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Electrochemical Detection of Single Molecules
Fu-Ren F. Fan and Allen J. Bard*

The electrochemical behavior of a single molecule can be observed by trapping a small
volume of a dilute solution of the electroactive species between an ultramicroelectrode
tip with a diameter of ~15 nanometers and a conductive substrate. A scanning electro-
chemical microscope was used to adjust the tip-substrate distance (~10 nanometers),
and the oxidation of [(trimethylammonio)methyl] ferrocene (Cp,FeTMA™*) to Cp,FeTMAZ™*
was carried out. The response was stochastic, and anodic current peaks were observed
as the molecule moved into and out of the electrode-substrate gap. Similar experiments
were performed with a solution containing two redox species, ferrocene carboxylate
(Cp,FeCOO™) and Os(bpy),2* (bpy is 2,2’-bipyridyl).

A number of techniques have been used in
recent years to detect single molecules or
ions in different environments. These in-
clude the detection of ions that are confined
in vacuum in electromagnetic traps (1), sin-
gle-molecule spectroscopy of molecules in
solid matrices (2), and the detection of mol-
ecules on surfaces with high spatial resolu-
tion by near-field scanning optical micros-
copy (3). These techniques are based largely
on observation of the fluorescent emission
from the molecule during repeated photonic
excitation events and provide information
about energy levels and the environment of
the molecule. We report single-molecule de-
tection (SMD) for an electroactive mole-
cule in solution as it repeatedly undergoes
electron-transfer reactions at an electrode
held at a small distance from a counterelec-
trode in a scanning electrochemical micro-
scope (SECM) (4, 5).

The principle of this experiment is illus-
trated in Fig. 1. To achieve SMD in the
SECM, a small tip electrode of nanometer
dimensions and with a geometry that pro-
vides confinement of the molecule near the
active tip area is held near (~10 nm) a
conductive substrate. The solution concen-
tration is adjusted so that, on average, only
a single molecule will reside in the volume

Department of Chemistry and Biochemistry, University of
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defined by the tip area and tip-substrate
spacing d. Consider a tip of radius a = 5 nm
held at d = 10 nm. For a 2 mM solution of
an electroactive species, it is probable that
only one molecule will be present in the
~10718 ¢m3 volume beneath the tip (5).

The time required for the molecule to tran-

sit between tip and substrate is of the order
of d?/2D, where D is the diffusion coeffi-
cient of the molecule. Thus, a molecule
with D = 5,X 107% cm?/s will transit the
gap in about 100 ns or undergo ~107 round
trips between tip and substrate per second.
If an electron-transfer event occurs at each
collision with the tip, a current of the order
of 1 pA will flow. In this case, SMD de-
pends on the 107 amplification factor pro-
vided by the positive feedback of the
SECM. The molecule is confined to the
space below the tip because the conductive
tip is slightly recessed below the large insu-
lating sheath that surrounds it, as shown in
Fig. 1. Further axial confinement of a
charged species might be afforded by the
electric field in the gap.

For the initial test of SMD by SECM we
chose [(trimethylammonio)methyl] ferro-
cene (Cp,FeTMA™) as the electroactive
molecule, because both this species and its
oxidized product are stable in aqueous me-
dia and undergo rapid heterogeneous elec-
tron-transfer reactions at electrodes in a
convenient range of potentials. Solutions
contained 2 mM Cp,FeTMA™* with
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NaNO; as the supporting electrolyte. In all
of the experiments, an indium-tin oxide
(ITO, Delta Technologies, Stillwater, New
York) electrode was used as substrate. The
tip was fabricated from an electrochemical-
ly sharpened 125-um Pt-Ir (80%-20%) wire
coated with Apiezon wax or polyethylene
glue. We exposed the end by placing the tip
in a scanning tunneling microscope (STM)
and allowed it to approach the ITO sub-
strate until a set-point current (0.5 nA)
began to flow. By constructing the tip in
this manner, we ensured that the tip and its
insulating sheath would approach the ITO
surface perpendicularly without alignment
difficulties. Details of the fabrication of
these tips and their characterization are giv-
en elsewhere (5-7). The instrument used in
these studies has been described in (8, 9)
and is capable of both STM and SECM
measurements with a vertical (z direction)
resolution of better than 1 A and a current
sensitivity as low as 50 fA when the proper
filter is used. The electrochemical cell con-
tained a Pt counterelectrode and either a
saturated calomel electrode (SCE) or a Pt
quasi-reference electrode.

The correct tip geometry is essential for
the successful trapping of a molecule. Infor-
mation about the exposed area of the tip
and the shapes of the tip and insulating
sheath can be obtained from electrochemi-
cal measurements, that is, from determina-
tion of the tip current i as a function of d
as the tip is moved toward the substrate in
an SECM (7). All of the tip currents re-
ported were corrected for the background
current in the blank solution, that is, a
solution containing only supporting elec-
trolyte, at large d. A typical approach curve
of this type taken with a solution of 2 mM
Cp,FeTMA™ and 2.0 M NaNO;, with the
tip held at 0.55 V versus SCE where
Cp,FeTMA™ oxidation is diffusion-con-
trolled, is shown in Fig. 2. The ITO sub-
strate was biased at —0.3 V versus SCE, so
that Cp,FeTMA?* generated at the tip was
rapidly reduced back to Cp,FeTMA™ at the
ITO surface. The exposed radius a can be
found (5) from the steady-state current IT cor
when the tip is assumed to be a disk-shaped

N

Pt-Ir tip

15nm
N \
§ insulator. e §

Fcto ®Fc2t 1N10nm
A/
ITO substrate Te

Fig. 1. Idealized schematic illustration of the tip
geometry and the tip-substrate configuration
used.
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electrode far from the substrate, with the
equation

iITe = 4nFDCa (1)

where n is the number of electrons involved
in the redox reaction (1 for Cp,FeTMA™),
F is the Faraday constant, the diffusion
coefficient D is 5.0 X 1076 cm?/s, and C is
the concentration of Cp,FeTMA™ (2 mM).
This calculation yields a disk diameter of 15
nm.
The SECM positive-feedback process
starts to become significant when the tip
approaches a conductive substrate to within
a few tip diameters and i increases. How-
ever, with tips constructed as described
above, the current then decreases as the tip
comes even closer (point A in Fig. 2) before
showing a large increase (starting at point
E). Although this current decrease might be
attributed to heterogeneous kinetic effects
on the electron-transfer reactions (10), this
behavior was found at even more extreme
tip and ITO potentials and with other re-
dox couples with tips of this type. We thus
believe that this region of current decrease
represents blocking of mass transfer from
the bulk solution into the tip-substrate gap
by the insulating sheath (radius = 25a)
surrounding the exposed tip. For a perfectly
planar tip and insulating sheath approach-
ing a parallel insulating substrate, a transi-
tion occurs from hemispherical diffusion
when the tip is far from the substrate to
planar diffusion when the tip is near the
substrate, because the large insulating
sheath restricts radial diffusion. The transi-
tion from spherical to linear diffusion causes
a decrease in the tip current of the order of
a/2d, so that when d = a, it = 0.5i . With

a conductive substrate, the positive feed-
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Tip displacement (nm)

Fig. 2. Dependence of tip current on relative tip
displacement over a conductive ITO substrate in a
solution containing 2 mM Cp,FeTMA* and 2.0 M
NaNO;. The ITO substrate was biased at —0.3 V
versus SCE and the tip was biased at 0.55 V,
where the redox reactions on both electrodes
were diffusion-controlled. The tip moved to the
substrate surface at a rate of 30 A/s. The data
were 300 points averaged at each location. The
significance of points A, B, and E is discussed in
the text. See also Fig. 4.
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back compensates for this blocking effect
and causes a net increase in current. How-
ever, we believe that, in the tips fabricated
as described above, the conductive elec-
trode portion is slightly recessed into the
insulating sheath, so that, at small distanc-
es, solution is trapped in a small pocket near
the electrode as shown in Fig. 1. Upon
further decrease in d, the insulating sheath
is compressed and both SECM feedback
and the onset of tunneling cause the cur-
rent to increase again (Fig. 2, point E).

The blocking effect of the insulating
sheath is also reflected in the tip double-
layer charging process. We observed a series
of current transient (charging) curves at
several d values (2 to 19 nm) for a tip with
a diameter of ~20 nm in a solution con-
taining only 1.0 M NaNO; by stepping the
tip potential from 0.15 to 0.6 V versus SCE
(Fig. 3). From an analysis of the exponen-
tial decay of curve 1 (d = 19 nm), an
uncompensated resistance of ~0.2 gigohms
and an equivalent series capacitance of
about 4 pF were found. This resistance is
considerably larger than that calculated for
a sphere of this radius, suggesting consider-
able blockage by the surrounding sheath.
The equivalent series capacitance is also
much larger than the double-layer capaci-
tance of the tip and is governed by the
input capacitance (~3 pF) of the preampli-
fier of the SECM. When we decreased d,
the capacitance essentially retained its val-
ue while the uncompensated resistance in-
creased to ~5 gigohms at d = 2 nm (curve
5 in Fig. 3) as the solution channel to the
tip was further compressed.

Cyclic voltammograms (i versus tip po-
tential E+), which can be taken by stopping
at different points on the approach curve
(Fig. 4), show the oxidation of Cp,FeTMA™
at a scan rate of 10 mV/s at d values of about
30, 20, and 10 nm. The curve taken at point
A in Fig. 2 (curve 1 of Fig. 4A) shows the

Tip current (nA)

0 2 4 6 8 10 12 14 16 18 20
Time (ms)

Fig. 3. The charging curves at a tip with an esti-
mated diameter of ~20 nm in a solution contain-
ing only 1 M NaNO,. The tip potential was
stepped from 0.15t0 0.6 V versus SCE atd = 19
nm (curve 1), 12 nm (curve 2), 9 nm (curve 3), 5nm
(curve 4), and 2 nm (curve 5). The data sampling
rate was 20 us per point.
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expected steady-state voltammetric shape
with a flat plateau current region that retrac-
es upon scan reversal. This behavior demon-
strates that the current decrease observed in
the approach curve represents the steady-
state current and not a transient. As d is
decreased, the voltammetric curve retains its
shape, but the current throughout is smaller
(curve 2 of Fig. 4A). When d = 10 nm
(curve 3), the current is characterized by
large fluctuations. To show these current
fluctuations in the diffusion-controlled re-
gion more clearly, we also plotted it and E
for curve 3 as functions of time in Fig. 4B.
Similar fluctuations were observed when
the electrode was moved close to the sub-
strate, held at a potential in the plateau
region (for example, 0.55 V versus SCE),
and i} was measured as a function of time
(Fig. 5, curve A). Although the signal was
noisy, the current showed clear peaks of 0.7
and 1.4 pA as well as periods of essentially
zero average current. We believe that these
represent current responses when one or
two Cp,FeTMA™ molecules are trapped in
the 10-nm gap between the tip and sub-
strate and drift into or out of the tip region.
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Fig. 4. (A) Series of cyclic voltammograms taken
at different tip-substrate separations in a solution
containing 2 mM Cp,FeTMA™ and 2.0 M NaNOj.
The substrate potential was —0.3 V versus SCE,
and the scan rate of the tip potential was 10 mV/s.
Curve 1 was taken at a d of about point Ain Fig. 2;
curve 2 was taken at 15 nm from point E; curve 3
was taken at about 5 nm away from the surface
relative to point E, where the fluctuation in i oc-
curred. In all cases, we take point Ein Fig. 2 as the
reference point. (B) Plots of i and £ from curve 3
in (A) as functions of time.



As a control experiment, curve B in Fig. 5
was taken when the tip was farther from the
substrate; it shows a constant average cur-
rent over a 300-s measurement period.

To show that the fluctuations seen at
small d do not represent thermal drift of the
tip (bringing it into and out of tunneling
distance), we studied the behavior with the
tip closer to the substrate in a solution
containing only supporting electrolyte. In
the absence of Cp,FeTMA™, the average
current was essentially zero until tunneling
distances were attained. At that point
(curve C in Fig. 5), the initial current was
higher than that in curve A, with very large
short-term current spikes that probably rep-
resent thermal fluctuations and vibrations.
These are very different from the smoother
broad peaks seen with electroactive species
when the tip is located at slightly larger
distances in curve A.

Without a better picture of the details of
the tip and insulator structure, it is difficult
to explain the rather slow fluctuations in
current (on the order of tens of seconds)
and the shape of the responses. One possi-
bility is that the insulator is cracked during
the tip exposure part of the fabrication,
resulting in tiny channels connected to
small reservoirs or to the bulk solution that
are not in direct contact with the tip. When
the molecule passes into these reservoirs, no
current is seen until it traverses the channel
back into the tip volume. There is also some
drift in the tip-substrate spacing, for exam-
ple, because of temperature fluctuations and
relaxation of the z-piezo element, which
affects the tip current.

In another independent experiment to
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Fig. 5. Time evolution of the tip current observed
at a tip potential of 0.55 V and a substrate poten-
tial of —0.3 V versus SCE. The initial tip current in
curves A and C was set by allowing the tip to
approach the substrate until i ~ 1.5 pA. Curve A:
tip-substrate separation of ~10 nm in a solution
containing 2 mM Cp,FeTMA™ and 2.0 M NaNO,
(left current scale). Curve B: with the tip far from
the substrate in same solution as in curve A (left
current scale). Curve C: tip-substrate separation
within tunneling range in a solution containing only
2.0 M NaNQ; (right current scale). The data sam-
pling rate was 0.4 s per point.

show SMD in the SECM, a new solution
and a new tip were used. The current was
monitored with time at different potentials
with the tip held at ~10 nm from the
substrate (at —0.3 V versus SCE) where the
“peaking behavior” is seen (Fig. 6). As in
the earlier experiments, when the tip po-
tential was 0.55 V, peaks were observed.
When the tip potential was switched to 0.0
V, that is, to the foot of the voltammetric
wave where no oxidation of Cp,FeTMA™
occurs, the current immediately dropped to
the background level and remained there
for ~150 s. Then the tip potential was
again switched to 0.55 V, resulting in an
immediate capacitive current transient and
then fluctuating oxidation current, as be-
fore. Switching to a more positive potential
in the diffusion-limited region (0.70 V) pro-
duced essentially the same type of peaks as
those at 0.55 V, as expected. However,
when the potential was again switched to
the foot of the voltammetric wave, 0.15 V,
only background current was observed. In
the experiments in which only background
currents were seen, the bias between tip and
substrate was either 0.3 or 0.45 V. The
absence of currents in this region strongly
suggests that the observed peaks cannot be
attributed to tunneling current fluctuations.

In another independent experiment to
show that the observed response is associat-
ed with the redox molecules, we used a new
tip and a solution of two redox couples at
different  concentrations. We selected
Cp,FeCOO™ (2 mM) and Os(bpy);>* (bpy
is 2,2'-bipyridyl) (4 mM) as the electroac-
tive species. As shown in Fig. 7, the tip
current was monitored with time at different
potentials with the tip held at a position
above the substrate where a substantial cur-
rent fluctuation was observed. As in the case
of Cp,FeTMA™, when the tip potential was
0.5 V, where the diffusion-controlled cur-
rent for the oxidation of Cp,FeCOO™ was
observed, peaks were observed. When the
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Fig. 6. Time evolution of tip current with a sub-
strate potential of —0.3 V versus SCE at various tip
potentials £ (indicated above the arrows). We set
the initial tip current at ~1.5 pA by adjusting d. The
solution contained 2 mM Cp,FeTMA* and 2.0 M
NaNQ,. The data sampling rate was 1 s per point.
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tip potential was switched to 0.8 V, that is,
to the current plateau region of the voltam-
metric wave for the oxidation of
Os(bpy);>*, an immediate capacitive cur-
rent transient and then higher oxidation
current peaks were observed. The increased
current heights are consistent with an in-
creased total concentration of redox-active
species [Cp,FeCOO™ and Os(bpy);2*] and
cannot be attributed to tunneling current
fluctuations that are exponentially depen-
dent on the potential. The absence of sig-
nificant current fluctuations in the time do-
main of ~180 to 230 s, during which the tip
potential was switched between 0.0 and 0.5
V, also strongly suggests that the observed
current peaks in the other time domains are
not due to potential-dependent tunneling
current fluctuations.

We assert that the data in Figs. 5, 6, and
7 are evidence for SMD in a zeptoliter
(zepto = 107 8) volume below the tip, with
the electrochemistry at the single-molecule
level occurring in a stochastic process. Con-
finement of the molecule to this volume is
largely attributable to the concave shape of
the tip that forms naturally during fabrica-
tion. A scanning electron microscope
(SEM) image of the tip, although incapable
of resolving the conductive tip itself, shows
a depression in the surrounding insulator
with a radius of ~0.4 wm. The maximum
peak currents are also consistent with SMD,
because the expected current for a single-
molecule event in this geometry, of the
order of De/d? (where e is the electronic
charge), is 0.8 pA. Moreover, the essential-
ly “quantized” peak current values in Fig. 5,
curve A, suggest differentiation between
trapping of one or two molecules. The elec-
tric field in the gap may also influence the
observed behavior. In experiments with the
SECM, we have found (11) large changes in
tip current at very small supporting electro-
lyte concentrations, suggesting migration
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Fig. 7. Time evolution of tip current with a sub-
strate potential of —0.3 V versus SCE at various
tip potentials £;. We set the initial tip current at
~0.5 pA by adjusting d. The solution contained 2
mM Cp,FeCOO~, 4 mM Os(bpy),2*, and 0.5 M
NaNO,. The data sampling rate was 0.4 s per
point.
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and diffuse double-layer structure effects
(12). Electrochemical experiments at the
single-molecule level can provide informa-
tion complementary to spectroscopic exper-
iments and might allow one to examine
kinetic models at a level at which contin-
uous approximations are not appropriate.
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High Sex Ratios in China’s Future
Shripad Tuljapurkar,* Nan Li, Marcus W. Feldman

In China in recent years, male live births have exceeded those of females by amounts far
greater than those that occur naturally in human populations, a trend with significant
demographic consequences. The resulting imbalance in the first-marriage market is
estimated to be about 1 million males per year after 2010. These “excess’” males were
not easily accommodated in models with substantial changes in first-marriage patterns.
The current sex ratio at birth has little effect on a couple’s probability of having at least
one son, so future increases in the sex ratio may well occur, especially given increasing

access to sex-selective abortion.

Among the reasons that China fascinates
demographers are the recent rapid fall of its
total fertility rate (1) and the remarkable rise
in the reported sex ratio at birth (SRB). The
SRB is the number of live male births for
every hundred live female births in a refer-
ence period, usually a year, and historically
the human SRB is near 105, changing little
with parity (the number of children a moth-
er has borne) (2). In China, the SRB for all
births rose to 113.8 in 1990, and the SRB for
higher parities was even higher (3, 4). This
imbalance of the sexes implies many millions
of “missing” females (5). Some of these are
unreported births, but a substantial number
are missing because of high early female mor-
tality or selective abortion (6—8). A pattern
of declining fertility and high male bias in
sex ratio at birth is also observed in countries
such as India, Bangladesh, and South Korea
).

We examine three demographic conse-
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quences of the sharp rise in China’s SRB.
First, the timing and size of the coming
imbalance in the first-marriage market in
China. Second, the effect of today’s high
SRB on the probability that an individual
couple will have at least one son; presum-
ably this is what couples with a strong son-
preference aim to increase. Third, the effect
of SRB on the “no-son dependency ratio”
(NSDR), which measures the social “bur-
den” presented by elderly people who have
no son.

The prospects of marriage depend on
many factors; we focus on the supply of
potential mates, which depends on the
SRB, marriage patterns, and population
age structure. We measure the relative size
of potential mating pools by a sex ratio Rg
of potential first-marriage partners, com-
puted as the ratio of male numbers weight-
ed by age-specific first-marriage frequen-
cies for males to female numbers weighted
by the corresponding frequencies for fe-
males (10).

China’s pattern of nearly universal mar-
riage makes R particularly apropos (I, 4).
We projected China’s population, starting
with the 1990 census population holding
fertility, mortality, and first-marriage fre-
quencies constant at 1990 levels (4). In the
projection, population vital rates are used to

SCIENCE + VOL.267 + 10 FEBRUARY 1995

construct matrices that project births to
females and the mortality of successive co-
horts (11). Changes in mortality at late
ages, or equal changes in mortality for both
sexes at younger ages, would not qualita-
tively alter the conclusions. Fertility change
in China depends strongly on government
policy, which is not expected to change
soon (12, 13); the assumption of a different
but constant fertility would not qualitative-
ly change our results. Our projection uses
parity-specific values of the SRB held con-
stant at the 1990 level, a conservative as-
sumption judging by recent trends (3,
6-8). Even if the SRB were to fall, the
phenomena we describe below are unavoid-
able in the medium term.

The ratio Rg is projected to be unbal-
anced through 2050 (Fig. 1). It rises to a
peak over the next decade and declines
rapidly by 2005, after which it rises towards
a high level by 2050. The first peak is
driven by the recent decline in fertility:
Men marrying in a particular year come
from earlier and larger birth cohorts than
their younger partners. When fertility is
constant for some years, this imbalance dis-
appears. Beyond about 2005, however, mar-
riage markets will be dominated by cohorts
that had historically high sex ratios at birth.
Starting about 2010, the recent high SRB
will cause the marriage market ratios to go
out of balance. If the upward trend in the
SRB continues, the imbalance will be great-
er than shown in Fig. 1. For first marriages,
which traditionally involve about 96% of
each cohort (I, 4), we find an imbalance in
Ry of over 8% of males by 2020. This trans-
lates into about 1 million excess males per
year in the market for first marriages.

What will happen to this “excess” of
unmarried males? To marry, they will have
to find mates outside the traditional cul-
tural patterns that are summarized by the
first-marriage frequencies. We explored
the effect of two alternative changes (Fig.
2) in these patterns. In one, male marriage
is delayed by 2 years at every age; in the
other, age preferences for males and fe-
males are greatly relaxed by an increase in
the variance in the age pattern of male
and female marriage frequencies by a fac-
tor of 4. As shown in Fig. 3, neither
change greatly alters the projected imbal-
ance in Rp after 2010. Furthermore, his-
torical evidence suggests that such large
shifts in marriage patterns may face sub-
stantial social, economic, and cultural ob-
stacles (14). The imbalance in the mar-
riage market in China is the opposite of
that found in the highly industrialized
countries, where higher female life expect-
ancy generates an “excess” of females [3 to
5% overall and more in some subgroups
(15, 16)].

The strong preference for sons in China




