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The realization of molecular electronics requires comprehension of single-moleculeI-V characteristics. Aside
from the electron-transport properties of the molecular framework, the molecule-electrode binding contributes
significantly to the contact resistance,Rn)0, and thus to the values of single-molecule resistance. Isothiocyanate
(-NCS), a versatile ligand for organometallics, can bind to a metal substrate to complete a metal-molecule-
metal configuration for external measurements. Isothiocyanate has the advantage of being aπ-conjugated
moiety that presumably exhibits a relatively smaller impedance than the commonly used methylene thiol
headgroup (-CH2SH) in many molecular wires. For example, this study shows that the single-molecule
conductance ofn-butanediisothiocyanate is an order of magnitude better than that ofn-octanedithiol even
though they both contain 10 atoms counted from sulfur to sulfur. For a homologous series of molecules,Rn)0

can be extrapolated from the intercept of the resistance obtained by the repeated formation of molecular
junctions using scanning tunneling microscopy. To isolate the contact effect of the-NCS-Au electrode
from other factors, alkanediisothiocyanates were studied because the large HOMO-LUMO gap of alkyl chains
is not sensitive to the number of methylene units. The results show two sets ofRn)0 values, with the smaller
set being 128 kΩ, about 1/12 the other value. A detailed examination of the results suggests that the preferential
adsorption site for isothiocyanate on gold is the atop site rather than the 3-fold-hollow sites of thiol on gold.

Introduction

The development of surface functionalization via self-
assembled monolayers (SAMs) consistently gives rise to
groundbreaking scientific findings and innovative applications.1-5

Such tailored molecules consist of a so-called headgroup that
selectively exhibits affinity to certain substrates.5-7 The most
extensively studied combination of headgroups and surfaces is
SAMs of organosulfurs on gold. The thiol headgroup is most
commonly tethered to the functionality of interest through a
methylene chain. In comparison to the saturated and somewhat
flexible alkyl backbone of the thiols, isothiocyanate (SdCdN)
offers an electron-rich and relatively rigid linkage that has been
shown to anchor organometallics,8-10 porphyrins,11,12and other
moieties13-15 onto the surfaces of coinage metals. From the
aspect of future applications in molecular electronics, the
π-conjugated characteristics of SCN- presumably allow through-
bond electron transport more efficiently than the saturated
methylene units.

Metal-molecule-metal (MMM) junctions offer a primitive
configuration for measuring single-molecule conductance. Stud-
ies of scanning tunneling microscopy (STM) break junctions,16-18

conductive atomic force microscopy (AFM),19-21 and theoretical
simulations22,23 have shown that the molecule-metal contact
has a substantial impact on the electric current passing through
the molecule. Despite the aforementioned usefulness of SCN-,
the headgroup-substrate interactions for SCN-terminated mol-
ecules have not been examined. Presented herein is an STM

break-junction16-18 study of alkanediisothiocyanates [SCN-
(CH2)nNCS, n ) 4, 6, and 8] whose resistance values lead to
anR0 value determined by a linear extrapolation to the intercept
against the number of methylene units,n. To simplify the effect
of -NCS-Au contact on molecule resistance, the poorly
conductive saturated polymethylene chain was studied because
its large HOMO-LUMO gap is not affected by the systematic
change ofn. The MMM junction was created by repeatedly
pushing a gold tip into a gold surface submerged in toluene
containing alkanediisothiocyanates and then retracting the tip
away from the surface. The gold tip fuses with the substrate
during the pushing step. While the tip is being pulled away,
the merged tip-substrate joint breaks, and one or more
molecules might bridge the junction.16-18,24-26 In this article,
we discuss theI-V characteristics of the metal-insulator-metal
system, including the single-molecule resistance of alkanedi-
isothiocyanates, the-NCS-Au contact resistance, the tunneling
decay constant per methylene unit, and the preferential binding
site of isothiocyanate on gold.

Experimental Section

The experimental procedures and data treatment for STM
break-junction studies were documented in detail by the groups
of Tao and Lindsay.16-18 The experiments reported herein were
carried with a NanoScope IIIa controller (NanoScope IIIa,
Veeco, Santa Barbara, CA). The instrument was first operated
in imaging mode with a tunneling current of 1-5 nA. When
the images exhibited gold terraces, indicative of smooth surface
and a sharp tip, the imaging mode was switched to STS plot
I(s) mode (scanning tunneling spectroscopy). The gold tip was
brought (at a rate of 4.2-5.6 nm/s, 0.93 Hz) into and out of
contact with a gold substrate in toluene (TEDIA). While current-
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to-tip stretching profiles,I(s), were being acquired, the feedback
loop was off except at the beginning point of the cycle.
Regardless of whether the solution contained the molecules of
interest, theI(s) traces exhibited a stepwise profile whose steps
showed multiples ofG0, the conductance quantum being
exchanged when the cross section of a metallic contact was that
of only a single gold atom [G0 ) 2e2/h, ∼(12.9 kΩ)-1].27

The concentration ofn-alkanediisothiocyanates orn-al-
kanedithiols in toluene was 1-20 mM. Upon repeated formation
of the tip-substrate gap, the isothiocyanate or thiol headgroups
at the termini of the polymethylene chains might bind to the
gold electrodes and complete a molecular junction. The
frequency for collecting the stepwise traces was about 27%,
slightly smaller than the∼33% reported18 for dithiol headgroups,
presumably because of the stronger thiol-gold adsorption. The
stepwiseI(s) traces were obtained at a fixed bias voltage, and
the magnitudes were orders of magnitude smaller thanG0. To
facilitate the determination of peak positions, the preparation
of the conductance histogram excludedI(s) traces with simple
tunneling decay that were acquired when no molecule bridged
between the electrodes. Tao et al. demonstrated that incorporat-
ing all of the traces in the histogram does not change the peak
positions for single-molecule conductance of alkanedithiols,
alkanediamines, and alkanedicarboxylic acids.16-18 Our finding
for alkanediisothiocyanates agrees well with Tao et al.’s. For
example, panel a of Figure 1 was plotted from 1000 traces
without preselection and shows a peak at 20× 10-4 G0. The
red curve indicates the contribution from 726 traces with either
plain tunneling decay or uncharacterizable noise. The remaining
274 traces were redrawn and transferred panel b, where the peak
position is almost identical to that in panel a.

The I(s) traces were recorded with a built-in NanoScope
program and exported as ASCII files. Each file had 5120 data
points. Each of the 5120 data points for a given stepwise trace
was converted to conductance and represented a value on the
histogram (x axis), and over 2000 individualI(s) traces were
included for each molecule (vide infra, Figure 2), yielding a
total sum of data points on the histogram of ca. 107. The
histogram indicates qualitatively how the conductance values
were distributed, and only the range exhibiting peaks is shown.
All of the histograms shown in this article were plotted by using
200 bins for the range presented.28 A Gaussian function was
used to fit the histograms (Origin, version 6.0, Microcal
Software, Inc.). The peak position and standard deviation of
the Gaussian curve were used to find the single-molecule
conductance and the error bars, respectively, in the subsequent
figures.

All chemicals were reagent grade. Substrates were 100-nm-
thick gold films thermally evaporated onto glass slides with a
5-nm Cr underlayer (99.99%, Super Conductor Materials, Inc.,
Suffern, NY) to enhance adhesion. The glass slides were

precleaned with piranha solution, a 1:3 (v/v) mixture of 30%
H2O2 and concentrated H2SO4. Caution: This solution reacts
Violently with organics and should be handled with great care.
The pressure in the bell-jar evaporator (Auto 306, Edwards High
Vacuum International, West Sussex, U.K.) was nominally 2×
10-6 Torr. Then-alkanediisothiocyanates [SCN(CH2)nNCS, n
) 4 from Alfa Aesar andn ) 6, 8 from Oakwood Products]
were used as received.

Results and Discussion

I(s) Traces and Conductance Histograms. Figure 2 shows
the results of STM break-junction studies for alkanediisothio-
cyanates with 4, 6, and 8 methylene units. The upper panels of
Figure 2 display typicalI(s) traces of electric current acquired
when the STM tip was pulled away from the substrate and the
bias voltage,Vbias, between the tip and the substrate was held
constant. TheI(s) traces are presented with arbitraryx-axis
offsets. The abrupt drop associated with the tip stretching
suggests a decrease in the number of molecules bridging the
tip-substrate gap. The current values are scaled byVbias, and
their quotient renders the conductanceG of single molecules
when Vbias is small. To be consistent with literature re-
ports,16,17,27,29the unit of the ordinate isG0. Controlled experi-
ments in blank toluene resulted in traces with simple exponential
tunneling decay, confirming that the staircase waveforms arose
from the alkanediisothiocyanates. The insets in the upper panels
of Figure 2 reveal low-conductance (LC) steps with values
approximately 1/10 those of the high-conductive (HC)
steps. The presence of multiple conductance values is ascribed
to the different anchoring geometries on the substrate and has
been reported for alkanedithiols,18,30 alkanediamines,18 and
alkanedicarboxylic acids18 on gold where the conductance
ratios of HC to LC values are about 4-5, 15, and 10,
respectively.

The lengths of step terraces correspond to the durations or
probabilities of alkanediisothiocyanates being sandwiched in the
MMM junction. The histograms in the lower panels are
summarized from more than 2000I(s) traces and are plotted
againstG0. The local maxima of occurrences are distributed at
integer multiple of the fundamental values, suggesting that the
number of molecules in the junctions is one, two, etc.16-18 The
insets show histograms of conductance in the LC region. It is
noteworthy that the histogram for octanediisothiocyanate ex-
hibits a conductance peak in the LC region even when the
extension of the LC steps is superimposed and narrowed by
the tunneling background.

Comparison of SCN and Thiol Headgroups.As a control
in this work, we also carried out experiments on the extensively
studied alkanedithiols whose conductance results are consistent
with literature reports16,17,25,34 and can be the platform for
calibrating our measurements of alkanediisothiocyanates. Table
1 summarizes the single-molecule conductance values of two
R,ω-alkanes for better comparison.

To illustrate the effect of the delocalizedπ electrons at SCN
on the single-molecule resistance, Figure 3shows a plot of the
values from Table 1 against the total number of atoms in the
molecules. For pairs of molecules with the same number of
atoms, namely, Au-SCN(CH2)4NCS-Au versus Au-S(CH2)8S-
Au and Au-SCN(CH2)6NCS-Au versus Au-S(CH2)10S-Au,
the HC region of the alkanediisothiocyanates (solid squares) is

Figure 1. Conductance histograms constructed (a) from 1000 traces
without preselection and (b) from 274 traces preselected by excluding
noisy traces and those with simple tunneling. The experiments were
carried out in toluene containing 1 mM SCN-(CH2)4-NCS.
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an order of magnitude more conductive than the HC region of
the alkanedithiols (open squares). The LC values of alkanedi-
isothiocyanates (solid diamonds) are either similar to the HC
values of alkanedithiols or about 4 times more conductive than
the corresponding LC regions of the alkanedithiols (open
diamonds).

The electronic coupling (or tunneling decay) constant,ân, for
a homologous series is extracted from the relationR ∝
exp(-ânn) or exp(-âL), where n and L are the number of
methylene units and the molecular length (in angstroms),
respectively. From the control experiments on alkanedithiols
reported in Table 1, aân value of ca. 1.0 is derived (Table 2),
in good agreement with the consensus values reported in the
literature.16,35,36For alkanediisothiocyanates, the semilogarithmic
plots of R with respect ton are presented in Figure 4a. The
straight lines indicate an exponential increase in the molecular
resistance with increasing molecular chain length, suggesting a
coherent and nonresonant tunneling. The slopes of the least-
squares lines giveân values of ca. 1.0 per CH2 group for both
HC and LC sets of alkanediisothiocyanates (see Table 2). The
fact that theân values are practically identical to those of
alkanedithiols confirms that the discrepancy in their single-
molecule resistances should arise from the terminal groups.
Panels a and b of Figure 4 show that extrapolation of the least-
squares fitting to the intercept gives respective HC and LC
contact resistances,Rn)0, of 105 kΩ and 1.36 MΩ for the
alkanediisothiocyanates and 22 and 130 kΩ for the alkanedithi-
ols. Although the former have largerRn)0 values, the contact
consists of two NCS-Au units whose headgroup-electrode
junctions, in fact, contain a total of four bonds that are longer
than those of dithiols.

Figure 2. Single-molecule conductance measurements obtained by STM break-junction studies of (a) butanediisothiocyanate, (b) hexanediisothio-
cyanate, and (c) octanediisothiocyanate. Upper panels: Typical current-distance traces acquired upon stretching of the molecular junctions. The
vertical axes represent conductance values, converted from the measured currents by dividing by the correspondingVbiasandG0 values. The conductance
of the traces decreases in quantized steps because of the formation of a stable molecular junction between the gold STM tip and the gold
substrate.16-18,24-26,30-33 Lower panels: Conductance histograms plotted from more than 2000I(s) traces. The experiments were carried out in
toluene and under a N2(g)-purged environment. In the absence of alkanediisothiocyanates, no such steps or peaks were observed within the same
conductance range. Insets:I(s) traces and histograms for low-conductance sets whose conductance values are an order of magnitude smaller than
those of the high-conductance sets. Peak positions were determined using Gaussian fits to the histograms profiles. The blue lines are the sums of
the Gaussians. The standard deviations estimated from the Gaussian fittings were used as the error bars in the subsequent figures.

TABLE 1: Summary of Single-Molecule Conductance and Resistance Values for Alkanediisothiocyanates and Alkanedithiols

Au-SCN-(CH2)n-NCS-Au junctions Au-S-(CH2)n-S-Au junctions

HCa LCa HCa LCa

n G (×10-4 G0)b R (MΩ)b G (×10-4 G0) R (MΩ) G (×10-4 G0) R (MΩ) G (×10-4 G0) R (MΩ)

4 19( 4 6.7( 1.4 2.0( 0.4 65( 14 - - - -
6 2.0( 0.4 66( 14 0.20( 0.04 629( 134 12( 2 10.7( 2.0 2.2( 0.4 59( 12
8 0.34( 0.07 379( 80 0.043( 0.009 3012( 653 2.6( 0.4 49.1( 7.3 0.59( 0.06 218( 21

10 - - - 0.22( 0.04 600( 120 0.043( 0.009 3000( 600

a HC and LC denote high- and low-conductance datasets, respectively.b The values ofG andR are interconvertible throughG0 ) (12.9 kΩ)-1.
The standard deviations were obtained from Gaussian fittings.

Figure 3. Semilogarithmic plots of single-molecule resistance versus
total number of atoms in the molecules, counted from sulfur to sulfur.
Alkanediisothiocyanates:9, HC; (, LC. Alkanedithiols: 0, HC; ],
LC.

11452 J. Phys. Chem. C, Vol. 111, No. 30, 2007 Fu et al.
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Current -Voltage Plots.Plotted in Figure 5 for the alkane-
diisothiocyanates are the current values of the fundamental peaks
in the I(s) histograms as a function of the corresponding bias

voltages. The curves in Figure 5 areI-V characteristics fitted
by the Simmons model37

Derived from the Wentzel-Kramers-Brillouin approxima-
tion,38,39 this formulation indicates that, under an intermediate-
voltage range of biasVbias (in volts), the currentI (in amperes)
is a result of electron tunneling across a rectangular barrier of
height φB (in volts) between electrodes spaced by a thin
insulating film with a thickness ofL (in meters).m, e, andp
are the rest mass of an electron (in kilograms), the charge of an
electron (in Coulombs), and Planck’s constant divided by 2π
(in Joule seconds), respectively. To generalize the formulation
for any shape of potential barrier, Simmons introduced the
parameterR, which, by itself, does not provide physical meaning
about the structure of the barrier.37,40,41Simmons’ formula shows
that, at a very smallVbias, the current is dependent on the barrier
width L as i ) (Vbias/R)e-âL where â (in Å-1) is a bias-
independent decay constant.

For molecules having a larger value ofn, the conducting current
decreases exponentially, expressed byi ) (Vbias/R)e-ânn. For
I-V traces of the LC datasets, only butanediisothiocyanate was
subjected to detailed examination because the riding of LC steps
over the exponential decay curve of electron tunneling makes
the data analysis more difficult for the longer molecules. Taking
the insets of panels b and c of Figure 2 as examples, the LC
currents at the fundamental steps are no longer significantly
larger than the current of through-space tunneling for hexane-
and octanediisothiocyanates.

By employingL values of 1.12, 1.37, and 1.62 nm for butane-,
hexane-, and octanediisothiocyanates, respectively, the best-fit
results forR and φB for the HC sets were found to be 0.61
((0.01) and 1.36 ((0.03) eV, 0.68 ((0.04) and 1.32 ((0.11)
eV, and 0.58 ((0.03) and 1.40 ((0.13) eV. The molecular
dimensions were estimated according to MM2 calculations
(molecular mechanics calculator 2, embedded in ChemBats3D).
These parameters yielded values for the constantsâ of 0.71
((0.01), 0.78 ((0.12), and 0.72 ((0.14) Å-1 for butane-,
hexane-, and octanediisothiocyanates, respectively. The LC sets
for butanediisothiocyanate resulted in values of 0.64 ((0.05),
1.36 ((0.18) eV, and 0.75 ((0.09) Å-1 for R, φB, and â,
respectively. These best-fitt parameters are indistinguishable
even though their current values are different by orders of
magnitude. Both theφB andâ are slightly smaller than those of
alkanedithiols,41,42 because of the difference between the
conjugated and saturated headgroups.

Discussion of SCN Binding Geometry.Measurements of
STM break junctions have resolved multiple sets of single-
molecule conductance values forR,ω-alkanes of dithiols,17,18,32,33

diamines,18 and dicarboxylic acids.18 The populations of the HC
I(s) traces are reported to be about 2-3 times those of the LC
sets.17,18 The origin of the HC and LC sets is attributed to the
microstructures at the region of headgroup-electrode contact,
which vary concomitantly with the repeatedly created molecular
junctions. In the case of alkanedithiols, Lindsay, Tao, and co-
workers17 generalized the HC and LC contacts to molecular

TABLE 2: Summary of ân, Rn)0, and Frequency of
Observation for HCa and LCa Datasets for
Alkanediisothiocyanates and Alkanedithiols

Au-SCN-(CH2)n-
NCS-Au junctions

Au-S-(CH2)n-
S-Au junctions

HC LC HC LC

ân (per CH2) 1.01( 0.07 0.96( 0.07 1.01( 0.14 0.98( 0.19
â (per Å) 0.80( 0.06 0.75( 0.05 0.79( 0.11 0.77( 0.15
Rn)0 (kΩ)b 128( 59 1560( 720 22( 25 130( 200
Gn)0 (G0)b 0.10( 0.05 0.008( 0.004 0.60( 0.70 0.10( 0.15
probability

(%)c
34d 58d 63 37

a HC and LC denote high- and low-conductance datasets, respec-
tively. b Rn)0 and Gn)0 are, respectively, the contact resistance and
contact conductance obtained from the intercepts of Figure 4.G0 )
2e2/h ≈ 77.4 µS or (12.9 kΩ)-1. c Frequency of occurrence reported
for SCN-(CH2)4-NCS and HS-(CH2)6-SH because of their larger
current values, better-definedI(s) traces, and thus more conclusive
results than obatined for the other molecules.d Approximately 8% of
the traces exhibited both HC and LC steps; see text.

Figure 4. Semilogarithmic plot of single-molecule resistance versus
number of methylene units for (a)n-alkanediisothiocyanates and (b)
n-alkanedithiols. The slopes andy intercepts of the best-fit lines yield
the electronic coupling constant,ân, and the contact resistance,Rn)0,
respectively, for HC (squares) and LC (diamonds) groups.

Figure 5. I-V responses of alkanediisocyanates. (a) Positions of the
fundamental peaks in the HC conductive histograms of butane-
(squares), hexane- (circles), and octanediisothiocyanates (triangles). (b)
I-V plots for butanediisothiocyanate of the HC (squares) and LC
(pentagons) single-molecule conductance values. The curves are the
best fits obtained using the Simmons formula37 (see text).

I ∝ e(φB -
Vbias

2 ) exp[-
2(2m)1/2e1/2

p
R(φB -

Vbias

2 )1/2

L] -

e(φB +
Vbias

2 ) exp[-
2(2m)1/2e1/2

p
R(φB +

Vbias

2 )1/2

L]

â )
2(2m)1/2e1/2

p
RφB

1/2 ≈ 1.03RφB
1/2
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termini sitting on atop and hollow sites of the gold substrate
(denoted as atop-hollow) and on two atop sites (atop-atop),
respectively, on the basis of the following observations: (1)
Simultaneous measurements of force and single-molecule
conductance values reveal the same breakdown force of∼1.5
nN for both the HC and LC traces. This value is the same as
that required to break the Au-Au bond,43 suggesting that the
S-Au bond is strong enough to pull the gold atoms from the
3-fold-hollow sites (R-S-Au3) to atop sites (R-S-Au).
Therefore, when the molecular junction breaks, one of the
terminal sulfur atoms resides on an atop site. (2)I(s) traces with
both HC and LC features, although rare,alwaysexhibit an HC
step first and subsequently an LC step. The lack of a current
trace going from LC to HC agrees with the progression of
junction breakage that S-Au binding can be transformed from
anchoring at a hollow site into an atop site, but not in the
opposite direction. (3) According to probability considerations,
the frequency of the atop-hollow configuration should be twice
that of the atop-atop scheme.

Our control experiments on hexanedithiol confirm that the
probability of obtaining HC traces is higher than that of
obtaining LC traces (Table 2), consistent with the literature
reports.17,18For butanediisothiocyanate, the occurrences of HC
and LC traces are about 34% and 58%, respectively. The
remaining∼8% exhibit both HC and LC steps. HC steps in
those traces always appear first, with an LC step following. The
reverse sequence was not observed. The rationale offered by
Lindsay, Tao, and co-workers17 that ascribes the HC and LC
steps to atop-hollow and atop-atop contact geometries,
respectively, also explains well the behavior of butanediisothio-
cyanate on gold, except that the HC traces have a lower
occurrence frequency than the LC ones. This discrepancy is
explained by the density function theory (DFT) modeling of
Xu and Gewirth who found that S-Au adsorption of isothio-
cyanate on the atop site is 0.364 eV more stable than that on
the hollow site of Au(111).44 Therefore, the distribution of the
HC and LC traces is likely not dictated purely by random
combination. The favorable adsorption energy at the atop sites
renders a higher occurrence for the atop-atop configuration,
which, however, has a smaller conductance because it has fewer
S-Au contacts.

Conclusion

Two conductance sets were found for alkanediisothiocyanates
and were ascribed to their different Au-SCN(CH2)nNCS-Au
binding geometries. The probability of acquiring the HC set is
34%, smaller than the 58% probability of the LC set. This trend
is opposite to the case of alkanedithiols, whose HC occurrence
is 2-3 times that of LC. According to DFT modeling in which
the energy for SCN adsorption on the atop sites is 0.364 eV
more stable than that on the hollow sites of a gold substrate,
we propose that the HC and LC traces are obtained when the
SCN resides on atop-hollow and atop-atop sites, respectively.
Their tunneling decay constants of ca. 1.0 per CH2 are
indistinguishable from those of alkanedithiols. The single-
molecule conductance valaues of alkanediisothiocyanates are
an order of magnitude better than those of alkanedithiols with
the same number of atoms between the terminal sulfur atoms.
The SdCdN headgroup with delocalizedπ electrons is
responsible for the good electron-transport properties and,
therefore, functions as a suitable ligand as well as a contact
lead for organometallic wires.
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