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he prospect of using molecules as

building blocks in novel electronic

devices has encouraged an exten-
sive theoretical and experimental search for
molecules with specific electron transport
properties."? Among these, the important
class of molecular switches describes mol-
ecules with two or more stable states of dif-
fering electrical conductivity and the ability
to toggle the molecule among these states
by an external perturbation.’? To date, ex-
perimental evidence for voltage-driven®=°
and optically controlled'®'" molecular con-
ductance switching has been obtained us-
ing a two-terminal configuration. A special
case of switching, that is, Coulomb block-
ade, has been demonstrated for single mol-
ecules in a three-electrode configuration,
with a gate-controlled molecular
conductivity."?"'* In addition, dramatic ex-
amples of electrochemical control of molec-
ular conductivity have been provided by a
number of groups.'®™2" In some of the lat-
ter studies,’”'® the change in the molecu-
lar conductivity has been attributed to the
change of the oxidation state. In this con-
text, recent proposals of a redox-controlled
switch based on the quinone motif seem
natural.>>?® The present work reports ex-
perimental evidence of the redox-
controlled, quinone-based molecular
switch.

RESULTS AND DISCUSSION

The molecule investigated, quinone-
modified OPV (Q-OPV), consists of a
quinone headgroup connected to one end
of a phenylene vinylene oligomer, while the
other end of the oligomer is functionalized
with acetyl-protected thiol for covalent at-
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ABSTRACT Reversible conductance switching in single quinone-oligo(phenylene vinylene) (Q-OPV) molecules
was demonstrated using electrochemical STM. The switching was achieved by application of electrochemical
potential to the substrate supporting the molecule. The ratio of conductances between the high- and low-
conductivity states is over 40. The high-conductivity state is ascribed to strong electron delocalization of the fully
conjugated hydroquinone-OPV structure, whereas the low-conductivity state is characterized by disruption of
electron delocalization in the quinone-OPV structure.

KEYWORDS: quinone - oligo(phenylene vinylene) - self-assembly - electron
delocalization - oxidation/reduction - conductance switching - electrochemical STM

tachment to gold substrates (see Figure
1A). Recent electrochemical investigations
in our group revealed that Q-OPV attached
to a gold electrode can be reversibly
switched between the reduced hydro-
quinone (HQ-OPV, Figure 1B) and oxidized
quinone (Q-OPV, Figure 1C) states by appli-
cation of an electrochemical potential to
the electrode.?® Thus, in the present study,
electrochemical scanning tunneling micros-
copy (ESTM) was employed to (1) control
the oxidation state of Q-OPV and (2) mea-
sure electrical conductivity of the molecule
on a single-molecule level.

In electrochemical STM, both the tip
and sample are immersed in an electrolyte.
Application of potential to the sample with
respect to a reference electrode allows con-
trol of chemical reactions on its surface,
while an independent potential applied to
the tip results in the tip-sample bias neces-
sary for STM imaging. Consequently, images
of the surface are recorded as a function of
the sample and tip potentials. In this man-
ner, electrochemical STM combines the abil-
ity to control surface chemical reactions
with the single-molecule resolution of STM.

Samples for the present study were pre-
pared by the “insertion method” (ref 25 and
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Figure 1. Quinone-OPV with acetyl-protected thiol (A). Q-OPV molecule inserted in octanethiolate SAM
at a defect site can be reversibly switched between reduced HQ-OPV (B) and oxidized Q-OPV (C) states by
application of electrochemical potential to the substrate.
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Figure 1B,C). Figure 2A shows a cyclic voltammogram
of a Q-OPV sample. Oxidation and reduction peaks (a re-
dox couple) were observed at around +0.23 V vs nor-
mal hydrogen electrode (NHE), in agreement with ear-
lier measurements.?* They were attributed to a proton-
coupled, two-electron transfer between the substrate
and the quinone headgroup. Thus, the molecule is ex-
pected to be reduced (i.e., in HQ-OPV) at substrate po-
tentials more negative than +0.2 V and oxidized (i.e., in
Q-OPV) at potentials more positive than +0.3 V vs NHE.

An electrochemical STM image recorded from the
same Q-OPV sample is shown in Figure 2B. Its main fea-
tures are protruding (bright) spots on a flat background,
the background representing octanethiolate SAM and
the spots single Q-OPV molecules or small bunches of
molecules inserted in the SAM at defect sites.?>2° These
protruding spots correspond to retraction of the STM
tip away from the sample during imaging, which arises
from both differences in the physical length and elec-
tronic conductivity between the inserted molecule and
surrounding alkanethiolate matrix. The amount of re-
traction is called the apparent height of the inserted
molecule (Figure 2C).%”

Following Bumm et al.*” one can determine the tun-
neling decay constant of the inserted molecule from
the measurement of its apparent height,?®2° that is

o(Ah — ASTM) + Beamlsam

p= ] M

where a and Bgap are the decay constants of the me-
dium in which STM measurements are conducted and
SAM, respectively; | and Iy, are physical lengths of the
inserted and SAM molecules, respectively; Ah is the dif-
ference in the physical heights of the inserted mol-
ecule and SAM; and ASTM is the measured apparent
height. In the present work, we measure the apparent
height of Q-OPV over octanethiolate SAM in its two oxi-
dation states and calculate corresponding tunneling
decay constants using eq 1.

Two series of ESTM images recorded from two
areas of the Q-OPV sample at different substrate and
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tip potentials are presented
in Figure 3A—F. For images A
and D, the substrate poten-
tial was set to —0.1 V vs NHE,
resulting in reduction of
Q-OPV to HQ-OPV. Simulta-
neously, the potential of the
tip was set to +0.4 V. In the
next images (B and E), Ps =
+0.3 V, corresponding to oxi-
dation of the inserted mol-
ecule to Q-OPV, and P; =
+0.8 V. Finally, for the im-
ages C and F, the substrate
and tip potentials were
brought back to —0.1 and +0.4 V, respectively. The
above choice of potentials resulted in the same magni-
tude and polarity of bias for all images.

Analysis of the apparent heights in images A—F
yields distributions shown in Figure 3G—I. Each distribu-
tion can be fitted with two Gaussian peaks, their posi-
tions presented in the figure. The positions of the peak
at greater apparent heights are almost identical in all
three distributions, and there are small differences in
the positions of the peak at shorter heights. The distri-
butions obtained at the reducing substrate potential (Pg
= —0.1V) are dominated by the peak of greater appar-
ent height, that is, by a state of greater electrical con-
ductivity according to eq 1. In contrast, the state of
lower conductivity (shorter apparent height) becomes
dominant at the oxidizing substrate potential (P =
+0.3 V). Such a trend was observed in four other, simi-
larly prepared Q-OPV samples, imaged by different STM
tips.

Averaging apparent heights from Figure 3G—I, we
obtain ASTM, (average) = 6.1 = 1.1 A and
ASTM,(average) = 8.3 + 1.1 A. Lengths of the octaneth-
iolate and Q-OPV from the terminal carbon atom to
the gold surface estimated using the ChemDraw soft-
ware package®® are 12.4 and 20.7 A, respectively, under
the assumption that the sulfur—gold bond is 2.4 A
long.®! Evaluation of Ah yielded 9.3 A when octaneth-
iolate SAM is assumed to be tilted at 30° with respect to
the substrate normal and Q-OPV normal to the sur-
face.?” We approximate the tunneling decay constant
of the buffer by that of water, that is, « = 1.68 = 0.07
A~7,32 and an average value of 0.9 A~ is taken for
Boam—>>* With these values, B, = 0.80 = 0.10 A~ " and
B, = 0.62 + 0.09 A~" were obtained using eq 1.

With the decay tunneling constants obtained, one
can estimate the on/off ratio of the Q-OPV switch. Resis-
tance of a molecular junction, composed of the sub-
strate, molecule, and tip, is given by R = R,e®, where
R, is the contact resistance. Hence R,./R.¢ = R»/R; =
expl(B,—B,)1 = 1/41, that is, the high-conductivity
state is more than 40 times more conducting than the
low-conductivity state.

(©)
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Under the experimental conditions employed in
the present study, two different electron transport
mechanisms can contribute to the observed conduc-
tance switching (Figure 4). For the high-conductivity
state obtained under the reducing substrate potential,
electron transport between the substrate and tip can
occur via coherent tunneling®® through the Q-OPV mol-
ecule in the reduced HQ-OPV state (Figure 4A’) and
resonant tunneling'®'® mediated by the redox states
of the quinone headgroup (Figure 4A). For the low-
conductivity state, only coherent tunneling is possible
(Figure 4B), as both substrate and tip Fermi levels are
below the redox level, its position being known from
the CV measurements (Figure 2A).

The contribution from the resonant tunneling (Fig-
ure 4A) in the present case, however, may not be signifi-
cant because electron transfer between the electrodes
and quinone headgroup may be slow. Indeed, recent
investigations suggested that electron transfer to/from
quinone may occur via a presumably slow, concerted
proton-coupled mechanism.?® We also note that the
value of 3, (the decay constant of the high-conductivity
state) is in perfect agreement with that of OPV3,%® a
molecule structurally similar to HQ-OPV, but lacking the
redox states of the quinone headgroup. Thus, it ap-
pears that bare coherent tunneling through the mol-
ecule in the HQ-OPV state (Figure 4A’) can explain the
observed high-conductivity state.

To further corroborate the last conjecture, we per-
formed electronic structure calculations for an isolated
Q-OPV molecule in the reduced HQ-OPV and oxidized
Q-OPV states (Figure 5). The full aromaticity of hydro-
quinone is similar to that of the phenyl ring (Figure
1B), resulting in strong electron delocalization along
the whole molecule in the reduced HQ-OPV state (Fig-
ure 5A,B). In contrast, the disruption of the bond conju-
gation in quinone (Figure 1C) is responsible for the de-
creased level of electron delocalization in the oxidized
Q-OPV state (Figure 5C,D). As the highest occupied mo-
lecular orbital (HOMO) and/or the lowest unoccupied
molecular orbital (LUMO) of the molecule defines an ef-
fective barrier for coherent tunneling,®” the more delo-
calized orbitals of the reduced state should provide a
better conductivity path than those of the oxidized
state. Hence, the observed conductance switching is
likely to originate from the alteration of electron delo-
calization upon oxidation/reduction of the Q-OPV
molecule.

An experiment testing efficiency of coherent tunnel-
ing through HQ-OPV would involve application of both
the substrate and tip potentials more negative than
the redox potential of Q-OPV (+0.23 V vs NHE). How-
ever, such an experiment was not possible in the
present study since application of potentials more
negative than +0.4 V vs NHE to the tip resulted in oc-
currence of unwanted electrochemical reactions.

www.acsnano.org
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Figure 2. Cyclic voltammogram (A) and ESTM topographic image, 120
X 120 nm? (B) of the same Q-OPV sample. The cyclic voltammogram
was recorded at 50 mV/s. The ESTM image was obtained with the sub-
strate potential P; = —0.1 V, tip potential P = +0.4 V (vs NHE), and
tunneling current I, = 13.6 pA; z scale is 5.6 nm (dark to bright). (C)
Schematic diagram explaining the origin of protruding spots in the
ESTM image. ASTM is the apparent height.

Switching of Q-OPV from the high-conductivity
state to the low-conductivity state and vice versa, ob-
served in the present ESTM images (Figure 3A—F), is not
complete, that is, there is a minority of Q-OPV mol-
ecules in the low-conductivity state in Figure 3G and |
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Figure 3. ESTM topographic images (200 X 200 nm?) recorded from area 1
(A—C) and area 2 (D—F) of the Q-OPV sample. Pg = —0.1V, P, = +0.4 V vs
NHE (images A, C, D, and F), and Pg = +0.3 V, P = +0.8 V (images B and E).
Tunneling current I, = 13.6 pA for all images; z scale is 8.8 nm in A—C and 9.5
nm in D—F (dark to bright). (G—1) Distributions of apparent heights measured
from images A + D, B + E, and C + F, respectively. Dots are experimental
data, lines are Gaussian fits. Images J and K are zoomed in areas designated
by squares in images A and B, respectively; arrows indicate the switching mol-

ecules.

and a minority in the high-conductivity state in Figure

3H. These unexpected minority fractions are likely to
arise from the effect of the tip potential. Indeed, recent
ESTM experiments have shown that the potential ap-
plied to the tip can shift potential of an investigated

molecule,” resulting in its
unexpected oxidation/re-

could fix the oxidation state of the molecule, pre-
venting it from switching in response to the sub-
strate potential.

Recent, very careful studies by Moore et al. have
shown that oligo(phenylene ethynylene) (OPE) mol-
ecules inserted in alkane SAM at step edges of gold
substrates undergo random movement up and
down the step, resulting in measurement of two ap-
parent heights from the same conductivity state,
the height difference being equal to 2.4 A (the
height of the atomic step on gold substrates).?®3°
The last value is very close to the apparent height
difference reported in the present investigation;
however, it is unlikely that the high-conductivity
state detected in this study is due to Q-OPV mol-
ecules occupying the top of the step edge and the
low-conductivity state due to those at the bottom.
Indeed, the change of the substrate potential from
reducing to oxidizing and vice versa changes the ap-
parent height of the most Q-OPVs. In the context
of molecular movement up and down the step
edge, this would imply that inserted molecules ex-
hibit preference to move up the step at the reduc-
ing potential and down at the oxidizing potential.
Such a conjecture does not appear reasonable, as
the electrostatic potential is constant across the
whole substrate. Hence, the high- and low-
conductivity states reported here are believed to
be due to the two oxidation states of Q-OPV.

In addition to the change in the apparent height
of the inserted molecules upon their switching from
the high-conductance to low-conductance state
and vice versa, the number of observed inserted
molecules was changing, as well. For instance, the

number of total Q-OPV molecules in Figures 3G,H,l was
103, 47, and 107, respectively. Moreover, few molecules
detected in Figure 3A are not seen in Figure 3C, even
though these images were recorded from the same

LUMO
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Figure 4. Schematic representation of possible electron transport through Q-OPV molecule

for potentials Pg =

—0.1V,P;=+04V (A A')and P = +0.3V, P = +0.8 V (B) vs NHE. HQ

=hydroquinone, Q = oxidized quinone. Dashed arrows designate resonant tunneling via
quinone headgroup (A), coherent tunneling through HQ-OPV (A’), and coherent tunneling
through Q-OPV (B). Processes A’ and B differ in the positions of HOMO and LUMO and elec-
tron delocalization of the respective structures.
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Figure 5. Electron density maps calculated for the lowest unoccupied molecular orbital (LUMO) (A) and the highest occu-
pied molecular orbital (HOMO) (B) of HQ-OPV and LUMO (C) and HOMO (D) of Q-OPV. Energies of the levels vs NHE are —2.5
V (A), +0.7 V (B), —0.9 V (C), and +1.1 V (D). Yellow and red balls are sulfur and oxygen atoms, respectively.

area at identical potentials. Such behavior points to sto-
chastic (or spontaneous) switching reported previously
for a range of different molecules.*?*°*' An investiga-
tion by Ramachandran et al. suggested that spontane-
ous switching was a result of temporary detachment of
molecules from the gold substrate.*> Moore et al. have
tested several hypothesized mechanisms of stochastic
switching and concluded that it was caused by hybrid-
ization changes at the molecule—substrate interface.”®
Regardless the real mechanism of stochastic switching,
our results suggest that it is affected by application of
electrochemical potential to the substrate. We also note
that the conductance switching observed in the present
work is unlikely to be affected by spontaneous switch-
ing because spontaneous switching usually results in
the reduction of the conductivity of the inserted mol-
ecule to almost that of the surrounding SAM, whereas
both the high- and low-conductance states of Q-OPV
reported here exhibit significantly better conductivity
than SAM.

SUMMARY

The present work experimentally demonstrated
operation of the electrochemically controlled,
quinone-based molecular switch. Electrochemical
oxidation/reduction of its quinone headgroup
switches the molecule between the high-
conductivity HQ-OPV and low-conductivity Q-OPV
states. Our analysis indicates that the switching
originates from the alteration of the electronic struc-
ture of the switch. The full bond conjugation in HQ-
OPV provides an efficient, delocalized tunnel barrier
for electron transport. In contrast, the disrupted
bond conjugation in Q-OPV is responsible for a
weaker electron delocalization with a resultant
poorer conductivity. The observed behavior under-
scores importance of molecular structure on electron
transport through molecules and creates founda-
tion for future improved design of molecular
switches.

METHODS

Materials. Ethanol (99.5% purity), octanethiol (98.5+ purity),
monobasic potassium phosphate (KH,PO,), and dibasic potas-
sium phosphate (K,HPO,) were purchased from Sigma-Aldrich,
and Muscovite mica (grade V-1) was purchased from SPI Sup-
plies. Platinum/iridium wire (0.9Pt/0.1Ir) used to make STM tips
was acquired from Nanoscience Instruments, Inc. The synthesis
of the Q-OPV molecule is reported elsewhere.*

Sample Preparation. Gold substrates were prepared in vacuum
(10° Torr) by electron-beam evaporation of 80 nm of gold on
freshly cleaved mica preheated to 250 °C. Atomically flat terraces
formed during the deposition were crucial for precise measure-
ment of apparent heights of immobilized molecules. The gold
substrate was annealed in hydrogen flame and immersed in 1
mM ethanolic solution of octanethiol for 3 min to form a self-
assembled monolayer (SAM). The short incubation time ensured
formation of SAM with defect sites available for insertion of
Q-OPV. After washing the substrate in ethanol, it was incubated
in 0.2 mM solution of Q-OPV in tetrahydrofuran under N, atmo-
sphere for 1 h. A small amount of NH,OH (final concentration ~3
mM) was added to the solution to deprotect the thiol groups.
During this step, single Q-OPVs or their small bunches insert in
the SAM at defect sites and attach to the substrate via
gold—thiol bond. Next, the substrate was washed in ethanol,
dried in air, and mounted in an open fluid cell for electrochemi-
cal STM and cyclic voltammetry measurements.

www.acsnano.org

Measurements. Freshly prepared 10 mM KH,PO,/K,HPO,, buffer
pH 7.0 was used in all experiments. The fluid cell containing the
sample was filled with 100 pL of the buffer. Platinum and silver
wires mounted inside the cell were employed as the counter and
quasi-reference electrodes, respectively, and a bipotentiostat
was used for independent control of the substrate and STM tip
potentials. First, cyclic voltammetry of the substrate was re-
corded to determine the position of the quinone redox couple
with respect to the quasi-reference. Then, a reducing or oxidiz-
ing potential was applied to the substrate, a more positive (by
+0.5 V) potential to the tip, and a STM topographic image was
recorded. Typically, a series of three images, at reducing, oxidiz-
ing, and reducing substrate potentials, was recorded from the
same area of the sample to demonstrate reproducibility of the
measurements.

STM tips were made by mechanically cutting a Pt/Ir wire. In
order to restrict faradaic current flowing through the tips, they
were coated with Apiezon wax, leaving a small asperity exposed
for the detection of the tunneling current. Typical faradaic cur-
rent did not exceed 5 pA.

The Ag quasi-reference electrode was calibrated by measur-
ing cyclic voltammetry of a similarly prepared Q-OPV sample in
the same buffer in a separate electrochemical cell against an Ag/
AgCl reference electrode. The position of the quinone redox
couple was ca. +0.23 V vs NHE. Thus, all cyclic voltammetry
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curves recorded inside the STM fluid cell were corrected to ob-
tain the correct position for the quinone redox couple.

Electronic Structure Calculations. Molecular geometry optimiza-

tion and electronic structure calculations based on density func-
tional theory for reduced HQ-OPV and oxidized Q-OPV were car-
ried out with B3LYP nonlocal exchange-correlation functional
comprising Becke's three-parameter exchange functional* and
the Lee—Yang—Parr correlation functional,** using Gaussian
software*® with the B3LYP6-31g(d) basis set.
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