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Abstract: Using ultrahigh vacuum (UHV) scanning tunneling microscopy (STM), many olefins have been
shown to self-assemble on the hydrogen-passivated Si(100)-2 x 1 surface into one-dimensional
nanostructures. This paper demonstrates that similar one-dimensional nanostructures can also be realized
using alkynes. In particular, UHV STM, sum frequency generation (SFG), and density functional theory
(DFT) are employed to study the growth mechanism and binding configuration of phenylacetylene (PA)
one-dimensional nanostructures on the Si(100)-2 x 1:H surface. Molecular-resolution UHV STM images
reveal the binding position and spacing of PA with respect to the underlying silicon dimer rows. Furthermore,
UHV STM characterization of heteromolecular one-dimensional nanostructures of styrene and PA shows
distinct electronic contrast between the two molecules, which is confirmed using simulated STM images
derived from DFT and provides insight into the nature of PA binding to silicon. Additional evidence from
SFG measurements corroborates the conclusion that the terminal carbon atoms of PA retain zz-conjugation

following reaction to the Si(100)-2 x 1:H surface.

Introduction

Ultrahigh vacuum (UHV) scanning tunneling microscopy
(STM) studies of silicon functionalized with organic molecules
have recelved great attention in the fields of molecular €l ectron-
ics and biological and chemical sensing.** Hydrogen-passivated
silicon is a particularly interesting substrate since UHV STM
allows nanopatterning of organic molecules down to the single-
molecule level on this surface.> ° Some molecules, typically
olefins, have been shown to self-assembl e via a radical-mediated
growth mechanism into one-dimensional molecular nanostruc-
tures aligning parallel®® or perpendicular'* to the silicon dimer
row on the hydrogen-passivated surface. Chain-growing mol-
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ecules with different functionalities™®2° and binding configura-
tions®* and their interactions with organic®?>23 and inorganic®*
nanostructures have been thoroughly investigated. The molecules
studied thus far al share a similar self-assembly reaction
mechanism in which the molecule is covaently bound to the
silicon surface with sp* hybridization. On the other hand,

molecules with a terminal acetylene group have the potential
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for undergoing one-dimensiona chain reactions such that the
resulting nanostructures possess conjugated sp? hybridization
at the surface. A structure of thistypeislikely to be of interest
for molecular electronics and sensing applications since extended
sr-conjugation is known to enhance electronic coupling and
facilitate charge transport.?>~28

Self-assembled monolayers of alkynes, such as phenylacet-
ylene (PA), have previously been investigated on wet chemically
passivated Si(111):H and Si(100):H. Studies of the monohydride
Si(111) case reveal that the sp? hybridization of the terminal
carbon atoms is retained,? 3 while studies of the mixed-
hydride Si(100) case present evidence of a secondary surface
reaction occurring in which the sp? hybridization is lost and
the molecule is bound at multiple sites with sp® hybridization.
The UHV-prepared monohydride Si(100)-2 x 1:H surface
shares characteristics with both surfaces, and thus, the binding
configuration for PA is not self-evident.

This manuscript reports UHV STM, sum frequency genera-
tion (SFG), and density functional theory (DFT) studies of PA
molecules on the Si(100)-2 x 1:H surface. Constant current
STM imaging reveds that PA forms one-dimensional nano-
structures with molecular spacing and position that are consistent
with previous observations for styrene. However, additional
STM images of heteromolecular one-dimensional nanostructures
of styrene and PA revea apparent height contrast, which
suggests differences in the electronic structure between the two
molecules, which is confirmed through DFT calculations.
Finally, SFG provides corroborating spectroscopic evidence that
the termina PA carbon atoms possess sp? hybridization fol-
lowing covalent reaction to the Si(100)-2 x 1:H surface. Overal,
these studies demonstrate that PA molecules form highly
conjugated one-dimensional nanostructures on the Si(100)-2 x
1:H surface.

Experimental Details

Materials. Phenylacetylene (98%, Sigma Aldrich), styrene
(=99%, Sigma Aldrich), phenyl-ds-acetylene (99.2%, 99.6% D,
CDN lIsotope), and styrene-2,3,4,5,6-ds (98.3%, 99% D, CDN
Isotopes) were used as received. All molecules were loaded into
glass vials housed on a manifold that was connected to the UHV
STM chamber through a controlled leak valve. Prior to loading,
each vial was cleaned with acetone and isopropanol and baked in
an oven at 400 K for severa hours. The vias were then mounted
to the manifold where they were heated with an acetylene torch
while being evacuated by a turbomolecular pump. Following
cleaning, the vials were loaded with the respective moleculesin a
controlled atmosphere nitrogen glovebox (<1 ppm H,O and O,)
and mounted back on the manifold, where they underwent several
freeze—pump—thaw cycles preceding introduction to UHV.
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Hydrogen Passivation. The Si(100) sample preparation was
performed in a home-built two-chamber UHV system with separate
chambers for sample preparation and STM at an operating base
pressure of 5.0 x 10~ Torr.*® The silicon used for the experiments
was cut from an n-type Si(100) wafer (VA Semiconductor, As
doped, <0.005 Q2-cm) and degreased by ultrasonication in acetone
and isopropanol for 5 min each. The samples were then introduced
into the UHV system viaaload lock and degassed for several hours
at 900 K. The samples were flashed severa times at 1500 K to
form the clean Si(100)-2 x 1 surface prior to passivation. For the
UHV STM experiments, the samples were passivated by resistively
heating the substrate to ~650 K and backfilling the chamber with
molecular hydrogen. The hydrogen gas was cracked on a hot
tungsten filament (1600 K) located approximately 6 cm from the
sample face. Overal, the silicon sample was exposed to 3000
Langmuirs (1 Langmuir = 1 x 107® Torr s) of hydrogen. The
hydrogen passivation for the SFG experiments followed the same
procedure except the sample was heated to ~675 K in order to
increase the coverage of silicon dangling bond (DB) sites on the
surface. The surface quality was confirmed by UHV STM imaging
using either electrochemically etched W or commercialy available
Ptir (Agilent Technologies) probes. Additionally, the DB coverage
was determined using UHV STM by scanning over many different
areas and counting the number of DBs on the surface.

Molecular Dosing. For UHV STM experiments of PA-func-
tionalized Si(100)-2 x 1:H, the sample was subjected to a dose of
PA between 5 and 30 Langmuirs via a controlled leak valve. In
the case of UHV STM experiments with heteromolecular nano-
structures of styrene and PA, the surface was initially dosed with
30 Langmuirs of styrene and imaged to ensure surface quality. The
sample was then exposed to a 60 Langmuir dose of PA.

The SFG experiments required two alterations to the molecular
dosing procedure. First, in order to avoid spectral interference in
the SFG signal from the phenyl group of the PA and styrene
molecules, phenyl-ds-acetylene (PA-d) and styrene-2,3,4,5,6-ds (sty-
d) molecules with deuterated phenyl groups were used. Second, in
order to ensure a strong signal from the SFG measurement, a high
coverage of sty-d and PA-d was needed. To accomplish the high
coverage, the Si(100)-2 x 1:H samples were hydrogen passivated
at 675 K as described above and then dosed with 180 Langmuirs
of the sty-d molecule or 300 Langmuirs of the PA-d molecule,
which achieved an approximate coverage of 0.1 monolayers.
Following molecular dosing, the samples were stored in either UHV
or a controlled atmosphere nitrogen glovebox (<1 ppm H,O and
0,).

Scanning Tunneling Microscopy. UHV STM analysis was
carried out using a home-built microscope with a dual concentric
piezotube design.®® All topographic imaging was performed in
constant current mode. The bias voltage was applied to the sample
with respect to the STM tip that was grounded through a current
preamplifier.

Sum Frequency Generation. Complete descriptions of the
theoretical and experimental aspects of sum frequency generation
(SFG) are provided in the literature.3*3° The laser system used
for these SFG experiments has been detailed previously.*°~4°
Briefly, an 800 nm, 120 fs regeneratively amplified Ti:Sapphire
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system (Spitfire Pro, Spectra Physics, 2.5 mJ/pulse) with a 1 kHz
repetition rate was used to pump an optical parametric amplifier
(OPA-800CF, Spectra Physics) producing broad-band IR laser light
around 3.4 um with a bandwidth (full-width at half-maximum) of
~140 cm™L. The 800 nm visible beam and IR light were focused
onto the sample at incident angles of 45° and 60° from normal,
respectively. Following previous work on Si(111),3* the energy of
thevisible light was kept between 0.8 and 1.2 uJ to prevent burning
of the sample while the IR incident light field ranged from 1.5 to
3.4 ud. The SFG, visible, and IR beams were al p polarized. Any
reflected visible light and light from nonlinear processes besides
SFG was filtered out from the generated SF signal, which was then
dispersed with a0.5 m spectrograph (Acton Research) and detected
with aliquid nitrogen cooled, back-thinned charged coupled device
(CCD) camera (Roper Scientific, 1340 x 100 pixels?). All spectra
were referenced to the 2962 cm™* methyl asymmetric stretch of an
octadecyl monolayer on Si(111).*® The spectra presented in this
work were collected in 1 min, with input IR frequency centered at
3008 cm™?, and averaged over 30 background-subtracted spectra.
The spectra were normalized to exhibit the same signal-to-noise
ratio, and the nonresonant background was fitted with a Gaussian
and subtracted out.

Computational Details. A six-layer Si(100)-2 x 1 periodic slab
geometry was chosen for this study to simulate the substrate
environment and molecular chain interactions. The density func-
tional theory (DFT) loca density approximation (LDA) was applied
in al simulations within the SIESTA*” electronic structure package.
Using adouble-&-polarized basis and area space grid sampling of
4082 eV, structures were relaxed through the conjugate gradient
method to force tolerance of 0.01 eV/A.*"*€ To capture surface—
molecule interactions, the molecule and top four Si layers of the
slab were relaxed while the remaining under layer atoms were
frozen at bulk Si lattice coordinates. Periodic interactions along
the Si(100)-2 x 1 surface were captured through k-point sampling
(at a cutoff of 15 A).4” A vacuum region of 10 A wasincluded to
prevent periodic interactions between the top and the bottom of
the slab. The simulated STM images were generated through the
Tersoff —Hamann approximation.*® The tunneling local density of
states (LDOS) for each system was determined by summing over
the substrate eigenstates in the bias energy window.*® We assume
that the substrate Fermi level (E) is situated close to the nt—Si
conduction band edge (Ec) and considered tunneling at a negative
STM bias voltage of —2 V through all states 2 eV below E;.*®

Results

UHV STM of PA One-Dimensional Nanostructures. Initial
imaging following PA deposition on the Si(100)-2 x 1:H surface
is shown in Figure 1la. The STM images show that the PA
molecules form self-assembled one-dimensional nanostructures
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Figure 1. (a) STM image of PA one-dimensiona nanostructures on the
Si(100)-2 x 1:H surface. This constant current STM image was taken at a
sample biasof —2.0 V and a set point current of 100 pA. (b) High-resolution
STM image of one PA nanostructure that consists of nine molecules bound
to nine silicon dimers (the black outlines are added to aid the reader in
identifying the individual molecules within the nanostructure). This constant
current STM image was taken at a sample bias of —1.5 V and with a set
point current of 50 pA.

that are aligned parallel to the underlying silicon dimer rows.
While the PA one-dimensional nanostructures share similar
characteristics with those previously reported for styrene,’® they
also possess observable differences. For example, the PA one-
dimensional nanostructures are typically shorter in length than
styrene by approximately a 2:3 ratio for comparable molecular
dosing conditions. Furthermore, double chains of PA molecules
are not observed to form on the same silicon dimer row.

The high-resolution STM image in Figure 1b reveals further
details about the alignment of the PA molecules with respect
to the underlying silicon dimer row. In particular, the one-
dimensional nanostructure in Figure 1b contains nine PA
molecules over a length scale that corresponds to nine silicon
dimers, thusindicating that there is only one PA molecule bound
per silicon dimer. Additionally, while the one-dimensional
nanostructure is well aligned and parallel to the silicon dimer
row, each constituent PA molecule is offset laterally from the
middle of its underlying silicon dimer.

UHV STM of Heteromolecular Nanostructures. In order to
directly compare styrene and PA on the Si(100)-2 x 1:H surface,
both molecules were sequentially dosed to form the hetero-
molecular nanostructure schematically depicted in Figure 2a
Initialy, styrene was deposited on the surface, and STM images
(Figure 2b) revea only styrene nanostructures on the surface.
A dose of PA is then deposited on the surface, resulting in PA

J. AM. CHEM. SOC. m VOL. 132, NO. 9, 2010 3015
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Figure 2. (a) Schematic of the proposed binding configuration for
heteromolecular nanostructures formed on the Si(100)-2 x 1:H surface with
styrene and PA. (b) STM image (sample bias of —2.2 V and set point current
of 200 pA) following amolecular dose of styrene. In thisimage, only styrene
nanostructures are present on the surface. (c) STM image (sample bias of
—2.0V and set point current of 150 pA) following a subsequent molecular
dose of PA, leading to the observation of styrene, PA, and heteromolecular
nanostructures. The PA nanostructures are labeled in the image and appear
taler than the styrene nanostructures. (d) High-resolution STM image
(sample bias of —1.8 V and set point current of 150 pA) of heteromolecular
nanostructures. The PA molecules appear taller than styrene (labeled “sty”).
(e) STM image (sample bias of —2.2 VV and set point current of 150 pA) of
a double styrene chain, where one side of the chain (the left side) is
composed entirely of styrene molecules and the other side (the right side)
is composed of both styrene molecules (at the bottom) and PA molecules
(at the top).

2 nm
L—

nanostructure formation. Styrene nanostructures and PA nano-
structures are both present on the surface in the resulting STM
images (Figure 2¢). In some cases the PA nanostructure growth
isinitiated at a DB at the end of a styrene nanostructure, which
results in a heteromolecular nanostructure comprised of both
styrene and PA (Figure 2d). In all of these cases, the PA
molecules appear taller than styrene in constant current STM
images. Since the molecules are expected to possess nearly
identical topographic structure, the observed height contrast can
likely be attributed to differences in electronic structure.
Unlike styrene one-dimensional nanostructures, no double
chains are observed for PA aone. However, Figure 2e reveals
an instance of a heteromolecular double-chain nanostructure.
In this case, one side of the double chain (the left side) is
composed entirely of styrene while the other side (the right side)
consists of a block of styrene and a block of PA. Since only
one binding site is available per silicon dimer for PA in the
heteromol ecular double-chain nanostructure, each PA molecule
must be bound to the surface via only one silicon atom in this
case. It should be noted that the STM image of the PA portion
of the double-chain nanostructure appears identical to the other
isolated PA nanostructures. Consequently, it can be concluded

3016 J. AM. CHEM. SOC. m VOL. 132, NO. 9, 2010
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Figure 3. ppp-Polarized SFG spectrum of PA-d5 (top spectrum) and sty-
d5 (bottom spectrum) on Si(100)-2 x 1:H recorded with broad-band infrared
radiation centered at 3008 cm™*. Each spectrum shown is the average of
30 1-min spectra, with the nonresonant Gaussian background subtracted.
The spectra are offset for clarity.

that the PA molecules in single-chain one-dimensiona nano-
structures are also each bound to only one silicon atom on the
surface.

Sum Frequency Generation Measurements. Sum frequency
generation (SFG) was used to assess the degree of sr-conjugation
retention in the surface-bound species formed after chemisorp-
tion of PA-d and sty-d to the Si(100)-2 x 1:H surface. As a
surface-specific vibrational spectroscopy technique, SFG pro-
vides an ideal means for evaluating the hybridization state of
the two carbon atoms in a C—C single bond or a C=C double
bond, allowing differentiation in the binding motifs for PA and
styrene chemisorbed to the Si(100)-2 x 1:H surface. If the
termina alkyne moiety on PA forms a C=C double bond
following reaction with Si(100), the chemisorbed species should
exhibit a unique spectroscopic signature in the olefinic C—H
stretching region (>3000 cm™1).5%%! Qléfinic stretches should
be absent in the case of styrene-functionalized Si(100)-2 x 1:H
if the vinylic group reacts to form a carbon—carbon single bond
with the surface. Thus, SFG is able to track the hybridization
state of the organic adlayer. By perdeuterating the five carbon
atoms on the phenyl ring, aromatic spectral interference is
avoided

The top SFG spectrum displayed in Figure 3 is obtained from
averaging 30 ppp-polarized vibrational SFG spectra of PA-d
after the nonresonant Gaussian background was subtracted out.
A strong broad mode is detected in the olefinic CH stretching
region above 3000 cm™?, which is attributed to the terminal
C=C double bond because the aromatic C—D stretches on the
benzyl ring appear in the 2000—2500 cm™! region.>® The
terminal C=C double bond is expected to be in the trans
conformation and exhibit both symmetric and asymmetric CH
stretching modes. The broadness of the peak centered at 3060
cm™! can be attributed to the presence of two overlapping
vibrational modes or arise from a vibrational resonance interfer-
ing with the nonresonant response of the silicon surface. The
PA-d spectrum also contains peaks below 3000 cm™, which
are attributed to the well-known combination bands and
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Figure 4. Plausible reaction pathways that yield one-dimensional nanostructures for PA on the Si(100)-2 x 1:H surface. (a) The initial covalent reaction
of PA at asilicon DB site creates an alkene carbon radical and subsequent abstraction of a hydrogen atom from either (b) an adjacent silicon dimer or (c)
the other side of the same silicon dimer. (d,e) Potential chain reaction pathways where each PA molecule forms only one covalent bond to the silicon
surface. (f—h) Potential chain reaction pathways where each PA molecule forms two covalent bonds to the silicon surface in a (1,1) bridge structure. (i—k)
Potential chain reaction pathways where each PA molecule forms two covalent bonds to the silicon surface in a (1,2) bridge structure.

overtones that arise from the alkene group and the deuterated
phenyl ring.>>*3 Alternatively, the peaks below 3000 cm~* could
be due to CH stretches associated with sp®-hybridized carbon
atoms, which would indicate the presence of asmall percentage
of PA molecules that have reacted with the Si(100)-2 x 1:H
surface through processes other than those yielding C=C double
bonds. These alternative pathways could include tandem reac-
tions of the terminal alkyne moiety or breaking of the phenyl
ring.>*® On the basis of UHV STM images of the SFG samples,
hydrocarbon contaminants on the surface are ruled out.
Vibrational SFG spectra were also acquired from sty-d-
functionalized Si(100)-2 x 1:H. Reaction of the vinylic group
on styrene with the Si(100)-2 x 1:H surface yields a terminal
C—C single bond, thus disrupting sz-conjugation to the surface.

(53) Herzberg, G. Molecular Spectra and Molecular Structure; Van
Nostrand Reinhold Co.: New York, 1945,

(54) Tao, F.; Qiao, M. H.; Li, Z. H.; Yang, L.; Dai, Y. J;; Huang, H. G,;
Xu, G. Q. Phys. Rev. B 2003, 67, 115334.

(55) Tao, F.; Wang, Z. H.; Lai, Y. H.; Xu, G. Q. J. Am. Chem. Soc. 2003,
125, 6687-6696.

The bottom SFG spectrum displayed in Figure 3 confirms the
conversion of the vinylic C=C double bond to a C—C single
bond based on the SFG signal intensity at 2960 and 2845 cm ™2,
which correspond to the asymmetric and symmetric methylene
modes of the terminal C—C single bond, respectively, or
overtones of the ds-benzyl moiety. The signal intensity above
3000 cm™* for sty-d can be attributed to remaining physisorbed
styrene, in which the C=C double bond of the vinyl moiety
remains intact. Comparing the vibrational SFG spectra of the
Si(100)-2 x 1:H surfaces functionalized with PA-d and sty-d,
the SFG signal intensity above 3000 cm™* is substantialy higher
for PA-d, indicating that the majority of PA-d retains sp?
hybridization following reaction with the Si(100)-2 x 1:H
surface.

Discussion

As mentioned in the Introduction, several reaction pathways
have been identified for PA self-assembled monolayers on wet
chemically passivated Si(111):H and Si(100):H.?°3? Conse-
quently, a number of different potential binding configurations

J. AM. CHEM. SOC. m VOL. 132, NO. 9, 2010 3017



ARTICLES

Walsh et al.

--5.70A a

styrene

Figure 5. (a) Relaxed coordinates for a periodic unit cell for styrene
chemically bound to the Si(100)-2 x 1:H surface indicating a topographic
height of 5.70 A. (b) Relaxed coordinates for a periodic unit cell for PA
chemically bound to the Si(100)-2 x 1:H surface indicating a topographic
height of 5.73 A. The two bottom Si layers and back passivating hydrogens
are frozen in each relaxation.

and reaction pathways are considered here for PA on UHV-
prepared Si(100)-2 x 1:H (Figure 4). The high-resolution STM
image of Figure 1b reveded that the PA one-dimensional
nanostructures possess one PA molecule per silicon dimer,
which eliminates the possibilities depicted in Figure 4e, 4f, and
4i. Furthermore, Figure 1b establishes that the PA molecules
are offset from the center of the silicon dimer and adjacent PA
molecules are aligned along the same side of the silicon dimer
row, thus alowing the proposed configurations in Figure 4g
and 4j to be disregarded. The heteromolecular double-chain
structure observed in Figure 2e shows that the PA molecules
only bind to one side of the silicon dimer, which rules out the
dimer-bridging structures depicted in Figure 4h and 4k. Con-
sequently, the UHV STM images are only consistent with Figure
4d. In this reaction pathway, the original PA carbon—carbon
triple bond covalently reacts with a silicon DB, thus yielding
an alkene carbon radical (Figure 4a). This carbon radical
subsequently abstracts a hydrogen atom from the neighboring
silicon dimer, creating a new DB site (Figure 4b). Prior to any
secondary reaction, another PA molecule reacts with the
dangling bond and the process is repeated, leading to a one-
dimensiona chain reaction along one side of the silicon dimer
row (Figure 4d). Due to the relatively short observed length of
the PA one-dimensiona nanostructures (compared to styrene)
and thelack of PA double chains, it islikely that a small fraction
of the PA molecules do undergo secondary reactions that cause
theone-dimens ond self-assembly processtoterminateprematurely.

Evidently, Figure 4d suggests that the terminal carbon atoms
of the chemisorbed PA molecules should possess 7z-conjugation.
Direct evidence for this sp? hybridization is found in the UHV
STM, SFG, and DFT data. In particular, examining the
heteromolecular nanostructures allows the electronic structure
of chemisorbed PA and styrene to be directly compared. DFT
caculations have been used to interrogate the differences
between the two molecular nanostructures. Figure 5 shows the
relaxed coordinates for periodic unit cells of styrene and PA.
These calculations show that the two molecules possess nearly
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Figure 6. (a) Constant current STM image of a PA and styrene
heteromolecular nanostructure taken at —2.0 V sample bias and 150 pA
tunneling current. (b) Simulated STM images of PA and styrene nano-
structures generated from DFT calculations at an isosurface LDOS value
of 1075 e/Bohr® are directly compared with the boxed regions of the STM
image in Figure 6a. (c) Plot of the projected density of states generated
from DFT calculations shows an increase in the number of tunneling states
available for PA compared to styrene over the observed bias window.

identical topographic heights (differing by only 0.03 A) when
bound to silicon, which agrees with previougly reported results.!
However, in constant current STM images of PA and styrene,
the PA appearstaller than styrene by ~1.2 A, as seen in Figure
6a. Simulated Tersoff —Hamann (TH) STM images (Figure 6b)
compare well with the experimental observations of the het-
eromolecular chains and predict a constant current height
difference of 0.7 A. Note that the TH approximation generally
provides correct trendsin STM heights and not exact quantitative
values.*® The simulated STM images corroborate the experi-
mental findings that PA appears distinctly taler in constant
current STM images. The STM height difference arises from
electronic structure differences between PA and styrene since
the topographic difference is negligible.

A plot of the projected molecular density of states (Figure
6¢) shows that the observed height difference is due to the larger
number of tunneling states available to PA in the —2 V bias
window compared with styrene. The experimental observations
combined with the DFT calculations are consistent with an
electronic structure difference between the two molecules that
yields an enhanced tunneling current via the PA compared to
styrene. Since extended sr-conjugation is known to enhance
charge transport through molecular adsorbates,?® the UHV STM
and DFT results of Figure 6 are consistent with the sp?
hybridization of the PA terminal carbon atoms that is depicted
in Figure 4d. Similarly, the vibrational SFG spectra of Figure
3 also reveal the presence of sp>hybridized terminal carbon
atoms for PA (which is not present for styrene) chemisorbed to
the Si(100)-2 x 1:H surface. Overall, the UHV STM, SFG, and
DFT data identify Figure 4d as the dominant reaction pathway
and binding configuration for the observed PA one-dimensional
nanostructures.
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Conclusions

In summary, UHV STM, SFG, and DFT have been used to
discern the reaction pathway and binding configuration for PA
one-dimensional nanostructures on the Si(100)-2 x 1:H surface.
UHV STM images following PA molecular dosing of isolated
DBs on the Si(100)-2 x 1:H show that PA self-assemblesinto
one-dimensional nanostructures that are aligned parallel to the
silicon dimer rows. The one-dimensional nanostructures possess
one PA molecule per silicon dimer where adjacent PA molecules
are offset in the same direction from the center of the silicon
dimer. Further UHV STM characterization of heteromolecular
nanostructures consisting of PA and styrene reveal enhanced
electronic coupling to the silicon surface for PA compared to
styrene. In addition, double-heteromolecular chains establish that
each PA molecule possesses only one bond to the silicon surface.
Finally, SFG measurements provide direct vibrational spectro-
scopic evidence for sp? hybridization of the termina carbon
atoms for PA chemisorbed to the Si(100)-2 x 1:H surface.
Comparison of these experimental results to plausible reaction
pathways combined with the DFT calculations strongly suggests
that the dominant chemisorbed PA species preserves s7-conjuga-

tion for the terminal carbon atoms at the silicon surface. Due
to their extended z-character, PA one-dimensional nanostruc-
tures are promising candidates for molecular electronic and
sensing technologies that require strong electronic coupling to
silicon surfaces.
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