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This letter presents experimental evidence that the electrical conductance of a single molecule can be altered
by a chemical binding event. Self-assembled monolayers of electron donor tetramethyl xylyl dithiol (TMXYL)
have been synthesized and chemically switched to a conducting state by reaction with an electron acceptor
tetracyanoethylene (TCNE). Low bias conductance measurements obtained by scanning tunneling spectroscopy
under ultrahigh vacuum conditions show a change from insulating to ohmic behavior as a result of the electron
donor/acceptor interaction.

Introduction. Self-assembled monolayers (SAMs) of thiols
and dithiols on metal and semiconductor surfaces have attracted
significant interest because of their potential use in nanoscale
functional devices.1-5 Electronic conduction through “molecular
wires” has been studied6-11 and theoretical models have been
advanced12-20 in attempts to understand electron transport
through molecules. These prior studies have demonstrated that
the location of the equilibrium Fermi level relative to the
HOMO-LUMO gap of a molecule is an important factor in
determining the molecular resistance. For the case where the
molecule makes a good electrical contact to two electrodes, the
resistance could be near 12.9 KΩ, the quantum of resistance, if
the Fermi level is aligned with either the HOMO (or LUMO)
of the molecule and the conduction mechanism is ballistic.
However, the large resistances measured (on the order of
MΩ)12,21,22clearly indicate that the Fermi level usually lies close
to the center of the HOMO-LUMO gap of common unsaturated
organic molecules. As a consequence, conduction through the
molecule occurs via tunneling.

Here, we report our studies of the structure and electronic
properties of SAMs of organic charge-transfer complexes. The
formation of a surface-confined charge-transfer complex is
accomplished by the reaction of a strong electron acceptor
(tetracyanoethylene, TCNE) with a SAM of an electron donor
(tetramethyl xylyl dithiol, TMXYL). This reaction results in a
50-fold increase in the conductivity, measured by STM. These
results demonstrate that a simple additive chemical reaction can
be used to turn on current flow through a molecule by inducing
a change from insulating to conducting behavior. These results
provide experimental verification of the tuning of a molecular
wire junction through appropriate chemistry.23

Results and Discussion.Organic charge transfer (CT)
complexes can be viewed as the result of the reaction of an
electron donor molecule (D) with an electron acceptor molecule

(A). TCNE is a relatively strongπ-acceptor molecule and readily
forms a CT complex with the electron donor, hexamethyl
benzene.24 We prepared the dithiol TMXYL25,26because it was
expected to possess both the ability to form SAMs and sufficient
electron donor character to form an organic CT complex with
TCNE. SAMs of TMXYL and TMXYL-TCNE were prepared27

on Au substrates28 and characterized by reflection absorption
infrared spectroscopy (RAIRS) (Table 1), ellipsometry (Table
2), electrostatic force microscopy, and contact angle (Table 2)
measurements. The characterization of the molecules by these
techniques supports the morphology illustrated in Figure 1. The
conductance of these SAMs was subsequently investigated by
scanning tunneling microscopy (STM) using well-established
techniques.29

Properties of a SAM of TMXYL: TMXYL- Upright (1).
RAIRS data for1 (Table 1) suggest that the TMXYL molecule
is oriented vertically on Au(111) (Figure 1). This is evident
from the increase in the intensity of the infrared (IR) vibrational
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TABLE 1: RAIRS Data for the Various SAMs Used in This
Studya

SAM ν(cm-1)
vibrational mode

assignment
RAIRS
intensity

TMXYL-Upright, 1 1590 8a,C-C stretch v
1472 19a,C-C stretch v
1439 19b,C-C stretch v
1297 14,C-C stretch v

TMXYL-TCNE, 2 1437 19a,C-C stretch V
1378 CH2 out of plane bend v
554 C-CN out of plane bend v

TMXYL-Flat, 3 1374 CH2 out of plane bend v

a The direction of the arrows in the last column indicates the relative
change in intensity of the appropriate spectral bands for selected
vibrational modes relative to the bulk (KBr pellet) IR spectrum.

TABLE 2: Ellipsometry and Water Contact Angle Data for
Various SAMs Used in This study

SAM
ellipsometry film
thickness (nm)

contact
angle (θ)

TMXYL-Upright, 1 0.80 80°
TMXYL-TCNE, 2 0.60 71°
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bands at 1590 cm-1 (8a) and 1472 cm-1 (19a). These bands
correspond to vibrational modes with a net dipole change that
is along the long axis of the TMXYL molecule. Ellipsometry
and contact angle measurements are consistent with the proposed
vertical orientation of TMXYL (Table 2).

Formation of a Surface Confined Charge-Transfer Com-
plex: TMXYL-TCNE (2). The SAM of2 was prepared in two
steps. The first step was the formation of a SAM of1 on
Au(111) as described above. The second step involved the
immersion of the TMXYL coated Au(111) substrate in a
concentrated (0.1 M) CH2Cl2 solution of TCNE. The RAIRS
spectrum of2 shows an intense band at 1378 cm-1, correspond-
ing to the CH2 out-of-plane bending mode of TMXYL. In
contrast, the in-plane mode at 1437 cm-1 (19b) decreases
significantly in intensity. This suggests that TMXYL is now
lying flat with respect to the Au(111) surface, bound through
both thiol groups (Figure 1). In addition, the out-of-plane
“puckering” mode of TCNE at 554 cm-1 shows a significant
increase in intensity. These data suggest that TCNE is also lying
flat with respect to the metal surface, presumably on top of
TMXYL. Ellipsometry and contact angle measurements are

consistent with the proposed horizontal orientation of TMXYL-
TCNE 2 (Table 2). In particular, the two-component SAM of
TMXYL -TCNE2 is found by ellipsometry to have a thickness
that is 0.2 nm less than that of a SAM of upright TMXYL (1)
alone.

Properties of a SAM of TMXYL after RemoVal of TCNE:
TMXYL- Flat (3). TCNE was removed from2 by immersion
in a solution of the strong electron donor trimethyl tetrathiaful-
valene (Me3TTF). The RAIRS spectrum of3 shows the same
intense band at 1374 cm-1 as seen in the RAIRS of the charge-
transfer SAM 2, suggesting that TMXYL remains flat on
Au(111) (Figure 1). The absence of the out-of-plane bending
mode at 554 cm-1 also confirms the removal of TCNE from
the surface. Further support for the surface structures of
TMXYL -upright (1), the flat sandwich structure of the
TMXYL -TCNE CT complex (2), and TMXYL-flat (3) come
from electrostatic force measurements.30

It is useful to compare the scanning tunneling spectra (STS)
results obtained from2 and3 under identical conditions. The
measured conductance near zero bias has two contributionss
one due to the tunnel gap between tip and molecule and a second
due to a few molecules (perhaps only one) through which the
tunneling current must flow. When the tip is brought close to
the molecule so as to produce a negligible tunnel gap, the
electronic properties of the molecule can dominate the measured
I(V). It is important to be in this regime when comparing STS
spectra from2 and3.

In this study, this was accomplished by systematically
measuringI(V) as a function of set point voltage and current.
As the set point voltage is reduced for a fixed tunnel current,
theI(V) data becomes reasonably symmetric, indicating that the
capacitive coupling between the tip and molecule is comparable
to the capacitive coupling between the molecule and the
substrate.17 Under these circumstances (a tunnel resistance of
∼1.5 GΩ for the SAMs investigated here), we have determined
that the apex of the tip is close but not buried in the molecular
SAM.

With the STM in stable operation under these conditions, the
feedback was disabled and the voltage bias between substrate
and tip was ramped, generatingI(V) data at 256 different values
of the bias voltage. Under ideal circumstances, whenI(V) data
are acquired as described above, the resulting tunnel gap
between tip and molecule should be identical for both2 and3.
Thus, any observed changes in theI(V) can be interpreted as
changes in molecular conductance, a quantity of considerable
interest. Under actual operating conditions, to achieve a given
set point, the tip-molecule separation is greater for a more
conducting molecule. Since2 is found to be more conductive
than3, it follows that differences observed inI(V) (or dI/dV)
near zero bias will tend to underestimate the actual differences
in the conductance between the two molecular SAMs under
investigation.

A comparison of the STM data for2 and3 provides important
information about the molecular electronic effects induced by
the formation of a charge-transfer complex. TheI(V) data are
shown in Figure 2. The data were taken atVset ) -1.5 V and
Iset ) -1.0 nA. STM I(V) data for 2 clearly show ohmic
behavior for|V| e 0.5 V, indicating that the TMXYL-TCNE
CT complex has a very different electronic behavior compared
to 3 (TMXYL -flat).

The change from insulating to conducting behavior at low
bias by the addition of TCNE is most clearly seen by a direct
comparison of dI/dV. Log10(dI/dV) derived from representative

Figure 1. Schematic of the three samples prepared in this study. RAIRS
data from TMXYL-upright,1, indicates that TMXYL is single-thiol
bonded to Au(111) with an upright orientation. The process of reacting
TMXYL with TCNE causes the TMXYL to reorient from an upright
to a horizontal orientation, indicative of a molecule bonded to the
Au(111) substrate via both thiol end-groups. RAIRS confirms that the
TMXYL molecules are parallel to the Au(111) surface with the TCNE
resting on top. After the TCNE is removed, the TMXYL remains
bonded to Au(111) through both thiol groups. Consequently the
molecules are parallel to the Au(111) surface. SAMs of1 were made
as a processing step toward SAMs of2 and3.
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I(V) data of2 and3 are shown in Figure 3. The data show that
the zero-bias conductivity of2 is a factor of at least 50 greater
than that of3. In comparing the relative conductivity of2 and
3 at 0.01 nA/V (the estimated noise level of our system), we
find that 3 exhibits a conduction gap while2 does not.

It is useful to assess the change in conductivity resulting from
the structural change of the TMXYL molecule on the metal
surface between1 and 3. We therefore examined a SAM of
TMXYL -upright, 1 (see Figure 1).I(V) data for 1 indicate
insulating behavior with little conduction evident for|V| e 1.0
V. However, 3 appears somewhat less insulating than1,
presumably because SAM3 is not as thick. The relatively small
difference in conductivity of1 and 3 is attributed to the
orientation change of the molecule from vertical (1) to horizontal
(3). However, the TMXYL molecules in2 and3 share similar
physical orientations but conduct quite differently. Consequently,
the change from the Ohmic behavior observed for2 to the
insulating behavior observed for3 results from the removal of
the electron acceptor, TCNE. The removal of TCNE eliminates
the CT interactions, which returns insulating properties to the
SAM. This behavior is completely reversible. Thus, a flattened
SAM of TMXYL ( 3) can be reimmersed into a solution of
TCNE and the spectroscopic and conductive properties of
TMXYL -TCNE (2) are restored.

The evidence for Ohmic conduction in the TMXYL-TCNE
CT monolayer2 is compelling and indicates that2 has energy
states near the Fermi energy. The clear difference between the
I(V) of 2 and3 demonstrates that a change in the conductance
of the TMXYL is due to the creation of the TMXYL-TCNE
CT complex and not due to the change in morphology. An
energy diagram consistent with these observations is provided
in Figure 4. This energy diagram is obtained using the DFT
method, B3PW91 with 6-31G* basis function as implemented
in the chemistry software Gaussian 98.31 This method (B3PW91)
combines the Becke exchange functional32 and the Perdew-
Wang correlation functional.33 Figure 4 shows the energy levels

Figure 2. I(V) data from2 indicates that the CT complex is an electrical conductor, with a nearly linearI(V) behavior atV ) 0. When the TCNE
molecule is removed,I(V) data from3 indicate that for small voltages (|V| < 0.5 V) TMXYL is an electrical insulator. These data combined with
the I(V) data on TMXYL-TCNE indicate that the change from insulator to conductor through the formation of a CT complex results from a change
in the molecular energy levels. Approximately 25 separateI(V) spectra, taken from various regions across the sample, are plotted simultaneously
to indicate the overall reproducibility of the data. The data have been reproduced on two separate SAMs.

Figure 3. Log10(dI/dV) data for TMXYL-TCNE, 2, and TMXYL-
flat, 3. The dI/dV were calculated from a representativeI(V) shown in
Figure2. The units of dI/dV are nA/V. Near zero bias,2 is found to be
approximately 50 times more conductive than3.
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of TMXYL and TCNE molecules along with those of the CT
complex. The CT complex is modeled by placing TCNE on
top of TMXYL at a distance of 0.285 nm. The substrate Fermi
level can be assumed to be located around-5.1 eV (work
function of bulk gold), although a more detailed calculation is
needed to locate it precisely with respect to the molecular levels.
The point to note is that the CT complex gives rise to an
additional hybridized level (L*) close to the Fermi level, leading
to an increase in the density of states. This increase in the density
of states contributes to increased conduction since this level is
delocalized; that is, it hybridizes with the substrate through the
sulfur atoms of TMXYL. This simple physical picture provides
a mechanism for an important capability in molecular electron-
ics, the ability to alter the electronic properties of an individual
molecule by a molecular binding process. Changes in conduc-
tance of chemical nanostructures that occur in response to a
pH change34 or redox reaction35 have been reported previously.
The large change in conductivity that follows the chemical
formation of the TMXYL-TCNE CT complex appears to occur
by a different mechanism involving the rehybridization of
molecular energy levels. The overall effects of tuning energy
levels by field effect transistor (FET)-like behavior vs chemical
bond formation were recently considered theoretically.23 Both
can alter conduction by moving the poles of the molecular
Green’s function in a Landauer treatment.

Conclusions. Self-assembled monolayers of the dithiol
TMXYL were synthesized on a Au(111) substrate. The addition
of the electron acceptor, TCNE, caused a charge-transfer
complex of TMXYL with TCNE to be formed. The surface
morphology of the SAMs was characterized by reflection
absorption infrared spectroscopy, ellipsometry, electrostatic force
microscopy,30 and contact angle measurement.I(V) data obtained
in UHV by an STM revealed a significant change in the
conductance spectra between the TMXYL and TMXYL-TCNE
SAMs. SAMs formed from TMXYL alone producedI(V) data
similar to that reported elsewhere for poly(phenylene) thiols.36

The magnitude of the measured energy gap in the conductance
spectra places the HOMO of TMXYL (level H in Figure 4)
approximately 1 eV belowEF of Au(111), a result consistent
with the calculated energy levels presented here. Upon addition
of TCNE, a considerable change in the conductance spectra
occurred, resulting inI(V) data that were nearly Ohmic near
V ) 0 and showed no evidence of a gap in the conductivity.

This result is consistent with the introduction of CT complex
hybridized level (L*) that lies near the Fermi level of the
substrate (see Figure 4). Upon removal of the TCNE molecule,
the insulating character of the self-assembled monolayer was
essentially restored.

The significance of this experiment is the clear demonstration
that the conductance of an individual molecule can be altered
in a controlled and reversible manner. This establishes the
feasibility of using current flow through a suitably designed
SAM as a sensitive means of detecting the presence (or absence)
of a specific target molecule. It is not possible in general to
dope individual molecules to levels of small partial charge, as
is commonly practiced with semiconductors and conducting
polymers to achieve specific conductivities. However, the large
and reversible change in conductivity of individual molecules
demonstrated for the TMXYL-TCNE system suggests a new
molecular technology for fabricating conductive elements useful
in future molecular electronic applications.
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