Fermi energies Er in the vicinity of the DFT-predicted value.
Those values of Ep were selected which gave the closest
agreement with the corresponding experimental data. Figure 6
displays the I-V};, curves recorded at the most probable
conductance and gap separation in the high-conductance range
(A-D), the junction geometry after relaxation, and the
computed transmission curves (E, F) for la—1d. The fitted
positions of the adjusted values of Ep are indicated by the
vertical lines. The corrections in Ej are —0.9 eV (PY), —0.1 eV
(SH), —0.2 eV (NH,), and —0.73 eV (CN). The empirical
correction indicates that the transport through molecular
junctions of la (PY) and 1d (CN) is due to nonresonant
tunneling through the tails of the respective LUMO state. This
is in agreement with results reported for related molecules from
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13,42,45
conductance and thermopower measurements. "> In

particular, we notice that an ab initio correction of the
LUMO orbital energy in 1a (PY) relative to Eg resulted in 1.56
eV, which compares reasonably with our empirical correction of
0.9 eV. This agreement supports the reliability of our current
strategy. Transport through junctions of 1b and lc appears to
proceed via the tail of the nearby HOMO state. This result is
also supported by published conductance and thermopower
studies with structurally related molecules.*”***® The average
relative Fermi level values as obtained from both sets of -V,
measurements were then assumed to be independent of the
electrode separation and were used to calculate the
conductances in all stretching traces.

To fit to the most probable high-conductance I-Vy;,, curves
of Figure 6, with electrode separations Az™* + Az, it was
necessary to multiply the computed electron transmission
coefficients by a scale factor A. This factor accounts for
deficiencies in DFT, such as the absence of van der Waals
interactions, which would increase the distance between the
anchors and gold electrodes and thereby decrease the
conductance. The same value of A = 0.18 was used for each
of the four molecules. The conductance of the molecular
junction was calculated (with the corrected Fermi energy) after
each pulling step to construct the simulated stretching traces.
Figure 7 summarizes the data and shows selected optimized
junction geometries at various stages of the pulling process.
The red hollow circles indicate the points used to determine
the Fermi energy. These stretching distances correspond to the
most probable (log) conductances obtained experimentally.
The experimentally measured I—V curves at these points are
compared with the theoretical I-V curves obtained at the same
stretching distance. This comparison is carried out for each of
the four molecules, and the four Fermi levels and a single
common scaling parameter are adjusted to yield a best fit.
(Further details are included in the Supporting Information.)
The overall trends of the simulated curves in the H region, such
as the evolution of plateaus upon stretching and their slopes,
are in good agreement with the experimental data. The decay in
the simulated conductances at larger displacements also
provides clear evidence for the experimentally observed
transition toward the low-conductance states for la (PY), 1b
(SH), and 1c (NH,) before a complete junction rupture. The
simulated curves reveal that the conductance plateaus are the
result of continuous transitions between many conformations
and junction geometries.

In the following we address specific details of the simulated
traces. At distances shorter than the snapback (gray area in
Figure 7), the gap size is significantly smaller than the
molecular length. The artificially compressed molecules
(labeled al—d1 in Figure 7) bind directly via their anchoring
groups to gold surface sites with the aromatic ring close to the
gold pyramids, which gives rise to rather high conductance
values not accessible in the real experiments. Upon stretching
the junctions (to configurations labeled a2—d2 in Figure 7), the
coordination with the smooth Au(111) surface appears to
break, and an exclusive SIDE configuration is established, which
is controlled by the ring—pyramid interaction. Moreover, for
PY and NH, the carbon atoms in the ring showed preference
over the anchor atoms. The typical distances for Au—C were
found as ~0.24 and ~0.26 nm, whereas at the same time the
distances between the nitrogen and the closest gold atom were
around ~0.29 and ~0.3 nm, respectively, which are 0.08 and
0.05 nm larger than the optimal bond length calculated

dx.doi.org/10.1021/ja209844r | J. Am. Chem.Soc. 2012, 134, 2292-2304



Journal of the American Chemical Society

between the anchor and gold. This shows that the ring makes a
significant contribution to the binding and that the presence of
the ring decreases the contribution to binding from the anchor
group. The corresponding conductances are still rather high
due to wide resonance peaks in the transmission (Supporting
Information). Only the thiol of 1b appears to interact stronger
with the gold sites than the aromatic ring. In this case, the
estimated Au—S distances of ~0.25 nm are close to their
optimal bond length. As the tip is further retracted (through
configurations a3—d3 toward configurations a4—d4 of Figure
7), the tolanes 1a, 1c, and 1d slowly slide down the side of the
tip until the gap becomes large enough and the respective
anchoring groups bind with undercoordinated gold atoms at
the apex. Typically this occurs in an asymmetric manner. First,
one anchor attaches to the apex atom, and subsequently the
other follows. Developing asymmetry causes a decrease of
conductance. The conductance in the END positions
(Supporting Information, section S.1) appears to be rather
insensitive to the specific coordination site of the adatom on
the gold surface underneath. In the case of 1b, the sulfur—gold
binding sites translocate either via a hopping-type place
exchange or an alternative surface diffusion mechanism along
the sides of the pyramid into a final atop position. This process
also involves higher coordinated sites such as bridge and atop
geometries. Compared to the other anchoring groups, the
surface migration of the sulfur—gold sites involves major
restructuring of the contacts. This is also reflected in the
simulated data, where we found that the conductance variations
in junctions of 1b (SH) are much higher than those of 1a (PY),
1c (NH,), or 1d (CN), in agreement with our experimental
observations (Figure 4). In all cases, a final top-site
configuration is reached (configurations aS—dS in Figure 7)
by all four molecules in the simulated traces, giving rise to lower
conductances due to a decreasing coupling between the
anchoring group and the leads or interaction between
molecules. Interestingly, the CN—Au junction breaks immedi-
ately, giving rise to the shortest simulated plateaus. This anchor
has the weakest influence on the gold pyramid. The typical
Au—N (NC) lengths were found to be ~0.32 nm for shorter
electrode separations, and also the ring approaches the pyramid
with an average Au—C distance of ~0.26 nm. A possible reason
for the early junction break is the long and stiff CN anchor that
prevents a strong ring—pyramid coupling.

A small elongation of the equilibrium Au—N(NH,) bond (as
compared to an upright position of the extended molecule
without constraints in the gap width) is observed before
rupture, which indicates the appearance of a long conductance
feature. The elongations of the Au—Au—PY and Au—Au—S$
bonds are much longer, which even leads to the pulling out of
chainlike gold atoms in the latter case (configuration bS in
Figure 7). The typical heights of the pyramids on the surface, as
measured from the surface plane at the moment of breaking,
are around ~0.5 nm for PY and NH,. However, in the case of
SH, we obtain ~0.7 nm. This result rationalizes the
experimentally observed trend for SH having a characteristic
distance much longer than the molecular length L. The
decreasing slopes in the simulated conductance traces of 1a and
1b clearly show the evolution of the L state. A separate M state,
as seen in the experimental observations of 1a (PY), could be
detected. These data show that the distance over which the four
different types of molecular junctions could be stretched reveals
the sequence 1d < lc < la < 1b, in agreement with the
experimental data. We also notice that the anchoring groups
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influence the slope in the H regime (Figure 7). The
experimentally observed trend 1d < 1b < 1c < 1a is in good
agreement with the simulated data.

The above simulations demonstrate that, in principle, fully
stretched molecular junctions can be formed between the two
gold leads in an STM-BJ or an MCBJ experiment. However, the
main conductance features in the 1D and 2D histograms as
experimentally observed represent primarily the statistical
average of the higher conductance (involving SIDE or lower
stretched top sites) configurations. Thermal vibrations and low
binding energies, such as in the case of Au—N(NH,) and Au—
N(CN) configurations, lead to breaking events before a fully
stretched configuration is formed. As a consequence, the
experimentally observed most probable conductance very
seldom represents the configuration of an upright oriented
extended molecule.

B CONCLUSION

We have systematically compared four different anchoring
groups in a series of tolane derivatives and observed the
following trends: First, from the conductance measurements in
both MCB]J and STMB]J configurations, we found that PY (1a),
SH (1b), and NH, (1c) showed relatively high conductances.
Second, on the basis of an analysis of the conductance—
displacement traces, PY and SH revealed statistically higher
junction formation probabilities as well as molecular junction
stabilities. This result is attributed to variety in the binding
geometries and the higher binding energy. Third, we further
analyzed the conductance decay and conductance variation in
the stretching traces. We found that PY and NH, showed the
smallest conductance fluctuations over the entire stretching
process.

We also note that the chemical inertness of the PY and CN
anchors is rather attractive, since they are stable under ambient
conditions, and no protection group is needed. The SH moiety
attached to an aromatic backbone is not stable in the presence
of oxygen and thus requires a protection group and in situ
deprotection in an inert atmosphere before the start of the
conductance measurements.”> Furthermore, it is well-known
that aromatic amines are often used as antioxidants, because
these compounds act as H atom donors in radical reactions due
to relatively weak N—H bonds. Aromatic amines have low
ionization potentials and rather weak N—H bonds. They can
undergo oxidation reactions and hydrogen atom transfer
reactions rather easily.”®”' Moreover, the NH, group is
sensitive to light.

To summarize, we have studied experimentally and
theoretically charge transport through tolane derivatives
connected to gold electrodes via four different anchoring
groups. Comparable results for conductance—displacement
measurements were obtained for both STM-BJ and MCB]J
setups, which strengthens the experimental reliability of our
single-molecule conductance measurements. According to the
analysis of the conductance—displacement traces from the
STM-BJ setup, PY exhibits the best anchoring performance of
the four groups analyzed, with high conductance and 100%
molecular junctions formed. This conclusion is also strongly
supported by the theoretical calculations of the binding energy
and binding geometry. Furthermore, current—voltage curves
constructed for the most probable MCBJ molecular geometries
provided access to estimate the relative positions of the
molecular levels with respect to the Fermi level, which
facilitated the simulation of the dynamic stretching curves.
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Comparison between experiment and theory yields good
agreement in the conductance decay of the molecular
conductance plateaus and highlights the underlying atomic-
scale complexity of the stretching curves, which reveal the role
of the anchoring group in the evolution of the configuration of
the single molecular junctions.
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