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Synthesis of active materials fonolecular electronic dgces
has been a focal point of current materials research, with much of si /
the progress based on conjugat#danic moleculesi? It is note- AN ““\ __!H-.
worthy that the majority of organic molecules utilized so far have [ N«
HOMO—-LUMO gaps Eg) ranging from 2.4 to 5.0 e¥.Clearly, LN NS\%{“_\ ,
there is still plenty of room foEg reduction, which should lead to - ;:2 R N_s/
a smaller tunneling decay paramefeand, consequently, higher WAE YA ~N
molecular conductivity. One approach is to incorporate metal ;%,Nb /
complex units into the backbone of conjugated organic molecules, / '“"\ ~ \”5 \
and optimal orbital mixings between metal and organic fragments \_H v N

may result in reduceé#,. Indeed, the series dfans-Pt(PR),(C=
CCsH4S), (R = Cy, Ph, Bu, OEt, and OPh) were shown to be Figure 1. Structural plot ofl. Selected bond lengths and distances (A):
potentially more conductive than OPE (oligophenyleathynylene) ~ RUL-RU2, 2.3225(3); RuEC1, 2.125(3); C+C2, 1.159(4); Rut-S, 9.26.
of comparable lengths through cross-wire junction measurerents.
Previously, we reported facile electron transfers across the pelyyn
diyl chains between two R(ap), units (ap= 2-anilinopyridinate)
and a remarkably small decay parametén.064 A1) from bulk
solution measurementsReported in this communication are the
synthesis of Ry(apy[o-(C=CCsH,) SCH.CH,SiMe;] (Scheme 1)
and the demonstration of molecular wire characteristics.
Synthesis of compound& and 2 was effected by treating
Ru(ap)Cl with 1 equiv of Li(C=CCsH4) SCH,CH,SiMes, similar
to the previous synthesis of Rapk(C:R).> Cyclic voltammetric
(CV) studles_ofl and2in THF revealedgreversmle _r—«a)X|dat|on Figure 2. (a) STM image of compoun@ (bright spots) inserted SAM
and a reversible 1-ereduction (Supporting Information), based on (100 x 75 nm).I; = 2.5 pA, Vbias = 1 V. (b) Black line in (a) indicates
which Eg of compoundd and2 were estimated to be 1.29 and 1.26  cross-section showing apparent height above C11 matrix for two inserted
eV, respectively. These values are much smaller thakgkalues molecules.
of the corresponding OPE molecules (335 eV)2 CompoundL,
shown in Figure 1, has an overall topology very similar to that of ~ CV of compound2 exchanged into a C11 monolayer on a gold
Rux(apy(C,Phy and exhibits bond lengths and angles within the electrode revealed a single redox wave with a formal potential (vs
expected ranges. Most significantly, the conjugated backbone A9/AgCI) of E° = 0.40V, which is comparable to tf#;, of 0.43
defined by the Ru2Rul bond and thiol-capped phenylene V measured in THF solution. CV of the C11 SAM on the gold
ethynylene is linear. On the basis of the structural data, dhe electrode prior to the addition of compoudshowed no faradic
Rul:--S distance i is estimated to be 16.3 A, which is sufficiently ~ "€Sponse in the same potential range. In addition, the current

long to warrant insertion into a monolayer of undecanethiol (C11). increases linearly with increasing scan rate, as expected for surface
immobilized species (Supporting Informatiohintegration of the

()
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Scheme 1. Thiol-Capped Phenyleneethynyl Adducts on Rux(ap)s current-potential waveform of compour@lin the voltammogram
Core yielded a surface coverage of cax510' molecules/crh
7 Electronic measurements on compouhevere carried out on
e IS | individual molecules or small molecular bundles inserted into a
}IIPh'N‘T’é;? Snre tightly !oacked se_lf-assemb!ed mgnolayer (SAM) of C11 (Figure
/R'U/_/Rl/ = ns/\/ 3 2a) using scanning tunneling microscopy (ST‘?VF)%_ AII S_TM
N a NS N measurements were performed under ambient conditiczenistant
P > | n=1(1)and 2(2) current modeat high junction impedance (400¢& such that the
N tip remains outside the SAM. As has been demonstrated for other

molecules inserted into alkanethiol SAM3,displays stochastic
switching, which is a random statistical process manifested as

T . . . .
iﬂﬁ}(/a;rgt‘?sg?’,&?aﬁb"’atory- molecules that blink on and off in successive STM imaldeX:
8 Geo-Centers Inc. Imaging experiments demonstrate that the surface coverage of
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Figure 3. (a) Two-layer STM junction model for compou2iC11 SAM.
(b) Structure of OPE dithiol.

compound2 is ~3 x 10" molecules/cry which is in good

Tunneling from the final phenyl carbon yieldgseof 0.88+ 0.12
A-1 while tunneling from the final Ru atom dropsto 0.594+ 0.08
A-1 Although the extended conjugation along the-fRu—(C=
CGCsHy)2—S linkage is very similar to that of OPE, introducingRu
(ap) at the end of the molecule deceagdsy a minimum of 15%.

We have successfully synthesized,@p)[o-(C=CCsH4)SCH,-
CH,SiMe;] and measured the electronic transport propertie® of
while embedded in a C11 thiol matrix on a gold substrate. CV
measurements reveal the presence of low potential redox states,
demonstrating the successful addition of an electrochemical “handle”
into a molecular wire. STM measurements show thgields a
that is at least 15% and possibly 43% lower than the fully organic
OPE molecule, suggesting that the introduction of a fRagment
enhances the transconductance of molecular wires, possibly through
decreasing th&,. Our results suggest that it may be possible to
improve the performance of molecules for molecular electronics
through rational design and molecular engineering. This is a key
finding if molecular electronics is to fulfill its promise.

Acknowledgment. Support for this work comes from the

agreement with CV measurements, especially since stochastichefense Advanced Research Program Agency (to J.G.K. and R.S.)

switching can lead to undercounting of the number of molecules
due to molecules that stay in the “off” state for the duration of the
experiment. From an analysis of 70 insertion events, comp&und
is found to have an apparent height of Z81.1 A above the C11
matrix (Figure 2b).

While STM images represent a convolution of electronic and
topographic informatiof? it is still possible to extract a molecular
electronic decay constagt(a measure of the ability to facilitate
charge transfer) from images of the molecule inserted into an
alkanethiol monolayer. A simple two-layer tunnel junction model,
first developed by Weiss et.dbr alkane thiol$® and later demon-
strated useful for investigating the charge transport properties of
several conjugated molecules by Bjarnholm etfiglates a molec-
ular $ value to the apparent heighth§TM = Ah + Ad) that pro-
trudes above an alkanethiol monolayer (Figure 3a). In this two-
layer model, the transconductance of a given lay&; is Gy exp-
(—Tit), where Gy is the contact conductancé; is the decay
constantandyt; is the layer thickness, and the overall junction trans-
conductance is the sum of layer transconductaBcesGgaGmolecule
STM images obtained in constant current mode constrain the
junction transconductance to a constant value for the entire image
(Gc11Ggap= G2Ggyap- By applying the simplifying assumptions that
the characteristics of the gapG{;, and a) and the contact
conductanceG) are constant for the two molecul€sye are able
to solve forf, in terms of the apparent height of the molecule:

@)

Table 1 lists values for2, along with a comparison to OPE (Figure
3b), a well studied fully organic analogt!6.18

B2 = [Bciihcii— (ASTM — Ah)]/h,

Table 1. Molecular Length, Apparent Height, and 3 Values920

molecule length (&) STM apparent height (A) B A
c11 125 0 1.2
OPE 20.2 4.3 1.030.13
2 (Stofinal C) 22.4 7.8 0.8& 0.12
2 (Stofinal Ru) 18.6 7.8 0.59- 0.08

As Table 1 shows, the 20.2 A dithiol OPE molecule yielgiai
1.03=+ 0.13 A1, which is consistent with previous observations on
monothiol OPELL16There are two values presented for compound
2, reflecting inherent uncertainty in the STM experiment since we
do not know from which atoms i2 the tunneling is occurring.

and the National Science Foundation (CHE0242623 to T.R.).

Supporting Information Available: Synthesis and characterizations
of compoundsl and2 (PDF), and X-ray crystallographic file in CIF
format for the structure determination of compound his material is
available free of charge via the Internet at http://pubs.acs.org.
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