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Changes in the Electronic Properties of a Molecule When It Is Wired into a Circuit
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Molecular electronic devices require at least two electrical contacts to one (or more) molecule(s). Single
molecules are reliably probed by bonding one end to a gold substrate and the other end to a gold nanocrystal.
The circuit is completed with a gold-coated atomic force microscope probe. Measurements of the decay of
electronic current with the length ofFalkanedithiol molecules in these single-molecule nanojunctions are
reported as a function of the applied bias. The value of the decay constant near zero bias was obtained from

measurements in the ohmic region of the currerditage curves. The electron tunneling decay rate is
significantly smaller gy = 0.57 + 0.03) than observed for molecules bonded at just one gnd=(1), and

it falls to even smaller values as the applied bias is increased. Both these effects are quantitatively accounted

for by a large shift in molecular levels caused by the attachment of wires at each end.

Introduction

As a result of the demonstration of operating molecular
electronic devicey;* there is considerable interest in the
electronic properties of single molecules wired into electronic
circuits. However, the data obtained from measurements on
single molecules vary considerably, suggesting that significant
experimental difficulties complicate interpretation of the data.
This point is starkly illustrated by the controversy over the
Qlectronic properties of DNA. _This molecule is an electronic Figure 1. Schematic layout of the single-molecule contact. An
insulator; semiconductof, metallic conductof,or superconduc-  alkanedithiol, 1, is inserted into an alkanethiol monolayer on Au(111),
tor.2 depending on which experimental result is chosen. We have 2. The uppermost thiol groups on the dithiols are reacted with gold
studied a much simpler system, the alkanethiols on gold, to nanoclusters, 3, from a solution suspension. The tethered clusters are
clarify some of the difficulties of making electronic measure- contacted with a gold-coated conducting atomic force microscope probe,
ments on one (or a few) molecule(s). 4.

Much is known about the electronic properties whl- To circumvent problems associated with mechanical, non-
kanethiol monolayers on gold (111) surfa€e® Charge is  ponded contacts, we have developed a covalently bonded single-
transported by tunneling, current decreasing exponentially with molecule nanojunctio®? illustrated schematically in Figure 1.
chain length according tb = lo exp(-/nN), whereN is the n-Alkanedithiols are inserted into a matrix of the corresponding
number of methylene groups in the alkane chain,/an found ~ nglkanethiol monolayer on Au(111). The protruding thiol
to be about 1 per methylen@ shows no dependence on applied gjeties are located by incubating the modified film with a
biag® (or electrochemical overpotentiglover a range of greater  syspension of gold nanocrystals. The assembly is rinsed to
than 1 V. remove nonbonded particles, and the film is imaged with a gold-

However, there is substantial disagreement between molecularcgated atomic force microscope cantilever under an oxygen-
conductivities measured in different experiments, and even free organic solvent. When an attached gold nanoparticle is
greater disagreement with estimates based on quantum transpofpcated, the AFM tip is pushed against it to make a metallic
calculations®where the disparity can be 5 orders of magnitude contact to the nanoparticle and thus to the covalently bonded
or more. Extensive studies of mechanical contacts to alkanethiol yygjecule in the gap. The gold nanoparticles as introduced into
monolayers in our laborato¥y* have convinced us that the  the toluene solution are coated with and stabilized by ligands,
nonbonded contact in an atomice force microscopic (AFM) or most of which are triphenylphosphine. It is known that these
scanning tunneling microscopic (STM) experiment is a source jigands are readily exchanged for alkanethiol ligands upon
of considerable uncertainty. This is perhaps to be expected, asexposure to the thiol in solutiott. Thus, we postulate that
outside of an ultrahigh vacuum (UHV) environment, metal phosphine ligands on the gold nanoparticles in our experiments
surfaces will always be covered with layers of hydrocarbon and are displaced by the thiol groups of the alkanedithiols bound to
water contaminatiof? the underlying gold (111) surface in the monolayer. The
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enough force to penetrate the stabilizing coating and make goodthe molecular orbital energies can be determined. BBtaés

metal-to-metal electrical contact with the nanoparticle. This is

obtained from the currents calculated for different alkane chain

supported by the fact that, once such contact has been madelengths. Many of these calculations were repeated with extended
conduction increases dramatically and then becomes essentiallypasis sets and with plane wave basis sets, and very little

independent of applied foréé.The precise meaning of “good

dependence on the basis sets was fodnd.

metal-to-metal” contact on this length scale is an issue discussed The data reported here suggest that there is, in practice,

later in this paper.

considerable uncertainty about the location of the Fermi level,

The fact that measured currents are independent of force onceso we used a method of calculatifigs a function of this energy

a gold contact is made enables accurate and reproducible
measurement of the currentoltage (—V) characteristics of
small clusters of connected molecules. Th&/ curves fall into

difference based on complex band structure calculations for long
chains3?

clusters that are related to each other as multiples of a Experimental Section

fundamental —V curve, that of a single molecufé.

In this paper we extend this work to determine theV
characteristics of a series ofalkane molecules. We extract
the electronic decay constaply, for these molecules as wired
into a circuit, and compare it to data obtained for monothiol
molecules in self-assembled monolayers.

Theoretical Background

Alkanethiol monolayers were formed from 1 mM solutions
in toluene left in contact with flame-annealed Au(1%1)
overnight. Mixed monolayers were formed by overnight incuba-
tion of octanethiol, decanethiol, and dodecanethiol monolayers
on Au(111) n a 1 mMsolution of the corresponding dithiol in
toluene3* Alkanethiols and dithiols were obtained from Aldrich
and used without further purification. Freshly prepared gold
nanoparticles of core diameter less than 2fwere suspended

We have discussed a simple barrier-penetration model of ato a concentration of 0.25 g/L in dichloromethane and incubated

molecule in a metatmolecule-metal gap elsewheré.The

result of this simple model is that the electronic decay constant,

j, depends on the applied biag, and the energy difference,
AE, between the Fermi level and the closest molecular orbital

according to
_ 2m*
pV) =2, /?(AE —aV)

(wherefy is obtained vig8y = 1.253 in units of A-1). In this
expressionm* is an effective electron mass, reflecting the
strength of the binding potential. In a simple perturbation
expansion where the molecular levels are shifted in a uniform
electric field,a = 1/2 and the shift is the same in both directions
of bias. In general, the field distribution across the molecule
may be quite comple® and we discuss the consequences of
this uncertainty later in this paper.

We carry out first principles calculations of the current
following Mujica et al?627

@)
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Here,f is the Fermi function and th& matrix elements are
calculated from the Green'’s function for the coupled metal
molecule-metal system as described elsewhé&rehe voltage

with the mixed monolayers overnight. The resulting films were
rinsed in dichloromethane and then toluene, and were subse-
quently imaged in toluene. Isolated conducting particles of gold
attached to the monolayer were observed and used as contact
points for a freshly prepared gold-coated AFM probe.

Measurements were made using a PicoSPM conducting
atomic force microscope (Molecular Imaging, Phoenix) using
a hermetically sealed sample chamber flushed with nitrogen to
reduce oxygen and water vapor contamination. Silicon canti-
levers with a spring constant of 0.35 N/m (Molecular Imaging)
were sputter-coated with 5 nm of Cr followed by 50 nm of Au.
Contamination was reduced further by submerging the sample
in freshly distilled toluene. This also eliminates adhesion
between the AFM tip and the sample, permitting controlled
contact between the tip and gold nanocrystals.

Current vs voltagelV) data were obtained by repeated
cycling from small bias ranges with the range increased
incrementally to determine the highest bias that could be applied
without altering the electrical properties of the molecules. This
critical bias was found to be substantially less than could be
applied using a mechanical contact. In the case of octanedithiol,
curves were altered when the bias exceegtédV, compared
to the+3 V that could be applied to an octanethiol monolayer
(with the same level of environmental contréfl).

Results and Discussion

dependence of the current was incorporated solely by shifting Conducting AFM Results. As reported previously for

the energy levels of the high and low voltage contacts-by/2

octanetdithiol23 distinct families ofl—V curves were observed

and +eV/2, respectively. The energies in eq 2 are the zero as shown in Figures 2a (octanedithiols), 3a (decanedithiols), and
voltage energies. In some versions of this formula the energies4a (dodecanedithiols). Each family is an integer multiple of a
are defined so as to incorporate the applied bias, in which casefundamentall—V curve, that of a single molecuté.This is

the termeV does not appear in the delta function. Electronic demonstrated by finding the value of a divisor that minimizes
structure is calculated using Fireball-96 and SIESTA, density the variance between any pair of curves. When this divisor was
functional theory based methods within the pseudopotential determined for a large number of curves and presented as a
approximatior?®—31 Fireball uses a nonorthogonal basis set of histogram, peaks are found at integer values, 1, 2, 3, 4 (and on
slightly excited® pseudoatomic orbitals, including an s-state for up to 7 in some cases). These histograms are shown for each
H, sp for C and S, and sps for Au, allowing geometry molecule in Figures 2b, 3b, and 4b. In this way, the curves
optimization to be performed with Hellmanfreynman forces. associated with clusters of one, two, three, and four molecules
The terminal hydrogen atoms on the sulfurs were removed are identified.

(leaving a neutral thio radical) and the structure relaxed as A current-decay constanty, was calculated at each voltage
described under Theoretical Results. These calculations yieldedfor each family of curves by fitting the current t(v) = lo(V)

the electronic spectrum for the complete metablecule-metal exp[—An(V)N] for N = 8, 10, and 12. The means and standard
system. From this, the location of the Fermi level relative to deviations of these values for each family of molecular clusters
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Figure 2. (a) Current-voltage (—V) data for clusters of octanedithiol
molecules inserted into octanemonothiol monolayers. (b) Histogram
plot of the value of a divisor that minimizes variance between any pair
of I=V curves. (c)I-V data in the ohmic region{50 mV < V <

+50 mV). Solid lines are linear fits yielding resistances of %620

MQ (one molecule clustem = 56), 5174+ 10 MQ (two molecule
clustersh = 25), 333+ 8 MQ (three molecule clusters,= 20), and
274+ 5 MQ (four molecule clustersy = 15).
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Figure 3. (a) Current-voltage (—V) data for clusters of decanedithiol
molecules inserted into decanemonothiol monolayers. (b) Histogram
plot of the value of a divisor that minimizes variance between any pair
of [-V curves. (c)l—V data in the ohmic regionr{50 mV <V < +

50 mV). Solid lines are linear fits yielding resistances of 2289.5

GQ (one molecule clustem = 42), 1.48+ 0.3 G2 (two molecule
clusters,n = 20), 1.08+ 0.2 G2 (three molecule clusters, = 15),

and 819+ 100 MQ (four molecule clusters; = 10).
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Figure 4. (a) Current-voltage (—V) data for clusters of dode-
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Figure 5. Electronic decay constargy, in units of (methylene): for
clusters of one molecul@®), two molecules{), three molecules®),

and four moleculesx). The data at zero bias were derived from log
plots of the resistances as described in Figure 6. Representative error
bars aret1 SD. The solid line is the rectangular barrier theory (eq 1)
with m* = 0.16m. and AE = 1.3 eV. The dashed curve is the first
principles calculation carried out as explained in the text.

points are very much smaller than those obtained from measure-
ments with mechanical contadsEach data point is obtained
from around 100 curves, so the standard errors are substantially
smaller than the standard deviations shown in the figure. Thus,
the observed voltage dependence cannot be ascribed to experi-
mental uncertainties.

This small value ofsy and its voltage dependence are quite
unexpected results. It is clear that the bonded contacts have
changed the field distribution across the molecules because the
lower breakdown voltage of the bonded molecules suggests that
more of the applied field appears across the molecule (as
opposed to the gap between a contact and a molecule). If this
is the case, then perhaps significant changes could occur even
at very small biases. For this reason, we explored the linear,
ohmic region of thd—V curves at low bias carefully in order
to determingfy(0). Data collection at low bias is complicated
by leakage current caused by residual ionic contamination of
the toluene used to control adhesion and contamination. For
this reason, curves were selected from runs in which leakage
current was immeasurably small. Ohmic behavior is found for
biases betweer-50 mV as shown in Figures 2c, 3c, and 3d.
The corresponding resistances are listed in the figure captions.
Within experimental uncertainties, these resistances are in the
ratios 1:0.5:0.33:0.25, showing that the currents through the
molecular clusters add as would be expected for parallel
combinations of one, two, three, and four equal resistors. It is

canedithiol molecules inserted into dodecanemonothiol monolayers. (b) not obvious that this should be the case, because quantum

Histogram plot of the value of a divisor that minimizes variance between
any pair ofl =V curves. (c)—V data in the ohmic regionr{50 mV <

V < +50 mV). Solid lines are linear fits yielding resistances of 8.26
+ 1 GQ (one molecule clusten = 27), 4.8+ 0.6 GQ (two molecule
clusters,n = 14), 3.27+ 0.6 G2 (three molecule clusters, = 11),

and 2.68+ 0.5G2 (four molecule clustersy = 8).

(one, two, three, and four molecules) at each voltage are shown

in Figure 5. These values @l are significantly smaller than
those obtained from molecules chemically bonded to a metal
at just one end wher@y ~ 1.1520 Further, 8y decreases

interference and interactions between neighboring molecules
could result in a more complex addition of currents.

These resistance data are used to derive valughfat zero
bias as shown in Figure 6. The corresponding valugiaire
listed in the figure caption. They are all equal to 0.57 within
experimental error. Thus, these low voltage measurements show
thaty is indeed intrinsically small for these molecules bonded
into metallic contacts.

The value ofgy at low bias is also important because electron

markedly as the applied bias is increased (Figure 5), an effecttunneling theory relategn(V) to the value offy at zero bias.
that is not observed in alkanethiol monolayers bonded to just As can be seen from eq 1, a small(0) implies a significant
one electrodé*2°Note that the standard deviations on the data voltage dependence. Our data (Figure 5) showgRhatepends
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Figure 6. Resistances of one®, two- (), three- (), and four- Figure 7. Calculated density of states (DOS, solid line, left axis) for

(x) molecule clusters as a function of alkane chain length plotted as 5,4 gctanedithiol SAM between gold electrodes. The plot is of the DOS
log resistance vs number of methylene groups. The straight lines areprgjected onto the orbitals of one of the carbons in the middle of the
exponential fits yieldings at zero bias as 0.5& 0.06 (one molecule  ctane molecule (fourth from the end). This reveals the locations of
cluster), 0.59+ 0.06 (two molecule clusters), 0.5& 0.06 (three the HOMO and LUMO relative to the Fermi level (at 0 eV). Complex
molecule clusters), and 0.55 0.06 (four molecule clusters). band structure calculations (dashed line) yigl@per methylene) for
any value of the gap between the Fermi level and the molecular orbitals.
on bias, so we now turn to an examination of the relationship In this case, the smallegtis obtained for interaction with the HOMO

betweenn(0) and Bn(V) in terms of theories of electron  (asE — Er approaches-5 V) or the LUMO (asE — Er approaches
tunneling +5 V). The first principles calculation places the Fermi level in the
h B | lculati h lid line in Fi h middle of the HOMG-LUMO gap as shown in the figure. This implies
Theoretical Calculations.The solid line in Figure 5 shows  that g is about 1 per methylene. Agreement with the experimentally
a fit of our data with eq 1 using®* = 0.16m. and AE = 1.3 determined value of requires shifting the Fermi level down by 3.4
eV with oo = 0.5. Clearly, the unexpectedly low value 64 ev.
and its voltage dependence are accounted for by this value of. . .
AE. AE can be estimated from the ionization potentials of IS thatf is abo_ut 1 per methyl_ene and does not depend on bias,
alkane®® and the work function of gold, yielding a value of n complete d|sagreement with the measured data. .
approximately 5 eV. The unexpectedly low value far and In.v!ew of the discrepancy between the values_cﬁif obtained
its voltage dependence translate into an unexpectedly low valueb.y f|tt|ng eq 1 (1.3 eV) and the yalues obtained from the
for AE. A first principles calculation leads to a similar simulation (ca. 5 eV), we sought to investigate the dependence

conclusion, at variance with our experimentally determined of on AE using complex band structure qalculan@ﬁ_é[he
value. result is plotted as the dashed curve in Figure 7. Fitting the

. . measuregBy(0) requires shifting the Fermi level by 3.4 eV so
Using electronic structure methoglss removes the need for bothy - A r — 1 5 ey (close to what was obtained with the simple
of the fitting parametershAE andm*.23 The metat-molecule-

metal system was modeled the following way (for details see model). Fixing the Fermi level at this value and recalculating
. ) h i 2 yields th I ),
Tomfohr and Sanke¥): Green’s function was determined for the currents using eq 2 yields the voltage dependafiit)

e i as well as its absolute value, and the results are shown as the
an infinite array of the molecules iné3 x /3 array tethered  ashed line in Figure 5. Thus, adjusting to an unexpectedly
between gold sheets of eight atoms thickness (with the structure|g,y, yalue yields the same result as the simple theory: both the
relaxed as described elsewh&eThe unit cell of the supercell |5y value of An(0) and the voltage dependengin(V), are
contains six layers of 111 gold with one alkane pé x /3 quantitatively accounted for. The simulation achieves this with
gold surface atom. Thicker layers of Au (up to 12 atoms) were one less parameter than the simple model (the effective electron
explored, and similar results were found. This supercell mass). This quantity can be calculated directly from the band
incorporates intermolecular interactions and the electronic structure, yieldingn* = 0.2m close to the value obtained by
structure of the gold surface as bonded to the molecules. A fitting the data to eq 1.

preferred orientation of the molecule was determined by  The meaning of an effective mass in this context is discussed
structural relaxation. The Au atoms were fixed and the end thio jn detail elsewherg? Briefly, the tunneling states come from
radical was initially located above the 3-fold hollow site of the honding and antibonding-bonded states along the chain. The
Au(111) surface. The bond lengths and bond angles of the chainstates for a finite chain are a subset of the states for an infinite
were fixed at their ideal values. The resulting A8 bond chain, much like the harmonics of a finite length string are a
lengths are 2.56 A. The tilt of the molecule is about @m subset of the harmonics of those of a very long string. For
the surface normal. Further details can be found in ref 32. The allowed points for the finite chain that are near the band edge
Dyson equation was then used to couple the gold slabs midwayfor the infinite chain has the form of eq 1 with the effective
(i.e., four atoms depth) to semi-infinite slabs of gold. In this mass given by that of the parent (infinite chain) band by*1/
way, the contribution of both surface states and the bulk density = (1/2)(52E/9k?).
of states to current could be calculated, dealing with the charge  The simulation used an electric field that had half the voltage
distribution for the system self-consistently. drop at the left interface and half the voltage drop at the right
The electronic density of states for geldctanedithiot-gold interface (corresponding ta. = 1/2 in eq 1), and the actual
is shown as the solid line in Figure 7. The Fermi level is set to potential distribution may be quite differetit.However, this
0 V, so it can be seen that the gap to either the HOMO or simplification cannot account for the calculated small value of
LUMO is indeed about 5 eV. The magnitude of currents AE, because the voltage distribution does not enter into the
calculated with eq 2 are in reasonable agreement with the calculation offn(0) (though it might affect the experiment
observed currents for a single molecdlbut the shape of the  see below). Furthermore, the symmetry of the measuréd
I—V curve is not: the experimentally measured curve turns on curves requires that = 1/2. Values other than 1/2 correspond
more sharply than the calculated curgg. can be calculated  to more rapid approach to resonance in one direction of bias,
directly from the currents calculated using eq 2 for the series whatever the details of potential distribution in the gap. The
octanedithiol, decanedithiol, and dodecanedithiol, and the resultsame result holds in the electronic structure calculation where
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a symmetrical potential distribution is found to have no effect unlikely to extend over many atomic diameters and is therefore
to first order in perturbation theory. These results proved unlikely to be very much bigger than the Fermi wavelength of
relatively insensitive to the precise details of the metablecule the electrons, so that the contact resistance is unlikely to be
coupling geometry or the basis set used in the calculation much less than the resistance quantum (1Z%.%-41 Small
(extended local orbital or plane wave). Better fits were obtained though such a resistance sounds in this context, it is large enough
when the Fermi level was moved toward the HOMO (as shown to enable the gold nanoparticle to charge separately from the
in Figure 3), but we cannot rule out LUMO-mediated tunneling. bulk electrode, forming a Coulomb blockatfeThis will set
One consequence of shifting the Fermi level in this way is a Up two different potential distributions, above and below the
large increase in calculated currents (several hundred fold) asblockade threshold, changing the role of the gold nanoparticle
resonance is now more closely approached. It should be notedn the charge transport in a potential-dependent way. It is hoped
that the single-molecule currents that we measure, and thethat a detailed analysis of currentoltage data will shed light
current calculated by extrapolating electrochemical rate constanton this.
data to zero thermal activation (appropriate for metal “donors”
and “acceptors” of electrons) are in close agreement (S. E. Conclusions

Creager, personal communication). Therefore, it appears eq 2 The electronic decay constant per methylene at zero/hias
does not adequately describe charge transport in these moleculeio)’ is determined to be 0.5% 0.03 (standard error) in cluster’s
We are left with the surprising conclusion that the energy of one, two, three, and four octanedithiol, decanedithiol, and
difference between the Fermi level and the molecular orbital(s) yodecanedithiol molecules covalently tethered between gold
that mediate tunneling is very different in a molecule contacted -gntacts. It falls to about 0.47 when a biassef V is applied
at both ends compared to a molecule tethered to a gold surfacgqy the metarmolecule-metal assembly. These values are
at one end only? In the case of a mechanical contact to the gjgnjficantly smaller than those determined by measurements
top of a monolayer, the current changes with compression of o glkanethiol monolayers, and also significantly smaller than
the film in a manner accounted for by chain-to-chain tunnel- predictions based on self-consistent first principles electronic
ing1+2°The current through molecules bonded at each end doesgirycture calculations. The small valugf(0) and its voltage
not change as the fillm is compressed, a result accounted. for bydependencqﬁN(V), are quantitatively accounted for by a 3-fold
though-bond tunneling?* (this also rules out a mechanical  requction in the gap between the Fermi level and a molecular
explanation for the difference between one- and two-bonded gpita| from ca. 5 to 1.5 eV. The origin of this reduction remains
contacts). Perhaps this change in effective tunneling path isgphscure, but similar effects have been observed in other
responsible for the differences if(0) and fn(V), though molecules. The difference betwegiy(0) as measured for
current theoretical models give no hint of a mechanism. alkanethiol monolayers and as measured for alkanedithiol
Large changes in the properties of molecules connected tomolecules between gold contacts remains unaccounted for,
electrodes have been determined by other methods. Martel ethough it is clear that the tunneling mechanism is changed.
al3®have determined the gap between the Fermi level and statesvodification of the potential distribution by Coulomb blockad-
of a single-walled semiconducting carbon nanotube from the ing may also play a role.
temperature dependence of carrier injection, findkig= 15
meV, 20 times smaller than the expected value of 300 meV, an  Acknowledgment. This work was supported by the NSF
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