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A fundamental understanding of the intrinsic properties of
molecular electronics is expedited by the advancement of
measurement devices!!! for single-molecule conductance. The
most prevalent approaches are break-junction methods, such
as mechanically controllable break junctions™ and scanning
tunneling microscopy (STM) break junctions,®! which involve
a pair of metal electrodes repeatedly being pushed towards
each other and then pulled apart again. Such gaps have
spacings momentarily suitable to host molecules. Other than
a few exceptions,” this timescale is hundredths to tenths of
a second, making it difficult to study time-dependent proper-
ties. Herein, we integrate an additional force-based control to
adjust the junction spacing. Stable junctions on the order of
minutes are possible and allow the study of single-molecule
conductance from just one molecular junction, as opposed to
those from collective data sets acquired on the millisecond
timescale.

Conductive atomic force microscopy (cAFM) is a power-
ful technique used to unravel the electrical properties of
molecules using monolayers!® and single molecules." ' For
monolayers pre-assembled on a metallic substrate, the
positioning of the metal-coated AFM tip on the monolayers
readily furnishes the metal-molecule-metal (MMM) config-
uration.! For single-molecule studies, gold nanoparticles are
attached on alkanedithiols diluted in a slightly shorter
monothiol matrix. The nanoparticle establishes the tip—
molecule contact and hence, the measurements.”? Note that,
in these AFM-based methods, the tip exerts pressure on the
molecules. Alternatively, the concept of STM break junctions
is applicable to cAFM. Results of AFM break junctions are
consistent with those of STM break junctions and show
rupture forces of 1.5 nN/® 0.5 nN,") and 0.8 nN,*"% respec-
tively, for Au-Au, Au-amino, and Au-pyridyl interactions.
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However, the study of i-V (current versus voltage) behavior
remains difficult owing to the very short time span of the
dynamic formation and rupture of molecular junctions.'!]

Herein, we have developed a new approach to make
MMM junctions stable for multiple single-molecule i-V
measurements or monitoring i(t) behavior. Instead of
having a pre-programmed setting to move the tip back and
forth monotonously at a constant speed, the positioning of the
piezoelectric transducer is steered to maintain a constant tip-
molecule force. To realize this method, we use herein
a commercially available PicoAngler™ (MultiMode Pico-
Force, Veeco),!'” already proven valuable for single-molecule
force spectroscopy, such as the study of mechanical unfolding
of proteins or rupture forces."" The force-feedback feature
allows the operator to experience the tactile feeling arising
from the interaction between the tip and the sample. In
response to the drift or change of the tip-molecule force, the
piezoelectric scanner is manually adjusted to counteract the
mechanical instability and thus to prolong the MMM
junction.

The model compounds examined are alkanedithiols, the
most studied molecules for creating MMM junctions, which
can be easily configured owing to strong S-Au adsorption. The
S-Au interaction is so strong that the stretching of the
molecules may pull gold atoms out of the electrodes before
the MMM junction breaks.®'¥ Multiple conductance maxima
have been reported and attributed to preferential S-Au
contact geometries.> For comparison, Ph,P(CH,);PPh,
was studied because the P-Au adsorption is weaker than
a Au-Au bond and because this compound has only one set of
conductance values (i.e., no preferential anchoring site).['>")
With stable molecular junctions, important issues include:
1) the correlation of molecular conductance with the applied
force, for example, the stretched and relaxed conformations,
and 2) the comparison of molecular conductance obtained
from one single molecule in one junction with those from
numerous MMM junctions.

To validate this new measurement technique, procedures
similar to STM/AFM break junctions are used to compare the
findings with published results. Figure 1a,d displays, for a,o-
octanes, traces of force (F(t)) and conductance (G(t)).
Positive or negative force regimes indicate, respectively, that
the tip is pushed against or pulled away from the substrate.
Hence, the portion of F(t) below the red dotted lines indicates
that the tip is detached from the substrate and consequently
that the molecule is stretched. F(t) traces show that the
rupture forces needed to break the junctions are 1.29-
(£0.28) nN for the cases of thiol and 0.66(+0.22) nN for
biphenylphosphine, consistent with published values.®?" It is
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Figure 1. Conductance distributions of HS(CH,)sSH (a—c) and Ph,P(CH,)sPPh, (d-f). a,d) Force and con- 8.5x107° Gy, Figure 1¢
ductance traces, b,e) conductance histograms, and ¢,f) conductance histograms plotted against force exerted ~ shows that the relative
on the MMM junction. The pink areas indicate the most probable conductance regimes. The conductance occurrence of the funda-
histograms are prepared from hundreds of traces without selection. Only the conductance data under pulling | onta1 peaks  becomes

conditions, namely F <0, appear in the histograms. Those with F>0 would appear to the right hand side of
the origin (see Figure S3) and are not displayed because the implication of the tip pressing on the substrate
is too complicated. The logarithmical histograms are prepared using 100 bins per order of magnitude.

Solutions: 1 mm a,w-alkanes in toluene.

generally accepted that the rupture force for S-Au junctions
arises from breaking Au-Au chains because the strength of the
Au-Au bond is weaker and establishes the upper limit of the
disruptive force.®?!! In contrast, the breakage of Ph,P-
(CH,)sPPh, junctions likely takes place at Ph,P-Au contact.””)
G(t) data with F<OnN are put together to generate
conductance histograms with tip-pulling conditions (Fig-
ure 1b,e) and plotted as a function of stretching force
(Figure 1c,f). Note that this is distinct from published reports
in which the histograms were plotted against the tip displace-
ment,”?*?! instead of against the force applied to the
molecule.”” Figure 1b,e were prepared using all the traces
obtained, that is, without subjective trace selection. After
taking the logarithm of the raw data, 300 equal-sized bins are
used to assemble the histograms. The results of HS(CH,)sSH
show multiple conductance peaks at 2.5(40.6) x 10~* G,
8.5(x£1.7)x10° G,, and 1.5(+0.4)x10~° G, where G, is
77.5 uS, the conductance of quantum point contacts. For
Ph,P(CH,)sPPh,, only one conductance peak is found, at
1.1(£0.4) x 107 Gy, consistent with previous STM/AFM
break junction studies."”*) When the conductance histograms
are drawn on a linear scale and the region of the distribution
maxima is considered, peaks with integer multiples of the
fundamental one are observed. The conductance values are
thus determined (Supporting Information, Table S1). The
number of counts is suppressed at the low-conductance
regime (e.g., the peak at 1.5x107° G, in Figure 1b) or
relatively over-emphasized for high conductance peaks (e.g.,
around 2.5x107* G, in Figure 1b). When the histogram of
Figure 1b is prepared by linear bins, the most prominent peak
is not located at approximately 2.5x107* G,, but at 1.1x
107 G,. This discrepancy has been discussed in the litera-
ture®! (see Figure S1 and S2). The conductance values for
HS(CH,),SH and HS(CH,),,SH are summarized in Table S1.
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prominent after the junction
is stretched only a little
(approximately —0.1 nN).
G-F plots exhibit triangle-
shaped occurrence (Fig-
ure S4), showing that the relative occurring frequencies for
the integer multiples of the fundamental values decrease with
the stretching force. Otherwise, the two conductance values
are nearly force-independent. For the lowest conductance set,
it requires a larger tip-molecule force (< —0.5 nN) to make
apparent the occurring frequencies. In Figure 1 f, the occur-
rence of probable conductance for Ph,P(CH,);PPh, also
resembles a right-angled triangle, with a narrower conduc-
tance distribution at a larger stretching force.

Figure 2 presents junctions stabilized by taking advantage
of the good control over the tip-molecule force. The force
traces show the degree of fluctuation that occurred when the
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Figure 2. Traces of F(t) (red) and G(t) (black) and the corresponding
conductance histograms (right) to demonstrate the stability of the Au-
HS(CH,)sSH-Au junction. The concentrations of HS(CH,)sSH were

a) 1x107°m and b) 2x107'?m. The dashed lines indicate the force
baseline and the yellow areas represent the conductance regimes of
the fundamental HC, MC, and LC peaks.
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operator managed to keep the force at a certain value, that is
—0.5 to —0.2nN in the two examples. In Figure 2a, this
junction was terminated deliberately to reveal the breaking
force of —1.5 nN, corresponding to that of the Au-Au bond
rupture. The force trace bounced directly back to the baseline
without exhibiting a subsequent sawtooth feature (e.g.,
Figure 1a) and, prior to the end of the run, the conductance
was consistent with those of the low conductance (LC) set,
indicative of a junction with a very limited number of
molecules. The conductance trace, G(t), exhibited plateaus
and resulted in multiple conductance peaks. However, some
plateaus showed conductance around 1.0x 107* G,, smaller
than that of high conductance (HC) and ascribable to
a junction with two molecules adopting medium conductance
(MC) configurations (also see Figure S4). To lower the events
of having multiple molecules in the junction, the concen-
tration of octanedithiol was diluted to 2 pm. Figure 2b shows
a 12 minute run and the occurrence of the conductance being
outside the regimes of the fundamental values is greatly
reduced. In general, the molecular junctions lasted 300 s for
HS(CH,)sSH and 100 s for Ph,P(CH,)sPPh,. The acquisition
of multiple i-V curves from the same junction becomes
possible.

Figure 3 shows the stability of junctions formed in this
manner for molecular i-V characterization. For visual com-
parison, Figure 3a and c are overlaid i-V curves for HS-
(CH,)sSH obtained from one and 187 junctions, respectively.
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Figure 3. i-V characteristics obtained by a,b) one junction or c,d) hun-
dreds of junctions for HS(CH,);SH and e,f) one junction for Ph,P-
(CH,)sPPh,. b,d,f) Magnified views of the left panels. a) 536 and e) 10
i-V traces under stretching forces of —0.8 (£0.2) nN and about

—0.2 nN in the single-junction experiments. c,d) i-V graphs are plotted
from 187 MMM junctions. Solutions: (a,b) 2 pm and (c—f) 1 mm a,w-
alkanes in toluene.
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2 pm HS(CH,)sSH was used for Figure 3a while 1 mM, more
typically used in the field, was used for Figure 3c. On the right,
magnifications of Figure 3a,c,e are shown. Figure 3b does not
show MC curves for this particular junction. Figure 3d
exhibits all three distinct groups yet includes additional
features attributable to two molecules. Within the ohmic
range used, the conductance values are about 1.5 x 1074 Gy,
5.0x107° Gy, and 1.0 x 1075 Gy, in reasonable agreement with
those obtained by break junction methods (e.g., Figure 1b
and Table S1).%1924231 The resemblance between Figure 3b
and d confirms that the duration of a single junction is
sufficiently long for such studies. In addition, their similarity
and disparity illustrate the correlation between single-mole-
cule i-V behaviors from a particular molecule in one MMM
junction, versus from numerous junctions. Specifically, for
individual molecules in a junction, i-V curves arbitrarily take
place at three conductance domains, consistent with the G(t)
behavior shown in Figure 2. For the case of Ph,P(CH,);PPh,
in one junction (Figure 3e,f), only one set of i-V curves is
observed and the conductance value is centered at 1.0x
107° Gy, using a bias of 0.1 V.

In an effort to explain the effect of tip-molecule force on
the molecular conductance, Figure 4 was obtained with the
applied force reversibly adjusted in a segmented manner for
HS(CH,)SH and Ph,P(CH,)sPPh, junctions. The magnitude
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Figure 4. Conductance response as a function of applied force for
a,b) HS(CH,)sSH and c¢,d) Ph,P(CH,)3PPh,. To avoid complications to
the data from stochastic changes in S-Au contact geometries, the
presented traces are limited to those around 1x107° G,,.

of fluctuation in G(t) appears associated with the applied
force. By plotting the conductance against the applied force
(Figure 4b,d), it is apparent that a stronger stretching force
results in a narrower fluctuation in conductance.

We were unsure as to how to correlate the conductance
with the molecular conformation by using the tip-stretching
distance. A longer tip stretching renders a wider junction that
straightens the bridged polymethylene chains. It would be
reasonable to attribute the change in conductance to the
transformation of a,w-alkanes with gauche conformers into
those with all-trans structures. However, previous reports

www.angewandte.org

2451


http://www.angewandte.org

Angewandte

2452

Communications

found contradictory conclusions about which of the con-
formers, gauche or trans, is more conductive.'®!%228 The
correlation is not straightforward because, besides the spacing
of the junction, the distance the tip travels involves the sliding
of gold atoms, because of the stronger S-Au bond than that of
Au-Au interactions. Furthermore, the rapid forming and
breaking up of the junction make it difficult to untangle the
effect of conformational changes from factors that also affect
the measured conductance, such as the preferential S-Au
binding sites, continuous atomic-level restructuring at the site
of contact, and the degree of deviation from the optimal bond
lengths and C-S-Au angles at the contact before the rupture of
the molecular junctions.

Using our setup, the MMM junctions can be stably
maintained. The method shown in Figure 4 simplifies the data
analysis, because the stretching tension does not reach an
extreme and the G(t) trace does not jump between those
ascribed to the contact geometries. These results show that
a smaller stretching force yields a slightly larger conductance
value accompanied by a larger fluctuation, which oscillates
toward the more conductive side, instead of being symmetri-
cally distributed. Assuming that the restructuring of contact
geometries is not involved, our results suggest that the gauche
conformers are only slightly more conductive than the trans
conformers. This finding agrees with the experimental results
of Nichols and co-workers® ! and with a modeling study by
Jones and Troisi,® who proposed that the introduction of
a single gauche conformation leads to lower conductance, yet
multiple gauche defects create coupling between nonadjacent
methylene units and confer a through-space pathway more
efficient than that of the all-frans conformer.

In conclusion, a tactile-feedback controlled conductive
AFM was used to generate minute-long MMM junctions. The
pulling feature allows the molecular conductance to be
scrutinized as a function of the tip-molecule force. A stronger
stretching force leads to an increase of the occurring
frequencies for the fundamental conductance relative to
those of the integer multiples, while the conductance values
decrease only slightly. Minute-long G(t) traces show molec-
ular conductance toggling spontaneously between those
ascribed to preferential S-Au contact geometries. The acquis-
ition of hundreds of i-V curves in one MMM junction is
possible and shows three groups of i-V traces for HS-
(CH,)sSH and one group for Ph,P(CH,)sPPh,. Finally, by
holding the MMM junction at one preferential S-Au contact
geometry, the correlation of the tip-molecule force with the
conductance fluctuation suggests that gauche conformers are
slightly more conductive than trans conformers. Through the
superior sensitivity to force, this tactile-feedback controlled
cAFM offers new opportunities to study systems that require
no destruction to the electrodes, such as, different electrode
materials for the tip and substrate.

Experimental Section

AFM break junctions were carried out in a toluene-filled fluidic cell
(MTFML, Bruker) and a Nanoscopellla controller (Veeco). An
external source/measure unit (B1500A, Agilent) was used to improve
the available current range to 0.1 mA-10 pA. For the commonly used
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AFM break junction, the tip was loaded against the substrate until the
current reached a pre-set value of 0.1 mA at an E,;,; around 0.1-0.2 'V,
equivalent to 0.5-1 mS or 6-13 G,. The tip was subsequently pulled
away from the substrate at a constant speed, typically 0.6-10 nms™".
Another method was developed herein to obtain molecular junctions
stable for minutes. The deformation of the piezoelectric scanner was
adjusted manually by a real-time tactile-feedback device (PicoAn-
gler™, Veeco) in which, using the torque exerted on a knob, the
operator experienced the tip-sample force and tuned the tip position
to maintain the junction. To minimize the effect of mechanical drift,
the measurements were performed at least 4 hours after the system
was assembled.
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