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ABSTRACT A direct measurement of the potential energy surface that
characterizes individual chemical bonds in complex materials has fundamental
significance for many disciplines. Here, we demonstrate that the energy profile for
metallic single-atom contacts and single-molecule junctions can be mapped by
fitting ambient atomic force microscope measurements carried out in the near-
equilibrium regime to a physical, but simple, functional form. We extract bond
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energies for junctions formed through metallic bonds as well as metal—molecule Distance
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link bonds from atomic force microscope data and find that our results are in excellent quantitative agreement with density functional theory based

calculations for exemplary junction structures. Furthermore, measurements from a large number of junctions can be collapsed to a single, universal

force—extension curve, thus revealing a surprising degree of similarity in the overall shape of the potential surface that governs these chemical bonds.

Compared to previous studies under ambient conditions where analysis was confined to trends in rupture force, our approach significantly expands the

quantitative information extracted from these measurements, particularly allowing analysis of the trends in bond energy directly.
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etermining the strength and shape of

short-range potential energy surfaces

that characterize individual chemical
bonds in complex systems is of fundamental
importance. This challenging problem has
motivated significant developments in
atomic force microscopy (AFM)-based experi-
ments over the past decade.'” ' Examples
include measurements of bond rupture
forces in soft biological materials,'” forces
required to move atoms on surfaces,” forces
sustained by a single molecule—metal junc-
tion under applied stress*'"'* and measure-
ments that identify different atomic species
on surfaces.® Extracting any information
from these experiments about the underlying
short-range potential energy profiles that
control bond formation and rupture has not
been straightforward. This is partly because
experiments measure either force or change
in force induced by the potential; energies
must then be obtained from one (or two)
integration of force (or stiffness) versus
distance measurements. Also, thermal and
mechanical instabilities confound bond ener-
getics with other physical phenomena of the
system. In cases where energy is lost to dis-
sipation during the measurements, integration
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of force or stiffness curves cannot yield the
correct short-range potential energy profiles
even in principle. An alternative approach
involves fitting part of the force curves that
measure long-range interactions with model
potentials that often have a large number of
parameters.'? Although such analysis does
provide some energetic information'®'?
about the long-range molecule—surface in-
teraction, obtaining molecule—metal bond
energies through measurements of short-
range forces has so far been inaccessible.
Chemical trends have been determined,'’
but the underlying potential profile and
its dependence on the distribution of spe-
cific structures probed for the short-range
chemical-bonding regime have not been
carried out.

Here, we examine the characteristics of
a series of chemical linker bonds in nano-
scale junctions including metallic single-
atom contacts and single-molecule junc-
tions formed through donor—acceptor
bonds. In addition, some cases show a sig-
nificant contribution from nonspecific inter-
actions attributed to van der Waals (vdW)
interactions at short length scale. We pre-
sent a method to determine short-range
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Figure 1. (a) Schematic illustrating the experimental setup.
(b) Schematic illustrating the total mechanical model of the
junction together with the AFM cantilever. (c) Representa-
tive potential energy (bottom panel), force (first derivative,
middle panel), and stiffness (second derivative, top panel)
as a function of elongation, illustrating the relationship
between them. The physical regimes in these curves are
the harmonic region near the energy minimum (blue), the
maximum force region near the inflection (red), and the
asymptotic region (green).

energy profiles quantitatively using simultaneous mea-
surements of force and conductance carried out with
AFM and focusing on the final connecting bond prior
to rupture at a length scale that is typically 0.1 to
0.2 nm). We do not consider long-range vdW interac-
tions explicitly, as these are only weakly distance
dependent in the physical regime of our experimental
setup. Thus, this work highlights a force regime that is
fundamentally different from the generally longer
range forces that have been studied previously.'?
Our experiments measure conductance and force
simultaneously (Figure 1a). The conductance data are
used to identify the junction. The force measurement
as a function of elongation probes a mechanical model
of the junction (Figure 1b and c). Our experiments are
performed in a regime where in principle the full
force—extension curve could be probed. In practice,
for each individual junction, a finite segment of the
force—extension is measured and the energy profile as
a function of elongation (Figure 1¢) is reconstructed
from the force data through a fitting procedure. In
particular, we demonstrate that energy profiles for
individual junctions can be parametrized by just two
numbers, the bond energy and a length scale. Since this
AFM-based measurement procedure provides an en-
semble of individual junctions with diverse local struc-
tures at the nanometer scale near the linker bonds, our
measurements provide distributions of bond energies
as well as length scales for each type of bond probed.
We show further that the complex and rich ensemble
of data measured here can be rationalized through a
scaling analysis that collapses complete experimental
data sets onto a single universal force extension curve.
This analysis enables us to visualize how potential
energy profiles are sampled in the measurements,
giving us some insight into the mechanics of individual
atomic-scale junctions. The generality of this approach
is demonstrated by analyzing Au and Ag single-atomic
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contacts as well as seven different molecular junctions
formed by five molecules that bind to Au electrodes
through donor—acceptor bonds and, in some cases,
additional nonspecific, short-range interactions due to
vdW. It is also applied to published calculations and
measurements from other groups. Overall, we find
excellent quantitative agreement with density func-
tional theory (DFT)-based calculations for exemplary
junction structures and also capture the microscopic
diversity inherent to complex systems at nanostruc-
tured interfaces.*'"'*'> This technique significantly
expands the ability of atomic force microscopy to
quantify binding energetics at the atomic scale and to
measure the diversity of bond strength at interfaces
with nanostructured materials.

RESULTS

Figure 1 presents a schematic of the AFM used here,
which has been described in detail previously,'""'* and
a corresponding mechanical model. Briefly, in the
experiments, molecular or metal junctions are formed
by repeatedly bringing the AFM cantilever probe in
and out of contact with the substrate while measuring
the junction conductance and the force across the
junction in ambient conditions. Conductance provides
a signature for the nature of the contact as it decreases
stepwise in integer multiples of G, showing how the
metal contact is thinned down to the single-atom scale.
When the single-atom contact is broken in an environ-
ment of molecules terminated with chemical linkers,
such as methyl sulfides, amines, or pyridine groups,
which all bind selectively to the Au electrodes,'®
an additional conductance plateau at a molecule-
dependent value is often observed. These plateaus
indicate the formation of a single-molecule junction.
We note here that when dithiol-terminated molecules
are measured, the conductance signatures are not well-
defined, and thus simultaneously measured forces
cannot be analyzed with our method. The covalent
nature and necessarily high binding energy of the
Au—thiol bond means that almost all Au—thiol force
measurements and associated bond ruptures are ac-
companied by substantial rearrangements of Au atoms
in the electrodes."”'® Hence we do not fit data for
single-molecule force measurements of molecules with
Au—thiol linkers.

Figure 2a and b show sample measurements of
conductance (upper panel) and force (lower panel)
for a Au point contact (no molecule) and a Au-1,4-
bis(methylthio)butane-Au (C4SMe) single-molecule
junction. Additional data are shown in the Supporting
Information (Sl), Figures S6 and S7. The conductance
traces show plateaus, while the simultaneously mea-
sured force shows a sawtooth pattern. Each linear force
ramp is indicative of elastic stretching with a charac-
teristic stiffness (the slope of this ramp). Sharp drops in
force correspond to abrupt events involving junction
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Figure 2. Measured conductance (upper panel) and force
(lower panel) trace for a Au point contact (a) and a C4SMe
junction (b). Triangles highlight the area under the force
curve for the last rupture event. (c) Histograms of measured
stiffnesses and rupture forces (inset) for the Au single-atom
contact (yellow) and the C4SMe junction (blue). (d) Histo-
gram of minimum binding energies (yellow for Au and blue
for C4SMe) estimated by integrating the area under the last
rupture event as shown in (a) and (b).

rearrangements and bond rupture.'*'> The characteris-
tics of the final connecting bond, the junction stiffness,
and rupture force determined from the final segment of
each measured trace (see Sl) are compiled into histo-
grams in Figure 2c for the Au single-atom contacts and
for C4SMe junctions along with Gaussians fits, which are
peaked at 1.5 and 0.8 nN, respectively, consistent with
past measurements.'”'? Force and stiffness results for
five other junction types are shown in Figures S8 and
59.""7 The peaks of these distributions provide the most
probable junction rupture force (or stiffness) for each
junction type. Their widths, which are larger than the
instrumental force resolution (~0.1 nN), are representa-
tive of intrinsic junction-to-junction variations. Such
variations are found even in measurements carried out
at 42 K in a vacuum.™

To determine the energy required to break the final
connecting bond in these junctions, one could in
principle integrate the force curve between appropri-
ately chosen limits (Figure 1c). For example, consider
integration backward from the rupture point down to
zero force, which will usually involve extrapolating to
the zero-force point from a linear fit to the force curve.
Effectively, this method computes the area illustrated
by the shaded triangles in Figure 2a and b. We show, in
Figure 2d, the distributions of energies obtained for the
Au single-atom contacts and for C4SMe junctions with
this method. There is little difference between the two
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distributions, indicating that this method cannot
distinguish between substantially different chemical
bonds. Furthermore, the distributions shown in
Figure 2d are peaked at very low energies, showing
that direct integration of this segment of the force
curves does not capture the full energy profile. This is
not surprising. Even if the measured rupture force were
to be close to the maximum sustainable force on the
bond potential surface, that point is still far from the
asymptotic regime of zero interaction energy, so this
method must underestimate the binding energy
(Figure 1c). More generally, thermal fluctuations typi-
cally prevent force segments measured in ambient
conditions from probing the full potential landscape.
To interpret the measured force—displacement
traces further, we need to establish the regime in which
these measurements are carried out.?%?' To this end,
we consider the total mechanical system studied here,
as illustrated in Figure 1b. It consists of the junction
represented by a potential energy U(x;), where x; is the
displacement of the junction, connected to the AFM
cantilever, which provides an external harmonic load-
ing potential V(x,) of stiffness k. and displacement x..
When k. is small compared to the stiffness of the
internal junction potential d’U/dx?, the cantilever
traverses a large distance compared to the internal
elongation of the junction in response to an applied
force; that is, xc is larger than x;. In this regime, the
junction ruptures due to an internal instability in the
full system and at a force that depends explicitly on k.
and therefore does not represent an intrinsic property
of the junction.?%2" For the junctions under study here,
d®U/dx? is substantially less than k., as our measure-
ments are carried out with cantilevers that have a
stiffness in the range 50—100 N/m, while junction
stiffnesses are around 10 N/m. Hence the cantilever
traverses a very small fraction of the total elongation
(xc ~ x;/10) in our force—extension measurement.
Moreover, the high sensitivity of our instrument en-
ables measurements of small forces with relatively high
stiffness cantilevers.?? In this regime, the junction can
rupture at, before, or beyond the point of inflection
in U(x;), which defines the maximum sustainable force
for the junction. The exact location along U(x)) where
each junction ruptures depends on many degrees of
freedom, including the position of the molecule in the
junction and the thermally induced movements of
metal atoms associated with the rough Au electrode
structures.'® Despite this experimental challenge, the
force measurements presented here are carried out in
a regime in which the internal junction potential is
directly mapped, as is shown by our energetic analysis
below. Further evidence for the extensive energy land-
scape sampling of our measurements comes from the
fact that bond rupture forces and other junction
characteristics measured are generally independent
of the rate at which the junctions are pulled apart.*2*
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Figure 3. (a) DFT junction binding energy and structures for
a Au—C4SMe—Au single-molecule junction (open circles) as
a function of junction elongation. (b) Junction forces de-
termined from the numerical derivative of the calculated
DFT energies (open circles). In (a) and (b), the blue and red
curves show the fit of the Morse potential to the harmonic
region and the entire energy curve, respectively, while the
black curve shows the fit of the hybrid model. (c) Schematic
illustrating the construction of the hybrid model potential
from separate harmonic (dashed black) and logistic (red)
segments, including the energy, length scale, and connec-
tion point (circle). (d) The force profiles illustrate the linear
harmonic regime (dashed black) and rupture regime (red)
showing the maximum force point.

In principle, a direct integration of the force curve
that follows the full potential landscape should yield the
potential (Figure 1¢).?> In practice, as detailed above in
the discussion of Figure 2, junctions form and rupture
through a sequence of abrupt structural rearrangement
events under continuous extension. As a consequence,
a full force curve, starting from the potential minimum
and ending in a well-defined asymptote characteristic
of a single junction configuration, is not usually mea-
sured. Rather, the system often enters an elastic region
of the trace under tension (beyond the potential
minimum) due to the boundary conditions and then
ruptures due to degrees of freedom other than the
electrode displacement. We therefore require a model
potential form to determine junction energetics from
the measured forces.

For insight, we start from a DFT-based simulation
of an exemplary junction. As described elsewhere, a
C4SMe molecular junction is elongated adiabatically by
moving the Au electrodes apart in small increments
while minimizing the total energy at each step.'"'>'723
The total potential energy, U(x), and the applied force,
F(x) = dU/dx;, determined as a function of the junction
elongation (x)), are shown in Figure 3a and b, along with
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snapshots of the junction structure along the trajectory.
There is a clear elastic (harmonic) region around the
potential energy minimum and a nonharmonic bond
rupture region where the sustainable junction force
has a maximum. Previous studies'>'>% have tried to
model bond rupture using the pairwise Morse?” and
Lennard-Jones (LJ) potentials?® or the universal binding
curve derived to explain bulk metallic interactions.?
We find, however, that none of these model potentials
fit both the harmonic and bond rupture region of
the DFT potential and force curves. For example,
least-squares fits to the DFT-based potential energy
profile with the Morse potential are shown in Figure 3a
(and those for the LJ and the universal binding
curve are shown in Sl Figure S2). The derivatives of
these least-squares fits are shown in Figure 3b. Signifi-
cantly, the Morse potential does not fit either the
shape or the magnitude of these force—extension
curves. This may partly reflect the additional contribu-
tions, beyond stretching the sulfur—gold bonds, due
to elastic distortions of the molecule and the gold
tip structures as well as rotation of the molecule
orientation.

To capture the mechanics of bond rupture at the
atomic scale in an intuitive and analytically tractable
fashion, we propose a new two-parameter hybrid model
potential illustrated in Figure 3c. The model combines
a harmonic segment, U(x) = '/5Knarm(X — Xo)* + Ug, near
the energy minimum (dashed black curve) and a logistic
segment, U(x) = (D/(1 + e =/ for the bond
rupture and asymptotic region (red curve). These curves
were chosen to reflect two well-known force regimes: (1)
a linear force-to-displacement relation to describe the
near-equilibrium regime and (2) a nonlinear segment to
capture bond rupture and the asymptotic zero force
regime (discussed below). The harmonic region is char-
acterized by a stiffness parameter K, am, the equilibrium
position xo, and the energy minimum Uj. For the logistic
segment, the parameter D controls the overall magni-
tude, the parameter r controls the scaling of the energy
with displacement (the maximum force given D), and
the parameter Xgmax corresponds to the position of the
force maximum (analytically F,,ax = D/4r). The distance
from the equilibrium position to the force maximum,
Lpind = XFmax — Xo, IS @n important internal parameter
describing the model potential. The overall position on
the distance scale, here taken to be Xgmay is NOt inherent
to the model. However, it does position the model
potential on a displacement axis relative to that of the
measured force curve. The measured force curve does
not start from a well-defined point along the potential,
and Xgmax Must be included in the fitting procedure
described below. Finally, the choice of energy zero does
not enter the fitting. The binding energy is assigned to
the difference between the asymptote of the logistic
segment and the equilibrium energy for the harmonic
segment (D — Uy).
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The five internal parameters (Kiarm, Uo, D, 1, and Liing)
are reduced to two parameters (D and r) by application
of three conditions. In particular, we combine the
harmonic and logistic segments by requiring that they
meet at a well-defined connection point; the precise
choice of the connection point does not affect our
results. We apply boundary conditions such that (1) the
model potential is continuous and differentiable at
the point that connects the harmonic potential to the
logistic segment, (2) the tail of the logistic function is
forced to go through the minimum energy point of the
harmonic region, and (3) the curves join at a displace-
ment where U = D/4. These boundary conditions provide
us with three equations to reduce the physical param-
eters of the model to just D and r. With simple algebra
(details shown in the Sl), the parameters D and r can be
used to determine the other physical parameters Ly;.qg,
Knarms @nd Eping, as well as the physically important Fiy .

D
Frmax = E (M
0.0804 x D
Kharm = a2 ()
r
Eping = 0.9687 x D 3)
Lping = 3.4310 x r (4)

The boundary conditions applied yield a transcendental
equation, the solution of which results in the numerical
values (dimensionless) that appear in eqs 2—4. In discus-
sion below, we will characterize the fits in terms of Eyjng
and Ly;g. For convenience, we also note that values of
Frax @nd Knarm in units of nN and nN/nm, respectively,
yield values of Eying and Lying in units of eV and A,
respectively, through simple relations:

2

F
Eping = 7.78 x = (5)
Kharm
Frmax
Lbind = 11.03 x —— (6)
harm

Figure 3a presents the least-squares fit of this hybrid
model to the DFT potential energy profile of C4SMe. The
very good fit to the calculated energy demonstrates the
ability of the hybrid model, despite its simple construc-
tion using just two parameters, to quantitatively capture
all the essential features of the calculated potential.
Figure 3b demonstrates the extremely good agreement
between the derivative of the hybrid model fit and the
DFT force profile. Finally, this hybrid model potential is
similarly successful in describing all the atomic-size
junctions for which we have made calculations for
exemplary junction structures (Figures S3 and S4).

Our choice of the logistic segment as a flat approach
to the asymptotic value at large distances naturally ex-
cludes the long-range contribution of vdW interactions.
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Figure 4. (a) Least-squares fit of the present hybrid model
to force measurements of PTCDA in the molecular wire
configuration, taken from Fournier et al*° (b) Least-squares
fit of the LJ and Morse potentials for PTCDA in the molecular
wire configuration. (c) Least-squares fit of the two-parameter
model to force measurements of Pt and Cu atomic point
contacts taken from Ternes et al.’® (d) Least-squares fit of the
LJ and Morse potentials for Pt and Cu atomic point contacts.

This is fully consistent with the DFT simulations in
Figure 3, which disregard the extended tip and surface
structure, as well as the long-range vdW interactions.
In contrast to previous studies that start from the
asymptotic regime and approach the surface at low
temperatures,’® we start with a well-formed chemical
bond and elongate to rupture, an event that is typically
well short of that asymptotic regime. Furthermore, in our
regime, the typical force scale approaches 1 nN with
noise under ambient conditions on the scale of 0.1 nN.
We have simulated the impact of long-range vdW inter-
actions between the tip and the substrate (Figure S5).
We find that for the force—extension regime that covers
the chemical bonding we probe, the long-range vdW
contribution to the force is smaller than the typical noise
scale noted (Figure S4). Finally, as a practical measurement
protocol, we calculate our force by comparing measured
force before and after the final rupture-force event, where
the before and after are quite close in junction elongation.
This effectively subtracts out the residual long-range vdW
from beyond the point of rupture, also small compared to
the typical noise scale.

Next, we perform a fit of our hybrid model potential
to existing experimental data from the literature'®*°
and compare these fits to those of the LJ and Morse
potentials. Figure 4a presents a fit of our model to AFM
force measurements of a 3,4,9,10-perylene-tetracar-
boxylicacid-dianhydride (PTCDA) molecule in a free-
standing molecule configuration on Ag from Fournier
et al° As the figure shows, our model closely follows
the overall shape of the force event associated with
pulling on the PTCDA molecule configuration and also
captures the full magnitude of this force event.
In contrast, as shown in Figure 4b, the Morse and LJ
potentials fit this data poorly, failing to capture the
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Figure 5. Example force traces fit with the present hybrid model
for Au point contacts (a and ¢) and for C4SMe junction (b and d).
Traces in (a) and (b) show junctions that rupture before
reaching F,,x, While those in (c) and (d) rupture after F.x.

shape of the force trajectory and the magnitude of the
rupture force. Similarly, we see in Figure 4c and d that
our model also captures the shape and magnitude of
rupture events of both Pt and Cu metallic single-atom
contacts better than do the Morse and LJ potentials
from Ternes et al.'®

We now apply this model potential to fit the
individual force extension curves measured with our
ambient AFM setup. Because the junctions we measure
start under tension and most likely not at the bond
energy minimum, we need to determine three
parameters rather than two, Eping and Lping, as in the
examples above, but also the position of the potential
relative to Xgmax ON the measured force extension curve
at which our measurement begins. For this reason, we
align the derivative of the potential on the measured
force curve through a fitting parameter Xgmay,, Which
determines the location of F,.x along the experimen-
tally obtained position axis. The fitting of the experi-
mental data with the model potential is done following
a three-step procedure, as detailed in the Methods
section, which allows a determinate of Eping and Lping
for each experimental trace.

Figure 5 shows two sample experimental traces for a
Au atomic contact junction and two for a C4SMe junc-
tion fit with this hybrid force profile. These junctions
form under tension, at a nonzero force. In Figure 5a and
b, the Au and C4SMe junctions rupture before Xrmax
thus, the measured rupture force is smaller than F,,y.
In Figure 5c and d the junctions rupture beyond Xmay.
In these junctions the measured rupture force is again
smaller than F,, but this is because the junction
has gone beyond F,.x into a regime where force
attenuates with distance. As illustrated here, and in
Figures S6 and S7 of the SI, breaking before or after
Frnax is statistically common.

We now fit all traces for different junction types to
determine an Epjng and Lying for each measurement,
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Au single-atom contacts and (d) Ag single-atom contacts.
The force profile determined from the hybrid model is
overlaid (dashed red).

which are compiled into histograms. Figure 6a and b
show these for Au and Ag atomic point contacts.
The average binding energy determined for a Ag—Ag
bondis 1 eV and that fora Au—Aubondis 2.4 eV, both in
excellent agreement with published data' The aver-
age length scale determined experimentally for these
two contacts is 1.1 and 1.9 A, which indicates that the
extent of the potential for Ag is smaller than Au, again
consistent with published calculations.®! Furthermore,
these histograms show physically reasonable variations
in binding energy and length scale among the ensem-
ble of junction structures realized. To show that all
measured force traces are indeed well fit with our model
potential, we can create a two-dimensional overlay of all
measured force curves. We first normalize the force by
the fitted F,ox and the displacement by L;,q. We then
shift each individual trace to have zero displacement
at the fitted Xrnax and thus create a two-dimensional
overlay. Figure 6¢c and d show these scaled 2D plots
for the Au and Ag atomic point contacts, respectively
(see also Figure S12). These results show that thousands
of individually measured force extension curves can be
collapsed onto a single clearly defined universal force
curve.

We use the same method to fit our model to 4,4'-
bipyridine (BP) single-molecule junction force measure-
ments where the molecule—Au interaction includes
both a strong, nonspecific component (vdW-based)
and a Au—N donor—acceptor bond. Conductance traces
for BP junctions show two distinctive plateaus: a high
conductance plateau where the molecule/Au interac-
tion includes both the short-range vdW and donor—
acceptor components at short electrode separations
and a low conductance plateau corresponding to a
fully elongated junction bound primarily through the
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Figure 7. Histograms of experimentally determined (a)
binding energy and (b) length scale using the two-param-
eter model to force curves for BP single-molecule junctions
in the high- and low-conductance states. Two-dimensional
histograms of scaled force curves for (c) BP high and (d) BP
low. The force profile determined from the hybrid model is
overlaid (dashed black).

TABLE 1. Most Probable Values of Experimental Binding
Energies (Ep;inq) and Length Scales (Lp;,q) and Correspond-
ing DFT Values

junction Noe  Evina (V) Luing (B)  DFT Fyjng,” (V) DFT Lyng” (R)

Au—Au 6114 24 19 21-28
Ag—Ag 328 10 1.1 ~15

Au—C4SMe 2130 09 14 0.68 13
Au—C4A 553 0.9 14 0.65 12
Au—BDA 352 08 14 037 1.1
Au—BP, 3989 09 12 0.81 12
Au—BPy 2308 16 13 1340

Au—BPE, 3407 10

Au—BPE, 203 19 15

“From refs 11, 15, 17, and 31. ° DFT parameters for BPy junctions reported here
were obtained from DFT calculations performed with a single Au electrode due to
computational complexity.

donor—acceptor bond."? In Figure 7a and b we show
the distributions of Eyj,g and Lping for the two geome-
tries. We find mean binding energies to be 0.73 and
1.8 eV for the low- and high-conducting junctions,
respectively, in excellent agreement with calculated
values.'” As is physically intuitive, we see that the length
scales of the two geometries are similar (1.2 and 1.3 A),
but the binding energy of the high-conductance geo-
metry with its stabilizing van der Waals interactions
is substantially higher than the binding energy of
the low-conductance geometry. Despite the dif-
ferent origins of the interactions, we still see the same

METHODS

Experimental Details. We use a home-built conducting atomic
force microscope to perform simultaneous conductance and

ARADHYA ET AL.

universal curve in the scaled 2D force map shown in
Figure 7c and d.

Table 1 summarizes the most probable Eping and Liing
for all the junctions measured (see Figures S8—S512) and
compares it with calculated values where available.'"'>'”
The values determined for Ly;ng and Eping are in excellent
quantitative agreement with published DFT calculations
where available. In the case of pyridine-linked junctions,
our previous work demonstrated a key role for inter-
mediate range van der Waals interactions.'” Our present
methodology implicitly captures this extra binding en-
ergy, and the results are in quantitative agreement with
DFT calculations that include approximations of van der
Waals interactions.'>*?

The data for these single-molecule junctions show a
remarkable similarity in shape and goodness of fit to
the data from the atomic single-point contacts despite
the very different chemical nature of these three interac-
tion schemes. In all the scaled 2D maps, we see that our
model force profile naturally passes through the data.
As the intensity of the histogram indicates, the portion of
the potential curve from modest initial tension to a point
just beyond the inflection (force maximum) is most heavily
sampled. However, a recognizable outline of the full curve
emerges in the tails with lower data counts due to infre-
quently sampled ranges in the data. The clear emergence
of a universal force—extension curve from the rescaled
data not only reinforces the robustness and generality of
the simple model but also reveals a surprising degree of
similarity in the overall shape of the potential surface that
governs bond rupture for metallic, donor—acceptor, and
van der Waals interactions at the nanoscale.

CONCLUSIONS

We have demonstrated that AFM measurements
carried out in the near-equilibrium regime with a stiff
cantilever enable the complete mapping of the force—
extension curve in nanoscale junctions under tension
in ambient conditions. Our analysis, based on fitting
a flexible, empirical potential form to those curves,
reliably extracts physical characteristics of the potential
energy surface that describes stretching and rupturing
the bonds in each junction structure probed in the
ensemble of measurements. Our scaling analysis of
the full data set provides a clear picture of a universal
potential describing the short-range interactions in the
nanoscale junctions studied here. Our approach opens
up the possibility to experimentally probe critical
structure—bond energy relationships for molecules
bonded to nanostructured materials where diverse
structural motifs are an inherent feature.

force measurements on Au and Ag single-atomic contacts as
well as Au—single-molecule—Au junctions. See S| Table S1 for
a full list of junctions studied. The experiments are performed at
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room temperature under ambient conditions. We use the
break-junction procedure with our custom AFM and repeatedly
bring the metal-coated AFM cantilever in and out of contact
with the metal substrate. For measurements with Au, we use
a Au-coated mica substrate, while for measurements with Ag we
use a freshly polished Ag puck as the substrate.>* Molecules are
added on the substrate from solutions in 1,2,4-trichlorobenzene
or phenyloctane, both obtained from Alfa-Aesar. The force
constant of the AFM cantilever is determined using its thermal
spectrum>” at the end of each experiment. The experimental
setup has been described in detail previously''® and has
been optimized for a high cantilever displacement resolution
of ~2 pm between DC and 10 kHz, translating into a force noise
of ~0.1 nN.

Data Analysis Details. We first analyze force events using an
automated algorithm that has been described previously.'
Once the last force event within a conductance plateau of
interest has been identified, we fit a line to this rupture event
to capture the junction stiffness. We also calculate the force
from the sharp drop at the end of the force event. We fit the
force trace of this last rupture event to the model using a three-
step procedure. This is because of the highly nonlinear nature of
the model as well as the fact that Ep;,g and Lping €nter the model
through a linear and an exponential term, respectively. For each
fitting step, one parameter is constrained to provide reliable
fitting of the model to the experimental data on a trace-by-trace
basis, as follows. First, a fit to determine xgmax is performed
by constraining Ep;ng to the value obtained from eq 5 using
the most frequent rupture force as Frax (the peak value from
the measured distribution shown in Figure 2c) and the most
frequently measured stiffness as Kharm (Figure 2c). The value
obtained from this fit is Xrmax1. Next, a fit is performed by
constraining Lping to the value obtained from eq 6 above, and
the value Xgmax2 is determined. Finally, a fit is performed by
constraining Xemax to the average of Xgmax,1 and Xemax2- In this
final fit, neither Ep;ng NOr Lping are constrained. To ensure that
badly fit traces are not included in the analysis, fits that have a
root-mean-square deviation greater than 0.15 nN (~1.5x in-
strumental force noise) from the data are not analyzed further.
This fitting procedure allows a determination of Epjng and Lping
for each experimental trace.

Theoretical Details. The DFT-based calculations were per-
formed using the generalized gradient approximation (GGA)
of Perdew, Burke, and Ernzerhof (PBE)*” implemented in the
VASP package.*® The contribution of van der Waals interactions
was included in specific instances using the DFT-D2 method of
Grimme,*® implemented as a correction to the structures deter-
mined with PBE."> For each junction, a representative junction
structure is considered with clusters to model the electrodes as
shown in Figure 3. A potential energy surface is calculated as an
adiabatic trajectory. The junction is elongated in small steps with
geometry optimization at each step, as described previously for
C4SMe, C4A, BDA, and BP.'"'>3% As described in more detail in
the SI, we analyze the impact of long-range vdW interactions on
the experimental regime of the present measurements. Direct
simulation of the interaction between the atomic-scale asperities
captured by the model Au tip structures in Figure 3 and
the extended surface on the opposite side shows a negligible
effect. We model the interaction of the extended tip and surface
as a hemisphere interacting with a planar surface and use the
recently recommended value for Cg that includes metal
screening,® 80 eV-AS, likely most representative of the long-
range component (Figure S5). We estimate an impact on the
0.1 nN scale or less over the range of the force— extension curve
studied here (Figure S4).
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