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CONS P EC TU S

E lectron transfer (ET) reactions through molecules
attached to surfaces, whether they are through

single molecules or ensembles, are the subject of much
research in molecular electronics, bioelectronics, and
electrochemistry. Therefore, understanding the factors
that govern ET is of high importance. The availability of
rigid hydrocarbonmolecular scaffolds possessingwell-
defined configurations and lengths that can be system-
atically varied is crucial to the development of such
devices.

In this Account, we demonstrate how suitably
functionalized norbornylogous (NB) systems can
provide important insights into interfacial ET processes and electrical conduction through single molecules. To this end, we
created NB bridges with vic-trans-bismethylenethiol groups at one end so they can assemble on gold electrodes and redox
species at the distal ends. With these in hand, we then formed mixed self-assembled monolayers (SAMs) containing a small
proportion of the NB bridges diluted with alkanethiols. As such, the NB bridges served as molecular rulers for probing the
environment above the surface defined by the diluent species. Using this construct, we were able to measure the interfacial
potential distribution above the diluent surface, and track how variation in the ionic distribution in the electrical double layer
impacts ET kinetics.

Using the same construct, but with a redoxmolecule that remains neutral in both oxidized and reduced states, we could explore
the impact of the chemical environment near a surface on ET processes. These results are important, because with conventional
surface constructs, ET occurs across this interfacial region. Such knowledge is therefore relevant to the design of molecular systems
at surfaces involving ET.

With a second family of molecules, we investigated aspects of single-molecule electrical conduction using NB bridges bearing
vic-trans-bismethylenethiol groups at both ends of the bridge. This gave us insights into distance-dependent electron transport
through single molecules and introduced a method of boosting the conductance of saturated molecules by incorporating aromatic
moieties in their backbone. These partially conjugated NB molecules represent a new class of molecular wires with far greater
stability than conventional completely conjugated molecular wires. Of particular note was our demonstration of a single molecule
switch, using a NB bridge containing an embedded anthraquinone redox group, the switching mechanism being via elec-
trochemically controlled quantum interference.

1. Introduction
Electron transfer (ET) reactions through organic molecules

bound to surfaces are the basis of many envisaged devices

such as molecular switches, photovoltaic devices, and

sensors.1,2 Hence electrode�organic layer�redox species

and electrode�organic layer�electrode constructs have at-

tracted intense interest.2 The presence of a surface at which

ET is occurring provides an extra complication compared
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with solution phase intramolecular ET between covalently

linked donor and acceptor groups. For example, electrical

and chemical gradients that exist in the region between

the electrode and the electrolyte can have a profound

influence on the ET process. Successful engineering of

systems for various applications requires understanding

all the processes at the interface.With the discovery of self-

assembled monolayers (SAM) on metal surfaces in the

1980s, enormous progress has been made in achieving

such an understanding. The most heavily studied systems

of this type comprise alkanethiols self-assembled on gold

surfaces.3 The key to using thesemonolayers for ET studies

is the ability to prepare mixed SAMs; containing an inert

alkylthiol diluent, in which the redox-active species con-

stitute only a small portion of the monolayer. In this way,

well-defined distance relationships between the redox

center and the electrode surface can be achieved through

packing of the flexible alkylthiolate chains in their all-trans

conformations. However, the interpretation of the experi-

mental results is complicated by the effects of electrical

and chemical gradients at the SAM�solvent interface,

which are produced both by the chemical nature of the

diluent terminus and by the electric potential of the metal

electrode. The investigation of such effects requires the

small proportion of redox-active species to be projected

above the diluent layer at well-defined distances. The

conformational flexibility of the alkanethiol systems pre-

cludes their use in such studies because of the ambiguity

related to the position of the redox-active group relative to

the interface.

The solution to conformational ambiguity is to use rigid

hydrocarbon bridges that are incapable of undergoing

internal rotation about C�C single bonds. In this res-

pect, the oligonorborane�bicyclo[2.2.0]hexane bridges,

referred to as norbornylogous (NB) bridges (Figure 1), are

an excellent choice for SAM construction, having played a

key role in the elucidation of the superexchange mecha-

nism in solution phase intramolecular ET processes.4,5 NB

molecules have several unique features that have made

them attractive for such studies: (1) The bridge is inher-

ently rigid, meaning the terminal donor and acceptors

are held in a fixed, well-defined orientation and distance

from each other (Figure 1). (2) The nature of the bridge

allows systematic variation of its length and configuration.

(3) A wide range of groups can be attached to the termini

of the bridge. The application of NB bridges to the study

of intramolecular ET has been reviewed in an earlier

Account.5

In response to the conformational ambiguity of al-

kyl chains, we have developed a SAM system comprising

vic-trans-bismethylenethiolate-terminated NB bridges with a

redox-active group attached to the other terminus (Figure 2).

This system provides an experimental approach to system-

atically probe the interfacial region above a SAM and its

influence on electrochemical reactions.

We are also studying electron transport through sin-

gle NB-based molecules capped at each end with vic-trans-

bismethylenethiolate groups that can form well-defined

nanojunctions between two gold electrodes (Figure 3).

These devices provide valuable insights into the distance-

dependent conductivity, conductivity boosting, and conduc-

tivity switching within single molecules.

2. Molecular Design
The first series of NB-based systems, which gave proof of

principle that NB bridgesmay formuseful SAMs, is illustrated

FIGURE 2. A schematic outlining the difference between the ambigu-
ous location of redox-active moieties in flexible molecules compared
with rigid NB bridges.

FIGURE 1. Schematic of a norbornylogous bridge. “A” stands for elec-
tron acceptor, and “D” stands for electron donor. FIGURE 3. Schematic of an NB bridge forming a single-molecule circuit.
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in Figure 4a.6,7 The molecules incorporate a vic-trans-bis-

methylenethiol group, the purpose of whichwas to provide

two-point attachment to the electrode surface, thereby

both conferring strong SAM�electrode stability toward

dissociation and restricting orientational degrees of free-

domof theNBmolecules. The results demonstrated that NB

molecules form very stable and robust SAMs. An added

bonus was the finding that the vic-trans-bismethylenethiol

group is substantially more resistant to electrochemically

induced reductive desorption compared with monothiol

groups commonly used in SAM forming molecules.6,7

Other research groups have also shown increased stability

of dithiol contacts over monothiol contacts such as

dithiazepane8 and dithiocarbamate9 contacts. Equally im-

portant was the finding that electrochemically initiated ET

between the electrode and the dimethoxynaphthalene

group was very fast (>103 s�1), even through the 15 σ bond

NB bridge in 2, once again, testifying to the remarkable

efficacy of the NB bridge to mediate ET by through-bond

(superexchange) mechanism.6

The NB bridges used for intramolecular solution phase

ET studies, and in the SAM mentioned above, were con-

structed from fusing alternating norbornane and bicyclo-

[2.2.0]hexane units, as illustrated in Figures 1 and 4. This

mode of concatenation results in the NB bridge displaying

marked curvature for bridges longer than 12 σ bonds. This is

seen in molecule 2 (Figure 4) and molecule 3 (Figure 5a,b),

with bridge lengths of 15 and 20 σ bonds, respectively.10

While this curvature poses no problems when investigating

intramolecular ET processes, it is essential to minimize it

when constructing SAMs using NB bridges because it can

lead to unpredictable SAM packing and structure. For exam-

ple, X-ray photoelectron spectroscopy revealed that the 20-

bond tetrathiol 3 adopts two orientations on a gold surface:

an upright orientation, in which only one dithiol group

bonds to gold, and a hairpin orientation, in which, by dint

of the curved bridge, both dithiol groups bond to gold

(Figure 5b).10 The problem of bridge curvature was over-

come by incorporating a single anti-norbornadiene-dimer

unit into the bridge. As shown in Figure 5d, the two sub-

bridges extending from the anti-norbornadiene-dimer unit

slightly curve in opposite directions, resulting in zero aver-

age curvature for the entire bridge.11

FIGURE4. (a) StructureofNBbridge2witha vic-trans-bismethylenethiol
group at one terminus and a dimethoxynaphthalene redox group at the
other terminus. (b) A schematic outlining the B3LYP/6-31G(d) optimized
geometry of bridge 2 on the surface.

FIGURE 5. (a) A representative curvedNB bridge. (b) A schematic of the hairpin and straight orientation of bridge 3 on the surface. (c) A representative
straight NB bridge; circled in red is the anti�anti-bisnorbornene dimer unit. (d) A schematic outlining the straight orientation of bridge 11 on the
surface. The structures of the molecules in panels b and d are B3LYP/6-31G(d) optimized structures.
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3. Probing the Electrical Double Layer above a
SAM
Characteristic features of processes occurring at an electri-

fied interface are the presence of electrical and chemical

gradients, which have effects on ET kinetics and on the

redox potential. Creager and co-workers have extensively

investigated, in a series of excellent studies, how the micro-

environments in the interfacial region affect the kinetics and

the thermodynamics of ET based on systems comprising

ferrocene-terminated alkanethiol diluted with alkanethiol

diluents.12�14 Despite the presence of a certain degree of

control over the environment that such systems provided,

the flexible alkane chains tethering the redox moiety to the

electrode may cause the redox moiety to nestle into the

terminal groups of the diluent12 and therefore complicate

the distinguishing of electrical double layer effects from

solvation effects. Creager and co-workers pointed out that

microscopic characterization and accurate interfacial struc-

tures are necessary for better understanding of the interplay

between the interfacial microenvironment and long-range

interfacial electron transfer.12 Further, the flexibility of the

molecules employed precluded the probing of solution

effects just above the interface defined by the SAM.

We extended the work of Creager and co-workers and

others bymeasuring the potential drop across awell-defined

interface by incorporating NBmolecules 4 and 5 (Figure 6) in

matrices of SAMs formed on atomically flat Au(111) surfaces

such that a well-defined environment above the diluent

could be achieved. NB�diluent mixed monolayers were

constructed so that the center of the ferrocene moiety

(plane of electron transfer) is situated at different distances

from the distal surface of the SAM. Hence, the NB molecule

used was kept the same and the length of the diluent was

changed (Figure 7), and both redox potential and electron

transfer kinetics were measured.15

The measurements exhibited a shift in the apparent

formal potential to more negative values with an increase

in the ferrocene�diluent distance, which agrees with the

interfacial potential distributionmodel theoretical described

by Smith and White16 and Fawcett.17 In the theory of

interfacial potential distribution, Smith and White predicted

that the formal potential typically measured in redox-active

SAMs inherently contains an electrostatic potential term-

(φPET � φSOL) due to surface charge at the electrode�
electrolyte interface. The terms φPET and φSOL represent the

potential at the plane of electron transfer and at the bulk

solution, respectively. Therefore, what is actually measured

is not the formal potential but an “apparent formal

potential”.16 Hence, when the ferrocene center becomes

further away from the distal end of the SAM, φPET ap-

proaches φSOL and hence the apparent formal potential,

E� þ (φPET � φSOL) approaches E�. A steep drop in potential

from the distal surface of the diluent was observed followed

by a smaller potential drop, which are attributed to the

potential drop in the Stern and the diffuse layers, respec-

tively (Figure 8).15

The impact of the nonuniform ionic distribution in the

electrical double layer was also evident from our measure-

ments of ET rate constants, which were found to decrease

with increasing ferrocene�diluent surface distance.16 Since

the ferrocene redox reaction occurs at potentials positive of

the point of zero charge of the modified surface,18 the

perchlorate anions will be in excess near the surface of

the diluent comparedwith bulk solution. Because ET kinetics

FIGURE 6. Structures of the molecules 4 and 5 along with their B3LYP/
6-31G(d) optimized structures.

FIGURE 7. Cyclic voltammetry (CV) of the SAMs formed from
compound 4 mixed with 11-mercaptoundecanol (4-11OH), 4 mixed
with 10-mercaptodecanol (4-10OH), 4 mixed with 8-mercaptooctanol
(4-8OH), 4 mixed with 7-mercaptoheptanol (4-7OH), and 4 mixed with
6-mercaptohexanol (4-6OH). Schematic drawings of the corresponding
SAMs are shown.
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of ferrocene redox reactions are known to be highly depen-

dent on ion pairing,19,20 the decreasing concentration of the

perchlorate counterions as the ferrocene is moved through

the Stern and diffuse layers explains the corresponding

decrease in ET rate as the ferrocene moves away from the

diluent surface.

Our methodology described above provides a tool for

measuring interfacial potential distribution above a SAM

surface, which is not possible with conventional flexible

alkane chains and provides a strategy to systematically

tune the redox properties of ferrocene moieties, which

have widespread use in biosensors and other devices such

asmolecularmemory.21We, andothers, have exploited that

sensitivity in the development of an electrochemical immu-

nobiosensors22 where a biological event at the interface

changes the ionic environment around the ferrocenemoiety

and consequently alters the electrochemical signal.

4. Probing the Chemical Environment above
a SAM
Having demonstrated, using the ferrocene system, that ET

kinetics are markedly affected by the electrical double layer

near the SAM surface, we then investigated how ET kinetics

are influenced by the chemical environment above the

diluent surface. Such studies required the synthesis of NB-

based anthraquinone molecules, 6 and 7 (Figure 9).23,24 We

chose to employ the anthraquinone (AQ) redox probes for

two reasons. First, in aqueous electrolytes bothmolecules of

the anthraquinone/hydroanthraquinone (AQ/H2AQ) redox

couple are chargeless, meaning that the electrochemistry of

this couple, unlike that of the ferrocene/ferricinium couple,

is insensitive to the distribution of counterions at the

SAM/electrolyte interface. Second, the AQ redox reaction

is strongly influenced by hydrogen bonding between AQ

and protic solvents,25 and therefore AQ moieties are ideal

probes for electrochemically sensing H-bonding interac-

tions with the solvent above the surface of the diluent.

The different molecule shapes, L-shape in the case of 6 and

straight in the case of 7, were chosen so that in mixed SAMs

theywould have quite different AQ�diluent orientations. In

mixed SAMs constructed from 6, the AQ redox species

FIGURE 8. (a) An overlay of the plots of the apparent formal potential vs the distance between the ferrocenemoiety of compounds 4 (red circles) and
5 (black squares) and the distal surface of the diluent and (b) schematic describing the potential drop across the electrical double layer. φSAM, φPET, and
φSOL are the potentials of the SAM (surface of the diluent), the plane of electron transfer, and the bulk solution, respectively.

FIGURE 9. Structures of the molecules 6 and 7 along with their
orientation on the gold surface as determined by in situ electrochemical
IR spectroscopy and sum frequency generation spectroscopy.23,24 The
quinone ring inmolecule 6 is oriented close to the surface parallel while
that of molecule 7 is oriented ca. 45� from the surface parallel.23,24
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should be nearly parallel to the diluent surface, whereas in

mixed SAMs made from 7, the AQ moiety is closer to the

surface normal (Figure 9). The different orientations mean

with 7, water can easily access the quinone portion of the

molecule and hence easily hydrogen bond to the carbonyls.

In contrast, with 6 the carbonyls are less accessible to water

but can hydrogen bond with the diluent in the SAM. That 6

and 7 did adopt these orientations in mixed SAMs was

confirmed by in situ electrochemical IR spectroscopy and

sum frequency generation spectroscopy (SFG).23,24

Since the AQ redox reaction is pH dependent, as are both

the apparent formal potential (E�0) and ET rate constant (ket),

buffered solutionswere used to keep the pHat the interfacial

region constant, and therefore, the variations in E�0 and ket as
a function of the position of the AQ moiety relative to the

SAM can be strictly correlated with the chemical environ-

ment across the interface. Electrochemical studies were

conducted on mixed SAMs constructed from 6 and 7, using

diluents of different lengths bearing different end groups

(OH and CH3). Results showed that at a given pH, E�0 and ket
are dramatically influenced by the AQ carbonyl groups

being within 0.21 nm from the diluent surface. At such a

location, changing the diluent from CH3 terminated to OH

terminated produces a positive shift in E�0 and an increase in

the value of ket. If the AQ carbonyl groups are positioned

further from the diluent surface, greater than 0.21 nm, a

similar trend in the shifts in E�0 and ket are observed but

typically the magnitude of the change is larger when the

diluent is CH3 terminated. These surface effects are not

attributed to electrical double layer effects. This is because

the pH dependence of the anthraquinone electrochemistry

allows the effects to be investigated at both positive and

negative of the point-of-zero-charge (pzc) of the SAM. If the

phenomena being observed was due to electrostatics, then

the direction of the shift in E�0 would be opposite depending

on whether the E�0 was positive or negative of the pzc.

We proposed that the shift to more positive E�0 and

greater values of ket was related to H-bonding interactions

with water becoming more favorable. H-bonding interac-

tions were clearly demonstrated in the same systems using

the SFG spectroscopic technique.19 That is, the AQ carbonyl

groups can form H-bonds with OH groups of the diluent and

withwater at the interface.23,24Our findings of positive shifts

in E�0 values and increasing ET rate constants when the AQ

carbonyl groups are progressively situated further from the

SAM surface are consistent with those recently demon-

strated for quinone species in organic solvents upon the

addition of water.25We speculate that the impact of the CH3

terminated diluent, relative to the OH diluent, is far greater

on the E�0 and ket because close to the diluent surface there

is a “water depletion layer” as recently revealed by X-ray

and neutron reflectometry studies.26 In this “water depletion

layer” the ability for water to H-bond to the AQ carbonyl

groups is diminished to a greater extent than with a �OH

diluent where there is no such depletion layer. The results

also demonstrate that it was the position of the quinone

moieties relative to the surface thatwas crucial. That is when

SAMs formed from molecule 7 were compared with those

formed from molecule 6 using the same diluent, the former

showed higher values of ket and more positive E�0. This is a
consequence of the straighter geometry of molecule 7

positioning the carbonyl groups of the AQ moiety away

from the distal surface of the diluent, unlike molecule 6

where the carbonyl groups are closer to the distal surface of

the diluent.

Combined, the two families of redox-active NB bridges

(ferrocene and anthraquinone) provide a wide picture about

the electrical and compositional characteristics of SAM�
electrolyte interfaces. The ferrocene family probes the elec-

trical gradients above an electrode�SAM surface while the

anthraquinone species probe chemical gradients such as

H-bonding effects and the “water depletion layer” above a

SAM. Fromamore applied perspective, NBmolecules can be

used to detect changes in the chemical and charge composi-

tion at the interface, enabling miniaturized chemical and

biosensors. The results also highlight the types of redox

species that should be employed at surfaces, depending

on the phenomenon one wishes to probe. For example, in

our biosensing studies we rely on the change in counterion

accessibility to redox species, and hence, ferrocene is the

molecule of choice. However, for specific analytes that are

hydrophobic, quinone based redox probes are preferable

since they aremore sensitive to hydrophobic environments.

5. Single Molecule Circuitry Using NB
Molecules
The concept of molecular electronics has sparked intense

interest in the miniaturization of electrical circuitry down to

single molecules, which can be designed to have properties

that resemble traditional electronic components such as

wires, transistors, or rectifiers.27,28 Further, using molecules

as the component in circuits can introduce novel stimuli to

control the charge transport because single molecules oper-

ate in a size regime where quantum effects are important,

unlike the classical physics that governs electron transport in

conventional electronics.
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The highly attractive concept of integrating individual

molecules into electronic devices was pushed forward by

the development of the scanning tunneling microscope

(STM) break-junction technique by Tao and co-workers,29

inwhich thousands ofmolecular junctions can be formed in

few hours thus producing a statistical analysis of the single-

molecule conductance. The method is based on forcing a

gold STM tip in and out of contact with a gold substrate

functionalized with thiolated molecules (Figure 10). During

the contact process, adsorbed molecules can bridge be-

tween the tip and the surface electrodes via thiol linkers at

both ends of the molecules. As one of the electrodes is

pulled away (typically the STM tip), plateaus appear in the

current vs distance profile, which are attributed to single-

molecule events.29 Grouping the values of the conductance

plateaus into histograms gives the most frequently ob-

served conductance for the single-molecule electrical

contact.29

By the method described above it has been possible

to study electron transport through many molecular sys-

tems. In addition to the role of chemical composition of the

bridge in determining the conductance of the junctions,

geometrical factors such as contact separation, conformation

distribution, molecular/electrode contact geometry andmo-

lecular tilt angle in the junction have been found to signifi-

cantly influence the measurements and can complicate the

interpretation of the results.30�32 In response to such com-

plications, NB bridges owing to their rigidity and unambig-

uous orientation on surfacesmake them suitable candidates

for forming well-defined junctions.

NB molecules 8�11 (Figure 11)11 were designed to mea-

sure single molecule conductance as a function of the

molecular length. The conductance was found to decrease

exponentially with decay constant, β, of ca. 1 bond�1 via

superexchange-mediated charge transport. These observa-

tions are in agreement with those obtained for saturated

alkyl chains in gold�SAM�gold junctions via conducting

atomic force microscopy.33

Another attractive feature of NB bridges is their chemical

stability. Stability is one of the key shortcomings of many

highly conjugated molecular wires, but their conductance is

much higher and much less distance-dependent than NB

bridges.34 Hence we sought to combine the best of both

classes of molecules by designing NB molecules in which

an AQ moiety was introduced into the center of an NB

bridge.35,36 The purpose of the AQ group was to provide

low-lying virtual states that facilitate superexchange-

mediated electron transport, thereby resulting in higher con-

ductance compared with purely saturated NB bridges. This

expectation was confirmed experimentally. For example,

the conductance of the AQ-embedded 13 (Figure 12) was

found to be (1.7(1.0)�10�5 G0, a value comparable to that

(3.5 ( 1.2) � 10�5 G0 obtained for “pure” NB molecule 9,

despite 13 being 11 bonds longer than 9. The enhanced

conductance of these partially conjugated molecules is pro-

mising for the design of rigid molecules of extensive length

without compromising their chemical stability.

FIGURE 10. Schematic representation of an STM-break junction
experiment.

FIGURE 11. Structure of the saturated NB molecules of different
lengths. Compound 8 possesses 8 σ bonds, 9 possesses 11 σ bonds, 10
possesses 15 σ bonds, and 11 possesses 19 σ bonds.

FIGURE 12. Structures of partially conjugated NB molecules. Com-
pound 12 possesses five bonds on each side and an AQ moiety in the
center. Compound 13 possesses eight bonds on each side and an AQ
moiety in the center.
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It transpired in the course of this work that our AQ-based

molecule 13 could serve as a single molecule switch, the

switching mechanism arising from electronically controlled

quantum interference (Figure 12).35 The quantum interfer-

ence referred to here relates to the fact that AQ is a cross-

conjugated molecule, whereas its reduced form, H2AQ, is a

linearly conjugated molecule (Figure 13).

It has been pointed out that conductivity in cross-

conjugated molecules should be weaker than that in

linearly conjugated molecules because of the presence of

destructive interference in the former type of conjugation.37

Consequently, single molecule conductivity through the AQ

molecule 13 should be lower than that through the reduced

H2AQ form. Another interesting property of the AQ redox

reaction is its pH dependence and therefore the switching

between the AQ and the H2AQ can be controlled via the pH

of the electrolyte. We have tested these predictions by

electrochemically gatingmolecule 13 using single-molecule

STM break junction measurements, which revealed that the

switching between the AQ and the H2AQ forms in molecule

13 leads to an increase in conductance by an order of

magnitude (Figure 14).35,36 This magnitude, which is due

to differential quantum interference effects operating in AQ

and H2AQ, is smaller than that predicted from simple theo-

retical calculations but is similar to that experimentally

found from self-assembled monolayers.38

Interestingly, the electrochemical gate potential at which

switching between the low-conducting AQ form and the

higher conducting H2AQ in 13was altered using electrolytes

of different pH.35 This last point gives more degrees of

freedom to control the charge transport across molecules

toward pH-gated single molecule transistors. Themaximum
FIGURE 13. Schematic showing the switching from the cross-
conjugated AQ moiety in molecule 13 to the linear conjugated H2AQ.

FIGURE 14. (a) Representative current traces of molecule 13 at different gate potentials at pH 3. (b) Conductance histograms of molecule 13 at
different gate potentials at pH 3. (c) Conductance histograms of molecule 13 at different gate potentials at pH 8. (d) Evolution of conductance as a
function of the gate potentials at pH 3 (black line) and pH 8 (red line).
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increase in conductance was observed at a gate potential

more cathodic than the half wave potential of the redox

reaction, a potential window at which there is a greater possi-

bility of the anthraquinone molecules being in their reduced

(higher conductance) hydroanthraquinone form. Further, we

wereable to record the conductanceof a singlemoleculeof13

while sweeping the gate potential. This experiment could be

envisioned as monitoring dynamically the effect of cyclic

voltammetry on a single molecule (Figure 15). The order of

magnitude increase in conductance obtained from sweeping

the potential (dynamic approach) of a single molecule is con-

sistent with those obtained from measuring the conductance

at several fixed potentials (static approach).36

Apart from the fundamental insights that NB systems

provided, their ability to promote and control charge trans-

port over long distances is promising for other single mole-

cule-based switches. For example, the strategy adopted

to control the current in the electrochemically responsive

AQ-based NB molecule can be extended to incorporate

other molecular entities into the NB frame whose conjuga-

tion and therefore conductance can be altered by exotic

stimuli such as light (photochromic moieties)39 or chemical

stimuli (metal-ion recognition moieties).

6. Concluding Remarks
We have used terminally functionalized NB bridges of vari-

able butwell-defined structures to gain fundamental insights

into several important aspects of interfacial ET, ranging from

probing the electrode�electrolyte interface to controlling

electrical conduction through single molecules. We show in

sections 3 and 4 how controlling the structures of SAMs can

tune the kinetics and thermodynamics of interfacial electron

transfer, which aims to contribute to the development of a

molecular understanding of the electrical double layer and

molecular interactions at the interfacial region. This knowl-

edge offers strategies to modify the interfacial properties of

surfaces for molecular recognition. In section 5, we used NB

bridges to form single-molecule circuits, which offered ad-

vantages over the library of molecules currently being used

in single molecule circuitry owing to their length-persistent

structures, stable contacts to the electrodes, and efficient

electron transport properties. These unique properties en-

abled us to build a single molecule transistor-like switch

based on incorporating an anthraquinone redoxmoiety in a

NB bridge, which can alternate between a high-conducting

and a low-conducting state.

To date, our efforts and other contributions from other

research groups have largely focused on molecular systems

formed on metal electrodes, usually gold. However, inter-

esting physics appears when the electrode or the two

electrode leads (in case of molecular junctions) are replaced

with semiconductors including negative differential resis-

tance and rectification. The dominance of silicon in the

semiconducting industry suggests the need to develop hy-

brid electronics where single molecules or molecular films

are integrated with conventional silicon technology. A

highly stable and well-defined geometry of molecules on

the semiconducting surfaces is a necessary precondition

for measurements of charge transport through molecule�
semiconductor junctions. In response to such requirements,

NB based molecules were recently shown to form very

stable contacts to Si(100) surfaces owing to controlled

multiple Si�C covalent bonds per molecule.40 Using dif-

ferent dopants in the semiconducting materials along

with highly stable and well-defined molecular films would

modify the band structure and the charge transport proper-

ties of the junctions. Semiconductors can also introduce

mechanisms for interestingmolecular vibrational dynamics,

along with approaches for optical control.41 With these

thoughts in mind, we leave the reader with what we have

concluded that rigid and highly stable molecular compo-

nents will become the backbone of molecular electronic

devices.
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