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ABSTRACT: We simultaneously measure conductance and force across
nanoscale junctions. A new, two-dimensional histogram technique is intro-
duced to statistically extract bond rupture forces from a large data set of
individual junction elongation traces. For the case of Au point contacts, we
find a rupture force of 1.4 4= 0.2 nN, which is in good agreement with previous
measurements. We then study systematic trends for single gold metal—
molecule—metal junctions for a series of molecules terminated with amine
and pyridine linkers. For all molecules studied, single molecule junctions
rupture at the Au—N bond. Selective binding of the linker group allows us to
correlate the N—Au bond-rupture force to the molecular backbone. We find

that the rupture force ranges from 0.8 nN for 4,4’ bipyridine to 0.5 nN in 1,4 diaminobenzene. These experimental results are in
excellent quantitative agreement with density functional theory based adiabatic molecular junction elongation and rupture

calculations.
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nderstanding physical properties of single molecule junc-

tions is of fundamental importance to nanoscale electronics."
While electrical and thermal properties have been probed in a
variety of organic molecules bound to metal electrodes,” ®
measurements of rupture forces of single metal-molecule-metal
junctions are new,”'® and simple predictions relating the me-
chanics of these junctions to the backbone chemistry have not
been tested. Here, we use a modified atomic force microscope
(AFM) to form single molecule junctions between a gold sub-
strate and a gold-coated cantilever. The simultaneously measured
conductance and force between the AFM tip and substrate are
analyzed to determine bond rupture forces. We use a new
technique to analyze force data to obtain bond rupture forces
from a large, statistically significant set of individual junction
elongation traces. Using this method, we first show that the force
required to break a gold—gold bond is 1.4 nN, based on over
38000 measurements and in good agreement with previous
published results.'"" We then show that for single molecule
junctions, the N—Au bond-rupture force depends on the molec-
ular backbone, and varies from 0.8 nN for 4,4’ bipyridine to 0.5
nNin 1,4 diaminobenzene. There results are supported by density
functional theory calculations for adiabatic junction elongation
trajectories. Bond rupture forces determined from these calcula-
tions agree quantitatively with the experimental results.

We simultaneously measure the conductance and force of
molecular junctions by repeatedly forming Au point contacts
with a modified home-built conductive atomic force microscope
(AFM) described in detail in the Supporting Information. All
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molecules were obtained from Sigma-Aldrich and were used
without further purification. Conductance is determined by
measuring current through the junction at a constant applied
bias of 25 mV for short molecules and 75 mV for 1,6-hexane-
diamine and for 4,4'bipyridine. Simultaneous measurements of
cantilever deflection relate to the force applied across the
junction (Figure 1A). The AFM is operated in ambient condi-
tions at room temperature.

For each measurement, a gold point-contact is first formed
between the substrate and cantilever. It is then pulled apart and
broken in an environment of molecules while conductance and
force are measured as a function of sample displacement. This
process is repeated thousands of times to obtain large data sets of
conductance and simultaneously acquired force traces. Before
adding a molecule to the substrate, at least 1000 conductance
traces were collected to ensure that no contamination was
present in the setup. Individual conductance traces for a gold
point-contact show stepwise decrease in conductance until a
single atom contact is formed with a conductance of G, = 2¢%/h,
the quantum of conductance (Figure 1B). The simultaneously
acquired force traces show a characteristic sawtooth pattern
(Figure 1B) indicating two distinct force regimes: gradual linear
increases due to elastic (reversible) elongations and sharp drops
due to permanent deformations of the junction. Upon further
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Figure 1. (A) Schematic of the modified conductive atomic force
microscope. A gold—gold junction is formed between a Cr/Au-coated
cantilever and an Au-coated substrate with the relative separation
controlled by a piezo. The force acting on the junction is detected by
optically measuring the deflection of the cantilever. (B) Sample con-
ductance (red) and force (blue) data of a breaking gold junction
collected at a bias of 25 mV and a piezo displacement speed of
18 nm/s. The light blue force trace is raw data, while the dark blue
trace has been smoothed. Step-wise decreases in conductance are
accompanied by sudden jumps in the force.

stretching, the single atomic gold wire breaks and the conduc-
tance exhibits a tunneling signature when no molecules are
present, while the cantilever displacement changes abruptly.
When measurements are carried out in an environment of
molecules, an additional conductance step is frequently observed
at a molecule dependent conductance value below 1G, along
with an additional abrupt change in the force trace. The full trace
of force versus elongation presents a rich data set describing the
mechanical evolution of these junctions under stress. In this
study, we focus on the force associated with the breaking of a
single atomic gold contact or a gold—molecule—gold junction.
This can be determined by analyzing the cantilever deflection at
the location where the 1G, or the molecular conductance step
ends and the junction breaks.

To extract statistically significant characteristics from the
evolution of junction conductance and force as a function of
sample displacement, we construct two-dimensional (2D) histo-
grams from the conductance and force traces, setting the origin of
the displacement axis at the point where either the 1Gy con-
ductance step or the molecular conductance step breaks. This
well-defined position on the x-axis was determined individually
for each trace, using an unbiased automated algorithm (see
Supporting Information). A fraction of the traces do not show
a conductance plateau at Gy or a plateau corresponding to a
molecular junction. It is likely that the absence of the G or the
molecular conductance plateau means that a single-atom point
contact or a single molecule junction was not formed during that
trace. Therefore, these traces were not used for further analysis as
they do not contain the bond rupture event of interest (see
Supporting Information Figure 1 for sample rejected traces). The
statistical occurrence of the targeted junction varies with the case
and will be noted below, but a statistically significant and
unbiased data set results in each case. Each data point on the
digitized conductance (force) trace was thus assigned a con-
ductance (force) coordinate (along the y-axis) and a position
coordinate (along the x-axis). Two-dimensional conductance
histograms were then generated without further analysis. For the
two-dimensional force histogram, we also set the force at the new
zero-displacement position to zero force by subtracting an offset

Figure 2. (A) Two-dimensional conductance histogram constructed
from over 38 000 traces. All traces are aligned such that the end of the
plateau at Gy is at zero along the displacement axis. A large number of
counts is visible at integer multiples of Go. Inset: Sample conductance
trace aligned to zero displacement at the end of the G, plateau. (B) Two-
dimensional force histogram constructed from simultaneously acquired
force traces. The force profile (red curve) is overlaid and shows a clear
jump at zero displacement. The rupture force of 1.4 nN for a single
atomic contact is determined by extrapolating the fit of the force profile
(dotted line). Inset: Force trace acquired simultaneously with conduc-
tance trace shown in the inset to panel A, aligned after the G, break. The
light blue trace is the raw signal and the dark blue is smoothed force data.

from the entire force trace. This realigned all force traces to a
common point such that each force and displacement value was
now determined relative to that at the end of the conductance
step in each trace. After this realignment, thousands of force
traces were added to generate a two-dimensional force histo-
gram. A statistically averaged force profile is obtained from this
histogram from the peak of a Gaussian that is fit to vertical
sections at every displacement bin.

Figure 2A,B shows two-dimensional conductance and force
histograms, respectively, constructed from over 38000 traces
measured without any molecules present and using approxi-
mately 20 different tip/sample pairs. Insets to Figure 2A,B show a
sample conductance and simultaneously acquired force trace,
respectively, to illustrate where zero in displacement is set. The
conductance or force (y-) axis and the position axis (x-) use linear
bins in these plots. Negative displacements are events that occur
before the end of the 1G, plateau while positive corresponds to
data acquired after the end of the plateau. These histograms are
generated from traces where the G step can be identified with
our automated algorithm (see Supporting Information). Ap-
proximately 75% (38 000 out of 49 500) of the measured traces
exhibit a clearly identifiable Gy step and are included. Figure 2A
shows clear peaks at integer multiples of G, occurring at negative
displacements, and almost no counts at positive displacements,
since zero displacement is set at the point when the G, contact
breaks.

The 2D force histogram, created from the same set of traces,
(Figure 2B) shows a trend in the force that is decreasing with
increasing displacement with a clear sharp drop at zero displace-
ment. The force required to break the G, contact can be
determined from the magnitude of this drop. The force profile
is effectively an averaged force trace for the single atom contact
rupture event. It shows a clearly defined drop of 1.4 & 0.2 nN at
zero displacement, as illustrated in Figure 2B, corresponding to
the breaking force of a single Au—Au bond. This value is in good
agreement with published results,''* demonstrating that our 2D
analysis method agrees with the conventional method of
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Table 1
Bond Rupture Force (nN)
Molecule Structure Conductance
(Go) Experiment Theory
1,4 Benzene- HzN—@NHZ 6.2x10° 0.5310.09 0.46
diamine
1,4 Butane- BN 9.0x10™ 0.69:0.06 0.84
diamine
1,6 Hexane- N N T 1.1x10™* 0.62+0.09 N/A
diamine
7\ - 4
4,4 Bipyridine N \ N 1.0x10 0.80+0.08 1.00

determining a force drop on a trace by trace basis (see Supporting
Information). However, we note here that the present analysis
method is not biased toward larger force drops which are easier to
identify if individual traces are analyzed. Furthermore, this
breaking force is determined from a statistically significant data
set of about 38 000 traces, providing the first robust and unbiased
determination of the single Au—Au bond breaking force.

We now use this same technique to measure bond rupture
force in single molecule junctions with four different molecules as
listed in Table 1. Three are amine (NH,) terminated molecules,
1,4-benzenediamine, 1,4-butanediamine, and 1,6-hexanedia-
mine, which bind selectively to undercoordinated gold through
a donor—acceptor bond between the terminal N and Au atom. '
The fourth is 4,4’ -bipyridine, which also binds through an N—Au
donor—acceptor bond.'* Molecules are evaporated onto the Au-
on-mica substrates, and for each molecule over 30 000 conduc-
tance and simultaneously acquired force traces are collected with
multiple tip/sample pairs. Conductance and force measurements
are analyzed by generating 2D histograms as detailed above for
the molecular breaking force.

Figure 3A shows a 2D conductance histogram for 1,4-butane-
diamine where the origin in the displacement axis is set at the end
of the molecular conductance step. Logarithmic bins for the
conductance (y-) axis and linear bins for the displacement (x-)
axis are chosen for image clarity. The measured traces that show a
molecular conductance step were selected using an automated
algorithm (see Supporting Information) for both conductance
and force analysis. Insets of Figure 3A,B show conductance and
simultaneous force data for one particular junction breaking
event. Approximately 30% of the 31 000 measured traces showed
evidence of full single molecule junction formation and contribute
to the histogram. A clear peak is seen in the conductance
histogram at 9 X 10~* G,, which gives us the most probable
conductance of a gold—1,4-butanediamine—gold junction. This
peak extends over a displacement of about 0.15 nm, indicating
that molecular junctions can be elongate over this distance prior
to the final rupture. Conductance histograms for measurements
with all other molecules are shown in the Supporting Information
(Figures S3A—SSA). Of the four molecules measured, the three
diamines show a single conductance peak due to the selective
binding of the NH, linker to undercoordinated gold atoms.'¥"°
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Figure 3. (A) Two-dimensional conductance histogram of 1,4-butane-
diamine data constructed from over 10000 traces with a molecular
conductance step. The conductance data is presented on a log scale.
Features representing a sequence of gold contacts clearly appear at
integer multiples of Go. A molecular signature can be clearly seen at 1 X
10" Go. Inset: A sample conductance trace showing a Gy and molecular
plateau with zero displacement set to the end of the molecular plateau.
(B) The two-dimensional force histogram for 1,4-diaminobutane is
constructed from the set of simultaneously acquired force traces used to
construct the conductance histogram. The average force profile (black
curve) shows a clear drop at zero-displacement, which gives a statistically
determined breaking force for the N—Au bond of 0.69 nN. Inset: The
simultaneously acquired force trace aligned after the molecular step is
shown both unsmoothed (light blue) and smoothed (dark blue). Force
events corresponding to a Gy rupture and molecular breaking are clearly
visible.

4,4'-Bipyridine shows two conductance peaks (a high-G and a
low-G peak) that occur at distinct junction elongation distances.
In this work, we probe the rupture from the low-G peak, which
corresponds to a geometr?r where the molecule bridges the two
gold electrodes vertically."* All conductance peak positions for
these four molecules are close to previously published data (see
Table 1) collected in solution using the scanning tunneling
microscope-based break junction technique.'*'* This validates
our measurement setup and the molecule deposition technique.
Furthermore, the clear conductance signature seen for all
these molecules allows us to measure these specific single gold-
molecule-gold junction rupture events unambiguously.
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Figure 4. (A) Calculated total energy curves from adiabatic trajectories for 1,4-benzenediamine (red), 1,4-butanediamine (blue), and 4,4'-bipyridine
(green) shown as a function of displacement. Bars shown at right indicate the asymptotic values. (B) Calculated applied force curves for the same
molecules shown against displacement display the same trend as the experimental results. (C) Junction structure showing a 1,4-benzenediamine junction
at 0.1 nm elongation relative to the local energy minimum. (D) Zoom in of the Au—N bond indicating bond angle with respect to pulling direction. (E)
Sample structure used to investigate a single Au—N bond force profile for 1,4-benzenediamine bound to a gold electrode with bond aligned to the pulling

direction.

Figure 3B shows the corresponding 2D force histogram
created from the force traces acquired simultaneously with the
conductance traces used to create the histogram in Figure 3A.
Force histograms for all other molecules are shown in Supporting
Information (Figures S3B—SSB). Since the origin in the dis-
placement axis is set at the point where the molecular conduc-
tance step ends, the drop in the force profile, shown overlaid on
the 2D histogram, corresponds to the average force required to
rupture the gold—molecule—gold junction. This force is deter-
mined to be 0.69 nN =+ 0.06 nN for 1,4-butanediamine, where the
error bar represents the standard deviation of the measured force
from five different tip/sample pairs. This force is significantly
smaller than the force required to break the gold—gold bond.
Although the conductance steps extended over 0.15 nm as seen in
Figure 3A, we see no signature in the force histogram over this
range that would indicate statistically reproducible force events at a
well-defined displacement prior to junction rupture. However,
individual traces do show additional force features indicating that
during the junction elongation process, bond breakage or other
atomic rearrangements do occur. ® These force measurements thus
provide new insight into the junction evolution confirming experi-
mentally that the molecular junction ruptures at the Au—N bond.

In Table 1, we show bond rupture forces determined from 2D
force histograms for all four molecules considered here. We see
that in all cases, the gold—molecule—gold junction ruptures at a
force smaller than that of a gold—gold bond, indicating that
rupture occurs at the Au—N donor—acceptor bonds consistent
with earlier work.'® Comparing the measured rupture forces we
see first that for the two alkanes with 4 and 6 carbons in the
backbone, the rupture forces are very similar. Additionally, we see
that the force required to break the N—Au bond in the
conjugated molecule, 1,4-benzenediamine, is considerably smal-
ler than in 1,4-butanediamine and 1,6-hexanediamine, which are
fully saturated.

To better understand these results, we have carried out density
functional theory (DFT) based calculations simulating the junc-
tion elongation and rupture process'''® for three of the four
molecules studied here, excluding the longer alkane. The Au tip
and surface were modeled with Au pyramids (20 atoms each)
with (111) surfaces. The tip atom on the top pyramid was moved
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to an adatom site on one facet resulting in a blunt, three atom tip.
These model structures were 6previously used to analyze ex-
tended elongation trajectories.'® Here we focused on the portion
of the trajectory where the junction was elongated from a local
energy minimum through the inflection point and finally probed
the dissociated structure after one bond ruptures. The back layer
of Au atoms in each pyramid was held fixed with a bulk lattice
parameter 4.08 A. All other degrees of freedom were relaxed until
all forces were less than 0.005—0.01 eV/A for each junction
structure. The junction was elongated in steps of 0.1 A by
increasing the separation between the pyramids along the z
direction and then fully optimizing the geometry. As the point of
maximum force was approached for the 4,4’-bipyridine junction,
competing structures were examined to identify that with the
lowest energy, while in the other junctions the lowest energy
structure emerged naturally at each step. Density functional
theory total energy calculations and %eometry optimization were
performed with the VASP package,'® using the projector aug-
mented wave approach which naturally included scalar relativistic
effects for gold””*" and the generalized gradient approximation
(GGA) of Perdew, Burke, and Ernzerhof (PBE)** for the
exchange-correlation density functional. The model junction
was placed in a hexagonal supercell (a = 2.0 nm, ¢ = 3.5 nm)
and the basis set for solution of the Kohn—Sham equations was
determined by a 400 eV cutoff. The accuracy of the GGA for
calculation of donor—acceptor binding energy, such as the
amine—Au bond here, has been tested in specific examples.
Comparison to carefully converged coupled-cluster calculations
for the Au—NH; molecular complex showed that GGA calcula-
tions underestimate the binding energy by about 0.11—0.13 eV.>
Analyses of ammonia and pyridine adsorption on the Au(111)
surface are also consistent with at least an 0.1 eV
underestimate.”*>> The present calculations with a well-con-
verged basis set gave a Au—N bond energy that was about 0.2 eV
smaller than that obtained previously with the def2-SVP basis in
TurboMole,'® the latter being a less complete basis and exhibit-
ing some basis set superposition error in the binding energy.
Total energy and applied force computed from adiabatic
junction elongation trajectories for each molecule are shown in
Figure 4A,B. All three junctions were studied using the same Au
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structure and link attachment points to highlight the chemical
trends, as illustrated in Figure 4C. We see that in all cases, the
junction ruptures at the Au—N bond, as observed in the
experiment. The maximum calculated sustained force deter-
mined for each molecule is reported in Table 1. We see that
1,4-benzenediamine can sustain the smallest force, while 4,4'-
bipyridine can sustain the largest, which is in good quantitative
agreement with the measured trends, and for 4,4'-bipyridine this
is in good agreement with earlier DFT-based studies.*®

These calculated forces are the largest sustainable breaking
forces calculated from a single adiabatic junction elongation
trajectory. However, previous studies'® showed that small
changes in junction structure (attachment point or molecule
orientation) can lead to ~0.1—0.2 nN variations in the maximum
sustained force. More generally, we expect that diverse junction
structures are sampled in the experiments, including variations in
Au—N bond orientation in the junction and relative to the
pulling direction (Figure 4D).

To probe the importance of the bond orientation on the
maximum sustained force, we also studied the elongation of a
single N—Au bond for a well-aligned model structure, as
illustrated for the 1,4-benzenediamine case in Figure 4E. Stretch-
ing the N—Au bond by constraining the position of the bound N
and the back plane of the Au pyramid structure resulted in a
calculated maximum sustained force of 0.83, 1.09, and 1.12 nN
for 1,4-benzenediamine, 1,4-butanediamine and 4.4’-bipyridine,
respectively (see Supporting Information Figure S6 for full
trajectories). Thus, the force required to rupture the Au—N
bond depends on the backbone chemistry. In 1,4-benzenedia-
mine, the N lone-pair is partly delocalized into the 7-system,
which weakens the N—Au donor—acceptor bond. In saturated
molecules, or in pyridines, where the lone-pair is orthogonal to
the 71-system, the lone-pair is fully available for binding, resulting
in larger rupture forces. However, the differences between 1,4-
butanediamine and 4,4’-bipyridine are more subtle. While an sp*
derived lone pair of 1,4-butanediamine is more sharply directed
in space than an sp” derived lone pair in 4,4'-bipyridine, the
availability of the s-space on the pyridine contributes to the
binding.2 28 Asa consequence, the binding energies and max-
imum sustained forces are similar.

Comparing the single Au—N bond rupture forces listed above
with those for the junctions listed in Table 1, we see that the
impact of Au—N bond orientation (Figure 4D) is most promi-
nent for 1,4-benzenediamine and least important for 4,4’-bipyr-
idine. In 4,4’-bipyridine, the N lone-pair orbital is oriented in the
plane of the rings allowing for a vertical molecule geometry,*
thus the calculations for the junction and the bond are very close.
For 1,4-butanediamine and 1,4-benzenediamine junctions,
which naturally result in geometries where the backbone and
the N—Au bond are tilted, the component of the force projected
on the junction elongation direction (vertical) will be reduced by
the direction cosine. This will be more significant for 1,4-
benzenediamine and 1,4-butanediamine than for 4,4'-bipyridine.
Indeed, we find that although Au—N bond rupture forces for
4,4 -bipyridine and 1,4-butanediamine are very similar, the
experiment and trajectory based calculated show that 1,4 buta-
nediamine junctions rupture at smaller forces.

In summary, we demonstrated an experimental approach to
simultaneously measuring force and conductance data for single
molecular junctions, developing and establishing a new, 2D
histogram method to statistically evaluate thousands of force
measurements. This method leads to an experimentally

determined average breaking force of a single Au—Au bond of
1.4 nN, based on over 38000 individual measurements. We
measure the average breaking force for amine and pyridine
terminated molecules. Finally, we show that the electronic
structure of the molecular backbone alters N—Au bond strengths
considerably, as can be seen both in the calculations and in the
measurements: 1,4-benzenediamine binds most weakly to Au
atoms, while the pyridine—gold bond exhibits the largest break-
ing force among the molecules considered here.
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