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Abstract: We have developed a new class of synthetic
membranes that consist of a porous polymeric support
that contains an ensemble of gold nanotubes that span the
thickness of the support membrane. The support is a
commercially-available microporous polycarbonate filter
with cylindrical nanoscopic pores. The gold nanotubes are
prepared by electroless deposition of Au onto the pore
walls, that is, the pores acts as templates for the nano-
tubes. We have shown that by controlling the Au
deposition time, Au nanotubes that have effective inside
diameters of molecular dimensions (<1nm) can be
prepared. These nanotube membranes can be used to
cleanly separate small molecules on the basis of molec-
ular size. Furthermore, use of these membranes as a novel
electrochemical sensor is also discussed. This new sensing
scheme involves applying a constant potential across the
Au nanotube membrane and measuring the drop in the
transmembrane current upon the addition of the analyte.
This paper reviews our recent progress on size-based
based transport selectivity and sensor applications in this
new class of membranes.
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Introduction

We have been investigating a general method for preparing
nanomaterials called template synthesis.'"3l This method
entails synthesis or deposition of the desired material within
the cylindrical and monodisperse pores of a nanopore
membrane or other solid. We have used polycarbonate filters,
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prepared by the track-etch method, and nanopore aluminas,
prepared electrochemically from Al foil,”! as our template
materials. Cylindrical nanostructures with monodisperse di-
ameters and lengths are obtained, and depending on the
membrane and synthetic method used, these may be solid
nanowires or hollow nanotubes. We, and others, have used this
method to prepare nanowires and tubes composed of
metals,5"! polymers,['*'?] semiconductors,?* 2!l carbons,?224
and Li* intercalation materials.’>?7 It is also possible to
prepare composite nanostructures, both concentric tubular
composites, where an outer tube of one material surrounds an
inner tube of another,?® 2l and segmented composite nano-
wires.l

One of our earliest applications of the template method was
to prepare ensembles of microscopic and nanoscopic electro-
des.B'34 Such electrodes are prepared by depositing noble
metals within the pores of the polycarbonate filtration
membranes. Initially, we deposited the metal in the pores
using electrochemical-plating methods,?!] but we ultimately
discovered that electroless plating allowed for more uniform
metal deposition. In the electroless method, metal deposi-
tion begins at the pore walls creating, at short deposition time,
hollow metal nanotubes within the pores.[®-12-3% 36 That is, the
electroless plating method yields metal (typically gold) nano-
tube membranes, the subject of this review.

Membrane Preparation and Analysis

Template membranes, electroless plating and estimation of
the nanotube inside diameter: Commercially available poly-
carbonate filters prepared using the track-etch method are
used as the templates for the Au nanotube membranes. Filters
with cylindrical 30 nm diameter pores, 6 x 108 pores per cm? of
membrane surface area, are typically used.[® %338 An elec-
troless plating method is used to deposit the Au nanotubes
within the pores (Figure 1A).% Briefly, a catalyst is first
applied to all surfaces (membrane faces plus pore walls) of the
membrane. The membrane is then immersed into the electro-
less plating bath which contains a Au! species and a chemical
reducing agent. Because the reduction of Au' to metallic Au
only occurs in the presence of the catalyst, Au nanotubes that
line the pore walls (Figure 1B) (as well as Au surface films on
both faces of the membrane) are obtained.[®-10 37 3]
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Figure 1. A) Schematic of the electroless plating process used to prepare
that Au nanotube membranes. B) Scanning electron micrograph (SEM) of
the surface of a polycarbonate template membrane showing three Au
nanotubes deposited within the pores. To visualize the tubes by SEM, the
membrane had larger pores than those used to prepare the nanotube
membranes discussed here.

The thicknesses of both the Au surface films and nanotube
walls increase with electroless plating time. As a result of the
thickening of the nanotube walls, the inside diameter (id) of
the tubes decreases with plating time. The id is measured
using a gas transport method described previously.- 3731 At
long plating times, membranes containing nanotubes with ids
of molecular dimensions are obtained (Figure 2). Finally,
depending on the application, the Au surface films can be
either left on the faces of the membrane or removed.
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Figure 2. Variation of the nanotube effective inside diameter with plating
time.
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Transport Properties of the Au Nanotube
Membranes

Molecular-sieving in single-molecule permeation experi-
ments: These experiments were done in a simple U-tube
permeation cell in which the nanotube membrane separates a
feed half-cell from a permeate half-cell. The feed half-cell is
charged with a solution of the molecule whose transport
properties through the membrane are to be evaluated (often
called the permeate molecule). The permeate half-cell is
initially water or a salt solution. Passive diffusion transports
the permeate molecule from the feed half-cell, through the
nanotube membrane, and into the permeate half-cell. The
permeate half-cell is periodically assayed to determine the
time-dependence of transport of the permeate molecule
through the membrane.

The transport data are processed as plots of moles of
permeate transported versus time. Straight-line plots are
obtained and the flux of the permeate molecule through the
membrane is calculated from the slope. The experiment is
then repeated using a solution of a second permeate molecule
in the feed half-cell. A membrane-transport selectivity
coefficient (a) can then be obtained by using the ratios of
the fluxes for the two permeate molecules. Since molecular-
sized based selectivity is of interest here, one of the permeate
molecules was large—the tris-bipyridal complex of Rull
[Ru(bpy);]**—and the other was smaller—methyl viologen,
MV?* (Figure 3).

The ratio of the diffusion coefficients for MV?** and
[Ru(bpy);]** in free aqueous solution is 1.5.14¢41 For this
reason, if a simple solution-like diffusion process were
operative in the nanotubes, a selectivity coefficient of o=
1.5 would be anticipated. In contrast, even for the largest id
nanotubes investigated (5.5 nm), the selectivity coefficient
was substantially greater, o =50 (Figure 4A). These data
suggest that size-based molecular sieving occurs in these
large-id (> molecular dimensions) nanotubes. > %] This is
reflected in the transport data (Figure 4A) where the flux of
the larger [Ru(bpy);]** is decreased more than the flux for the
smaller MV?*. As a result a =50 is obtained. As the nanotube
id is made smaller, the a value should become even larger,
which is also reflected in the experimental transport data.
Values for the 5.5nm, 32nm and 2.0nm id nanotube
membranes are a =50, 88, and 172, respectively.

Molecular filtration in two-component permeation experi-
ments: The smallest id nanotube membrane investigated (id
~0.6 nm) provides a measurable flux for MV?*, but the larger
[Ru(bpy);]** could not be detected in the permeate solution,
even after a two week permeation experiment (Figure 4B).
These data suggest that clean separation (molecular filtration)
of these two species should be possible with this nanotube
membrane. This was proven by doing two-molecule perme-
ation experiments, where both the larger and smaller mole-
cules (Figure 3) were present in the feed half-cell together
(see Table1 for the large-molecule/small-molecule pairs
investigated). For all three of the large-molecule/small-
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Figure 3. Chemical structures and approximate relative sizes of the three “big molecule/small molecule” pairs
used in the molecular filtration experiments. Quinine, MV?*, and [Ru(bpy);]>* were also used as analytes in the

sensor work.
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Figure 4. Single-molecule permeation experiments showing moles of
MV?* and [Ru(bpy);)** transported versus time. Membranes contained
nanotubes with ids of A) 5.5 nm, B) < 0.6 nm. Only MV?** was transported
through this membrane.

Table 1. Minimal membrane-transport selectivity coefficients.

Permeate pair Anin

pyridine/quinine 15000
anilinium/rhodamine 130000
MV?*/[Ru(bpy);]** 1500
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molecule pairs shown in Fig-
= ure 3, the small molecule
. could be easily detected in
ol . the permeate solution but the
large molecule was undetect-
able.

These data show that within
the limits of the measurement,
the Au nanotube membrane
can cleanly separate large
molecules from small mole-
- cules. However, one could
argue that the large molecule
- is, indeed, present in the per-
meate solution but at a con-
centration just below the de-
tection limit of the analytical
method employed. This argu-
ment allows us to define a

g minimal transport selectivity
— o ow.ow coefficient (a,,) for each
s = small-molecule/large-mole-

cule pair investigated, where
Omin 18 defined as the measured
concentration of the small
molecule in the permeate solu-
tion divided by the detection
limit for the large molecule.
The a,,, values obtained are
extraordinary (Table 1). It is
important to stress again that, in all three cases, the larger
molecule was undetectable in the permeate solution.

Chemical Sensing with the Au Nanotube
Membranes

In addition to the above possible applications in size-based
separations, these Au nanotube membranes have been used as
sensors for the determination of ultratrace concentrations of
ions and molecules.?” 341 In this case, the nanotube mem-
brane was allowed to separate two salt solutions, a constant
transmembrane potential was applied, and the resulting
transmembrane current was measured. When an analyte of
comparable dimensions to the inside diameter of the nano-
tubes was added to one of the salt solutions, a decrease in
transmembrane current is observed. The magnitude of this
drop in transmembrane current (Ai) is proportional to the
analyte concentration.

Calibration curves and detection limits: As in the transport
experiments, a U-tube cell was assembled with the nanotube
membrane separating the two halves of the cell. The
experimental protocol used with these cells was to immerse
the electrodes into the appropriate electrolyte and apply a
constant potential between the electrodes. Three different
sets of electrodes and electrolytes were used. The first set
consisted of two Pt plate electrodes, and the electrolyte used
in both half-cells was 0.1m KF. The second set consisted of two
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Ag/AgCl wires, and the electrolyte used in both half-cells was
0.Im KCl. The third set consisted of two Ag/Agl wires
immersed in 0.1M KI. The resulting transmembrane current
was measured and recorded on an X-t recorder. After
obtaining this baseline current, the anode half-cell was spiked
with a known quantity of the desired analyte (Figure 3). This
resulted in a change in the transmembrane current, Ai
(Figure 5). A potentiostat was used to apply the potential
between the electrodes and measure the transmembrane
current. The transmembrane potential used was on the order
of 0.5 V.58

10 nA/10"0m

200 nA/10%nm

1000 nA/10°%m

Current / Arbitrary units

t / min

Figure 5. Nanotube membrane sensor current-time transients associated
with spiking the anode half cell with the indicated concentrations of
[Ru(bpy);]**. Tube id =2.8 nm; Ag/AgClIKCI cell Ai determined as shown
in C.

Plots of logAi versus log[analyte] for the analytes
[Ru(bpy)s]**, MV?** and quinine (Figure 3) were obtained
using Ag/AgCl electrodes and 0.1M KCI as the electrolyte in
both half-cells (Figure 6). A membrane with 2.8 nm id Au
nanotubes was used. A log/log format is used for these

10 Quinine

o/m[i

11 10 9 8 7 6 -5

10 10 10 10 10 10" 10
Concentration /u

[Ru {bpy),1%*

Ai / nA

10 ¢

Figure 6. Calibrations curves for the indicated analytes. Membrane and
cell as per Figure 5.

“calibration curves” because of the large dynamic range
(spanning as much as five orders of magnitude in analyte
concentration) obtained with this cell. Analogous calibration
curves were obtained for the other electrode/electrolyte
systems investigated. The detection limits obtained are shown
in Table 2.8 For the divalent cationic electrolytes, the
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Table 2. Detection limits obtained for the three different electrode/
electrolyte systems studied.[?)

Electrode Electrolyte Concentration [M]
PUKF [Ru(bpy),>* 109
Ag/AgCIKCl [Ru(bpy),>* 10-10

quinine 10-%

MVt 10-¢

2-naphthol 10-¢
Ag/Agl/KI [Ru(bpy);]** 10~

quinine 10-%

MV2+ 1077

2-naphthol 10-¢

[a] Nanotube id =2.8 nm.

detection limits were lowest (best) in the Ag/AgI/KI cell
and worst in the Pt/KF cell. The detection limit for quinine
was the same in both the Ag/Agl/KI and Ag/AgCl/KCI cells.
In general, the detection limit decreases as the size of the
analyte molecule increases (see Figure 6). Finally, the detec-
tion limits obtained (down to 10~''m) are extraordinary and
compete with even the most sensitive of modern analytical
methods.

The majority of the quinine in both the KCI and KI
solutions is present as the monoprotonated (monocationic)
form. Perhaps the reason the detection limits for [Ru(bpy);]**
and MV are lower in the Ag/Agl/KI cell while the detection
limit for quinine is the same in both this cell and the Ag/AgCl/
KCI cell has to do with the difference in charge of these
analytes (predominately monocationic versus dicationic). To
explore this point, the detection limits for a neutral analyte,
2-naphthol, were obtained in both the Ag/Agl/KI and Ag/
AgClI/KCI cells. Like quinine, the detection limit for this
neutral analyte was the same in both cells (10-°m, Table 2).

In the membrane transport studies it was shown that
[Ru(bpy);]** and MV?* come across such membranes as the
ion multiples [Ru(bpy);]**(X~), and MV*(X~), (X~ =an-
ion).’] In the KI cell, the ion multiple contains two larger
(relative to chloride) iodide anions. Perhaps the larger size of
the iodide ion multiple accounts for the lower detection limit
in the Kl-containing cell. If this is true then the difference
between the quinine cation paired with one I~ versus this
cation paired with one Cl~ is not great enough to cause the
detection limit for this predominately monovalent analyte to
be significantly different in the Ag/Agl/KI versus the Ag/
AgCl/KCl cells (Table 2).

The final variable to be investigated is the effect of
nanotube inside diameter on detection limit. To explore this
parameter, membranes with nanotube ids of approximately of
3.8,2.8,2.2,1.8, and 1.4 nm were prepared and used in the Ag/
Agl/KI cell.P®¥l Calibration curves for the analytes
[Ru(bpy)s]**, MV?** and quinine were generated as before,
and detection limits were obtained from these calibration
curves. Figure 7 shows plots of detection limit for these three
different analytes versus the nanotube id in the membrane
used. A minimum in this plot is observed for each of the three
analytes.

The nanotube membrane that produces this minimum
(best) detection limit depends on the size of the analyte. These
molecules decrease in size in the order [Ru(bpy);]**>
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Figure 7. Detection limits for MV?*, quinine, and [Ru(bpy);]** versus id of
the nanotubes used in the sensor.

quinine >MV?* (Figure 7). The nanotube membrane that
yields the lowest detection limit follows this size order, that is,
the nanotube diameters that produce the lowest detection
limit for [Ru(bpy);]**, quinine, and MV?* are 2.8 nm, 2.2 nm,
and 1.8 nm, respectively. For the roughly spherical analytes,
the optimal tube diameter is a little over twice the diameter of
the molecule.

Molecular-size-based selectivity: The data presented so far
show a strong correlation between detection limit and the
relative sizes of the nanotube and the analyte molecule
(Figure 3). This indicates that this device should show
molecular-size-based selectivity. This is not surprising given
the transport studies discussed above. To explore size-based
selectivity, a series of solutions was prepared containing
decreasing concentrations of the analyte species, but contain-
ing a constant (higher) concentration of an interfering species.
The interfering species was smaller than the analyte species.
The response of a 2.8 nm nanotube membrane to these
solutions was then measured starting from lowest to highest
concentration of the analyte species in the Ag/Agl/KI cell.

The small pyridine molecule was used as an interfering
species. When present at a concentration of 10~*M, pyridine
offered very little interference for any of the analytes
[Ru(bpy)s]**, MV?** or quinine. The detection limits in the
presence of 10~*m pyridine were 107°m for [Ru(bpy);]*,
10-°m for MV?*+ and 10~"m for quinine, within an order of
magnitude of the detection limit with no added interfering
species (Table 2). Put another way, this nanotube-membrane
sensor can detect 1071°M [Ru(bpy);]** in the presence of six
orders of magnitude higher pyridine concentration. These
experiments show that, in agreement with the transport
studies, the nanotube membrane-based sensor can show
excellent size-based selectivity.

Conclusion

In this review, we have focused on using the Au nanotube
membranes to separate small molecules on the basis of size.
We have shown here that these membranes can act as
extraordinary molecular sieves. In addition, we have de-
scribed a new and highly sensitive approach to electroanalysis
based on the Au nanotube membranes. This method involves
applying a constant potential across the membrane and
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measuring the drop in the trans-membrane current upon the
addition of the analyte. Detection limits as low as 10~!'M were
obtained. Previous studies have demonstrated that these Au
nanotube membranes can show ionic charge-based transport
selectivity and that the membranes can be electrochemically
switched between anion transporting and cation transporting
states.®! Hence, these membranes can be viewed as universal
ion exchangers. Furthermore, chemical transport selectivity
can be introduced into these membranes by chemisorbing
thiols to the inside tube walls.'* 'l Hence, these nanotube
membranes can utilize all of the selectivity paradigms (sterics,
electrostatics, and chemical interactions) that Mother Nature
uses in the design of Her exquisitely selective molecular-
recognition schemes. Such research at the bio/nano interface
is of great current interest in our group.
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