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ABSTRACT: We have investigated the electron-transfer
kinetics of ferrocene groups covalently tethered to surfaces
of conductive diamond electrodes. Electrochemical measure-
ments show that the rates are only weakly dependent on chain
length but are strongly dependent on the surface coverage;
these observations are contrary to what is commonly observed
for self-assembled monolayers on gold, pointing to important
mechanistic differences in electron transfer processes on
covalently bonded materials. Molecular dynamics simulations
show that dependence on chain length and molecular density
can be readily explained in terms of dynamic crowding effects.
At low coverage, conformational flexibility of surface-tethered
alkyl chains allows the redox-active ferrocene group to dynamically approach the diamond surface, leading to facile electron
transfer for all surface molecules. As the coverage is increased, steric crowding causes the average ferrocene-to-surface distance to
increase, decreasing the electron transfer rate. Even at the most dense packings, the mismatch between the spacing of surface
lattice sites and the optimum alkyl chain density leads to voids and inherent disorder that facilitates electron transfer. These
results are significant in the design and optimization of electrocatalytically active surfaces on covalently bonded materials relevant
for electro- and photocatalysis.

■ INTRODUCTION

Covalently tethered redox-active molecules are important for
many applications in photo- and electro-catalysis,1−4 sensing,5,6

and information storage.7,8 While the vast majority of studies of
electron transfer have been performed using self-assembled
monolayers (SAMs) on gold,9−26 covalently bonded materials
such as silicon8,27,28 and TiO2

3,4,29 are of increasing interest
because of their enhanced stability and/or ability to couple light
with catalytic reactions. Diamond electrodes have recently
emerged as attractive electrode substrates for electrochemistry
and electrocatalysis due to their high conductivity, wide
potential window, high stability, and low and stable background
currents.30−37 Boron-doped diamond electrodes are highly
conductive (<0.1 ohm-cm) and offer improved corrosion
resistance compared with sp2-hybridized forms of carbon such
as graphite and glassy carbon.32−34,37 In recent studies, we
showed that redox-active molecular complexes could be
covalently attached to the surface of conductive diamond
electrodes through alkyl tethers to yield very stable, electro-
active surfaces. These redox-active surfaces are able to
withstand strongly oxidizing potentials (1.5 V vs the normal
hydrogen electrode)38 and strongly reducing potentials
sufficient to achieve catalytic reduction of CO2,

1 suggesting
utility in a broad range of electrocatalytic applications.
A key question in the formation of redox-active surfaces is

the electronic nature of the molecular tether linking the
electroactive group to the surface. Ferrocene has been widely

used as a model system for understanding charge transfer across
molecular interfaces to electrodes.11−13,15,16,22,24−26,37,39−55

Most measurements of electron transfer rates across molecular
layers have used self-assembled monolayers on metal surfaces,
especially gold10−26 while fewer studies have investigated
electron transfer rates on covalently bonded substrates such
as silicon,46,49,50,52,53,56 conductive oxides,51 or carbon-based
electrodes.44,48 An important distinction between metallic and
nonmetallic substrates is that while on coinage metals adsorbed
molecules are able to diffuse laterally to achieve dense,
crystalline monolayers, once molecules are bonded onto
covalent materials such as silicon and diamond they generally
cannot diffuse at room temperature. Furthermore, the distance
between adjacent surface sites is not well matched to the
optimum 5 Å spacing between ordered alkyl chains.57−60

Consequently, molecular layers on covalent materials are
typically less well-ordered than those on gold. While an
understanding of how factors such as molecular chain length,
packing, and disorder affect electron transfer in these systems is
essential to the optimal design of “smart” molecular interfaces, a
fundamental understanding of how these factors influence
electron transfer kinetics of covalently bonded monolayers
remains poorly understood.
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Here, we use ferrocene on boron-doped diamond as a model
system to investigate electron-transfer processes through
molecular layers covalently bonded to electrode surfaces. Our
results show that, contrary to what is typically observed on
gold, electron transfer rates are only weakly dependent on
molecular length, with fast electron transfer rates achieved even
using relatively long alkyl tethers. By measuring the electron
transfer rate as a function of alkyl chain length and of the
molecular packing density and combining the experiments with
molecular dynamics calculations, our results provide important
new insights into how the structure and dynamics of the
molecular layers on diamond impact their suitability as
platforms for electron transfer and catalysis. Our results show
the importance of dynamic molecular disorder as a mechanism
for enhancing electron-transfer rates and have significant
implications for the design of molecular interfaces to covalent
materials for applications such as photo- and electro-catalysis.

■ EXPERIMENTAL SECTION
Covalent Attachment of Ferrocene Groups to Boron-doped

Diamond Electrodes. Free-standing electrochemistry grade (“EC”)
boron-doped diamond electrodes having boron concentrations of
>1020 cm−3 and resistivity of 0.02−0.18 ohm-cm (Element VI
Corporation) were used for all measurements except atomic force
microscopy (AFM) characterization. AFM characterization was carried
out using a cleaved natural single crystal of boron-doped diamond
obtained on loan from a private source. Ferrocene groups were
tethered to the diamond surfaces via photochemical grafting process
depicted in Scheme 1, by photochemically grafting an unsaturated

alcohol to the surface and then using the Cu(I)-catalyzed azide−alkyne
cycloaddition (CuAAC) “click” reaction to link ethynylferrocene to
the surfaces.29,38

The following alkenes were used for surface functionalization: 3-
buten-1-ol (Sigma Aldrich), 5-hexen-1-ol (Sigma Aldrich), 7-octen-1-
ol (TCI), and 11-undecen-1-ol (Sigma Aldrich). Diamond samples
were hydrogen terminated prior to use by hydrogen plasma
treatment.61 The hydrogen-terminated diamond samples were covered
with a thin layer of the appropriate alkene (previously purged with
argon), covered with a fused silica window, and illuminated with
ultraviolet light (254 nm, ∼10 mW/cm2) in a sealed cell under an
argon atmosphere. Typical illumination times were between 4 and 16
h in order to vary the surface coverage. After reaction the samples were
sonicated in isopropanol and dried under N2. To convert the surface
alcohol groups into the mesylate, samples were placed in a solution
containing 10 mL methylene chloride, 1 mL triethylamine, and 1 mL
methane sulfonyl chloride. The samples were reacted for 1 h in an ice

bath. After reaction, the samples were sonicated in methylene chloride
and dried under N2. Replacement of the mesylate intermediate with
azide was accomplished by treating the samples overnight in a
saturated solution of sodium azide in dry DMSO at 80 °C. After
reaction with sodium azide the samples were sonicated in water,
acetone, and again in water and dried under N2. The CuAAC reaction
with ethynyl ferrocene was carried out in a solution of 4 mM ethynyl
ferrocene, 2 mM Cu(BF4), and 8 mM sodium ascorbate in a 3:1 (v/v)
DMSO/H2O mixture for 3 h. The samples were sonicated in water,
acetone, and methylene chloride for 5 min each and stored in
isopropanol until further use.

X-ray Photoelectron Spectroscopy (XPS) Measurements.
XPS data were obtained using a modified Phys. Electronics system
equipped with a monochromatized aluminum Kα source (1486.6 eV),
a quartz-crystal X-ray monochromator, and a 16-channel detector
array. Spectra were obtained using a takeoff angle of 45°. For
quantitative analysis the peaks were fit with Voigt functions after
subtracting a Shirley background62 to compensate for inelastic
scattering.

Fourier Transform Infrared Spectroscopy (FTIR) Measure-
ments. Infrared spectra were collected using an FTIR spectrometer
(Vertex 70, Bruker Optics) with a liquid nitrogen-cooled HgCdTe
detector. FTIR spectra were collected at a resolution of 4 cm−1 in
single-bounce external reflection mode using a variable angle specular
reflectance accessory with a wire grid polarizer (VeeMAX II, Pike
Technologies). All reflection spectra were collected with p-polarized
light at an incident angle of 50° from the surface normal. FTIR spectra
of functionalized surfaces were measured using a clean hydrogen-
terminated sample as the background. Residual sloping baselines were
removed to improve the clarity of the spectra.

Atomic Force Microscopy Measurements. AFM measurements
were taken with a Veeco Nanoscope IVa instrument. Tapping mode
diamond-like-carbon coated tips (Tap300Al-G-DLC, Budget Sensors)
were used for both imaging and scratching. The scratching was carried
out in contact mode and tapping mode was used to image a larger area
than the scratched rectangle.

Electrochemical Characterization. Electrochemical measure-
ments were performed using an Autolab potentiostat (PGSTAT302N,
Metrohm Autolab B.V.) and a three-electrode cell. The diamond
samples were used as the working electrode with an exposed area of
0.275 cm2, and a platinum wire was used as the counter-electrode. The
reference electrode was Ag/AgCl/3 M NaCl (BASi). All potentials are
reported with respect to this reference. HClO4 (1 M) was used as the
electrolyte. Impedance spectroscopy measurements used a 10 mV
RMS amplitude modulation. Nova software (Metrohm) was used to fit
impedance data to circuit models.

Molecular Dynamics Simulations. The force-field parameters
used to describe the aliphatic chain and the diamond surface were
based on similar atom types from the CHARMM22 force field.63 As a
simplification, the triazole linkage was replaced by an imidazole and
the ferrocene moiety was represented by a Lennard-Jones sphere.
Since the main effect is likely due to the steric repulsion between
neighboring aliphatic chains, these simplifications are expected to be
appropriate for our purpose. The Lennard-Jones sphere that models
ethynylferrocene was described with a radius of 3 Å and a very shallow
well-depth of 0.001 kcal/mol. The molecular dynamics simulations
were carried out using CHARMM.64 To approximately describe the
impact of water on the chain dynamics, Langevin dynamics65 were
used at 300 K with a friction constant of 25 ps−1 for non-hydrogen
atoms; this protocol is widely used in biomolecular simulations in
which the solvent molecules are treated implicitly.65,66 Considering the
largely nonpolar nature of the grafted chains and of the diamond
surface, ignoring the explicit solvent and counterions is likely to have a
very minor impact on the equilibrium conformational distributions of
the grafted chains, which are the quantities of interest. All bonds
including hydrogen were constrained using SHAKE,67 and the
integration time step was 2 fs except for the high-coverage case (24
chains), for which a time step of 1 fs was used. The diamond atoms
were held fixed during the simulations. For each model system, two
independent sets of simulations were carried out; the length of the

Scheme 1. Covalent Attachment of Ferrocene Groups to H-
Terminated Diamond Surface through CuAAC “Click”
Reactiona

aShown here is the reaction with butenol, leading to a 4-carbon chain.
Similar procedures hold for other reactants.
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simulations ranged from 5 to 10 ns. Snapshots were obtained using the
program Virtual Molecular Dynamics (VMD).68

■ RESULTS
AFM “scratching” methods69 were used to investigate the
structure of the photochemically grafted layers. Because for this
measurement the sample needs to extremely flat, we used a
natural single crystal of boron-doped diamond that was cleaved
along the (111) crystal plane. The cleaved diamond was H-
terminated and then grafted for 16 h with undecenol. The
sample was imaged in tapping mode, and a smaller region was
scanned in contact mode with a larger force. The sample was
then reimaged in tapping mode. Figure 1 shows the resulting

AFM image, with the central “scratched” region clearly visible.
The height profile shows that in the scratched region the
surface height is 1.3 nm lower than the surrounding regions,
thereby indicating that the molecular layer is 1.3 nm in height.
This value is very similar to that reported for SAMs on gold
formed from thiols with alkyl chains of similar length to
undecenol22 and is consistent with the expected length of 1.5
nm. The AFM data show that the photochemical grafting
procedures used here yield high-quality, uniform molecular
layers with no evidence for multilayer formation even at the
longest grafting times.
Characterization of Surface Functionalization. Success-

ful covalent attachment of ferrocene groups to the diamond
surface via the CuAAC reaction was established using FTIR,
XPS, and cyclic voltammetry measurements. Figure 2a shows
FTIR spectra of an azide terminated diamond sample before
and after reaction with ethynyl ferrocene. The data shown are
for a sample that was initially reacted with 3-buten-1-ol for 16
h; similar results (not shown) were obtained with the longer
chain alcohols. The stretch at 2090 cm−1 is characteristic of the
asymmetric stretch of the azide group.37 This stretch disappears
after reaction with ethynyl ferrocene, consistent with reaction
of the azide group with the alkyne.
Figure 2c shows Fe(2p) spectra of the sample exposed to the

full CuAAC reaction condition; the spectrum shows sharp
peaks at 708 and 720 eV characteristic of ferrocene with iron in
the 2+ oxidation state. Also shown is the alcohol-terminated
sample after exposure to ethynyl ferrocene. This control sample
shows only broad, weak peaks near 711 and 725 eV. Some
small intensity at these energies can also be observed on the full
CuAAC sample. The 711 and 725 eV peaks are characteristic of
ferrocenium where the iron is in the 3+ oxidation state.45,50 The

presence of Fe in this oxidation state may be induced by
charging and/or by the incident X-rays. The XPS results show
that ferrocene is specifically bound to the surface through the
CuAAC reaction.
Figures 2b and 2c show N(1s) and Fe(2p) XPS data,

respectively, of azide-modified diamond before and after
exposure to ethynylferrocene. To rule out the contribution of
physisorbed ferrocene molecules, results are also shown from
control experiments in which the intermediate alcohol-
terminated diamond surface was exposed to ethynyl ferrocene
under identical reaction conditions. The N(1s) signal of the
azide-modified diamond shows a characteristic set of two peaks
at 405 and 400 eV in approximately a 1:2 intensity ratio.13 The
peak near 404 eV is characteristic of the azide group and arises
from the electron-deficient central N atom of the −NN+
N− resonance structure. After the CuAAC reaction the 404 eV
peak disappears and the N(1s) spectrum shows only a single
broad peak near 400 eV, consistent with the conversion of the
azide group into the triazole ring. As expected, the alcohol-
terminated sample shows no N(1s) intensity, establishing that
the N(1s) observed in the other samples arises solely from the
grafted azide groups and their subsequent triazole ring.
Quantitative analysis of the XPS Fe and C peak areas and

using the equation N = (AFe/AC)(SC/SFe)ρCλC where N is the
area density of Fe atoms, AFe and AC are the area of Fe(2p) and
C(1s) features, SFe and SC are the respective atomic sensitivity
factors, ρC is the atomic density of diamond (1.7 × 1023 atoms/
cm3),70 and λC is the inelastic mean free path of C(1s) electrons
in diamond (=1.8 nm)71 yielded an estimated coverage of N =
1.3 × 1014 Fe atoms/cm2. This equation assumes that the C(1s)

Figure 1. AFM image of cleaved single crystal diamond grafted with
undecenol for 16 h. The center rectangle is where the undecenol has
been removed by the AFM tip. The color scale spans a range of 20 nm.
The lower trace shows the height contour measured from left to right
across the scratched region.

Figure 2. Characterization of successful CuAAC reaction of ferrocene
with N3-modified diamond before and after exposure to ethynyl
ferrocene. (a) FTIR spectra showing the disappearance of the 2090
cm−1 azide stretch upon exposure to ethynylferrocene. (b,c) XPS of
azide terminated diamond before and after reaction with ethynyl
ferrocene. Also shown are results from a control sample, consisting of
the alcohol-terminated surface that was exposed to ethynyl ferrocene
under the CuAAC reaction conditions.
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signal comes from the diamond substrate. Previous studies
estimated the theoretical maximum coverage of ferrocene
groups to be 2.65 × 1014 cm−2 based on a close-packed layer of
spheres with 6.6 Å diameter;12 an experimental maximum
coverage of 2.6 × 1014 was reported previously for monolayers
of ferrocene-terminated alkanethiols on gold.13 Random
packing (as might be expected on a covalent surface) of 6.6
Å diameter spheres would yield a slightly lower coverage of 2.4
× 1014 molecules/cm2.72 The maximum coverage we measured
is less than this, even for samples that have been illuminated for
long times (16 h) in the initial photochemical grafting step.
Electrochemical Characterization via Cyclic Voltam-

metry. To determine whether the ferrocenium is electro-
chemically active, cyclic voltammograms (CVs) were obtained.
Figure 3 shows CVs of the full CuAAC sample and the control
sample consisting of the alcohol-terminated surface that was
exposed to ethynylferrocene.

Clear oxidation and reduction peaks are observed for the full
CuAAC sample, with E° = 0.39 V. The control sample shows
no evidence of oxidation or reduction peaks and shows only a
small, nearly constant separation between forward and reverse
sweeps that is due to the interfacial capacitance. While our XPS
data reveal trace amounts of Fe on the control sample, the
electrochemistry data show no evidence for electrochemically
active iron; this suggests that any physisorbed ferrocenium
observed in the XPS is removed from the surface under the CV
conditions and not detectable thereafter. The coverage of
electrochemically active ferrocene was calculated by integrating
the peak areas, yielding 1.6 × 1014 ferrocenes/cm2, in excellent
agreement with the XPS results.
Figure 4 shows cyclic voltammograms obtained at different

scan rates for ferrocene groups attached to the diamond surface.
The data shown are for a sample that was initially reacted with
3-buten-1-ol for 16 h, with similar results obtained for the
longer chain alcohols. The formal potential of 0.39 V vs Ag/
AgCl measured from these curves is similar to values reported
for other types of electrodes modified with ferrocene through
similar chemistry46,73,74 and is slightly higher than that reported
for unmodified ferrocene in solution (∼0.2 V vs Ag/AgCl).75

Prior studies have noted that the triazole ring formed by the
CuAAC reaction is an electron-withdrawing group and is
expected to shift the formal potential toward more oxidizing
potentials.76,77 The shift toward higher potentials may also be
partly explained by the nonpolar monolayer destabilizing the
ferrocenium (Fe3+) with respect to the ferrocene (Fe2+).78

The peak half-width ΔEfwhm is ideally 91 mV for a one-
electron transfer at 25 °C.16,79 Our experiments yield values
larger than this, ranging from 120 mV at 0.1 V/s to 150 mV at
10 V/s for the anodic peak. The increased width is similar to
that reported previously and has been attributed to the
presence of different local environments of the redox couple.16

The splitting between the oxidation and reduction wave peaks
ΔEp is ∼40 mV and is independent of scan rate between 0.1
and 10 V/s. While ideally ΔEp is zero in the limit of low scan
rates, prior reports have frequently observed nonzero limiting
ΔEp and attributed it to changes in the solvation of the redox
centers or structure of the monolayer with changing oxidation
state.16 Since ferrocenium is known to specifically ion pair with
perchlorate anions,78 this explanation appears appropriate here.
At higher scan rates, the peak splitting is expected to increase as
the scan rate becomes comparable to or greater than the
electron transfer rate. Since we observe that ΔEp is independent
of scan rate for the scan rates used here, our results indicates
that the electron transfer rate is fast relative to the CV scan
rates used here.
Interestingly, our data show almost no correlation between

peak splitting and the length of the alkene used in the initial
photochemical grafting step. Figure 5 shows cyclic voltammo-
grams taken at 10 V/s for ferrocene tethered to diamond using
different alkyl chain lengths. ΔEp is 70−80 mV independent of
chain length for the CVs shown. This suggests that the electron
transfer rate is not significantly slowed by longer chains, at least
for scan rates up to 10 V/s.

Impedance Analysis of Standard Electron Transfer
Rates k°. Since the electron transfer rates are too fast to
measure accurately via cyclic voltammetry, we performed a
more detailed analysis of electron transfer rates using
electrochemical impedance spectroscopy. The equivalent circuit
for redox couples strongly adsorbed to an electrode surface has
been given by Laviron80 (Figure 6a). It includes the solution
resistance, RS, and the double-layer capacitance, CDL. The redox
couple contributes an additional charge transfer resistance, RCT,
and pseudocapacitance, CA. The solution resistance is in series
with the other circuit elements and can be subtracted to yield
the simpler Debye equivalent circuit20,81 (Figure 6b). The
Debye circuit has a single relaxation time constant, τ, that is
inversely related to the standard electron transfer rate,
k°:20,21,82,83

τ = = ° −R C k(2 )CT A
1

Figure 3. Voltammograms (10 V/s) after the CUAAC click reaction.
The blue trace shows the azide-terminated surface after reaction with
ethynyl ferrocene (Fc). The green trace is a control sample of the
alcohol-terminated surface (i.e., no azide) after undergoing the
identical reaction conditions with ethynyl ferrocene.

Figure 4. Cyclic voltammograms of diamond electrodes after reaction
with ferrocene, measured at different scan rates.
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The Debye circuit yields a perfect semicircle in a Nyquist plot
of the dielectric constant with the center of the circle
positioned along the real axis.
The dielectric constant, ε, is then given by:ε = (jωZ)−1 where

j is the imaginary unit, ω is the angular frequency, and Z is the
impedance. The magnitude of the imaginary component of the
dielectric constant reaches a maximum at a frequency ω° that is
inversely related to the relaxation time constant of the system:
ω° = τ−1. Often systems display a distribution of time
constants, rather than a single relaxation time constant.23,24,84

This is commonly modeled by the Cole−Cole circuit where
RCT, a pure resistor, is replaced with a constant phase element
(Figure 6c).20,21,81,84,85 The impedance of a constant phase
element (CPE) is given by

ω= α−Z A j( )CPE

where A and α are adjustable parameters. The CPE is a simple
distributed circuit element that is often used to model
frequency-dependent effects that arise from microscopic
inhomogeneity or roughness of electrodes.86

The Cole−Cole circuit (Figure 6c) also yields a single,
circular arc in a Nyquist plot of the dielectric constant, but the
center of the circle lies below the real axis.
To determine the standard electron transfer rates, we

prepared ferrocene-terminated monolayers with butyl, hexyl,
and undecyl chains. For each length, we also varied the
ferrocene coverage by changing the duration of the initial
illumination step used to link the appropriate alcohol to the
surface (step 1, Scheme 1). Times between 4 and 16 h were

used, with the shorter illumination times yielding sparser,
submonolayer coverage and the longest times yielding full
coverage. For each sample, the final coverage of electrically
active ferrocene groups was measured by integrating the peak
areas in the cyclic voltammograms. We measured the redox
potential of the surface bound ferrocene groups, E°, using cyclic
voltammetry for each sample and collected impedance data at
E° (∼0.39 V vs Ag/AgCl). The solution resistance was
measured by taking impedance data at 0.8 V vs Ag/AgCl, a
potential far from the redox potential of the ferrocene where
the diamond electrode behaves as a simple blocking electrode
(solution resistance in series with a double-layer capacitance).
The solution resistance was subtracted from the impedance
data taken at E° and the data were displayed as Cole−Cole
plots (Nyquist plots of the dielectric constant).
Figure 7a shows typical Cole−Cole plots for ferrocene

tethered to diamond electrodes using three different alkyl chain

lengths, over the frequency range 1 Hz - 100 kHz. We analyzed
these data and additional coverage-dependent data using several
approaches. Fitting the data with the Cole−Cole circuit shown
in Figure 6c yielded excellent results. We also evaluated fits in
which the double-layer capacitor CDL was replaced with a CPE;
because the differences were small we used the pure capacitance
CDL in subsequent analyses. We also found that electron
transfer rates obtained directly from the frequency correspond-
ing to the maxima in the Cole−Cole plots (as described above)
accurately reproduced the values obtained through more
detailed fitting to circuit models. We therefore used this
more direct approach for the numerical values reported here.
Figure 7b shows the resulting electron transfer rates ket as a

function of ferrocene coverage for three different alkyl chain
lengths. For each chain length the electron transfer rate is
reasonably high (∼103−104 s−1) at low coverage, but decreases
as the coverage increases. Surprisingly, there is no significant

Figure 5. Cyclic voltammograms of ferrocene tethered to diamond
with alkyl chains of different lengths. All scan rates were 10 V/s. Top
trace (black) is for an initial photochemical grafting step with butenol.
Middle trace (blue) used hexenol and bottom trace (red) used
undecenol. All photochemical reaction times were 16 h. Dashed lines
are to facilitate visual comparison of peak locations.

Figure 6. (a) Laviron’s equivalent circuit for a redox couple strongly
adsorbed to an electrode surface. RS is the solution resistance and CDL
is the double layer capacitance. RCT and CA are the charge transfer
resistance and pseudocapacitance. (b) Debye equivalent circuit. (c)
Cole−Cole equivalent circuit.

Figure 7. Influence of chain length on electron-transfer rate. (a)
Cole−Cole plots for ferrocene tethered to the diamond surface
through different alkyl chain lengths. Data were collected at
frequencies between 1 and 100 000 Hz. (b) Standard electron transfer
rates as a function of ferrocene coverage for different alkyl chain
lengths.
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difference in electron transfer rate between the molecules with
different chain lengths. This is contrary to what has typically
been observed for self-assembled monolayers on gold, where
longer chain lengths had significantly lower electron transfer
rates. We have also measured the half-wave potential E1/2
(defined as the average of the potentials corresponding to the
peak cathodic and peak anodic currents) and find that there is a
small (<0.040 V) increase as the coverage increases. The
increase implies that the thermodynamic environment around
the ferricenium ion becomes slightly more hydrophobic at
higher coverages.78,87 These data are shown in the Supporting
Information.
Measurements of Interfacial Capacitance and Mono-

layer Structure. To gain insight into the monolayer structure,
the double-layer capacitance of a bare, hydrogen-terminated
diamond electrode was compared to the capacitance of
electrodes after functionalization with undecenol and subse-
quent modification with ferrocene. The double-layer capaci-
tance was measured by impedance spectroscopy at 0.0 and 0.8
V vs Ag/AgCl, potentials far from E°ferrocene to avoid
contributions from the charge-transfer pseudocapacitance in
the sample functionalized with ferrocene groups. Figure 8a

shows Nyquist plots of the admittance at 0.8 V for a bare,
hydrogen-terminated diamond electrode, a diamond electrode
grafted with undecenol for 16 h, and a diamond electrode after
functionalization with ferrocene groups.
The impedance data were modeled by series R-CPE circuits,

where R is the solution resistance (typically ∼4 Ω) and the
CPE represents the double-layer capacitance.88,89 Table 1
shows values for the CPE parameters for all three surfaces. All
parameters at each voltage are the same within the error of the
fits, with the exception of a ∼ 40% increase in A after grafting

with undecenol compared to the bare surface. All α parameters
are very close to 1 which is characteristic of a smooth surface. In
this case the prefactor (A) is closely related to the interfacial
capacitance C, A ≈ C.
We also confirmed these results using cyclic voltammetry,

where in the absence of faradaic processes the only current that
flows is that required to charge the double-layer.35,90 Figure 8b
shows cyclic voltammograms at a scan rate of 1 V/s using a
bare, hydrogen-terminated diamond electrode and a diamond
electrode grafted with undecenol. Again, the vertical separation
between forward and reverse sweeps is ∼40% larger on the
undecenol-modified surface. This shows that grafting with
undecenol increases the interfacial capacitance, consistent with
the impedance data.
In Figure 8, both cyclic voltammetry and impedance

measurements indicate that grafting with undecenol gives rise
to a small increase in the interfacial capacitance. This is in
contrast to prior measurements for densely packed, self-
assembled monolayers on gold, where functionalization with
molecular layers typically leads to a pronounced (∼50-fold)
decrease in the capacitance.16,22 However, on gold the change
in interfacial capacitance is highly dependent on the degree of
structural order, as SAMs having more defects and higher ion
permeability show much smaller changes in capacitance.91 Our
impedance and CV data on diamond are consistent with the
hypothesis that the molecular layers formed on diamond have
an intrinsically high degree of structural disorder that allows
water and ions to penetrate through the molecular layers. The
small increase in capacitance after functionalization likely arises
from the fact that the H-terminated diamond surface is very
hydrophobic; hence, functionalization with a hydrophilic
molecule likely alters the structure of the water and may
enhance the local ion concentration near the interface.

Molecular Dynamics Simulations. The rate of electron
transfer between the surface and the redox center will depend
on the path of electron tunneling, which is highly sensitive to
monolayer order and packing.16 While a through-bond
tunneling mechanism has been shown to dominate for long
chain alkanethiol self-assembled monolayers,17 through-space
tunneling has been observed for other types of monolayer
systems, especially shorter chain lengths.16,92 To help
determine how the surface coverage impacts chain flexibility
and the average distance from the ferrocene to the surface, we
carried out molecular dynamics simulations using a set of
simplified models. Each model includes a specific number of
aliphatic chains grafted onto a (111) diamond surface; the
surface is approximately 30 Å × 30 Å, with the standard
periodic boundary condition applied to all three dimensions;
the size of the box in the z dimension is 40 Å. For each aliphatic
chain, four levels of coverage were studied, which include 1, 3,
12, and 24 chains, respectively, randomly distributed on the
diamond surface; these correspond to a coverage of 0.11, 0.33,
1.33, and 2.77 × 1014 molecules per cm2, respectively. Figure 9

Figure 8. (a) Nyquist plots of the admittance for a bare, hydrogen-
terminated diamond electrode (red), a diamond electrode after
photochemical grafting with undecenol (blue), and a diamond
electrode functionalized with ferrocene (green). All data were
collected at 0.8 V vs Ag/AgCl. Markers are experimental data. Lines
are for best fits to a series R-CPE circuit. (b) Cyclic voltammograms of
a bare, hydrogen-terminated diamond electrode and a diamond
electrode grafted with undecenol for 16 h. Scan rate 1 V/s.

Table 1. CPE Parameters for the Interfacial Capacitance
Derived from Fits to Impedance Data

0.0 V 0.8 V

A (10−6) a A (10−6) a

bare, H-terminated 1.90 0.96 3.86 0.96
grafted with undecenol 1.74 0.94 5.33 0.92
ferrocene terminated 1.84 0.93 3.88 0.94

*Units of A are ohm−1sec−α
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shows representative snapshots for different chain lengths and
coverage. Short movies depicting the actual dynamics are
included as Supporting Information.

At short chain lengths and low coverage, the MD simulations
show that the ferrocene moiety is closer (on average) to the
surface compared with results using longer chain lengths or
higher coverage. Distances were measured every picosecond
during the production run to obtain the normalized distance
distribution P(z). Figure 10a shows the normalized distance
distribution P(z) for n = 4 (butyl) linkages, using 1 ns
simulation times. Also shown is one set of data obtained from a
longer (10 ns) simulation time; it shows a distribution nearly
identical to that of the 1 ns simulation, demonstrating that the 1
ns simulations have run for a sufficiently long time to capture
the correct distance distributions.
The distribution in Figure 10a shows peaks near 4, 9, and 16

Å depending on coverage. At the lowest coverage the molecules
are frequently bent in a configuration that places the ferrocene
group very close (∼4 Å) away from the surface; as the coverage
increases the distribution shifts toward larger distances. The
coverage-dependent changes in P(z) are a clear manifestation
of the steric repulsion between neighboring chains, which
causes the molecule to extend as fully as possible as the
coverage increases.
To estimate how these changes affect the effective electron

transfer rate (keff), we integrated the distance distribution with
an exponential dependence of the electron transfer rate on the
distance from the diamond surface:

∫ ∫ β= = − −k zP z k z zP z k z z zd ( ) ( ) d ( ) ( )exp[ ( )]eff ref ref

where the reference distance zref was taken to be 3 Å (the radius
of the ferrocene12) and β is the tunneling parameter.
Figure 10b shows the relative electron transfer rates that were

calculated from simulations using different chain lengths and

coverage. While the current model is too simple to allow
quantitative comparison with experimental data, qualitatively
good agreement between the experimental values (Figure 7b)
and the theoretical predictions (Figure 10b) is obtained with a
tunneling parameter β = 1.5 Å−1. This is consistent with the
experimental β value of 1.5−1.8 Å−1 estimated for tunneling
through water93,94 and slightly larger than the β value of
∼0.85−1.0 Å−1 typically measured for self-assembled mono-
layers where through-bond tunneling dominates the electron-
transfer process.16,17,43

■ DISCUSSION
The above results demonstrate that ferrocene-terminated
monolayers on boron-doped diamond exhibit facile electron
transfer,1,38 but also show several surprising results. First, we
observe that the standard electron transfer rates on diamond
are nearly independent of molecular length. Second, the
electron transfer rates decrease significantly as the coverage
increases. Finally, functionalization of the surface increases the
interfacial capacitance.
These three observations are quite distinct from what has

been observed previously for self-assembled monolayers on
gold,16−19,23,95 where electron transfer rates decrease exponen-
tially with increasing chain length chain length,16−18,23,26,40

exhibit electron transfer rates that increase at higher coverage,12

and show pronounced decreases in interfacial capacitance upon
functionalization with molecular layers. Our results suggest that
the differences in behavior on diamond compared with gold
arise from intrinsic differences in the structural perfection
within the layers, and particularly, the role that conformational
disorder plays in facilitating interfacial electron transfer.18,23

We first summarize the most important features of SAMs on
gold surfaces, as a point of comparison for our monolayers on
diamond. Previous studies of alkanethiols on gold have shown
that alkyl chains of adsorbed monolayers are able to form

Figure 9. Snapshots of MD simulations using butyl (n = 4, left
column) and undecyl (n = 11, right column) chains, and surface
coverage. One, 12, and 24 molecules per slab correspond to coverage
of 0.11, 1.3, and 2.7 × 1014 molecules/cm2. The molecular chain and
triazole linkage are shown explicitly; to simplify the depiction, the
ferrocene group is shown as a green sphere. Red atoms are the
diamond surface atoms.

Figure 10. (a) Probability distribution P(z) for ferrocene groups
tethered via butyl chain (n = 4) at different molecular coverages. (b)
Predicted electron-transfer rates for alkyl chains of different length as a
function of coverage. Compare with experimental data in Figure 7b.
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dense, crystalline layers with nearly close-packing of the alkyl
chain; this close-packing is facilitated by the fact that the
optimal alkyl chain spacing of 5.0 Å is almost exactly √3 times
the 2.884 Å spacing between atoms on Au(111), allowing the
thiol S atoms to bind to next-nearest neighbor Au atoms on
Au(111) and form an ordered (√3 ×√3)R30° commensurate
overlayer.57−60 Corresponding experiments on layers termi-
nated with redox-active groups have found that in these densely
packed systems the electron transfer rate varies with the length
of the alkyl chain according to

β° = ° −k k exp( d)app

where k°app is the apparent standard rate constant for electron
transfer, β is the tunneling parameter, and d is the length of the
alkyl chain separating the redox-active group from the gold
surface.17,18,24−26,42,43,55,91,95,96 The tunneling parameter β is
typically between 0.85 and 1.1 Å−1,97,98 resulting in a very
strong decrease in electron transfer rate with increasing length
of the molecular tether. Because of the strongly blocking nature
of the layer, the electron transfer rates can be strongly affected
by defects and, at high coverage the electron transfer rate
increases because electrons can transfer between adjacent
ferrocene groups and finally transfer via defects or domain
boundaries within the monolayer, instead of through-bond
tunneling.99 Compared with the bare gold surface, the
introduction of an alkanethiol SAM leads to a decrease in
capacitance by introducing a new series capacitance given by C
= (κε0A/t) where κ is the dielectric constant, ε0 is the
permittivity of free space, A is the electrode area, and t is the
thickness of the molecular layer.22 Since the molecular
capacitance Cm is in series with and is small compared with
the double-layer capacitance CDL (typically ∼15 μF for 1 cm2

area), the net interfacial capacitance deceases when a SAM is
formed on gold.
Our Results Show that a Very Different Picture Emerges on

Diamond Surfaces. When organic monolayers form on
covalently bonded materials such as diamond, the lattice sites
to which the molecules attach are, in general, not well matched
to the optimum 5.0 Å spacing between alkyl chains;58,60 this
mismatch leads to a comparatively disordered, less dense
distribution of molecules on the surface. At low coverage the
attached molecules are highly flexible for all chain lengths,
allowing the terminal ferrocene groups to transiently approach
the surface and undergo electron transfer. Our experimental
data and molecular dynamics simulations show that as the
surface coverage is increased, steric crowding reduces the ability
of the ferrocene groups to come close to the surface, and the
electron transfer rate (per molecule) decreases. The half-wave
potential E1/2 also increases slightly (∼40 mV), consistent with
the expectation that the more hydrophobic environment of the
sterically crowded ferrocene groups decreases the thermody-
namic stability of the ferrocenium ion and shifts E1/2 to more
positive values.87 However, even at the highest attainable
coverage the molecular layers are not effective at blocking
electron transfer, and our capacitance measurements show a
slightly increased capacitance compared with the bare surface.
Bocian and co-workers49,100 previously reported electron

transfer rates for porphyrins tethered to gold surfaces via short,
conjugated tethers in nonaqueous electrolytes and observed
electron transfer rates that decreased with increasing coverage.
They attributed these changes to space-charge effects associated
with coverage-dependent changes in counterion motion.100

Due to the pronounced differences in the tethered molecules

and other experimental conditions it is not possible to provide a
meaningful mechanistic comparison of their results with ours,
but it is noteworthy that the fastest rates they measured with
conjugated linkers are no more than 10-fold faster than what we
measure using undecenol, an 11-carbon fully saturated tether.
We postulate the bonding of molecular layers to fixed lattice

sites of diamond and the absence of significant lateral diffusion
of molecules (due to the strong interfacial C−C bond
compared with the much weaker Au−S bond) leads to an
inherently high level of disorder within the molecular layers,
and that as the coverage increases steric crowding forces the
monolayers to become more extended and ordered. To
demonstrate this, we simulated (see Supporting Information)
the random bonding of 5.0 Å diameter particles (the optimum
diameter of alkyl chains) onto the fixed lattice points of a
diamond(111) lattice (nearest-neighbor distance = 2.67 Å) and
found a maximum packing density of 3.7 × 1014 molecules/
cm2, compared with 4.2 × 1014 molecules/cm2 expected for
randomly packed spheres on a flat surface and 4.6 × 1014

molecules/cm2 for close-packed spheres.72 These results show
that at least ∼20% void fraction is expected when molecular
layers bond to diamond, even at the densest accessible packing.
Our results indicate that this significant internal void space
provides sufficient conformational flexibility to achieve standard
electron transfer of at least ∼103 s−1.
The practical importance of the above is that it leads to an

understanding of how to design molecular tethers that will
enable redox-active molecules such as electro- or photo-
catalysts to be integrated onto electrode surfaces. The standard
electron transfer rates we measure are 103−104 s−1; these values
are comparable to or possibly faster than those observed for
ferrocene SAMs on gold, where rates on the order of 106 − 103

s−1 have been reported for molecular layers containing 5−10
methylene groups in the aliphatic chain.26,43,101 Prior studies
have shown that the electron transfer rate between ferrocene in
solution and bare gold electrodes is 1−2 orders of magnitude
higher than what has been measured at diamond electro-
des.32,102 This difference can been attributed to a lower density
of states in boron-doped diamond relative to gold.103 While this
might suggest that the electron transfer rates on diamond are
likely to be intrinsically slower than those on gold, prior studies
have shown that at the high boron concentrations used here
(>1020 cm−1) the Fermi level becomes degenerate with the
valence band, so that the diamond becomes metallic with a
correspondingly high density of states.104 This metallic
character is consistent with the fact that the rates we measure
are 2−4 orders of magnitude faster than electron transfer rates
typically measured on other carbon-based electrodes.44,48 Of
even greater importance is that the standard electron transfer
rates of 103−104 s−1 we obtain on highly boron-doped diamond
films are considerably faster than the turnover frequency of
many catalysts of interest.105−108

We also emphasize that the dynamic nature of the molecular
disorder may be important, as a disordered but structurally rigid
layer would likely yield fast electron transfer for a subset of
molecules but much slower electron transfer for others. In
contrast, the agreement between XPS and electrical measure-
ments of total ferrocene coverage and the well-defined
electrochemical rate measurements indicate that nearly all
surface-tethered molecules are electrically active and can
achieve charge transfer on the scale of ∼10−4 second.
For applications such as electrocatalysis, the “best” choice of

conditions is likely to be that which maximizes the product of
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the electron transfer rate ket and the surface coverage N
(number of electroactive groups per unit area) as this product
Nket yields rate of electron transfer per unit area of the sample.
Using the data from Figure 7b, Figure 11 shows the results of
such an analysis.

The data show that for all three molecules, the total electron-
transfer rate (per unit area) increases and then reaches a
broader plateau, as the increase in the number of molecules per
unit area compensates for the decreased electron transfer rate
per molecule. In each case, the data show that the total electron
transfer rate plateaus at ∼(450−600) × 1012 electrons cm−2 s−1,
or 70−100 μA/cm2 limiting rate.

■ CONCLUSIONS
Our experimental results and molecular dynamics calculations
demonstrate that, for the molecular layers studied here,
dynamic molecular disorder plays a crucial role in enabling
facile electron transfer. The results show that electron transfer
within these conformationally disordered monolayers is best
described via a through-space (or, more correctly, through-
water) tunneling mechanism, in which the relevant distance for
electron transfer is controlled by the transient motions of the
molecules. Our results show that there is a trade-off between
high surface coverage and fast electron transfer rates, but these
factors largely compensate for one another so that there is a
range of coverages over which the total electron transfer rate
per unit area remains nearly constant. Furthermore, longer
chains have greater flexibility, such that there is no detectable
penalty for increasing the chain length from 4 carbon atoms to
11 carbon atoms. Somewhat contrary to expectations, our
results suggest that the best monolayers for applications such as
electrocatalytic interfaces are not perfect, well-ordered layers
but are in fact, conformationally disordered layers. Disorder is
beneficial and, indeed, may even be necessary when using
saturated alkyl tethers to integrate redox-active molecules with

covalently bonded materials such as diamond, silicon, and
TiO2. The attachment chemistry we have developed for
diamond electrodes shows both high stability and fast electron
transfer kinetics and is a promising platform for electron
transfer and electrocatalysis.
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