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Abstract: The interior surface of the glass nanopore electrode was modified with spiropyran moieties to
impart photochemical control of molecular transport through the pore orifice (15-90 nm radius). In low
ionic strength acetonitrile solutions, diffusion of a positively charged species (Fe(bpy)3

2+) is electrostatically
blocked with ∼100% efficiency by UV light-induced conversion of the neutral surface-bound spiropyran to
its protonated merocyanine form (MEH+). Transport through the pore orifice is restored by either irradiation
of the electrode with visible light to convert MEH+ back to spiropyran or addition of a sufficient quantity of
supporting electrolyte to screen the electrostatic field associated with MEH+. The transport of neutral redox
species through spiropyran-modified glass nanopores is not affected by light, allowing photoselective
transport of redox molecules to the electrode surface based on charge discrimination. The glass nanopore
electrode can also be employed as a photochemical trap, by UV light conversion of surface-bound
spriropyran to MEH+, preventing Fe(bpy)3

2+ initially in the pore from diffusing through the orifice.

Introduction

We wish to report the chemical surface modification of glass
nanopore electrodes in a fashion that leads to a transport-
controlled response that can be photochemically switched
between “on” and “off” states. Our general strategy is based
on integrating molecular transport within nanopores responsive
to chemical and physical stimuli,1-14 with highly sensitive
electroanalytical methods for measuring redox species in
nanoscale domains. Integration of controlled nanopore transport
with electrochemical methods provides a general strategy of

fabricating highly sensitive and selective electroanalytical
sensors and other devices.

The glass nanopore electrode, Figure 1, is a Pt microdisk
electrode embedded at the bottom of a conical pore made in
glass, with the circular orifice of the pore having nanometer
dimensions currently in the range between 5 and 100 nm.
Redox-active molecules diffuse and migrate through the orifice
connecting the bulk solution and pore interior. The deep cone-
shaped pore possesses an important transport characteristic: the
steady-state flux of molecules into the pore is limited by the
resistive restriction at the pore orifice and is independent of
other geometrical parameters of the pore. We have recently
reported a quantitative study of this unique feature, important
in understanding transport through nanometer-scale orifices.15

In the current report, we describe the chemical modification
of the interior pore walls of glass nanopore electrodes, pos-
sessing orifices with radii ranging from 15 to 90 nm, with
spiropyran moieties. As shown in Scheme 1, spiropyran, either
dissolved in solution or attached to a surface, can be reversibly
transformed between neutral and positively charged states by
irradiation with light of different wavelengths.16,17Specifically,
spiropyran (SP) is converted from the neutral form (1a) to
zwitterionic (ME) or cationic merocyanine (MEH+) forms (1b/
1c) upon irradiation with UV light, a process that is reversed
upon irradiation with visible light. The phototransformation of
surface-bound1a and 1b/1c provides a means to selectively
gate the flux of redox molecules through the orifice, based on
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the charge of the redox molecule. In relation to this approach,
control of surface properties has been demonstrated for spiro-
pyran-modified inorganic surfaces,18 including switchable wet-
tability of flat,19 porous,20 and polymer surfaces.21,22Recently,
a protein channel has been modified with a single spiropyran
molecule, and its reversible opening and closing has been

achieved by UV and visible light irradiation.23 Photoisomer-
ization of azobenzene in a nanoporous membrane has also been
used to control the mass transport at an indium tin oxide
electrode.24 A previous report from our laboratories demon-
strated that it is possible to modify the interior nanopore surface
with amine functionalities, allowing the surface charge and redox
molecule flux to be controlled by adjusting the pH.25 The present
paper extends this surface chemistry inside the glass nanopore
to a more complex system and demonstrates that flux through
glass nanopore can be controlled by an external physical
stimulus.

Experimental Section

General. Bis(cyclopentadienyl)iron (ferrocene, Fc, Alfa Aesar,
100%), trifluoroacetic acid (TFA, Acros, 99%), 3-cyanopropyldimethyl-
chlorosilane (Cl(Me)2Si(CH2)3CN), and 3-aminopropyl-dimethylethoxy-
silane (EtO(Me)2Si(CH2)3NH2) (Gelest, Inc.) were used as received.
Tris(bipyridine)iron(II) perfluorate (Fe(bpy)3(PF6)2) was synthesized
according to literature procedures.26 Acetonitrile (CH3CN, HPLC grade,
J. T. Baker) was stored over 3-Å molecular sieves.Spiropyran
N-hydroxysuccinimidyl ester (2) was synthesized following literature
procedures.27,28 UV-vis spectra of acetonitrile solutions containing
spiropyran-modified silica spheres (137-nm radius) were recorded using
an Ocean Optics USB2000 spectrometer. A 366-nm UV hand-held lamp
(UVP Inc. 115 V, 0.16 A) and two incandescent lamps (collimated 30
W and uncollimated 75 W) were used as UV and visible photon sources,
respectively. Glass nanopore electrodes were positioned 5-10 cm from
the lamps during irradiation to prevent an increase in temperature of
the electrode.

Fabrication and Surface Modification of Glass Nanopore Elec-
trodes. Preparation of the spiropyran-modified electrodes closely
follows a recently detailed procedure for covalent attachment of a
propylamine silane monolayer to the interior surface of glass nanopore
electrodes.25 Briefly, the preparation involves the following steps: (1)
a 25-µm diameter Pt wire (Alfa-Aesan, 99.95%) is electrochemically
etched to produce a sharp tip with∼10 nm radius of curvature; (2) the
sharpened Pt tip is sealed in a Corning 8161 Pb glass capillary (Warner
Instruments Inc., i.d.) 1.10 mm; o.d.) 1.50 mm); (3) the capillary is
polished until a Pt nanodisk is exposed; (4) the electrode is thoroughly
cleaned by sonication in H2O, EtOH, CH3CN, and H2O, soaking in 1
M HNO3 for 10 min, followed by rinsing in H2O and CH3CN; (5) the
electrode is immersed overnight in an CH3CN solution containing∼2%
v/v Cl(Me)2Si(CH2)3CN, resulting in covalent attachment of cyano-
propyl silane to the exterior glass surface; (6) the exposed Pt disk is
etched in a 15% CaCl2 solution (pH≈ 5.5) with 5 V acvoltage applied
between the Pt nanoelectrode and a Pt wire counter to produce a
truncated cone-shaped nanopore in glass, the bottom of the pore defined
by a Pt microdisk electrode; (7) the interior glass surface is modified
in an CH3CN solution containing∼2% v/v EtO(Me)2Si(CH2)3NH2 using
the above procedure; and (8) NHS ester2 is attached to the surface-
attached-NH2 groups by soaking the amine-modified nanopore
electrode in 0.01 M CH3CN solution of2 for 48 h. The final electrode
structure is shown in Figure 1. The ability to chemically modify the
exterior and interior pore surfaces with siloxanes containing different
functional groups was previously established by selective covalent
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Figure 1. (A) Schematic representation of a glass nanopore electrode used
in obtaining experimental results reported in this Article (15-nm-orifice
radius, 0.9-µm-base, 2.8µm depth, and 0.75-mm-radius glass shroud, drawn
to scale except for the glass shroud). (B) Interior and exterior surfaces of
the glass nanopore modified, respectively, with spiropyran and cyanopropyl
groups.
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attachment of a highly fluorescent probe molecule, 5-(and-6)-carboxy-
tetramethylrhodamine succinimidyl ester, to-NH2 sites on the interior
glass surface followed by fluorescence microcopy to demonstrate the
spatially localized attachment of the probe molecule.25

The radius of the nanopore orifice (a) is estimated by measuring
the voltammetric limiting current at the Pt nanodisk, prior to etching
the Pt in the CaCl2 solution. The diffusion-limited voltammetric current
(id) for the oxidation of 5 mM ferrocene (Fc) in CH3CN is given byid
) 4nFDC*a, where n is the number of electrons transferred,F is
Faraday’s constant, andD is the diffusion coefficient of Fc (2.4×
10-5 cm2/s).29 Using slightly larger electrodes (a ) 75-100 nm), we
have shown that the electrochemical measurement yields values that
are within 20% of the values determined by scanning electron15b and
atomic force microscopies.30 The smallest electrodes used in this study
have not yet been successfully imaged. Thus, all radii reported here
are “apparent” radii, based on the electrochemical response. Nanopore
depths were measured from the cone angle of the etched wire and the
dependence of peak current on scan rate in fast scan voltammetric, as
previously detailed.15

Electrochemical Measurements.Voltammetric data were obtained
using a Cypress model EI-400 bipotentiostat interfaced to a PC through
an AT-MIO16E-10 or a PCI 6251 data acquisition board (National
Instruments). Voltammetric data were recorded using in-house virtual
instrumentation written in LabView (National Instrument). A one-
compartment, two-electrode cell with either a Ag wire or a Ag/AgNO3

(CH3CN, 0.01 M AgNO3, 0.1 M TBAP) reference/auxiliary electrode
was employed with the cell and preamplifier in a Faraday cage. Other
details of the electrochemical measurements have been previously
described.25

Results and Discussion

Reversible electrostatic photogating of redox molecule trans-
port though the orifice of the glass nanopore can by achieved
by covalent attachment of spiropyran moieties to the interior
pore surface. The photochromic behavior of surface-bound
spiropyran moieties has been extensively studied in aqueous
solution,19 organic solutions,31 and at the solid-air interface,20

but not at the glass/CH3CN interface. Thus, to determine if
surface-bound spiropyran moieties undergo transformations
described in Scheme 1 in the presence of CH3CN, we initially
modified the surface of 137-nm radius silica spheres with
spiropyran derivative2 (Scheme 2) and recorded the UV spectra
of the resulting modified spheres in CH3CN in the presence of
trifluoroacetic acid (TFA) before and after irradiation with UV
and visible light. Silica spheres were selected for the model
studies because they provide surface properties similar to those
of the glass nanopore and allow direct spectroscopic observation
of surface-bound spiropyran transformations in CH3CN. Upon
irradiation of spiropyran-modified silica spheres with UV light
(366 nm for 15 min), the colorless colloidal solution became

pink and a new absorption centered at 557 nm appeared in the
spectrum. This absorption band is characteristic of zwitterionic
merocyanine (ME) in CH3CN (λmax) 570).32 The surface-bound
ME was converted back to spiropyran (SP) by irradiation with
a visible light source for 40 min or by simply exposing the
colloidal solution to ambient light. When the experiment was
repeated in the presence of either 1 or 10 equiv of TFA, UV
irradiation resulted in a yellow colloidal solution with an
absorption maximum at 450 nm, characteristic of the protonated
merocyanine (MEH+) in CH3CN (λmax ) 410 nm).32 Surface-
bound MEH+ could also be converted back to the closed form
by irradiating the silica spheres solution with visible light (40
min).

Modified glass nanopores (Figure 1) were prepared by
covalent attachment of cyanopropyl groups to the exterior
surface (creating an inert polar surface to prevent specific
interaction of permeants), followed by etching the Pt wire to
produce a nanopore. The interior surface of the glass pore was
then treated with EtO(Me)2Si(CH2)3NH2 to generate a-NH2

terminated surface,25 followed by treatment with2 (analogous
to Scheme 2) to introduce photoactive spiropyran moieties on
the glass surface (Figure 1B).

The influence of UV and visible irradiation on the steady-
state voltammetric response of the spiropyran-modified glass
nanopore electrodes was investigated in CH3CN solutions
containing 5 mM Fe(bpy)3

2+ and 20 µM TFA. A freshly
prepared spiropyran-modified electrode with a 15-nm radius
orifice, in the dark, displays a steady-state sigmoidal-shaped
voltammogram for oxidation of Fe(bpy)3

2+ centered atE1/2 ≈
0.80 V vs Ag/AgNO3 (Figure 2). The magnitude of the
voltammetric current plateau reflects the reaction rate-limiting
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Scheme 2

Figure 2. (A) Voltammetric response of a 15-nm-radius, 2.8-µm-deep
spiropyran-modified glass nanopore electrode in a CH3CN solution contain-
ing 5 mM Fe(bpy)3(PF6)2 and 20µM TFA. Blue, before irradiation; magenta,
after irradiation with UV light for 5 min; red, after additional irradiation
with UV light for 15 min; black, after irradiation with visible light for 5
min. (B) The magnitude of the voltammetric limiting current during five
on-off irradiation cycles with UV and visible light.
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diffusion of the Fe(bpy)32+ through the pore orifice, a general
characteristic of transport in conical pores.15 Irradiation of this
and other similarly prepared electrodes (see additional examples
in the Supporting Information) with 366 nm light for 5-15 min
resulted in reduction of the faradaic current for Fe(bpy)3

2+

oxidation to background levels. The duration of irradiation
required for complete transport blockage varied from electrode
to electrode and is likely due to either the differences in surface
coverage or the differences in alignment of the nanopore orifice
relative to the light source. Glass nanopore electrodes irradiated
with the UV light in CH3CN containing only TFA showed
similar blockage of Fe(bpy)3

2+ transport when placed in solution
containing both TFA and Fe(bpy)3

2+. The voltammetric current
can be restored by exposure to visible light for 5 min, shown
in Figure 2A. We attribute the decrease in current upon exposure
of the electrode to UV light to electrostatic repulsion of Fe-
(bpy)32+ by photogenerated MEH+, and the restoration of the
voltammetric signal in visible light to photoregeneration of
spiropyran.

The reversibility of transport gating at the glass nanopore
was investigated using five different electrodes with orifice radii
ranging from 15 to 90 nm. Figure 2B shows the voltammetric
limiting current for Fe(bpy)32+ oxidation during five orifice
open/closed cycles. Typically, relatively good reproducibility
was observed for 5-10 cycles, followed by a gradual decrease
in the blocking efficiency upon irradiation with UV light. We
speculate that the loss of photoresponse is due to the photo-
degradation of spiropyran moieties.33 Glass nanopore electrodes
with smaller orifice radii (15-40 nm) generally showed more
effective blocking upon UV light irradiation as compared to
electrodes with larger nanopores (60-90 nm radii).

In control experiments, irradiation of unmodified glass
nanopore electrodes, Figure 3A, and spiropyran-modified glass
micropore electrodes with very large orifice radii, for example,
2 µm (Figure 3B), did not show any effect on the voltammetric
response in Fe(bpy)3

2+ solutions. The absence of a photore-
sponse at electrodes with larger pore radii is anticipated, as the
electric field associated with the surface-bound MEH+ decays
over a very short distance that is defined by the solution Debye
length,κ-1. Typically, the extension of the electric field from
the surface is taken as∼3 κ-1.34 In a 5 mM Fe(bpy)3(PF6)2

solution,κ-1 is of the order of 5 nm and the surface charge
associated with MEH+ generates an electrostatic field that
extends on the order of 15 nm, significantly smaller than the 2
µm orifice radius of the electrode employed in the control
experiment presented in Figure 3B. Thus, the vast majority of
the pore interior is field free, allowing Fe(bpy)3

2+ to diffuse
freely regardless of the charge state of the SP moiety.
Conversely, the electric field essentially fills the entire solution
volume at the orifice of a 15 nm glass nanopore electrode,
resulting in strong repulsive interactions between the MEH+

and Fe(bpy)32+.

We observed significant current blockage upon UV irradiation
at modified glass nanopore electrodes with orifice radii as large
as 90 nm (see Supporting Information). In this case, the Debye

length is likely to be too short for the electrical field to
effectively fill the entire pore orifice. This observed blocking
in large pores might be explained by the following two factors.
First, some uncertainty exists in the size and shape of the pore
orifice, which is based on electrochemical measurement of the
radius of an assumed disk-shaped electrode. In addition, the
magnitude of the electrostatic field depends on the surface
density of photogenerated MEH+. Thus, the variability in the
surface coverage of SP is expected to yield electrodes that block
the steady-state flux of Fe(bpy)3

2+ to different degrees.
Spiropyran moieties are introduced into glass nanopores using

the amine-modified surface. Thus, if any residual amino groups
are still present on the surface, they might become protonated
by TFA and affect the transport of positively charged species
through the nanopore orifice.25 However, we expect that the
phenolate groups in zwitterionic spiropyran moieties would be
protonated prior to protonation of the less basic amino groups.
In a control experiment, the transport of Fe(bpy)3

2+ through
the orifice of amine-modified nanopore electrodes (without SP
attachment) in CH3CN was not blocked by addition of 20µM
TFA to protonate the surface amines. Blocking was observed
using 1-10 mM TFA, indicating that these groups are indeed
less basic than phenolate.35

To confirm that nanopore blocking is due to the electrostatic
repulsion between MEH+ and Fe(bpy)32+, experiments were
performed in which a strong electrolyte, tetrabutylammonium
perchlorate (TBAP), was added to the solution following UV
irradiation. TBAP fully dissociates in CH3CN and is thus
anticipated to screen the surface charge resulting from photo-
generation of MEH+. Figure 4A shows the results of an
experiment in which the current that was blocked after UV
irradiation was immediately and nearly completely restored
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395.

(34) Probstein, R. F.Physiochemical Hydrodynamics; Butterworths: Boston,
1989.

(35) Electrostatic blockage in aqueous solutions at amine-modified glass
nanopore electrodes occurred at pH 4.25

Figure 3. Voltammetric response of (A) a 90-nm-radius unmodified glass
nanopore electrode, and (B) a 2-µm-radius spiropyran-modified glass
micropore electrode with the interior surface in a CH3CN solution containing
5 mM Fe(bpy)3(PF6)2 and 20µM TFA after irradiation with UV (blue) or
visible (red) light for 5-15 min.
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when the electrode was placed, without exposure to visible light,
in a 5 mMFe(bpy)3(PF6)2/20 µM TFA solution containing 0.1
M TBAP. Placing the electrode back into the solution without
TBAP resulted in the original decrease in current resulting from
UV photogenerated MEH+.

The concentration of supporting electrolyte required to fully
unblock the nanopore orifice, determined by incremental addi-
tion of TBAP to the CH3CN solution, was between one and
several hundred millimolar, with significant variation between
experiments using different nanopore electrodes. Figure 4B
shows a representative experiment in which the voltammetric
response was recorded as a function of TBAP concentration
and the limiting current was restored gradually with increasing
supporting electrolyte concentration. The observed variation in
the concentration of TBAP required to completely screen the
MEH+ surface charge at different electrodes is likely due to
differences in the number of surface MEH+ moieties created
and differences in the orifice radii.

Charge selectivity of electrostatic gating at the spiropyran-
modified nanopore was demonstrated using a CH3CN solution
containing a neutral redox species, ferrocene (Fc), and positively
charged Fe(bpy)3

2+. The voltammetric response at a freshly
modified 44-nm-radius glass nanopore electrode, prior to being
irradiated with UV light, displayed steady-state voltammetric
responses for both redox species (Figure 5). As before, the
magnitude of the voltammetric limiting current corresponds to
the rate-limiting diffusion of Fc and Fe(bpy)3

2+ through the
nanopore orifice. After the glass nanopore electrode was
irradiated by UV light for 15 min in a separate CH3CN solution

containing 20µM TFA and placed back into the redox solution,
the voltammetric response corresponding to oxidation of
Fe(bpy)32+ disappeared, while that for Fc oxidation remained
essentially unchanged. Exposure of the electrode to visible light
restored the current for Fe(bpy)3

2+ oxidation without affecting
the response for Fc. (An unexplained caveat of this experiment
is that direct UV irradiation of the electrode in the mixed redox
solution appears to cause adsorption of Fc on the nanopore
electrode surface, leading to poorly reproducible behavior.)

Finally, we note that the spiropyran-modified glass nanopore
electrodes can also be used to trap very small quantities of
molecules using external light sources, based on the principles
described above. Figure 6 shows the response at a spiropyran-
modified nanopore electrode (30-nm-radius orifice, 6.2-µm-deep
nanopore) in a CH3CN solution containing 5 mM Fe(bpy)3

2+

and 20µM TFA. After UV irradiation, the steady-state limiting
current disappears and a symmetrical peak-shaped voltammo-
gram appears. The peak-shaped voltammetric response arises
from the redox molecules trapped inside the pore prior to
photogeneration of MEH+ and is reproducibly observed for
electrodes containing deep nanopores with small orifice radii.
To demonstrate that the Fe(bpy)3

2+ is electrostatically blocked
from diffusing from the pore orifice, the electrode was
transferred in the dark to a CH3CN solution containing only 20
µM TFA. An essentially identical voltammetric response was
obtained (blue curve) as observed in the Fe(bpy)3

2+ solution.

Figure 4. Influence of the electrostatic screening of the surface charge
resulting from photogeneration of MEH+. (A) Voltammetric response of a
15-nm-radius, 1.8-µm-deep spiropyran-modified glass nanopore electrode
in a CH3CN solution containing 5 mM Fe(bpy)3(PF6)2 and 20µM TFA
before (black curve) and after (pink curve) irradiation with UV light for 15
min. Following irradiation, the electrode was placed in the dark in a CH3-
CN solution containing 5 mM Fe(bpy)3(PF6)2, 20 µM TFA, and 0.1 M
TBAP solutions (red curve), and then placed back into the original solution
(blue curve). (B) Influence of incremental increases of supporting electrolyte
concentration on electrostatic gating following irradiation with UV light
(transition between black and purple curves).

Figure 5. Voltammetric response of a spiropyran-modified 44-nm-radius,
1.8-µm-deep spiropyran-modified glass nanopore electrode in a CH3CN
solution containing 1 mM ferrocene, 5 mM Fe(bpy)3(PF6)2, and 20µM
TFA. The black curve corresponds to the initial electrode response recorded
in the dark. The red and blue curves correspond to, respectively, the electrode
response after 15 min irradiation with UV light and then 15 min irradiation
with visible light.

Figure 6. Electrostatic trapping of Fe(bpy)3
2+ inside a 30-nm-radius, 6.2-

µm-deep nanopore electrode. The black and red curves correspond to the
spiropyran-modified glass nanopore electrode in a CH3CN solution contain-
ing 5 mM Fe(bpy)3(PF6)2 and 20µM TFA before and after UV irradiation,
respectively. The blue curve was recorded in CH3CN containing 20µM
TFA without Fe(bpy)3(PF6)2.
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In control experiments in which TFA is omitted or in which
the electrode is intentionally irradiated with visible light, the
peak-shaped voltammetric response is not observed when the
electrode is transferred to the CH3CN solution. A detailed
investigation of the trapping and release of molecules using glass
nanopore electrodes is currently underway.

The voltammetric response of trapped molecules is similar
to that of a classic “thin-layer” electrochemical cell comprising
a thin rectangular volume bounded by closely spaced parallel
electrode and insulating surfaces.36 Integration of the area under
the peak yields an electrical charge corresponding to∼2.6 ×
107 Fe(bpy)32+ molecules trapped in the pore following pho-
toclosure of the pore orifice. Based on the conical shape pore
volume (6.3 × 10-12 cm3), this value corresponds to an
Fe(bpy)32+ concentration of∼4 mM, in excellent agreement
with the 5 mM concentration of Fe(bpy)3

2+ inside of the
nanopore prior to irradiation.

The appearance of a thin-layer response requires a sufficiently
large number of trapped molecules to produce a faradaic current,
as these measurements are made close to the limit of detection
in slow scan voltammetry. Because the volume of a cone
increases as the cube of the cone height, the thin-layer response
is not easily observed for very shallow pores (with corresponding
small solution volumes). The response in Figure 6 corresponds
to a 6.2-µm-deep nanopore electrode containing∼2.6 × 107

molecules. Much smaller trapping peaks are observed in the
responses shown in Figure 4 and in Figure SI2 of the Supporting
Information for, respectively, 2.8- and 1.8-µm-deep glass
nanopore electrodes.

Conclusions

Chemical modification of the interior surface of the glass
nanopore electrode with spiropyran provides a highly efficient
means to gate molecular transport through a nanometer-scale
orifice using photons. In essence, the spiropyran-modified
nanopore acts as a photoswitch, in which a small number of
photons, absorbed by spiropyran moieties in the pore orifice,
induce reversible gating of the steady-state flow of charged
species through the pore orifice. This finding, as well as results
from our previous report, demonstrate that a single pore orifice,
synthesized in a mechanically and chemically robust support,
that is, glass, can be employed as a molecular gate. The general
result is promising in developing stable and relatively simple
devices for drug delivery and chemical sensing. Efforts in this
laboratory are now directed to understanding the relationship
between the photoactivated charge distribution at the orifice and
transport rates (e.g., the number of photogenerated charges
required for gating), as well as to modification of the pore
surface to make gating responsive to specific analytes.
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