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ABSTRACT: The immobilization of molecular species onto
electrodes presents a direct route to modifying surface
properties with molecular ﬁdelity. Conventional methods
include direct covalent attachment and physisorption of
pyrene-appended molecular compounds to electrodes with
aromatic character through π−π interactions. A recently
reported hybrid approach extends the synthetic ﬂexibility of
the latter to a broader range of electrode materials. We report
an application of this approach to immobilization of pyreneappended ferrocene onto pyrene-functionalized indium tin oxide (ITO). The modiﬁed ITO surfaces were characterized using Xray photoelectron spectroscopy, ﬂuorescence spectroscopy, and electrochemical techniques. An electron-transfer rate constant
(kapp) of 100 ± 8 s−1 was measured between the electrode and immobilized ferrocene using electrochemical methods. For
comparison, a ferrocene-modiﬁed electrode using conventional covalent attachment of vinylferrocene was also prepared, and kapp
was measured to be 9 ± 2 s−1.
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■

INTRODUCTION

actions. We previously applied this method to the noncovalent
immobilization of 1-pyrenylferrocene to gold.18
In this study, we demonstrate the generality of our approach
by immobilizing 1-pyrenylferrocene to pyrene-modiﬁed indium
tin oxide (ITO) electrodes and measure the rate constant of
electron transfer through the interface. Ferrocene was selected
because of its near-ideal redox properties. Additionally, it is
relatively inert and easily functionalized for direct covalent
attachment, permitting a comparison of interfacial properties
between the two methods of electrode modiﬁcation. Our
measurements indicate that electron transfer through the
pyrene−pyrene interface has a greater electron transfer rate
constant compared with covalent ferrocene attachment and is
comparable to published values for electron transfer through
pyrene−graphitic interfaces.19 Our results establish that the
modular hybrid method of accessing new CMEs through
noncovalent interactions has comparable or improved interfacial electron-transfer kinetics relative to the established
methods.

Integration of molecular species with surfaces to generate
chemically modiﬁed electrodes (CMEs) provides a practical
route for the synthesis of materials with molecular speciﬁcity.
The development of new CMEs requires an attachment
methodology that is both synthetically accessible and promotes
interfacial charge transfer. Traditionally, molecular species have
been immobilized onto electrodes using two diﬀerent methods
(Scheme 1, covalent and noncovalent attachment). The ﬁrst
utilizes covalent bonds between the molecule and the
electrode.1,2 This method requires that the molecular species
is compatible with the functional groups (i.e., Grignard,3,4
thiol,5,6 diamine,7−9 or vinyl)5,10,11 used to forge covalent
bonds to the surface. The second approach is to aﬃx the
molecular species with inert pyrene functionalities and utilize
π−π interactions for physisorption onto graphitic electrodes
such as highly oriented pyrolytic graphite (HOPG), carbon
nanotubes, or graphene.7,12−17 Covalent attachment limits the
scope of molecular species that can be immobilized onto
surfaces, whereas noncovalent attachment is restricted to
electrodes with a graphitic character.
We recently reported a synthetically facile approach to
molecular immobilization that broadens the scope of CMEs
(Scheme 1, bottom, hybrid attachment). Pyrene molecules are
easily functionalized and stable to a large range of reactive
functional groups for covalent attachment to nongraphitic
surfaces. Pyrene-appended redox-active molecules are then
physisorbed onto these surfaces through noncovalent inter© 2018 American Chemical Society

■

EXPERIMENTAL DETAILS

General Procedures. All reactions and manipulations were
performed under an atmosphere of N2 unless otherwise speciﬁed.
Solvents were dried and degassed by sparging with argon and dried by
passing through columns of neutral alumina or molecular sieves in an
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Pine WaveDriver 10 potentiostat using AfterMath software. A 1 mm
diameter glassy carbon disk working electrode was used for all
homogeneous electrochemical experiments. A glassy carbon rod was
used as the auxiliary electrode in all electrochemical experiments.
Aqueous potentials are referenced to a saturated calomel electrode
(SCE) and nonaqueous potentials are referenced to Cp2Fe+/0 (Cp =
cyclopentadienyl), using Cp2Co+/0 (−1.33 V vs Cp2Fe+/0) or Cp*2 Fe+/0
(−0.48 V vs Cp2Fe+/0) (Cp* = pentamethylcyclopentadienyl) as the
internal standard because of the overlap of analyte redox couples with
the ferrocene redox couple.22 All reported peak current densities are
corrected for capacitive currents using AfterMath software.
Substrate Modiﬁcation. ITO electrodes were cleaned by
immersing the samples in a series of solvents at 50 °C for 10 min
each. The order of solvents was as follows: trichloroethylene, acetone,
and methanol. The electrodes were rinsed with H2O and dried under a
stream of N2 after each solvent. Electrodes were functionalized
immediately after cleaning. Clean ITO samples were placed in vial,
ITO side facing up, and immersed in a 1 mM solution of 1-vinylpyrene
in anhydrous toluene. The solution was heated to 80 °C for 24 h. The
samples were removed from the vial, rinsed with anhydrous toluene
and CH2Cl2, and dried under a stream of N2. ITO|Pyr samples were
placed in a 1 mM solution of 1-pyrenylferrocene in anhydrous CH2Cl2
for 12 h. The samples were removed from the solution, rinsed with
anhydrous CH3CN to remove loosely bound species, and dried to give
ITO|Pyr|pyrenylferrocene. ITO|vinylferrocene samples were prepared
by immersing a clean ITO sample in a 1 mM solution of vinylferrocene
in (nBu)2O at 80 °C for 24 h. The samples were then rinsed with
(nBu)2O and dried under N2.

Scheme 1. Overview of Methods for Molecular Attachment
to Electrode Surfaces

■

RESULTS AND DISCUSSION
Modiﬁcation of ITO Surfaces. 1-Vinylpyrene20 and 1pyrenylferrocene18 were prepared using previously published
procedures. Covalent attachment of pyrene and ferrocene to
ITO was achieved by immersing clean ITO samples in toluene
solutions of 1-vinylpyrene or (nBu)2O solutions of vinylferrocene at 80 °C for 24 h to yield pyrene-modiﬁed ITO
(ITO|Pyr) and ferrocene-modiﬁed ITO (ITO|vinylferrocene).
Vinyl functionalities are commonly grafted onto metal oxide
surfaces via cathodic electropolymerization or exposure to UV
light.11,23−25 Recent studies on the attachment of alkenes and
alkynes to hydroxyl-terminated surfaces using heat found that a
thermal approach leads to covalently bound monolayers as
opposed to polymerized multilayers.26 A thermal attachment
approach was therefore chosen for this study to avoid
multilayer formation of the covalently linked species. Finally,
1-pyrenylferrocene was physisorbed to the ITO|Pyr surface by
soaking ITO|Pyr samples in a 1 mM CH2Cl2 solution of the
metal complex for 12 h followed by rinsing with CH3CN, a
solvent in which the free complex is soluble, resulting in ITO|
Pyr noncovalently modiﬁed with 1-pyrenylferrocene (ITO|Pyr|
pyrenylferrocene).
Surface Characterization of Noncovalently Modiﬁed
ITO. Fluorescence Spectroscopy. Fluorescence emission
spectroscopy was used to conﬁrm the attachment of 1vinylpyrene to the ITO surface and give insights into the
noncovalent interactions between pyrene molecules on the
surface. The ﬂuorescence emission spectrum of ITO|Pyr,
displayed in black in Figure 1, exhibits an emission band with
a maximum at 440 nm. The broad and featureless emission of
ITO|Pyr is attributed to the face-to-face excimer of pyrene
which is commonly observed in the emission spectra of
bipyrenyl compounds and highly concentrated pyrene
solutions.27,28 These results agree well with literature reports
of the ﬂuorescence of pyrene and 1-vinylpyrene adsorbed on
oxide supports,25,29 conﬁrming the presence of pyrene on the

inert atmosphere. ITO on boro-aluminosilicate glass with a thickness
of 0.5 mm and a sheet resistance of 5−15 Ω/sq was purchased from
Delta Technologies. 1-Pyrenylferrocene18 and 1-vinylpyrene20 were
prepared using previously published procedures. All other materials
and reagents were purchased from commercial suppliers and used
without puriﬁcation (Aldrich and Fisher).
Physical Methods. X-ray photoelectron spectra were acquired
with a Kratos Analytical AXIS Supra spectrometer utilizing
monochromatic Al Kα radiation (1486.7 eV, 250 W) under ultrahigh
vacuum conditions (∼10−9 Torr). Survey spectra were collected with a
pass energy of 160 eV, and high-resolution scans were performed with
a pass energy of 20 eV. The binding energies were referred to the C 1s
signal at 285 eV. Spectral data were analyzed using computer-aided
surface analysis for X-ray photoelectron spectroscopy. Shirley or linear
backgrounds and Gaussian−Lorentzian lineshapes were used to model
peaks.
Two-photon ﬂuorescence spectral images of the functionalized ITO
surface were obtained using a modiﬁed Olympus FV1000 with an IX81
(Olympus Corporation) confocal laser scanning microscope and a
water objective with a 1.2 numerical aperture. Samples were
illuminated with a titanium:sapphire laser (Coherent Inc.) operating
at a wavelength of 714 nm. For ﬂuorescence spectral image acquisition,
the emission signal was delivered to a Shamrock SR-303i spectrograph
(Andor Technology) equipped with 512-channel ultrafast iXon Ultra
EMCCD (Andor Technology). Spectra were acquired with an
exposure time of 37 μs and corrected with a spectral response curve
of the system calibrated using a tungsten lamp. For a detailed
description of the setup and experimental conditions see ref 21.
Electrochemical Experiments. Electrochemical experiments
were carried out in either 100 mM aqueous KCl solutions or 100
mM NBu4PF6 solutions in anhydrous organic solvents. Three
electrode cyclic voltammetry experiments were performed with a
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Electrochemical Characterization. Cyclic Voltammetry
of Noncovalently Modiﬁed ITO Electrodes. Cyclic voltammetry of ITO|Pyr|pyrenylferrocene was performed to probe
electron transfer between the ITO electrode and surfacebound ferrocene. The cyclic voltammogram (CV) of ITO|Pyr|
pyrenylferrocene in 100 mM aqueous solution of KCl displays a
reversible redox couple at 0.46 V versus SCE with a full width at
half-maximum (fwhm) of 0.16 V and peak separation of 0.04 V
(Figure 3). The fwhm is greater than the ideal value of 0.09 V,

Figure 1. Two-photon ﬂuorescence emission spectra of ITO|Pyr
(black trace) and ITO|Pyr|pyrenylferrocene (red trace).

surface and indicating that the pyrene molecules are oriented
on the surface in a way that promotes face-to-face excimer
formation upon excitation. The ﬂuorescence emission spectrum
of ITO|Pyr|pyrenylferrocene is shown in red in Figure 1; there
are no signiﬁcant diﬀerences between the emission spectrum of
ITO|Pyr and ITO|Pyr|pyrenylferrocene. The lack of diﬀerence
between the emission spectrum of ITO|Pyr|pyrenylferrocene
compared with that of ITO|Pyr suggests that pyrene molecules
are still oriented in a face-to-face manner but does not provide
additional insights into the interaction between surface-bound
pyrene and ferrocene-bound pyrene.
X-ray Photoelectron Spectroscopy. The XPS survey spectra
of unmodiﬁed ITO, ITO|Pyr, and ITO|Pyr|pyrenylferrocene are
shown in Figures S1−S3. All three spectra exhibit expected
peaks from indium, tin, oxygen, and carbon. Upon functionalization of ITO with 1-vinylpyrene, there are no changes to the
XPS spectrum other than an increase in the C 1s signal. This is
expected because of the lack of XPS signatures present in 1vinylpyrene. Physisorption of 1-pyrenylferrocene onto the ITO|
Pyr surface results in the appearance of an Fe 2p3/2 peak at 708
eV and an Fe 2p1/2 peak at 721 eV (Figure 2), conﬁrming the

Figure 3. Cyclic voltammetry of ITO|Pyr|pyrenylferrocene and control
experiments performed in 100 mM aqueous KCl at 100 mV/s.

suggesting the electrostatic interaction between neighboring
ferrocene complexes.30,31 The cathodic to anodic peak
separation also deviated from an ideal value of 0 V, which
again is likely due to the electrostatic interaction between
neighboring ferrocene molecules.31,32 The E1/2 value observed
is consistent with that in the literature reports of surface-bound
ferrocene.18,32 The insolubility of 1-pyrenylferrocene in water
prevents homogeneous studies under identical conditions, but
studies in CH3CN display a reversible redox couple at 0.05 V
versus Cp2Fe+/0 (Figure S6).
Consecutive CVs of ITO|Pyr|pyrenylferrocene are displayed
in Figure S8. There is negligible change in the area under the
anodic curve with up to 25 scans, indicating that physisorption
of 1-pyrenylferrocene on the ITO|Pyr surface is stable
throughout oxidation/reduction cycles under aqueous conditions. To analyze the importance of the surface-bound pyrene
in immobilization of 1-pyrenylferrocene, an unmodiﬁed ITO
sample was soaked in 1-pyrenylferrocene under the same
conditions as the previously described attachment procedure.
The CV of this sample does not display the Cp2Fe+/0 couple,
indicating that the pyrene layer is necessary for the successful
retention of 1-pyrenylferrocene on the surface under aqueous
conditions. Furthermore, no redox events are observed between
0.00 and 0.70 V versus SCE for unmodiﬁed ITO or ITO|Pyr
(Figure 3).
Variable scan rate CVs for ITO|Pyr|pyrenylferrocene and the
corresponding peak current density versus scan rate plot is
shown in Figure 4. Peak current densities vary linearly with the
scan rate, diagnostic of a surface-bound redox species.
Integration of the anodic faradaic current was used to calculate
the electrochemically active coverage of 1-pyrenylferrocene on
the ITO|Pyr surface. The average electrochemically active
surface coverage across all samples was calculated to be 5
pmol/cm2. Eﬀorts to increase the coverage by extending the
sample immersion time and using highly concentrated solutions
of 1-pyrenylferrocene during sample preparation led to the
same amount of electroactive species.

Figure 2. High-resolution XPS spectrum of the Fe 2p region of ITO|
Pyr|pyrenylferrocene.

presence of 1-pyrenylferrocene on the surface. These peaks
exhibit a 2:1 branching ratio expected for 2p photoelectrons.
The peaks at 704 and 717 eV are attributed to In 3p1/2 and Sn
3p3/2, respectively. The XPS spectra of the Fe 2p region of
unmodiﬁed ITO and ITO|Pyr exhibit peaks attributed to In
3p1/2 and Sn 3p3/2 but do not display any Fe 2p features
(Figures S4 and S5). These results conﬁrm the presence of 1pyrenylferrocene on the ITO|Pyr|pyrenylferrocene surface.
13213
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Figure 4. Variable scan rate cyclic voltammetry of ITO|Pyr|pyrenylferrocene performed in 100 mM aqueous KCl (left) and the corresponding
current density vs scan rate plot (right).

kapp is calculated using va, vc, and α and reported as the average
of kapp,c and kapp,a across three individually prepared samples
(see the Supporting Information for a detailed sample
calculation).
The trumpet plot for the ITO|Pyr|pyrenylferrocene system is
displayed in Figure 5. Using the slopes of the linear portions of

Solvent Eﬀects on the Stability of Noncovalently Modiﬁed
ITO Electrodes. Solvophobic eﬀects are known to be important
factors in the stability of π−π interactions.33 In order to probe
the contribution of hydrophobicity toward the stability of the
ITO|Pyr|pyrenylferrocene system, cyclic voltammetry was
performed in CH3CN, a solvent in which 1-pyrenylferrocene
is soluble. The CVs of ITO|Pyr|pyrenylferrocene in CH3CN are
displayed in Figure S9. In the ﬁrst scan, a reversible redox
couple attributed to surface-bound ferrocene is observed.
Integration of the anodic faradaic current was used to calculate
an electrochemically active surface coverage of 3 pmol/cm2.
The electrochemically active surface coverage decreases to 1
pmol/cm2 in the second scan and ﬁnally zero in the third scan.
The decrease in the surface coverage indicates that 1pyrenylferrocene desorbs from the surface during the course
of three CV experiments in nonaqueous solvents, highlighting
the importance of solvophobic eﬀects in stabilizing the ITO|
Pyr|pyrenylferrocene system.
Electron-Transfer Kinetics. Noncovalently Modiﬁed ITO
Electrodes. The rate of electron transfer between the electrode
and immobilized 1-pyrenylferrocene was determined using the
Butler−Volmer approach.34 The separation of anodic and
cathodic peaks with the increasing scan rate observed in Figure
4 can be used to calculate the apparent rate constant of the
system according to the Laviron formalism34 using the
following set of equations
Ep,c

⎡ αnFv ⎤
2.3RT
⎥
= E°′ −
log⎢
αnF
⎢⎣ RTkapp ⎥⎦

Ep,a = E°′ −

⎡ (1 − α)nFv ⎤
2.3RT
⎥
log⎢
(1 − α)nF
⎢⎣ RTkapp ⎥⎦

Figure 5. Trumpet plot of ITO|Pyr|pyrenylferrocene in 100 mM
aqueous KCl.

the trumpet plot, the electron transfer coeﬃcients, α and (1 −
α), were calculated to be 0.44 and 0.26, respectively. The
transfer coeﬃcients calculated for the ITO|Pyr|pyrenylferrocene
system in water deviate from 0.5 and do not have a unity sum,
both of which would be expected for an outer-sphere one
electron redox process. Similar deviations are exhibited in the
literature reports of surface-bound ferrocene, where α and (1 −
α) are 0.23 and 0.24, respectively.35 These low transfer
coeﬃcients with a nonunity sum suggest a ﬁlm structure with
exposed ITO sites.35,36 kapp for the ITO|Pyr|pyrenylferrocene
system was determined to be 100 ± 8 s−1 (more details on the
calculation can be found in the Supporting Information). This
rate constant is two orders of magnitude greater than the
electron-transfer rate constant reported for ferrocene dicarboxylic acid adsorbed on ITO surfaces via hydrogen bonding
interactions, despite the longer linker length in ITO|Pyr|
pyrenylferrocene.37 It is possible that the hydrophobicity of the
pyrene groups is causing ferrocene to lie ﬂat on the electrode
during aqueous chemistry, decreasing the distance between
ITO and noncovalently bound ferrocene. However, a deeper
understanding of the electron transfer pathway in ITO|Pyr|

(1)

(2)

where Ep,a is the potential of the anodic peak, Ep,c is the
potential of the cathodic peak, E°′ is the formal potential
calculated by averaging the anodic and cathodic potentials at
slow scan rates, v is the scan rate, α is the electron-transfer
coeﬃcient, kapp is the apparent rate constant, R is the ideal gas
constant, T is the absolute temperature, F is the Faraday
constant, and n is the number of electrons transferred. Electrontransfer parameters (va, vc, α, and kapp) are determined by
plotting Ep − E°′ against the log of the scan rate (trumpet
plot). The critical scan rates, va and vc, are determined by
extrapolating the linear portions of the plot where (Ep − E°′) >
100 mV to 0 and α is obtained from the slopes of the linear ﬁts.
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Figure 6. Variable scan rate cyclic voltammetry of ITO|vinylferrocene performed in 100 mM aqueous KCl (left) and the corresponding trumpet plot
(right).

A notable diﬀerence between the trumpet plots of ITO|Pyr|
pyrenylferrocene and ITO|vinylferrocene is the symmetry of
the anodic and cathodic portions of the plots. According to
initial theoretical investigations by Laviron, the asymmetry
exhibited in the trumpet plot of ITO|vinylferrocene is a
consequence of transfer coeﬃcient values exceeding 0.5.34 In
reports of 2-aza[3]ferrocenophane covalently attached to gold,
similar asymmetry is seen when electrochemistry is performed
in acidic media, which is attributed to an imbalance of the mass
transport of ions in the anodic and cathodic processes.38 On the
basis of the increased electrochemically active ferrocene
coverage of ITO|vinylferrocene relative to that of ITO|Pyr|
pyrenylferrocene, imbalances of the mass transport of ions may
be aﬀecting the ITO|vinylferrocene system more signiﬁcantly
than the ITO|Pyr|pyrenylferrocene system, resulting in a more
asymmetric trumpet plot.
Electron Transfer through Coventional π−π Interfaces.
Our attempts to physisorb 1-pyrenylferrocene onto an HOPG
electrode did not provide suﬃciently stable immobilization to
conduct electron-transfer measurements. A recent study on the
immobilization of pyrene-appended ruthenium complexes onto
HOPG, where rate constants were calculated to be 64 and 110
s−1 for complexes functionalized with 8 and 4 pyrene molecules
per ruthenium, respectively, found that the kinetic stability of
adsorption on HOPG increased with the increasing number of
pyrene groups on the complexes.19 1-Pyrenylferrocene may be
desorbing from the HOPG surface because of the single pyrene
moiety on the molecule. We hypothesize that 1-pyrenylferrocene remains stable on the ITO|Pyr surface because of the
interaction of the single ferrocene-bound pyrene with multiple
surface-bound pyrene groups. The ﬂuorescence emission data
of the ITO|Pyr surface indicate that the surface-bound pyrene
groups are oriented close enough to one another to form faceto-face eximers upon excitation. As a result, each immobilized
1-pyrenylferrocene molecule may be stabilized by π−π
interactions from multiple surface-bound pyrene groups.

pyrenylferrocene is necessary to fully understand the basis for
the enhanced rate of electron transfer using this approach.
Covalently Modiﬁed ITO Electrodes. Vinylferrocene was
immobilized onto ITO by direct covalent attachment (ITO|
vinylferrocene) to compare the electron-transfer kinetics with
noncovalently bound ferrocene. The high-resolution XPS
spectrum of the Fe 2p region of ITO|vinylferrocene (Figure
S10) displays peaks attributed to Fe 2p photoelectrons,
conﬁrming the presence of vinylferrocene on the surface.
Homogeneous cyclic voltammetry of vinylferrocene performed
in CH3CN is shown in Figure S11; a reversible redox couple is
seen at −0.04 V versus Cp2Fe+/0. The CV of ITO|vinylferrocene displays a reversible redox couple at 0.34 V versus
SCE with an fwhm of 0.32 V. As seen in the CV of
noncovalently bound ferrocene, the fwhm is greater than the
ideal value of 0.09 V, suggesting electrostatic interactions
between neighboring ferrocene groups.30,31 The deviation of
the fwhm from ideality of the ITO|vinylferrocene system is
greater than that of the ITO|Pyr|pyrenylferrocene system,
indicating greater interaction between the ferrocene centers in
the covalent system.34 Integration of the anodic faradaic current
was used to calculate the electrochemically active coverage of
vinylferrocene on the ITO surface. The average electrochemically active surface coverage across all samples was calculated to
be 30 pmol/cm2, six times greater than that of noncovalently
bound 1-pyrenylferrocene. The variable scan rate CVs of this
system (Figure 6) and the corresponding current density versus
scan rate plot (Figure S13) display a linear relationship between
current density and scan rate, conﬁrming that ferrocene is
bound to the surface.
The anodic and cathodic peaks of the ITO|vinylferrocene
CVs separate with increasing scan rate, as seen in the ITO|Pyr|
pyrenylferrocene system. The trumpet plot for the ITO|
vinylferrocene system is displayed in Figure 6. The transfer
coeﬃcients, α and (1 − α), were calculated to be 0.71 and 0.23,
respectively. The increase in the transfer coeﬃcient values and
their near-unity sum compared with those of ITO|Pyr|
pyrenylferrocene suggest a ﬁlm structure with fewer exposed
ITO sites in the ITO|vinylferrocene system, consistent with the
increased electrochemically active ferrocene coverage exhibited
in ITO|vinylferrocene.35 The rate constant, kapp, was calculated
to be 9 ± 2 s−1. These results indicate that the apparent rate of
electron transfer of the noncovalent ITO|Pyr|pyrenylferrocene
system is greater than that of the covalent ITO|vinylferrocene
system.

■

CONCLUSION
Electrochemical analysis of the ITO|Pyr|pyrenylferrocene
system reveals facile electron transfer between the ITO
electrode and the surface-bound ferrocene. The electrontransfer studies of ITO|Pyr|pyrenylferrocene indicate it has
comparable kinetics with noncovalent attachment of a pyrene
appended molecule onto HOPG. Comparison of ITO|Pyr|
pyrenylferrocene with ITO|vinylferrocene indicates that elec13215
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Institute (IMRI) using instrumentation funded in part by the
National Science Foundation Major Research Instrumentation
Program under grant no. CHE-1338173. Two-photon spectral
imaging experiments reported in this paper were performed at
the Laboratory for Fluorescence Dynamics (LFD) at the
University of California, Irvine (UCI). The LFD is supported
jointly by the National Institutes of Health (2P41GM103540)
and UCI.

tron transfer for the noncovalent attachment system is 10 times
faster than that for an analogous covalent attachment system.
These results establish that our noncovalent attachment
method provides a means for robust molecular attachment to
surfaces with facile electron transfer between the electrode and
the immobilized species. The electron transfer rate constant
required to keep up with the solar ﬂux at a single site 10%
catalyst coverage surface is 10 s−1.39 Thus, electron transfer of
the ITO|Pyr|pyrenylferrocene system (100 ± 8 s−1) is
kinetically viable for solar-driven photoelectrochemical applications.
The distance between the electrode and the redox-active
species40 and the extent of π-conjugation of the linker attaching
the redox species to the electrode41 are potential factors
inﬂuencing the kinetics of electron transfer. Further investigation of the electron-transfer pathway in ITO|Pyr|pyrenylferrocene and ITO|vinylferrocene is necessary to determine the
source of enhanced electron-transfer kinetics exhibited by the
attachment systems that utilize π−π interactions. The
possibility of polymerization of the vinyl functionalities used
to covalently attach pyrene and ferrocene to the ITO surfaces
should also be considered in evaluating electron-transfer
kinetics of the ITO|Pyr|pyrenylferrocene and ITO|vinylferrocene systems. Although previous studies suggest that the
thermal attachment approach leads to monolayer formation
rather than polymerization,26 we were unable to conﬁrm this
experimentally on our surfaces. Some polymerization would
likely aﬀect the rate of electron transfer between the ITO and
surface-bound ferrocene.
Sequential CVs highlight the stability of the system in
aqueous conditions and reduced stability in solvents in which 1pyrenylferrocene is soluble. These results suggest that our
noncovalent attachment method is most useful for attaching
molecules that are insoluble in the solvent of interest. Eﬀorts
geared toward strengthening the π−π interactions between the
surface-bound aromatic molecule and complex-bound pyrene
to improve the stability over a range of conditions are currently
being pursued.
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