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ABSTRACT: We report the surface growth of oligophenylene
molecular wires on Si(111) substrates and their electrontransfer (ET) properties. Iterative wire growth of biphenylene
was achieved via Pd-catalyzed Negishi reactions for lengths of
nphenyl = 1, 2, 4, 6, 8, and 12 (d ≈ 5−50 Å). The triﬂato-capped
wires were functionalized with vinylferrocene for potentiometric studies. For the oligophenylenes of nphenyl = 1, 2, and 4
(wire length d ≈ 5−20 Å), there was a strong distance
dependence (kapp = 22.6, 16.0, 8.40 s−1, respectively),
correlated to β = 0.07 Å−1. In contrast, longer oligophenylenes
for nphenyl = 4−12 (d ≈ 20−50 Å) displayed a negligible distance dependence with an ET rate of kapp ≈ 10.0 ± 1.6 s−1. These data
suggest a distance-dependent tunneling mechanism at short lengths (d < 20 Å) and a distance-independent ET at longer lengths
(d > 20 Å).

■

INTRODUCTION
A comprehensive understanding of electron-transport processes
is vital for future development in many ﬁelds of technology and
science, ranging from the design of molecular electronics to the
understanding of biological enzymes. For example, molecular
and nanosized constructs of “wires” have been used to study
electron-transport eﬃciency and kinetics over long distances.1,2
Indeed, molecular wires provide a unique opportunity to study
electron transport in one dimension (along the axis of the wire)
and in two dimensions (2D arrays of wires on substrate
surfaces) and may comprise an integral component in
promising materials for applications such as optoelectronics,
energy-storage devices, logic circuits, and sensors.3−8 Many
studies have investigated the electron-transport ability of
molecular wires such as alkyl chains,9,10 π-conjugated
molecules,11,12 DNA,13−15 and polypeptides.16−18 Among
these options, electron-transport phenomena through long, πconjugated molecules has been the focus of the most extensive
research in an eﬀort to utilize these molecules as components in
the construction of nanoscale circuits.19,20
Providing an eﬃcient and reliable molecular|electrode
junction is one critical factor for the integration of molecules
into circuits in the future.21 To date, gold has widely been used
as the electrode of choice due to its noble metal character,
stability, and ease of surface modiﬁcation (thiol SAM
assembly). Using conjugated Schiﬀ base linkers of varying
length on a gold electrode, Frisbie et al. described a transition
from a short-range tunneling charge-transport mechanism to a
long-range “hopping” mechanism by determining the variation
in electrical resistance as a function of the length of the
conjugated molecular wire (from 1 to 7 nm). The measurement
© XXXX American Chemical Society

involved a specialized AFM conductivity instrument, which
provided the resistance values from the top of the wire to the
bottom of the Au electrode.22 Because of the cost and limited
accessibility of such instrumentation to many researchers, it
would be desirable to implement a more approachable,
potentiostatic means to determine similar electron-transport
parameters.
Because of its nearly ubiquitous use in the semiconductor
fabrication and solar energy sectors, it is likely that silicon will
provide the real-world entry technology of such molecular|
electrode contacts. Many recent reports of its utility in solar fuel
devices (2 H2O + hν → 2H2 + O2) provide yet another avenue
for the development of light-responsive silicon devices that
might incorporate electron-transfer designs. As a main
component for the development of computing platforms,
photovoltaics, and nanoscale devices, it is necessary for silicon
substrates to undergo surface modiﬁcations with organic
molecules to optimize performance and longevity. Additionally,
the stabilization of the Si-semiconductor|liquid junction has a
particular requirement to resist surface corrosion in air and in
an aqueous redox electrolyte without any increase in the surface
carrier recombination velocity (SRV). And although the surface
modiﬁcation and characterization by various methods have
been investigated extensively and systematically, the lack of
examples of surfaces modiﬁed with highly conductive organic
molecules presents one important hurdle that prevents eﬃcient,
interfacial electron transport. The thickness of the molecular
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Scheme 1. Schematic for the in Situ Preparation of Si(111) Electrodes Functionalized with Discrete Lengths of π-Conjugated
Molecular Wiresa

a

Each wire was capped with a vinylferrocene unit for the determination of electron-transfer parameters.
(1.0 M CH3MgCl) in a sealed pressure vessel at 60 °C for 3 h. The
wafers were then exposed to air and sonicated in THF, methanol, and
water for 10 min each and then dried with a stream of N2 gas.
Surface Wire Growth. The wires were grown on the surface using
Negishi coupling: 1 equiv of the 2Ltf wire was dissolved in dry THF
and cooled to −80 °C in an acetone/dry ice bath, to which 1 equiv of
1.6 M n-BuLi and subsequently 1.5 equiv of ZnCl2 were added; this
was stirred for 30 min. The reaction was then allowed to warm to
room temperature, and the solution was allowed to react for 1 h. At
the same time, the silicon surface with n phenylenes attached (i.e.,
2LFc, 4LFc, etc.) was immersed in a solution of [Pd(PPh3)4] in THF
in a glovebox to activate the triﬂate group. This reaction was protected
from light and was allowed to react for 3 h. The surface was then
transferred into the solution with the 2Ltf wire and was reacted
overnight at room temperature. The wafers were then exposed to air
and sonicated in THF, methanol, and water for 10 min each and then
dried with a stream of N2 gas.
Ferrocene Attachment. To convert the triﬁlate-functionalized
wires to ferrocene-functionalized wires, a Heck coupling reaction was
performed in a drybox. First the wafers were submerged in a solution
of 5 mg/mL [Pd(PPh3)4] in toluene for 3 h that was kept in the dark.
The wafers were rinsed with toluene and then DMF. They were then
submerged in a solution of 10 mM vinylferrocene in DMF in a sealed
pressure vessel, heated to 100 °C, and allowed to react overnight to
obtain ferrocene-functionalized wires (2LFc). Finally, the wafers were
exposed to air and sonicated in water, methanol, and acetone for 10
min each.
Surface Characterization. X-ray photoelectron spectroscopy data
was acquired using a Kratos Axis Ultra XPS ﬁtted with an Al Kα X-ray
source. The pressure in the acquisition chamber was on the order of
10−9 Torr, and photoelectrons were collected perpendicular to the
surface. Region scans were taken in one spot for carbon, silicon, and
iron on each surface. Electrochemical measurements were carried out
using a functionalized Si(111) substrate as the working electrode
(electrode area 0.44 cm2, deﬁned by the O-ring between the working
electrode and electrolyte), a Pt wire counter electrode, and a Ag wire
reference electrode; degassed (N2) 1 M LiClO4/CH3CN electrolyte
solution was used in a one-compartment cell. Substrates were

layersor the length of the molecular wireson the surface
will have a signiﬁcant impact on the electron-transport
mechanism.
In principle, the π-conjugation between a redox tag and the
surface can be maintained when the grafting is conducted
directly from an π-electron molecular precursor and an oxidefree hydrogen-terminated silicon surfaces due to the contiguous
chain of sp2-hybridized carbon centers.23,24 This letter reports
the eﬀects of molecular wire length on the heterogeneous
electron-transport mechanism through π-conjugated organic
molecules covalently anchored onto passivated Si(111) electrodes (Scheme 1).

■

EXPERIMENTAL SECTION

Wafer Preparation. n-type Si(111)-oriented wafers (Cz grown,
single-side polished, 350 μm thickness, 1−10 Ω·cm) were purchased
from Virginia Semiconductor. Etching procedures were performed
using buﬀered HF(aq) and 11 M NH4F(aq) (semiconductor grade,
Transene). All solvents were purchased as HPLC grade and puriﬁed
over alumina with a Pure Process Technology solvent-puriﬁcation
system. Nanopure deionized water having a resistivity of 18 MΩ·cm or
higher (Barnstead Nanopure Systems) was used in all procedures
involving wafer surfaces. Detailed synthesis procedures are given in
Supporting Information. Si(111) wafers were HF etched and
chlorinated to prepare Si(111)−Cl as documented previously26 and
in the Supporting Information.
Linker Attachment. A batch of 32 mg (0.084 mmol) of 2Ltf in
dry THF was cooled to −80 °C in a dry ice/acetone bath, and 50 μL
of 1.6 M n-BuLi (0.08 mmol) was added; the substrate was allowed to
lithiate for 30 min. The chlorinated wafers in a glovebox were rinsed
with chlorobenzene and then THF; next they were transferred out of
the ﬂush box and into the solution with the lithiated wires, and the
attachment reaction was slowly warmed to room temperature over 2.5
h. To passivate the remaining chlorine-terminated sites with methyl
groups, the wafers were transferred back into a ﬂushbox and rinsed
with THF. The wafers were submerged in a 1:1 mixture of (THF)/
B
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illuminated with an Oriel 150 W light source ﬁtted with an AM 1.5
ﬁlter with an intensity at the sample of 100 mW/cm2 (1 sun). Dark
measurements were performed as a control for each substrate (<1 μA
dark current). Cyclic voltammetry data was obtained using a Pine
Wavenow potentiostat controlled by AfterMath software v1.2.5033.

The stability of the Si|wire device was tested by successive
PEC-CV sweeps under 1 sun illumination (AM1.5, 100 mW
cm−2). After the attachment of the ﬁrst 2-phenyl linker (2-PhFc), passivation by methylation, and then wire extension
according to Scheme 1, the oligo p-phenylene-Fc substrates
were subjected to 30 redox cycles at 250 mV/s. An anodic
response was observed near 0 V vs Ag, followed by a cathodic
response centered near −0.13 V vs Ag. The ΔEp value remains
constant despite the applied anodic (and cathodic) potentials,
which indicates that the surface of the Si working electrode
remains unchanged during the measurement period. The
change in the observed peak currents and Ep values is negligible
during the 30 CV cycles, indicating the stability of the Si(111)
surface.
To determine the diﬀusivity (or lack thereof) of the
ferrocene redox marker, the scan-rate dependence was
determined for each sample. The resulting data for the 2-PhFc construct (scan rates (v) ranging from 100 to 2000 mV s−1)
construct is shown in Figure 2 (left). The observed quasireversible process is attributed to the Fe(II/III) redox cycle of
the Heck-coupled ferrocene moiety as reported previously,26,27
as well as other examples of attached ferrocene.28−31
Quantitative analysis of the total number of redox-active
ferrocene units was performed by analyzing the baselinecorrected peak heights at the varying scan rates. The
relationship between the anodic peak current (ip) of Heckcoupling surfaces as a function of scan rate (v) is shown in
Figure 2 (right). The linear relationship shown in Figure 2
(right) is consistent with the ferrocene unit being nondiﬀusive
and covalently attached. The electrochemical coverage (Γ) of
the 2-Ph-Fc covalently functionalized ferrocene surface was 1.1
× 10−11 mol cm−2, which can be converted to indicate that
∼1% of atop sites on Si(111) were covalently modiﬁed by the
2-Ph-Fc unit on the surface. Importantly, the other surfaces
modiﬁed with multiple p-phenylene units (nPh = 1, 2, 4, 6, 8,
12) exhibited similar electrochemical surface coverages (Table
1), thus indicating a ∼1:1 conversion during the extension of
the wires by iterative Negishi coupling methodology on the
surface.
Apparent rate constants, kapp, were calculated for all modiﬁed
surfaces according to the standard Laviron method expressed as
eq 1.32,33

■

RESULTS AND DISCUSSION
To minimize the synthetic eﬀort (compared to generating each
discrete-length wire in solution prior to attachment), a “solidphase” wire growth method on Si(111) was designed. The
biphenyl linker 4′-bromo-(1,1′-biphenyl)-4-yl-triﬂate was synthesized in two steps from p-bromophenol and PhNTf2,
followed by Suzuki coupling to p-bromophenyl boronic acid.
This useful synthon provided the entry to two procedures: (i)
the direct attachment of the corresponding “2-phenyl” lithiate
to the silicon surface (Scheme 1, top) and (ii) conversion of the
bromo 2-phenyl linker to its corresponding Negishi reagent for
coupling to the Pd-activated surface triﬂate moiety (with ZnCl2;
Scheme 1, bottom). As such, the surface wires could be
extended by 2-phenyl increments indeﬁnitely by the attach →
activate → couple strategy illustrated in Scheme 1. By this
method, π-conjugated organic molecular wires with systematically varying numbers of phenyl units (n = 1, 2, 4, 6, 8, 12) were
prepared. Note that after the attachment of the ﬁrst 2-phenyl
linker, the surface was passivated with CH3MgBr to back-ﬁll
any unpassivated Si−Cl sites.25,26
Finally, to avoid the need for specialized AFM or
conductivity measurements, a ferrocene redox marker was
coupled to the terminal triﬂato moiety via a Pd-catalyzed Heck
coupling reaction with vinylferrocene. This resulting wire/
ferrocene moiety retains π-conjugation from the bulk Si to the
iron center, thus permitting direct electrochemical measurements of electron transfer from Fc to the n-Si(111) electrode
surface. Photoelectrochemical cyclic voltammetry (PEC−CV)
measurements on the Si|wire devices were performed using the
functionalized n-Si(111) substrate as the working electrode
(electrode area 0.44 cm2, deﬁned by the O-ring interface
between the working electrode and electrolyte), a Pt wire
counter electrode, and a Ag wire reference electrode. Substrates
were illuminated with an Oriel 150 W light source ﬁtted with an
AM 1.5 ﬁlter, with an intensity at the sample of 100 mW/cm2
(1 sun). Dark measurements were performed as a control for
each substrate (<1 μA dark current) as reported previously.26,27

kapp =

(1 − α)nFva
RT

(1)

The transfer coeﬃcient α (a measure of the energy barrier
symmetry) was approximated as 0.5.34 The peak potentials Ep,a
and Ep,c were plotted versus log(v) (Figure 3), and Ep,a and Ep,c
were plotted separately to determine the convergent intercept
of the anodic and cathodic linear regions. The potential of the
convergence point (va in eq 1) was then used in the standard
Butler−Volmer theory analysis.
Following Butler−Volmer analysis, the charge-transfer rate
constants (kapp) for the substrates modiﬁed with discrete-length
multi-p-phenylene wires (n = number of phenyls) are displayed
in Figure 4 and tabulated in Table 1. The results indicate a clear
change in the charge-transfer mechanism beyond four phenylene units (∼20 Å). For short wires between the electrode and
the ferrocene (n ≤ 4 phenyl rings), the higher charge-transfer
rate constant (kapp = 25 → 10 s−1) decreases linearly with
increasing n, which is consistent with a tunneling mechanism.
However, for surfaces with longer wires (n ≥ 4 up to n = 12),
the charge-transfer rate exhibits a negligible distance depend-

Figure 1. Stability Test: Successive cyclic voltammograms obtained for
the 2-Ph-Fc-modiﬁed surfaces after Heck coupling with vinyl
ferrocene. Experiment conditions: 30 consecutive scans were
performed at 250 mV s−1 in 1 M LiClO4 in CH3CN solution at
room temperature (ca. 20 °C).
C
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Figure 2. (Left) Cyclic voltammograms obtained for the 2-Ph-Fc molecular wire covalently anchored onto the passivated Si(111) electrode at scan
rates of 0.1, 0.5, 1.0, and 2 V s−1. (Right) Corresponding relationship between ip and v. Experiment conditions: 1 M LiClO4 in CH3CN solution at
room temperature (ca. 20 °C).

Table 1. Electron-Transfer Parameters for Surface-Grown Oligophenylene Molecular Wires on n-Si(111)
number of
phenylenes n

approximate wire length
(Å)

1
2
4
6
8
12

4
9
17
26
34
52

electrochemical coverage Γ
(mol cm−2)
1.71
1.13
6.01
2.60
4.87
1.45

×
×
×
×
×
×

electrochemical coverage Γ
(%)

electron transfer rate kapp
(s−1)

decay constant β
(Å−1)

1.32
0.87
4.63
2.00
0.375
1.12

22.6
16.0
8.40
10.1
8.33
11.6

0.07
0.07
0.07

10−11
10−11
10−11
10−11
10−12
10−11

ence, suggesting a long-range or hopping mechanism of charge
transfer.

■

CONCLUSIONS
We have developed a method for the growth of discrete-length
oligo-p-phenylene (nphenyl = 1, 2, 4, 6, 8 and 12) molecular wires
(d ≈ 5−50 Å) on a Si(111) substrate. The wires were
systematically extended in situ by an iterative, Pd-catalyzed
Negishi coupling methodology. Because of the presence of the
capping triﬂate moiety, vinylferrocene was coupled to the tip of
the wire to facilitate the electrochemical interrogation of
electron-transfer parameters. This method obviates the need for
advanced instrumentation, such as conductive tip AFM or
point-by-point resistivity measurements. Photoelectrochemical
cyclic voltammetry (PEC-CV) revealed electrochemical coverages of Γavg ≈ 1.7%, indicating an ∼1:1 conversion during the
wire-extension procedure. For short wires between the
semiconductor substrate and ferrocene (nphenyl = 1−4; d < 20
Å), a strong distance dependence was observed (β = 0.07 Å−1),
consistent with a tunneling mechanism. In contrast, longer
wires (nphenyl = 4−12; d = 20−50 Å) resulted in a distanceindependent charge transfer. These results demonstrate that
both long and short molecular wires would be suitable for the
attachment of catalysts in a solar fuel device, wherein the solar
ﬂux (25 mA cm−2) requires kET ≈ 10 s−1 at a nominal value of a
10% single-site catalyst coverage.

Figure 3. Relationship between Ep values and log v for 2-Ph-Fc.
Experiment conditions: 1 M LiClO4 in CH3CN solution at room
temperature (ca. 20 °C).
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Figure 4. Relationship between kapp and n (number of phenylene
units) obtained for the π-conjugated organic molecular wires
covalently anchored to passivated Si(111) electrodes.
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