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ABSTRACT

We have used single-walled carbon nanotube transistors to measure changes in the chemical potential of a solution due to redox-active
transition-metal complexes. The interaction of the molecules with a gold electrolyte-gate wire changes the electrostatic potential sensed by
the nanotube, which in turn shifts the gate-voltage dependence of the nanotube conductance. As predicted by the Nernst equation, this shift
depends logarithmically on the ratio of oxidized to reduced molecules.

Electrochemists have developed a variety of tools for
investigating and characterizing redox-active molecules in
solutions. These techniques generally depend on the mea-
surement or control of potential and current. Potentiometric
techniques probe the electrochemical potentialµj i, which is
composed of the electrostatic (æ) and chemical (µi) potentials:

Amperometric techniques (i.e., measurements of current)
provide information related to reaction rates. The combina-
tion of current and potential measurements results in powerful
techniques, such as cyclic voltammetry, for determining
reaction rates (current) as a function of driving force (applied
potential).1 In recent times, there has been a drive toward
ultraminiaturization of electrochemical systems for sensor
applications and for studying small collections of molecules
where the detection of discrete events might be possible.

Carbon nanotubes (NTs) are promising candidates for
performing nanoscale electrochemistry, and the use of
individual NTs as working electrodes has been demon-
strated.2,3 Semiconducting NTs can also be used as field-
effect transistors (FETs) in an electrolyte environment, in
which a gate wire is used to establish the electrochemical
potential of the solution relative to the nanotube.4,5 The high
sensitivity of nanotube FETs makes them excellent sensors,6

and electrolyte-gated NT FETs have been used to sense small

molecules,7,8 proteins,9-11 and surfactants.12 In each of these
experiments, the analyte caused a shift in the gate-voltage
dependence of the nanotube conductance, which was at-
tributed to charge transfer from adsorbed molecules to the
nanotube or a local electrostatic gating effect.

Here we explore the response of electrolyte-gated single-
walled carbon nanotube (SWNT) transistors to redox-active
transition-metal coordination complexes. We find that the
nanotube acts similarly to a reference electrode and senses
changes in the electrostatic potential of the solution. These
changes are directly related to the chemical potentials of the
redox-active molecules, as measured in a traditional elec-
trochemical cell. We show that although there may be some
local interaction between the molecules and the SWNT FET,
the primary source of the signal is the electrochemical
interaction between the molecules and the electrolyte-gate
wire.

Figure 1 shows an atomic force microscope (AFM) image
of a SWNT and a schematic of the measurement geometry.
Nanotubes were grown from iron nanoparticles patterned
onto a doped Si substrate with a 200 nm oxide layer using
a “fast heating” chemical vapor deposition method.13 Gold
contacts (30 nm high) were added lithographically on top
of the NTs, with the source and drain electrodes separated
by 10 µm. A 50 mV bias was applied across the SWNT
FET to measure the conductance.

The microfluidic system that carries redox-active mol-
ecules to the SWNT FET consists of a poly(dimethylsilox-
ane) (PDMS) channel 60µm wide and 25µm high, which
was fabricated using photolithography. The PDMS was
exposed to air plasma for 30 s to make the surface
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hydrophilic and was then sealed on top of the SWNT FET.
The channel was filled and emptied using the large reservoirs
on each end. The flow direction in the channel is determined
by a combination of surface tension and gravity, and could
be controlled by varying the relative sizes of the droplets in
each reservoir. Fluorescent tracer particles were sometimes
added to observe the flow speed and direction. The PDMS
was removed after each set of experiments, and each SWNT
FET could be reused repeatedly.

The PDMS channel was initially filled with an aqueous
NaCl solution, which was also used as the supporting
electrolyte background. We applied a gate voltage,Vg, to a
gold wire placed in one of the reservoirs, which establishes
the electrochemical potential of the solution relative to the
NT.5 In some experiments, we used a high-impedance
voltmeter to measure the potential of a Ag/AgCl reference
electrode or a second gold wire in the other large reservoir,
as illustrated in Figure 1. The reference electrode probes the
electrostatic potential, and the gold wire probes the electro-
chemical potential.

Redox-active molecules were dissolved at varying con-
centrations in the NaCl supporting electrolyte. Details of the
synthesis and purification of the redox couples can be found
in the Supporting Information. Molecules initially in an
oxidized state were [Co(bpy)3]Cl3 (where bpy is 2,2′-
bipyridine), K3[Fe(CN)6], and [Ru(NH3)6]Cl3; molecules
initially in a reduced state were [Co(tpy)2]Cl2 (where tpy is
2,2′:6′,2′′-terpyridine), [Co(atpy)2]Cl2 (where atpy is 4′-
amino-2,2′:6′,2′′-terpyridine), [Co(bpy)3]Cl2, Na4[Fe(CN)6],
and [Ru(NH3)6]Cl2. These molecules were introduced into
one of the reservoirs while measuring the conductance of
the SWNT FET.

Figure 2 shows the response of the SWNT FETs to these
redox-active molecules. The inset shows that the NT
conductance changes dramatically upon the addition of each
molecule solution. The main panel of Figure 2 shows that
this change atVg ) 0 is due to a strict translation in the full
G versusVg response, which can be described as a shift in

the threshold voltage,Vth, at which the nanotube starts
conducting. The direction of this translation is correlated with
the redox state of the molecules and not with the overall
molecular charge: oxidizing molecules cause a positive
threshold voltage shift and reducing molecules cause a
negative threshold voltage shift.

Figure 3 shows that we see roughly the same threshold
voltage shift if the redox-active molecules are near the
nanotube as we do if they are confined by the flow to the
reservoir with the gate wire. The NT conductance changes
as soon as the molecules are added to the reservoir with the
gate wire, regardless of the flow speed or direction. In
particular, the conductance still changes even if the molecules
have not reached the SWNT FET by either advection or
diffusion. We also see no change in conductance if the
molecules are confined only to the reservoir that does not
contain the gate wire.

To quantify the response, we determined the ratio of the
oxidized to reduced molecules, [Ox]/[Red]. This was mea-
sured using a cyclic voltammogram taken with a 25µm
platinum ultramicroelectrode in a traditional electrochemical
cell,1 as shown in the upper inset of Figure 4. [Ox]/[Red]
was then determined directly from the ratio of the diffusion-
limited currents. The [Ox]/[Red] value could also be changed
by performing bulk electrolysis with a large-surface-area
working electrode.1 Further experimental details are provided
in the Supporting Information. Figure 4 shows the threshold
voltage shift for a 100µM [Co(tpy)2]Cl2 solution at different
[Ox]/[Red] ratios. This shift varies with the logarithm of
[Ox]/[Red], with a slope of 61( 6 mV. This slope is also
roughly 60 mV for the [Ru(NH3)6]2+/3+ redox couple, but it

Figure 1. (a) AFM image of a SWNT between two gold electrodes.
The NT diameter is 2.6 nm, and its length is 10µm. (b)
Measurement schematic. An electrolyte-gate voltage,Vg, is applied
to a gold wire while measuring the source-drain current with a 50
mV bias. The SWNT FET is connected to the large reservoir by a
PDMS microfluidic channel. Using a high-impedance voltmeter,
we can measure the electrostatic potential with a Ag/AgCl reference
electrode or the electrochemical potential in the second reservoir
with an additional gold wire.

Figure 2. Adding 1 mM solutions of different redox-active
molecules, all with the same 1 mM NaCl supporting electrolyte,
causes a shift in the NT threshold voltage. Oxidized molecules (K3-
[Fe(CN)6], solid blue, and [Co(bpy)3]Cl3, dashed blue) cause a
positive shift from the initial curve (black), and reduced molecules
(Na4[Fe(CN)6], solid red; [Co(tpy)2]Cl2, dashed red; and [Co(atpy)2]-
Cl2, dash-dot red) cause a negative shift. Some hysteresis is
observed in the reverse sweep direction. The leakage current
between the electrolyte-gate wire and the drain electrode, which is
typically 100 times smaller than the source-drain current, has been
subtracted. Inset: NT conductance as a function of time during
addition of redox-active molecules, withVg ) 0.
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is several times greater for the [Co(bpy)3]2+/3+ and [Fe-
(CN)6]3-/4- redox couples.

The threshold voltage shift at [Ox]/[Red]) 1 was
determined for all of the molecules. This is plotted in the
lower inset of Figure 4 as a function of the formal potential
E 0′ of each molecule, which is the potential at which

oxidation or reduction occurs versus the potential of a Ag/
AgCl reference electrode. The data are consistent with a
linear dependence of the threshold voltage shift onE 0′ with
unit slope, but there is a large degree of scatter in the
measurements so further tests need to be done to confirm
this relationship.

To develop a quantitative model to understand these data,
we first recall that the Nernst equation gives the chemical
potential of the electrons in a solution of redox-active
molecules with formal potentialE 0′ as

wherek is Boltzmann’s constant,T is the temperature,n is
the number of electrons transferred, ande is the electron
charge.1 We can substitute this expression into eq 1 to express
the voltage,Vg, applied to the gold electrolyte-gate wire as

If the nanotube behaves as a reference electrode and senses
only the electrostatic potential,æ, then the shift in the
threshold voltage,∆Vth, is the change inVg needed to produce
the sameæ, which is just the change inµi/e. Becausen ) 1
for all our molecules, we can write the expected threshold
voltage shift as

The observed gate-voltage dependence of the SWNT FET
conductance follows this expected variation with the chemi-
cal potential of the redox-active molecules. Figure 4 shows
that for [Co(tpy)2]Cl2 the threshold voltage varies as log [Ox]/
[Red] with a slope within 3% of 59.2 mV. The lower inset
in Figure 4 shows that the threshold voltage for all the
molecules varies roughly linearly withE 0′ with a slope of
approximately unity, although there is a large degree of
scatter in these data. We reiterate that in this model the local
interaction is between the redox-active molecules and the
gate wire, and the proximity of the molecules to the NT is
irrelevant, as confirmed by Figure 3.

The molecules that show a higher slope for∆Vth versus
log [Ox]/[Red] also show an anomalously large slope when
we measure the open circuit potential versus log [Ox]/[Red].
The open circuit potential is measured with a high impedance
voltmeter between a working and reference electrode.
Because this is another measure of the chemical potential, it
should follow the same form as∆Vth. It is not clear why
these molecules showed an anomalously large slope (it may
result from a mixed potential due to other complexes or from
dissolved oxygen in the solution), but it appears that the
nanotube device still simply detects the change in chemical
potential in the solution.

Because the SWNT FET, like a reference electrode,
measures only the electrostatic potential,æ, it should show

Figure 3. Threshold voltage shift does not depend on whether the
molecules are near the SWNT FET. Adding 100µM [Co(tpy)2]Cl2
to a 100 mM NaCl supporting electrolyte causes roughly the same
shift from the initial curve (black) when the molecules fill the entire
microfluidic channel (dash-dot blue) as when they are confined
by the flow to the reservoir containing the gate wire (dashed red).
The small shift between the red and blue curves may be due to an
interaction of the redox molecules with the nanotube or with the
gold source and drain electrodes. The small current in the off state
is likely caused by leakage through the electrolyte.

Figure 4. Threshold voltage shift for 100µM [Co(tpy)2]Cl2 with
different [Ox]/[Red] ratios, which are set by bulk electrolysis. The
supporting electrolyte was 1 mM NaCl. Error bars show the standard
deviation from four different NTs. The slope of the linear fit is 61
( 6 mV. The [Ox]/[Red] ratio was determined from the limiting
currents measured from a cyclic voltammogram at a sweep rate of
25 mV/s, using a 25µm Pt working electrode, a large-area Pt
counter electrode, and a Ag/AgCl reference electrode, as shown in
the upper inset. Oxidative and reductive diffusion-limited currents
in this example were 270 pA and 56 pA, respectively, giving an
[Ox]/[Red] ratio of 0.21. The bottom inset shows that the threshold
voltage shift varies roughly linearly withE 0′, the formal potential
of the redox-active molecules, which was measured by cyclic
voltammetry with a Ag/AgCl reference. The slope of the fit is 0.99
( 0.49.
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no change relative to the potential measured with a reference
electrode. To fully confirm this model, we measured the
nanotube conductance versus the potential of a Ag/AgCl
reference electrode before and after adding [Co(tpy)2]Cl2 to
the system, as shown in Figure 5. The molecules shifted the
conductance as a function of the electrolyte-gate voltage, but
there is virtually no conductance change as a function of
the reference potential.

We now discuss the concentration dependence of the
threshold voltage shift, which is shown in Figure 6 for [Co-
(tpy)2]Cl2. The magnitude of the threshold voltage shift
increases with the concentration, which has previously been
interpreted as a sign of a local molecule-NT interaction.7

The open circuit potential, however, also varies with
concentration, and both increases are logarithmic and have

roughly the same slope. Because both∆Vth and the open
circuit potential measureµi, we conclude that their concen-
tration dependence simply reflects a changingµi and not
molecule-NT adsorption. We have confirmed the variation
of [Ox]/[Red] with concentration by separate ultramicro-
electrode measurements.

Figure 6 also shows that the minimum detectable concen-
tration is about 1µM, below which we see no shift. This
may be caused by a second potential-determining couple
present in the supporting electrolyte that dominates the
mixed-potential at low concentrations. Adsorption of mol-
ecules to the electrolyte-gate wire or residual oxygen in the
solution could also be affecting the measurements.

In conclusion, we have demonstrated that SWNT FETs
can be used as nanoscale reference electrodes to measure
the electrostatic potential of a solution. They can therefore
detect changes in the chemical potential of solution due to
redox-active transition-metal complexes, or in principle due
to any potential-determining couple. These changes in
potential shift the gate-voltage dependence of the nanotube
conductance, and this shift depends linearly on the formal
potentials of the molecules and logarithmically on their [Ox]/
[Red] ratios. Although there may also be some local
interaction between the molecules and the nanotube, the
primary source of the observed signal is this nonlocal
electrochemical effect, which must be considered in any
electrolyte-gated nanotube sensing experiment. The use of
a SWNT FET as a reference electrode could lead to new
kinds of nanoscale electrochemistry experiments and highly
sensitive analytical strategies. For example, given that we
can detect threshold voltage shifts down to 5 mV and
concentrations down to 1µM, we estimate that with a
microfabricated electrolyte-gate electrode, we could detect
a single redox event in a [300 nm]3 volume of solution.
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