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ABSTRACT: Bulk silicon, the bedrock of information
technology, consists of the deceptively simple electronic
structure of just Si—Si ¢ bonds. Diamond has the same
lattice structure as silicon, yet the two materials have
dramatically different electronic properties. Here we report
the specific synthesis and electrical characterization of a
class of molecules, oligosilanes, that contain strongly
interacting Si—Si o bonds, the essential components of the
bulk semiconductor. We used the scanning tunneling
microscope-based break-junction technique to compare
the single-molecule conductance of these oligosilanes to
those of alkanes. We found that the molecular
conductance decreases exponentially with increasing
chain length with a decay constant # = 0.27 + 0.01 A~
comparable to that of a conjugated chain of C=C =
bonds. This result demonstrates the profound implications
of ¢ conjugation for the conductivity of silicon.

ulk silicon exclusively contains Si—Si ¢ bonds; indeed, the
material can be imagined as a series of one-dimensional
chains of Si atoms cross-linked in three dimensions. It was first
shown in the middle of the 20th century that short chains of Si
atoms (oligosilanes) have markedly different electronic proper-
ties than their structural analogues, the alkanes.! While alkanes
do not absorb light above 190 nm, Gilman et al.? observed that
permethyloligosilanes (e.g,, hexamethyldisilane and higher
oligomers) display strong absorbance at 200—300 nm. In a
trend similar to those for linearly conjugated systems such as
oligoenes,3 the position of maximum absorbance (4,,,,) and the
absorption coefficient (¢) increase with the length of the Si
chain.>* This observation led to speculation that saturated
oligosilanes may undergo electron-transfer chemistry similar to
that of conjugated carbon-based materials. Indeed, the
pioneering work of West established that the stable delocalized
decamethylcyclopentasilane radical anion can be observed by
EPR spectroscopy” and that linear and cyclic oligosilanes form
charge-transfer complexes with 7 acceptors such as tetracyano-
ethylene (TCNE).°
These promising initial experiments inspired considerable
interest in the development of polymeric silanes as electronic
materials; however, the challenges in silane synthesis ultimately
hindered the widespread study of oligo- and polysilanes after
the 1980s.”~® High-molecular-weight polymers are obtained via
sodium-mediated Wurtz-type coupling of dichlorosilane mono-
mers. The harsh conditions limit the functional group tolerance
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to relatively inert alkyl and aryl substituents,'® and the resultant
polymers also suffer from low yields and/or wide molecular
weight distributions.'’ Herein we report the synthesis of
oligomeric silanes of specific length functionalized with anchor
groups, enabling single-molecule conductance measurements.
We carried out these conductance measurements on a set of
SiMe, oligomers terminated with 4-(methylthio)phenyl groups
(Figure 1), which bind to undercoordinated Au to form single-
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Figure 1. (a) Molecular structures of methyl sulfide-capped
oligosilanes Sil—5 and alkanes C2—4. (b) ORTEP of a single
molecule of silane Si2. Ellipsoids are shown at the 50% probability
level. (c) B3LYP/6-31G**-calculated lowest-energy structures of
oligosilanes Sil—S. (d) Perspective drawing of the lowest-energy
conformation of pentasilane SiS, demonstrating the flexible silicon
backbone. In (b—d), H atoms have been omitted for clarity; S is
shown in yellow, Si in blue, and C in green.

molecule junctions with linear silane backbones that are stable
under ambient conditions.'>"?

We synthesized the oligomeric materials via silylation of an
aryllithium reagent with symmetric a,w-dichlorooligosilanes
Sa—e (Scheme 1A). a,w-Dichlorooligosilanes are a known class
of molecules and are typically synthesized by chlorination of
dodecamethylcyclohexasilane.'* This method yields a complex
mixture of chlorosilanes that we found to be cumbersome.
Instead, we employed an iterative synthesis of the a,w-
dichlorooligosilanes Sc—e in which dimethylphenylsilyllithium
(3)" was coupled to commercially available dichlorodimethyl-
silane (Sa) or dichlorotetramethyldisilane (5b) to yield a,w-
diphenyloligosilanes 4a and 4b (Scheme 1B). Protiodesilylation
with HCI/AICI; yielded a,w-dichlorooligosilanes Sc¢ and 5d,
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Scheme 1. Synthetic Scheme for a,®-Bis(4-
methylthio)phenyloligosilanes Sil—5: (a) Arylsilylation
Reaction; (b) Synthesis of a,w-Dichlorooligosilanes Sc—e

P OO

1 BuLi, THF, -78 °C

e

Si1-5
60-80%
5a-e
" j( ]1
Me Li, THF, 0°C Meln=1-3
Ph-Si-Cl ———— Ph- st Li —— Ph
Me Me n+2
4a—c
4an+2 =
HCl, A|C|3 4b n+2 = 4
—> al 4cn+2=5
62-75%
n+2
5c-e
72-92%

which could then be coupled with the aryl lithiates or with
silyllithium 3 to yield pentasilane 4c.'® The arylsilylation
reaction efficiently yielded the bis(4-(methylthio)phenyl)-
silanes in 60—80% yield. These compounds are air-stable solids
that are soluble in common organic solvents, including
hydrocarbon, aromatic, and chlorinated solvents. The crystal
structure of disilane Si2 (Figure 1B) confirmed that the Si chain
adopts a fully staggered trans conformation, which is expected
to have the optimal orbital overlap for electronic communica-
tion.'”"® It is also important to note that there was no
detectable decomposition or oxidation during the break-
junction measurements.

The conductance of these oligosilanes Sil—5 was measured
using a scanning tunneling microscope-based break-junction
(STM-BJ) technique.'>"® This was carried out using a gold tip
and substrate to form and break gold point contacts repeatedly
in solutions of the target compounds (1 mM) in 1,24
trichlorobenzene. The conductance (current/voltage) was
measured across the Au tip/substrate pair as a function of
the tip/substrate separation. The conductance traces showed
plateaus at integer multiples of G, the quantum of
conductance, that correspond to multiples of Au atoms. At

conductance values below G, molecule-dependent plateaus
were observed (Figure 2A inset). Thousands of traces were
measured and used to generate two-dimensional (2D)
conductance—displacement histograms without data selec-
tion.2! Figure 2A shows such a 2D histogram measured for
Sil that was generated with 27 000 traces [2D histograms for
the other compounds are shown in the Supporting Information
(SI)]. We see an intense peak around 107*G, that extends for a
distance of ca. 0.5 nm, indicating that single-molecule junctions
are formed reproducibly with this molecule and can be
elongated over that distance.

One-dimensional conductance histograms generated using
logarithm bins for the five silanes studied are shown in Figure
2B. A broad peak in each histogram at a molecule-dependent
conductance value was observed (black arrows). The peak
broadness is attributed to conductance variation from junction
to junction, primarily due to variations in the Au—S—C
torsional angle.”>** The peak positions are plotted in Figure 2C
on a semilogarithmic scale against L, the effective length of the
silane (the distance between the carbons para to the methylthio
substituent). We see that the conductance decreased
exponentially with increasing L for the first four silanes in
this series (ie, G ~ e with f = 027 + 0.01 A™').** The
decay constant measured here is different than the value
measured in a study of photoinduced electron transfer in
porphyrin—silane—fullerene dyads (8 = 0.16 A™").*® Excited-
state relaxation and low-bias molecular conduction are
fundamentally different processes. This f value compares
favorably to f values observed for conjugated olefins, which
range from 0.17—0.27 A™'>*? The statistically determined
conductance of the pentasilane Si$ fell below this line, as can be
seen in Figure 2C. We attribute this small decrease in
conductance for Si$ to its slightly twisted backbone structure,”’
as determined from density functional theory (DFT)
calculations (Figure 1D), which decreases the “conjugation”
of this molecule, similar to gauche defects in alkane
backbones.”® Notably, the difference in through-space length
between trans-SiS and the twisted conformer shown in Figure
1D is insignificant.
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Figure 2. (a) 2D conductance histogram for Sil showing a clear conductance peak that extends over a distance of 0.5 nm relative to the break of the
G, contact. The histogram binning is 100 per decade of conductance for the y-axis and 0.0079 nm for the x-axis. The scale bar shows points per trace.
The inset shows individual conductance traces. (b) Logarithm-binned conductance histograms generated using a bin size of 100/decade for
compounds Sil—3. (c) Conductance peak values of the single-molecule junctions for the Sin (black) and Cn (red) series as functions of the effective
molecular length (L, in A), defined as the distance between the carbons para to the methylthio substituent. L was determined from crystal structures
Chem3D and DFT calculations. The values thus obtained varied insignificantly (<3%). The measured decay constants § were 0.27 + 0.01 A~ for

Sin and 0.68 + 0.05 A™! for Cn.
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Figure 2B shows that in addition to a strong molecule-
dependent peak, all of these histograms had a less intense peak
at ca. 107G, (blue arrows in Figure 2A,B). The 2D histogram
indicates that this peak corresponds to conductance features
occurring immediately after the single-atom contact is broken at
a short tip/sample displacement. Although the origin of this
high-conductance feature is not fully understood, control
experiments using molecules with only one terminal methyl
sulfide or no anchor groups were conducted to test whether the
molecule interacts with gold through the Si backbone, in
analogy with an oligoene potentiometer.”> Neither molecule
showed clear conductance signatures (see the SI for synthesis
and conductance histograms), demonstrating that in fact both
sulfides are required for junction formation. Another possibility
is that a cis conformation of the molecule in which the
thioanisole moieties are stacked could be formed at a short
electrode displacement, leading to a higher conductance with a
short molecular plateau length. In support of this hypothesis,
we offer the fact that conductance through the 7—x stack in
cyclophanes has been recently reported”® and that this
hypothesis accounts for the observation of the same 107G,
peak in an analogous alkane series (see below).

These conductance results confirm the prediction first
advanced several decades ago that while silanes are structural
analogues of alkanes, their electronic properties are far more
similar to those of conjugated, unsaturated hydrocarbons." The
conductance of oligosilanes Sil—S$ relative to that of alkanes
C2—4 inspired us to investigate electronic communication
between the terminal sulfur atoms in these molecules. We
performed DFT-based calculations (B3LYP/6-31G**) on
Sil—5 and found in each case that the highest occupied
molecular orbital (HOMO) is distributed evenly across the
silicon chain, the 7 systems of the arenes, and the pz orbitals of
the two sulfur atoms.>* The HOMO of Si4 is depicted in Figure
3 as a representative example. The contrast with the carbon
analogue C4 is dramatic: there is essentially no electron density
along the C—C backbone, and the HOMO is localized
exclusively on the thioanisole fragments. In contrast, the
HOMO of a butadiene terminated with 4-(methylthio)phenyl
groups (6) is fully delocalized, as in the silane, indicating that
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Figure 3. B3LYP/6-31G**-calculated HOMOs of (a) tetrasilane Si4,

(b) butane C4, and (c) 1,4-bis(4-(methylthio)phenyl)buta-1,3-diene
(6).
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the two sulfur pz orbitals couple much more strongly across the
Si—Si and C=C bonds than the C—C bond.

To elucidate the greater coupling observed in the Si—Si and
C=C materials, we separated the molecular conductors into
their constituent components: the 4—(meth_}llthio)phenyl end
groups and the conducting oligomer.*"? ® Computational
analysis of each part was conducted (see Table S3 in the SI).
We found that the HOMOs of tetrasilane and butadiene are
delocalized over the respective C and Si atoms. The HOMO
level of 4-methylthioanisole lies at —5.49 eV with respect to
vacuum, and it is a close combination of the pz lone pair on S
and the 7 space on the ring. We found that of the three
oligomers investigated, the tetrasilane (HOMO = —5.96 V)
and butadiene (HOMO = —5.60 eV) lie closest in energy to
that of the 4-methylthioanisole, suggesting that extensive
mixing of the thioanisole and Si—Si orbitals [o6(Si—Si)—7
conjugation] occurs; moreover, Figure 3 demonstrates that the
orbital mixing is geometrically accessible.’> The HOMO of
hexane lies at the substantially lower energy of —8.29 eV,
resulting in very minimal mixing of the ¢ framework and the
thionanisole orbitals [negligible 6(C—C)—7 conjugation]. As a
result, the HOMO of C4 is localized on the thioanisole. Our
results indicate that uniform delocalization of the HOMO over
the entire molecule improves the conductance. Consistent with
this observation, a siloxane variant of Si2 was synthesized in
which the Si chain is disrupted with an O atom; no
conductance peak was observed (see the SI for the synthesis,
conductance histogram, and HOMO calculation). We also note
in passing that differential orbital coupling may account for the
difference in contact resistance observed for alkanes and
oligosilanes, as seen in Figure 2C.

We have presented a quantitative comparison of the
conductive properties of oligosilanes and alkanes that was
enabled by straightforward synthetic access to silanes
functionalized with aurophilic contact groups. We have found
that saturated Si nanowires display a very slow decay of
conductance with length; the decay constant is comparable to
that of polyacetylene fragments (oligoenes) and considerably
less than those of alkane structural analogues. These results,
coupled to our theoretical studies, highlight the important role
of o-bond conjugation in charge transport through Si—Si o
bonds. Currently the application of Si oligomers and polymers
in electronic devices is limited,® while applications of
conjugated carbon-based materials such as polyacetylene are
ubiquitous.>® The materials described herein have promising
physical properties that are complementary to those of rigid,
conjugated systems, including conformational flexibility, air and
thermal stability, and high solubility in common organic
solvents. We expect that the desirable physical properties and
high conductance of the materials described herein will result in
the development of novel molecular devices and nanoscale
architectures.
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Synthetic methods and procedures, characterization data,
electrochemical and spectroscopic characterization, computa-
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