J

A|CIS

COMMUNICATIONS

Published on Web 12/14/2010

Single-Molecule Junctions Based on Nitrile-Terminated Biphenyls: A
Promising New Anchoring Group

Artem Mishchenko, Linda A. Zotti,* David Vonlanthen,® Marius Birkle," Fabian Pauly,"

Juan Carlos Cuevas,** Marcel Mayor,

*$1 and Thomas Wandlowski*t

Department of Chemistry and Biochemistry, University of Bern, CH-3012 Bern, Switzerland, Departamento de
Fisica Teorica de la Materia Condensada, Universidad Autonoma de Madrid, E-28049 Madrid, Spain, Department
of Chemistry, University of Basel, CH-4056 Basel, Switzerland, Institut fiir Theoretische Festkorperphysik,
Karlsruhe Institute of Technology, D-76131 Karlsruhe, Germany, and Institute for Nanotechnology, Karlsruhe
Institute of Technology, D-76021 Karlsruhe, Germany

Received August 24, 2010; E-mail: juancarlos.cuevas @uam.es; marcel.mayor @unibas.ch; thomas.wandlowski @dcb.unibe.ch

Abstract: We present a combined experimental and theoretical
study of the electronic transport through single-molecule junctions
based on nitrile-terminated biphenyl derivatives. Using a scanning
tunneling microscope-based break-junction technique, we show
that the nitrile-terminated compounds give rise to well-defined
peaks in the conductance histograms resulting from the high
selectivity of the N—Au binding. Ab initio calculations have
revealed that the transport takes place through the tail of the
LUMO. Furthermore, we have found both theoretically and
experimentally that the conductance of the molecular junctions
is roughly proportional to the square of the cosine of the torsion
angle between the two benzene rings of the biphenyl core, which
demonstrates the robustness of this structure—conductance
relationship.

The detailed understanding of charge transport through single-
molecule junctions is a key prerequisite for the design and
development of molecular electronic devices.'** The implementation
of (single) molecules in electronic circuits requires an optimization
of their structures toward desired functionalities and a reliable
method of wiring them into a nanoscale junction.>~> While it is
generally recognized that organic molecules with sr-conjugated cores
are good candidates for molecular electronics applications,**” the
choice of a proper anchoring group constitutes a major challenge.®'°
The terminal groups determine the strength of the binding to the
adjacent leads as well as the energy and nature of the frontier
molecular orbitals.'' For example, electron-withdrawing groups
attached to a sr-conjugated system decrease the energies of both
frontier orbitals and thereby promote electron transport by reducing
the difference between the electrode’s Fermi level and the
molecule’s LUMO. On the other hand, electron-donating substit-
uents lift the frontier orbital energies and thus favor hole transport
by bringing the molecule’s HOMO closer to the Fermi level.'*!?
Furthermore, the spatial arrangement of a s-conjugated system is
also crucial for the electronic transparence of a molecular junction.'*

Thiol (—SH) groups are the anchoring groups most often used to
connect (single) molecules to metal leads, such as gold electrodes,
because of their high covalent bond strength.'> However, the —SH
terminus shows a large variability in its binding geometries.”'!”
Venkataraman et al.'® recently introduced the amine group (—NH,)
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as a promising alternative, one that is particularly characterized by a
more uniform contact geometry.'® Other anchoring groups that have
been explored in (single) molecule conductance studies are pyridine,>'
isonitrile (—N=C),'®*? isothiocyanate (—N=C=S),>* methy] selenide
(—SeCH3),** methyl thiol (—SCH;),** dithiocarboxylic acid
[-C(=S)—SH],* dimethylphosphine [—P(CHj),],>* carboxylic acid
(—COOH),' nitro (—NO,),?® and even fullerene.>’ The search for
the “best” anchoring group for the formation of stable and energetically
well-aligned metal—molecule contacts represents one of the most
important current issues in molecular electronics.'?2%2%

In this communication, we report on a scanning tunneling
microscope (STM) break-junction'”?° study of electron transport
in single-molecule junctions formed by a series of novel biphenyl
dinitriles (BPDNs) (Table 1). An additional interlinking alkyl chain
of varying length between the two phenyl subunits defines the
torsion angle ¢ within this series of BPDNs, providing a molecular
structural feature that is expected to be reflected in their transport
properties.”* *! These BPDN model compounds were obtained
from precursors comprising terminal leaving groups,®* and their
synthesis will be reported elsewhere.?* These chemically tailored
molecules contact the gold leads through the electron-withdrawing
nitrile (—C=N) group. We note that —C=N represents a unique
and novel anchoring group that to the best of our knowledge has
been explored in only two recent studies. Kiguchi et al.** attempted
to measure the conductance of 1,4-dicyanobenzene but did not
observe any clear molecular conductance signatures. Zotti et al.”®
performed measurements of the current—voltage characteristics of
4,4’-dicyanotolane molecules using a mechanically controllable
break-junction technique, but no conductance histograms were
reported.

In the present study, we created contacts between a gold STM
tip and a Au(111) substrate and then measured the conductance G
= I/V}iss in the tip—substrate junction as a function of the relative
tip—substrate separation z upon stretching and breaking of these
contacts in the presence of BPDN target molecules. The experi-
mental data were analyzed with novel statistical approaches based
on 2D histograms and a covariance matrix representation. Details
of the experimental technique and data analysis procedures are
summarized in the Supporting Information (SI).

As an example, Figure 1a shows typical conductance—distance
curves obtained in the presence of molecule M4. The plateaus of
rather constant conductance observed in these stretching traces
around 1 < G/Gy < 10, where G, = 2¢%/h, correspond to stable
atomic contacts, while the ones in the range 107 < G/G, < 107
represent the signatures of molecular junctions. We did not observe
signatures corresponding to binding of multiple molecules in the

10.1021/ja107340t © 2011 American Chemical Society
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Figure 1. (a) Selected experimental stretching curves (shifted horizontally
for clarity). (b) 1D logarithmic conductance histogram and (inset) charac-
teristic length histogram; (c¢) 2D conductance—distance histogram. (d)
Covariance matrix. All traces shown were measured using a | mM solution
of M4 in 4:1 (v/v) mesitylene/THF at V};,s = 100 mV and processed without
any data selection.

junction and thus conclude that most of the traces with molecular
features contain only a single plateau. The main panel in Figure
1b displays the corresponding one-dimensional (1D) histogram on
a logarithmic conductance scale constructed from ~2000 individual
stretching traces of M4. The sharp peaks in the histogram around
integer multiples of G represent the conductance of gold quantum
point contacts.*® The prominent peak with a maximum at Gp,./G
= 4 x 1077 is attributed to the most probable conductance of a
single M4 molecule bound to two gold electrodes. (The feature
near G/Gy = 5 x 1073 results from a known instrumental artifact.
For details, see the SI.)

The inset in Figure 1b shows the characteristic length histogram
of M4, which was constructed by measuring the lengths of all of
the individual conductance—distance traces in the molecular junc-
tion conductance range around Gy, typically within the interval
0.1 = G/Gpax = 10. We found two distinct peaks at 0.26 and 0.55
nm. The first, which is dependent on the lower limit of the interval
for data analysis, represents the average tip movement between
G/Gpax = 0.1 and 10 in the absence of a molecular junction. The
second value is asserted to be the “true” average length of a
molecular plateau or, in other words, the relative distance between
the formation and breaking of a single-molecule junction (for details,
see the SI).

The above interpretation is further supported by a two-
dimensional (2D) histogram?’ representation. Figure 1c shows the
logarithm of the experimentally obtained conductance of M4 in
units of Gy plotted versus distance. It should be noted that we
introduced a relative distance scale 7z’ (with 27 = 0 at G = 0.7Gy)
to normalize the experimental traces to a common point. The chosen
procedure was justified because of the steep decay of the tunneling
current after breaking of the last atomic contact. The histogram
was obtained by counting the occurrence of [log(G/Gy), 7'] pairs
in a 2D field. Figure 1c shows features of gold quantum contacts
at G = G, and a second cloud-like pattern in the [107 < G/G, <
1074, 0 = 77 = 0.5 nm] region. We attribute the latter to the
formation of single-molecule junctions of only one type. The center
of the cloud is located at G = (3.5—4.5) x 107G, which is close

to the position of the peak in the 1D histogram (Figure 1b). The
extension of the cloud along the distance scale is ~0.5 nm, close
to the position of the second peak in the plateau length histogram
(inset in Figure 1b). A small number of counts below the cloud
were due to the steep curves without molecular plateaus.

Inspired by Halbritter et al.,>® we for the first time applied a
covariance analysis to features in a molecular conductance histo-
gram (for details, see the SI). The covariance provides a measure
of the strength of a correlation between pairs of bins in the
histogram. The covariance is 0 if the variations of counts in two
different bins are independent, positive if they are correlated, and
negative if they are anticorrelated. The matrix of covariance values
of M4 is plotted in Figure 1d. The strongly correlated bins (red
color) along the diagonal of the matrix at log(G/Gy) = —1 appear
from the plateaus of the Au—Au atomic junctions. The positive
values at —5 = log(G/G,) = —3.5 are attributed to the conductance
plateaus of the single-molecule junctions. The strong anticorrelation
(blue color) in the area [log(G/Gy) =~ 0, —4 =< log(G/G,) = 0]
followed by a smaller correlation feature at [log(G/Gy) ~ 0, =5 =
log(G/Gy) = —4] indicates that conductance plateaus of both atomic
and molecular junctions are present in the majority of the original
curves and that they are well-separated by the steep decrease in
the conductance. The strong anticorrelation in the area [—5 < log(G/
Gy) = —4, —6 = log(G/Gy) = —5] is due to the steep decay of the
current after the molecular junctions were broken.

Table 1. Chemical Structures of the Studied Molecules, Values of
the Torsion Angle between the Two Phenyl Rings (¢) Obtained
from X-ray Experiments with Single Crystals (M2—M6)3® or DFT
Calculations (M1), and Measured Values of the Most Probable
Single-Molecule Conductances

Molecule Structure ¢ (deg) Conductance (Gp)
Ml == 355 @7406)-10°
M2 N“ 10 (92£1.7)-1075
M3 = Q.O =207 (6.6£0.6)-1075
M4 NN 48 (3.9+05)-10°
M5 ““ 585 (1.740.2)-1075
M6 ey 89.3 <107°°

We further explored the dependence of the single-molecule
conductances on the torsion angle between the two phenyl rings,
@, by choosing a series of five additional BPDN derivatives (Table
1). The angles ¢, as obtained from X-ray structure analysis of the
molecular single crystals (M2—M6) or DFT calculations (M1),
varied systematically between 1 and 89° while the molecular length
remained approximately constant.>* The individual experiments and
the corresponding data analysis followed the protocol described
for M4. We note that the entire statistical analysis of all of the
measured traces was performed without any data selection. This is
in strong contrast to experiments with thiol-bound molecules, where
an appropriate data selection procedure is needed to extract
meaningful results,'”-30-37-38

Qualitatively similar results were obtained for all six BPDN
derivatives. Each of the 1D conductance histograms exhibited only
one dominant molecular-junction-related maximum. The 2D
conductance—distance histograms and the covariance matrices also
revealed only one molecular feature (see the SI). The experimentally
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measured values of the corresponding most probable single-
molecule conductances are summarized in Table 1 and plotted in
Figure 2a as a function of cos? ¢. The conductances of the deriv-
atives (except for fluorene M2, for which the value lies above the
general trend) were approximately proportional to cos? ¢, with a
slope of (7.3 & 0.2) x 107°G,. This slope is smaller than those
reported for biphenyl derivatives with thiol [(2.4 & 0.1) x 107*G]*°
or amine (1.5 x 1073Gy)*? anchoring groups.
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Figure 2. (a) Experimentally measured conductances G/Gj of six biphenyl
dinitriles as a function of the square of the cosine of the torsion angle, cos’
@ (Table 1). For molecule M6, the conductance was set equal to zero. (b)
Optimized geometries of molecule M4 connected at both ends to Au{111)
electrodes in the (upper panel) l.c. and (lower panel) h.c. geometries. (c)
Transmission as a function of energy (with respect to the Fermi energy,
Er) for all of the molecules in the h.c. geometry. The inset shows a
comparison of the transmission curves for M4 bound in the h.c. (solid curve)
and l.c. (dashed curve) geometries. (d) Computed conductances of M1—M6
as functions of cos? ¢ for the two contact geometries.

To provide further insight into the experimental results, we
carried out ab initio calculations on the structures and zero-bias
conductances of the molecular junctions. For this purpose, we
combined density functional theory (DFT) and the Landauer
formalism>’ (see the SI for details). We first analyzed all of the
“free” molecules in the gas phase and compared the energies of
the frontier orbitals. We found a monotonic decrease of the
HOMO—-LUMO gap with decreasing torsion angle without a
particular deviation for the fluorene derivative M2 (see Figure S23
in the SI). Thus, our calculations could not explain the deviation
observed experimentally (Figure 2a). Subsequently, we studied the
structure of the entire gold—molecule—gold junction, with the two
leads represented by relaxed 20-atom-sized gold clusters that were
subsequently extended to 120 atoms after geometry optimization.
We explored various binding geometries (specifically atop, hollow,
and bridge) and found that only atop binding geometries of the
nitrile—gold contact are stable. This result is due to the coordinative
nature of the covalent N—Au bond, which is established via the
nitrogen lone pair. We focus here on two representative atop
structures. In the first one (denoted as the l.c. geometry; Figure 2b,
upper panel), the molecule is bound to a low-coordination-number
gold adatom through a linear C—N—Au bond. In the second one
(denoted as the h.c. geometry; Figure 2b, lower panel), the BPDN
molecule attaches to a “terrace-type” gold atom with a higher
coordination number, and the C—N—Au angle assumes a value of
~160°. The binding energies for the two geometries are very similar
(~1 eV; see the SI).
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Further, we calculated the transmission curves at zero bias for
MI1—MB6 in the l.c. and h.c. geometries (Figure 2c). In all cases,
we found that the transport takes place through the tail of the LUMO
(off-resonant tunneling). This is consistent with the results of
previous calculations''?® and thermopower measurements*’ in
nitrile-terminated molecular junctions. The transmission curves for
the h.c. geometry show an approximately 20 meV broader transmis-
sion resonance at a slightly lower energy (by ~20 meV) than for
the l.c. geometry (see the comparison for molecule M4 in the inset
of Figure 2c¢) for all of the molecules. The energy difference
between the first two transmission resonances above the Fermi
energy was found to decrease with increasing torsion angle, which
is in agreement with results reported for biphenyl dithiols in ref
30.

The computed values of the junction conductances are plotted
in Figure 2d as a function of the square of the cosine of the
calculated torsion angle. The dashed lines represent the linear fit
G = a cos® ¢. The slope for the h.c. geometry (a = 1.44 x 1072Gy)
is higher than that obtained for the l.c. geometry (@ = 5.9 x 1073Gy)
because a better coupling between the molecular 7z system and the
metal states yields a broader resonance in the former case. The
computed conductance values are 2 orders of magnitude higher than
the experimental ones, which is mostly due to the underestimation
of the HOMO—LUMO gap by DFT.*'* We note that both the
experimental and theoretical conductances obtained for the BPDN
family are lower than the values reported for biphenyl dithiols.*
We find that this is due to a lower coupling (by a factor of ~3) in
the case of the BPDN derivatives relative to the biphenyl dithiols,
and we attribute this to the presence of one more atom in nitrile
than in thiol, which acts as a spacer.

In order to evaluate whether the room temperature can affect
the molecular structures and in turn the conductance values, we
performed molecular dynamics (MD) simulations for the isolated
molecules at 300 K in both vacuum and a solvent environment
(see the SI). They revealed that the torsion angles fluctuate around
the equilibrium values. The magnitude of these fluctuations depends
on steric effects and on the internal strain in the molecule. The
highest variation was found for M1, and it amounts to +13°. The
corresponding variation of the conductance due to fluctuations of
the torsion angle was then estimated to be up to 24% (see the SI).
It is worth noticing that the variations in the computed conductances
due to the two different binding geometries and the fluctuations in
the torsion angles lie well within the experimental spread. This
spread covers a range of ~1 order of magnitude and contains
additional contributions from junction stretching, which was not
considered in the theoretical modeling. Thus, the coexistence of
the two calculated binding geometries in the experimental data is
highly probable. These findings support the experimental observa-
tion of a single conductance peak for the nitrile terminated
molecules. Indeed, on the basis of our experimental data, we can
state that the nitrile-bound junctions show a strong structural

selectivity and are more uniform than, for example, thiol-based
ones, 17:3037

To gain further insight into the nature of the transport through
these molecules, we also analyzed the contributions of the individual
conduction channels to the total conductance. We found that for
the different molecules the conductance is dominated by a single
channel, except in the case of M6, where two channels give almost
the same contribution. Analysis of the wave functions of the
dominant channels revealed that for M1—MS5 they have st character
and symmetries resembling those of the LUMOs of the isolated
molecules, while for M6 the two channels have mixed w—o
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character because of the complete breaking of the conjugation of
the 77 system.

To conclude, we have studied the conductance of a family of
biphenyl derivatives wired to gold electrodes via nitrile anchoring
groups. 1D and 2D conductance histograms as well as covariance
matrix analysis exhibited well-defined features that we attribute to
a site-selective N—Au bond. We experimentally and theoretically
observed a decrease in the single-molecule conductance with
increasing torsion angle ¢. The high probability of spontaneously
forming gold—nitrile bonds, as demonstrated by our results in this
communication, constitutes another important advantage of the
nitrile-terminated molecules. These findings indicate that nitrile-
based metal—molecule—metal junctions represent a unique platform
for the reliable construction of nanoscale molecular assemblies with
very uniform electric properties.
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