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ABSTRACT: This paper reports complexation-induced
control of electron propagation based on bounded
diffusion through ferrocene moieties that are covalently
tethered onto nanopores (19 or 24 nm in diameter)
derived from cylinder-forming polystyrene−poly-
(methylmethacrylate) diblock copolymers. The nanopores
are oriented vertically and attach to a gold surface, and
thus allow a faradaic current originating from the bounded
diffusion to be measured using cyclic voltammetry. Such
faradaic current decreases with increasing concentration of
β-cyclodextrin (β-CD) in an aqueous solution, and
recovers upon addition of excess 1-adamantanol as a
competitive guest to the solution. These observations
indicate that electron propagation can be reversibly
inhibited by the formation of an inclusion complex with
the surface-tethered redox moieties. Interestingly, the
decrease in faradaic current is observed at an unexpectedly
low β-CD concentration (ca. 1 × 10−7 M) due to the
enhanced partition of β-CD into the nanopores. These
results will lead to designing highly sensitive molecular
switches and electrochemical sensors based on the control
of bounded diffusion by the host−guest chemistry of
nanopore-tethered redox moieties.

Electron hopping is a charge-transport mechanism involving
an electron self-exchange reaction between adjacent,

localized redox moieties that are covalently or electrostatically
tethered onto a low-conductivity framework.1−3 If redox sites
are tethered onto an immobile framework and their spacing is
larger than the electron-transfer distance, electron propagation
is induced by collisions between neighboring redox sites having
limited mobility (bounded diffusion).4 Bounded diffusion plays
important roles in electron transport within redox polymers
employed as mediators for enzyme-based electrochemical
sensors,5 charge propagation through surface-immobilized dye
molecules in dye-sensitized solar cells,6 and electron con-
duction in molecular electronics.7,8 Well-defined control of the
electron propagation is required in order to develop materials
and devices suitable for these applications.
Electron propagation based on bounded diffusion is often

assessed from an apparent diffusion coefficient (Dap) measured
using electrochemical methods.1−3 According to theoretical
studies, Dap is controlled by the density, electron self-exchange
rate constant, electron-transfer distance, and physical displace-
ment range of redox sites.4,9 The density and rate constant
effects on Dap have been systematically investigated for redox

polymers,10 Langmuir−Blodgett films of redox amphiphiles,11

redox site-coated metal oxide surfaces,12 and monolayer-
tethered silicon surfaces.8 Redox site density is the parameter
that is usually optimized to gain electron propagation efficiency
suitable for the aforementioned applications.
Recently, we experimentally demonstrated a possibility to

control bounded diffusion by the physical displacement range
of surface-tethered redox moieties (Scheme 1, lower-left).13

Hydroxy-terminated ferrocene derivatives with different alkyl
chains were covalently immobilized via esterification onto the
surfaces of insulator-based nanoporous films (24 nm in pore
diameter, 30 nm thick)14 that were derived from a cylinder-
forming polystyrene−poly(methylmethacrylate) diblock co-
polymer (CF-PS-b-PMMA).15,16 The nanopores were vertically
oriented and directly contacted to an underlying gold
substrate,17 and thus electron propagation through the tethered
ferrocenes could be measured as a faradaic current using cyclic
voltammetry (CV). The average spacing between adjacent
redox moieties (ca. 1.2 nm), which was determined by the
surface −COOH density of the native nanopores and surface
reaction yield,14 was larger than the size of ferrocene (ca. 0.66
nm in diameter).18 Thus, a relatively long alkyl linker was
required for the collision-induced electron propagation.13 In
addition, electron propagation was more efficient for the longer
linker, as shown by the larger Dap and maximum electron
propagation distance (h).13 These results will lead to designing
unique electrochemical sensors and molecular devices that are
operated based on changes in the dynamic properties of
tethered redox sites.
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In this paper, we report another approach to the control of
electron propagation through nanopore-tethered redox sites.
Specifically, the approach takes advantage of the complexation
of ferrocene with β-cyclodextrin (β-CD).19,20 We have
hypothesized that electron propagation through tethered
ferrocenes can be inhibited by the formation of an inclusion
complex with β-CD, as reported for the redox reaction of
ferrocenylthiol monolayers,21 that of ferrocenes in aqueous
solutions,22,23 and that of dissolved ferrocenes at β-CD
monolayer-coated electrodes.24 The chemical equilibrium
process19,25 will make it possible to reversibly control the
electron propagation by adjusting the concentrations of β-CD
and a competitive guest species. The nanopore with a relatively
large diameter (19 or 24 nm) and short length (ca. 30 nm) will
offer a diffusion pathway for these molecules into the
nanopores,26 leading to quick complexation-induced changes
in electron propagation efficiency. Interestingly, the inhibition
of electron propagation is observed at a very low β-CD
concentration as compared with that expected from the
complex formation constants between β-CD in aqueous
solutions and ferrocene moieties in a monolayer.21 These
results indicate that the complexation-induced control of
bounded diffusion through nanopore-anchored redox sites
provides a unique means to design highly sensitive devices for
electrochemical sensors and molecular electronic devices.20,27

Nanoporous films (ca. 30 nm thick) derived from CF-PS-b-
PMMA (Polymer Source) were prepared on gold-coated silicon
substrates (LGA thin films) according to a procedure involving
spin-coating of the polymer, annealing at 170 °C under
vacuum, UV irradiation, and acetic acid treatment.13,14 In this
study, 57K CF-PS-b-PMMA (Mn = 39 800 g/mol for PS and
17 000 g/mol for PMMA) and 71K CF-PS-b-PMMA (Mn = 48
000 g/mol for PS and 23 000 g/mol for PMMA) were
employed to prepare thin films comprising cylindrical nano-
pores with diameters of 19 and 24 nm, respectively.28 The
resulting nanopore surface was modified via the esterification of
the surface −COOH groups with 16-hydroxy-1-oxohexadecyl-
ferrocene (FcCO(CH2)15OH) using oxalyl chloride (Acros).14

Table 1 summarizes the density of ferrocene moieties on the
nanopore surface (Γ) estimated using a cation-exchange
method with Rhodamine 6G.14 CV measurements were carried
out in a three-electrode cell using a CH Instruments model

618B electrochemical analyzer, as reported previously.13 All the
CV data were measured in aqueous solutions containing 0.1 M
NaBF4 (Acros) at room temperature (ca. 20 °C). The
concentrations of β-CD (Acros) and 1-adamantanol (AdOH,
Acros) were altered by adding stock solutions (3 mM and lower
concentrations for β-CD; 3 mM for AdOH) to a sample
solution.
Figure 1 shows CV data measured for a ferrocene-decorated

nanoporous film derived from 71K CF-PS-b-PMMA (24 nm in

pore diameter). A voltammogram measured in 0.1 M NaBF4
with no β-CD (black, (1)) shows faradaic peaks around +0.25
and +0.35 V (vs Ag/AgCl) that originate from electron
propagation through the nanopore-tethered ferrocenes, as
reported previously.13 The faradaic currents drastically
decreased upon addition of β-CD (0.50 mM) to the solution
(red, (2)). The current decrease resulted from the inhibition of
electron propagation, reflecting a decrease in the electron self-
exchange rate constant between ferrocene and ferrocenium by
the formation of an inclusion complex with β-CD (Scheme 1,
lower-center).23 This explanation is supported by current
recovery observed after the addition of excess AdOH as a
competitive guest species to the solution (blue, (3)). The
recovery is attributable to the detachment of β-CD from
nanopore-tethered ferrocene as a result of the formation of a
more stable complex with AdOH in the solution (Scheme 1,
lower-right). Indeed, the complex of β-CD with 1-adamanta-
necarboxylate in an aqueous solution was reported to be 5
times more stable than that with ferrocenecarboxylate.29 The
current decrease and recovery was observed repeatedly, as
indicated by CV data measured after replacing the β-CD−
AdOH mixture with 1.0 mM β-CD (orange, (4)) and upon the
subsequent addition of excess AdOH to the solution (green,
(5)).
The current decrease was dependent on β-CD concentration

and was also observed for ferrocenes tethered to smaller
nanopores. Figure 2a,b shows CV data measured for ferrocene-
decorated nanoporous films derived from 71K CF-PS-b-PMMA
(24 nm in pore diameter) and 57K CF-PS-b-PMMA (19 nm in
pore diameter), respectively, at different β-CD concentrations.
The faradaic currents observed at 0 M β-CD for the 19 nm

Table 1. Surface Ferrocene Density (Γ), Apparent Diffusion
Coefficients (Dap), and Maximum Electron Propagation
Distances (h) Measured at CF-PS-b-PMMA-Derived
Nanoporous Films Modified with FcCO(CH2)15OH

CF-PS-b-PMMA Γ (mol/cm2)a Dap (cm
2/s)b h (nm)b

71K (24 nm in pore
dia.)

(1.33 ± 0.10) ×
10−10 13

(2.3 ± 0.7) ×
10−12

7.3 ± 1.3

57K (19 nm in pore
dia.)

(1.14 ± 0.23) ×
10−10 14

(2.4 ± 0.9) ×
10−13

2.5 ± 0.5

aThe average and standard deviation of Γ measured on three different
samples. The values were taken from our previous reports. bThe
average and standard deviation obtained from three different samples.
The Dap and h values were determined from CV data measured at
different scan rates according to the method reported previously.9

Note that the values for 71K CF-PS-b-PMMA-derived nanopores were
very close to those previously reported for nanopores prepared from
the same block copolymer.13 The h values smaller than the film
thickness (ca. 30 nm) suggest that not all the ferrocene moieties can
react via bounded diffusion.13

Figure 1. Cyclic voltammograms (scan rate, 0.5 V/s) measured for a
gold-supported nanoporous film (24 nm in pore diameter) modified
with FcCO(CH2)15OH in aqueous 0.1 M NaBF4 containing (1)
neither β-CD nor AdOH; (2) 0.50 mM β-CD; (3) 0.30 mM β-CD and
1.0 mM AdOH; (4) 1.0 mM β-CD; and (5) 0.50 mM β-CD and 1.5
mM AdOH. All the data were recorded at room temperature (ca. 20
°C).
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nanopores were significantly smaller (Figure 2b) than for the
24 nm nanopores (Figure 2a). The smaller current reflects the
lower electron propagation efficiency, as indicated by the
smaller Dap and h, probably due to the lower surface ferrocene
density (Table 1). More importantly, both samples exhibited
gradual decreases in faradaic current with increasing β-CD
concentration in the range from 1.0 × 10−7 to 1.0 × 10−4 M.
The β-CD concentration dependence is plausible in terms of
the aforementioned mechanism based on the inhibition of

electron propagation induced by the formation of the inclusion
complex, as illustrated in Scheme 1.
Figure 2c summarizes anodic charges measured for

ferrocene-decorated nanopores with diameters of 24 and 19
nm at different β-CD concentrations. Here, the anodic charge
(Q) is normalized by that measured at 0 M β-CD (Q0) to
compensate for variations in open pore density between
different samples.13 Figure 2c indicates the reproducible
observation of the complexation-induced current decrease at
the β-CD concentration of 10−7 M. The current decrease at
such a low β-CD concentration was unexpected, considering
the complexation constant between β-CD in an aqueous
solution and ferrocenylthiol monolayers (K = 3.6 × 104 M−1).21

The observation of the current decrease at such a low β-CD
concentration can mainly be attributed to the enhanced
partition of β-CD into the hydrophobic nanopores, which
leads to the higher β-CD concentration within the nanopores
than in the solution bulk: Without taking the enhanced
partition into account, very few nanopores (e.g., 0.06% for 20
nm diameter, 30 nm long nanopores (9.4 × 10−18 cm3 in
volume)) are expected to hold one β-CD molecule at 0.1 μM,
and thus will be insufficient to observe the significant current
decrease as shown in Figures 1 and 2. The partition may be
enhanced because of the more hydrophobic environment
within the nanopores, the high local concentration of the
surface-tethered guests (ca. 1 × 10−10 mol/cm2; Table 1), and
the enhanced molecule−nanopore interactions due to the
enhanced molecular collisions with the nanopore wall.30,31 In
addition, the electron hopping efficiency is very sensitive to
subtle changes in dynamic properties, as suggested by the linker
length dependence of Dap and h,13 and also in the surface
density of the redox moieties, as suggested by the difference in
Dap and h for the two nanopores (Table 1). Such characteristics
of the electron hopping may also contribute to the observation
of the current reduction at the unexpectedly low β-CD
concentration.
It should be noted that the Langmuir isotherm, which was

used to study complexation of surface-immobilized ferro-
cenes,21,24 was not applicable for quantitative discussion of our
results, as the current change was observed over the wide range
(3 orders of magnitude) of β-CD concentration. The
inapplicability of the Langmuir isotherm suggests that the
efficiency of the current inhibition depend on the position of
the complexation: As illustrated in Scheme 1, the inhibition
may be more efficient if a ferrocene closer to the electrode
forms the inclusion complex. Further investigations are
necessary to thoroughly understand the mechanisms behind
the complexation-induced inhibition of electron propagation
through nanopore-anchored ferrocenes.
In summary, this Communication reports the reversible

control of electron propagation through nanopore-tethered
ferrocenes based on the complexation with β-CD. Such
electron propagation could be inhibited by the formation of
an inclusion complex between tethered ferrocenes and β-CD,
and be recovered by the addition of excess AdOH as a
competitive guest species for β-CD. Importantly, the inhibition
of electron propagation was observed at an unexpectedly low β-
CD concentration, mainly due to the enhanced partition of β-
CD into the hydrophobic nanopores decorated with ferrocene
moieties at a high surface concentration. The complexation-
based control of electron propagation through nanopore-
tethered redox moieties will thus provide a unique means for
designing highly sensitive electrochemical sensors and molec-

Figure 2. (a,b) Cyclic voltammograms (scan rate, 0.25 V/s) measured
for gold-supported, FcCO(CH2)15OH-decorated nanoporous films
derived from (a) 71K CF-PS-b-PMMA (24 nm in pore diameter) and
(b) 57K CF-PS-b-PMMA (19 nm in pore diameter) at different β-CD
concentrations in aqueous 0.1 M NaBF4. Recorded at room
temperature (ca. 20 °C). (c) Relationship between anodic charge
ratio (Q/Q0; Q0 is the anodic charge measured in the absence of β-
CD) and β-CD concentration for FcCO(CH2)15OH-decorated
nanoporous films derived from 71K (red circles) and 57K CF-PS-b-
PMMA (black triangles). The error bars represent the standard
deviations of the data measured from three different samples.
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ular devices.20,27 More detailed and quantitative investigations
are currently ongoing in our research group for better
understanding of the characteristics of such electron
propagation.
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