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“Amplified” electron transfer is observed purely based on electron transfer kinetic effects at modified
carbon surfaces. An anodic attachment methodology is employed to modify the surface of glassy carbon
or boron doped diamond electrodes with poly-ethylene glycols (PEGs) for polymerisation degrees of n =
4.5 to 9.1 (PEG200 to PEG400). Voltammetry and impedance data for aqueous Fe(CN)¢>™* suggest
systematic PEG structure-dependent effects on the standard rate constant for heterogeneous electron
transfer as a function of PEG deposition conditions and average polymer chain length. Tunnel distance
coefficients are polymerisation degree dependent and estimated for shorter PEG chains, #=0.17 A™ for
aqueous Fe(CN)s>"*, consistent with a diffuse water — PEG interface. In contrast, electron transfer to
1,1’-ferrocene-dimethanol (at 1 mM concentration) appears un-impeded by PEG grafts. Mediated or
“amplified” electron transfer to Fe(CN)s>™ based on the 1,1’-ferrocene-dimethanol redox shuttle is
observed for both oxidation and reduction with estimated bimolecular rate constants for homogeneous
electron transfer of kg = 4 % 10°> mol dm® s and kpgeposarg = 1 * 10° mol dm® s7'. Digital simulation
analysis suggests an additional resistive component within the PEG graft double layer.
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Introduction Reviews for a wider range of electrochemical attachment®' and

electro-grafting protocols have appeared.”?
Poly-ethylene-glycol (PEG) derivatives play a central role as low-

volatility additives and solvents,' in carbon dioxide capture,” in
consumer products and green engineering,® for electroless metal
deposition,” and in functional surfaces.’ Important surface
applications of PEGs are in anti-fouling treatments to prevent non-
specific protein adsorption® or cell-adhesion,” and as barrier layers.®
PEG grafting can be beneficial in membrane’ or sensor technologies
employed for example in blood separation and analysis.

In electrochemistry PEG solvents and PEG surface modification
have received only relatively little attention. The electron transfer to
ferrocenes in viscous and highly viscous PEG solvents has been
reported.'™'! Zhou et al. investigated dimethyl-ferrrocene reactivity
in poly-ethylene-glycols.'? Viscous PEG environments are of interest
in battery applications'>'* and in solar cells."* Williams and Murray
studied charge transport in redox active PEG-melts.'®

PEG-grafted carbon surfaces have been employed to immobilise
redox active proteins.'” In this case a chemical PEG attachment
method based on reaction with acid chloride functional groups on the
carbon surface has been utilised. Also the use of PEG-silanes for
patterning of ITO electrode surfaces has been reported.'®
Electrochemical grafting onto glassy carbon at anodic potentials was
pioneered by Maeda initially in octanol.'” The same group then
systematically studied several alkyl-alcohols, glycols, and poly-
ethylene-glycols and reported slower electron transfer for the
Fe(CN)¢™ redox system at modified glassy carbon surfaces.2’

This journal is © The Royal Society of Chemistry 2013

In this report an anodic attachment protocol (following the
methodology of Maeda®) is employed to modify both glassy carbon
and boron-doped diamond electrode surface with poly-ethylene-
glycols of polymerisation degree n (see Figure 1). A permanent
modification is observed (and optimised as a function of grafting
potential for both glassy carbon and boron-doped diamond) with
interesting (and possibly very useful) effects on the rate of
heterogeneous electron transfer for hydrophilic (Fe(CN)s>™) versus
more hydrophobic (1,1’-ferrocene-dimethanol) redox systems. The
results imply (i) a highly diffuse PEG-water boundary and (ii) a high
degree of selectivity in the electron transfer process leading to signal
“amplification” effects for combined redox systems: a trace amount
of redox mediator shows a high current response due to bimolecular
reaction with the second redox system in solution.
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Figure 1. Schematic drawing of (A) the PEG attachment process and
(B) electron transfer at a PEG-modified glassy carbon electrode.

Experimental

Reagents. Poly-ethylene-glycols with average molecular weight 200
g mol™ (PEG200), 300 g mol”" (PEG300) and 400 g mol' (PEG400)
were obtained from Aldrich and used as the solvent for grafting
solutions with lithium perchlorate (LiClO,, Sigma-Aldrich, >95.0 %)
as electrolyte. Potassium ferricyanide (K;Fe(CN)4, Sigma-Aldrich,
99%), potassium ferrocyanide (K4Fe(CN)g, Fisons Scientific, >95.0
%), and 1,1’-ferrocenedimethanol (Fc(CH,OH),, Aldrich, 98%) were
used as redox probes for voltammetry with potassium nitrate (KNO;,
Sigma-Aldrich, >99.0 %) as electrolyte.

Instrumentation. Electrochemical measurements were performed
using an Autolab PGSTATI12 potentiostat (Autolab, Utrecht, NL)
and in a three-electrode glass cell with platinum wire counter
electrode and KCl-saturated calomel electrode (SCE) at room
temperature (20 +/- 2 °C). Working electrodes were either a 3 mm
diameter glassy carbon (BAS Analytical, UK) or a 3 mm diameter
bulk-boron-doped diamond (polished to mirror finish, Diafilm™,
Windsor Scientific, UK). The GPES software package (version
4.9005, Autolab, Utrecht, NL) was employed for data acquisition
with a potential step parameter not higher than 1 mV.
Electrochemical impedance measurements were performed using a
Solartron 1286 potentiostat and 1250 frequency response analyser
over a frequency range of 10 kHz to 0.1 Hz and with an amplitude of
10 mV. Field emission scanning electron microscopy (FESEM)
images were taken using a JEOL FESEM6301F microscope. Digital
simulation of voltammetry data was performed with commercial
DigiElch (version 4.F) PC software package.

XPS experiments were conducted using a Thermo K Alpha (Thermo
Scientific) spectrometer ( operating at ~ 10® — 10® Torr), a 180°
double focusing hemispherical analyzer running in constant analyzer
energy (CAE) mode with a 128-channel detector. A mono-
chromated Al Ko radiation source (1486.7 eV) was used. Peak
fitting was conducted using XPS Peak Fit (v. 4.1) software using
Shirley background subtraction. Peaks were referenced to the
adventitious carbon Cls peak (284.6 eV) and peak areas were
normalized to the photoelectron cross-section of the Fls
photoelectron signal using atomic sensitivity factors.”

Procedure: Attachment of Poly-ethylene-glycol Films. The working
electrode — either a 3 mm diameter glassy carbon (GC) disc or 3 mm
diameter boron doped diamond (BDD) disc — was polished with wet
alumina paste with particle diameter 0.3 pum followed by rinsing

2| J. Name., 2012, 00, 1-3

with de-ionised water (18.2 MQ cm?). Cyclic voltammetry of 5 mM
K;3Fe(CN)g in 0.1 M KNO; was performed prior to deposition of
PEG films to confirm that any previous PEG deposits had been
successfully removed. Deposition of PEG films was achieved by
applying a fixed anodic potential for a fixed time to the working
electrode immersed in a neat PEG solution with 20 mM LiClO,
electrolyte. After deposition, the working electrode was rinsed with
de-ionised water (in order to remove residual PEG from the
electrode surface) and dried in a nitrogen flow prior to further
experimentation. The PEG film can be removed from the electrode
surface by either mechanical polishing of the electrode or by
scanning the potential to +1.5 V vs. SCE in aqueous 0.1 M KNO;
solution.

Results and discussion

PEG Attachment to Glassy Carbon or Boron-Doped Diamond:
XPS Analysis

Survey spectra show photoelectron signals from nearly contaminant
free surfaces containing primarily C and O. This is evident from the
representative set of survey spectra pertaining to BDD and modified-
BDD substrates shown in Figure 2. Al2s and Al2p signal can be seen
and this likely arises from the alumina powders used in the electrode
cleaning process. As BDD (or GC) is modified with PEG layers, the
Al signal is attenuated, which is consistent with the addition of over-
layers to the initial substrate.
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Figure 2. Representative XPS survey scan of PEG-modified
samples, with spectra shown originating from bare BDD, PEG200
on BDD, and PEG400 on BDD.

The Cls photoelectron signal shows evidence for systematic changes
in surface chemistry due to PEG grafting. An overlay of all Cls
spectra is shown in Figure 3A. The spectra were fitted into five
chemical environments, as has been done for carbon-based
electrodes such as BDD and GC: adventitious carbon (284.6 ¢V),
hydrocarbon (C-H, = 285.1 eV), ether (C-O, = 286.1 eV), carbonyl
(C=0, ~ 287.1 eV) and carboxyl (C=O(OH), ~ 288.1 eV). **
Notably, as either BDD or GC is modified by PEG, the intensity of
the ether component increases in proportion to chain length (cf. Fig.
3 and Table 1). This result is consistent with the sequential addition
of poly-(ethylene)glycol moieties to the surface.

This journal is © The Royal Society of Chemistry 2012
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The O1s photoelectron signal in Figure 3B was curve fitted using the
model established by Schlapak er al. *° as follows: hydroxyl (-OH, =
531 eV), ether (C-O, = 532.2 eV), water (H,0O, = 533.3 eV). As the
carbon-based electrodes are modified with PEG layers, the intensity
of the ether component increases - in proportion to chain length -
relative to the two minor components (-OH and H,0). The increase
in the ether component is entirely consistent with PEG chemistry.
The attenuation of the hydroxyl and water signal suggests that the
underlying carbon electrode has a higher concentration of these two
species, than the PEG films, despite the fact that water is known to
bind strongly to PEG.
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Figure 3. XPS data: Cls (left) and Ols (right) XPS core level
spectra of BDD, GC, and PEG-modified BDD and GC, with

representative curve fits associated with unmodified BDD shown in
the figure.

Table 1. Summary of XPS data for bare and modified samples in
terms of ratios and composition.

% O1s signal % Cl1s signal

Samp]e O1s/Cls OH c-o H:0 c-C C-H c-0 Cc=0 C=0(OH)
BDD 258 59 o 29 70 11 11 5 3
GC 129 1, 55 33 66 4 11 11 8
BDD200 272 13 3 19 51 14 18 13 4
GC200 2.6l 9 70 21 46 6 26 10 12
BDD400 275 5 ¢ 12 43 16 33 5 3
GC400 2.9 ) g1 17 28 14 37 14 7

XPS data clearly confirm the covalent surface modification.
Importantly, it can be inferred from data in Table 1 that the C-O
ether bond is dominating at modified electrode surfaces consistent
with the attachment of alkoxy radicals. The decrease in O-H could
be linked to the attachment of PEGs at both ends, although this
appears less probable when grafting in neat PEG. More quantitative
coverage information is difficult to extract from these XPS data, but
can be obtained in electrochemical experiments.

PEG Attachment to Glassy Carbon or Boron-Doped Diamond:
Effect on Fe(CN)¢>"* Electron Transfer

The one-electron Fe(CN)™ redox system (equation 1) is
commonly employed to detect surface modification and changes on

This journal is © The Royal Society of Chemistry 2012
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carbon electrodes®® in particular when the surface is modified via
covalent attachment.?’

—>

Fe(CN)s"(ag) + ¢ <—  Fe(CN)s"(aq) M

Figure 4A shows a typical cyclic voltammogram for the Fe(CN)g> "+
redox system in aqueous 0.1 M KNO; and at a glassy carbon disc
electrode. With a scan rate of 50 mVs™' the voltammetric response
appears quasi-reversible with a peak-to-peak separation of ca. 0.14 V
and a midpoint potential of E ;3 = 0.19 V vs. SCE. The peak current
of ca. 55 pA when analysed with the one-electron Randles-Sevcik
equation®® (see equation 2) is consistent with a diffusion coefficient
Of Dierroeyanide = 0.6 % 10 m%s™!, which is consistent with literature
values.

2
I, RT

D= - 2)
(0.466 x AFc) vF

In this expression the diffusion coefficient D is given by /.4, the
peak current, R, the universal gas constant, 7, the absolute
temperature, 4, the electrode area, F, the Faraday constant, ¢, the
bulk concentration, and v, the scan rate.

After anodic treatment of the electrode in PEG400/20 mM LiClOy4
(see Experimental), a clear shift of both anodic peak and cathodic
current peak suggests slowing down of interfacial electron transfer
(Figure 4A). Both the duration of the anodic treatment (Figure 4A)
and the applied potential during treatment (Figure 4B) systematically
affect the magnitude of the observed effect. Data in Figure 4B
clearly show that for PEG400 a treatment of 20 minutes at +1.6 V
vs. SCE can be used to completely suppress the electron transfer
process in the 1 V potential window. In order to better quantify this
effect impedance methods were employed.
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Figure 4 (A) Cyclic voltammograms (scan rate 50 mV s™', second
cycle shown) for a solution containing 5 mM K3Fe(CN)g, 5 mM
K4Fe(CN)s and 0.1 M KNO; at a 3 mm diameter glassy carbon

working electrode before PEG400 attachment (i), after 10 min (ii),
after 30 min (iii), and after 60 min (iv) at +1.2 V vs. SCE. (B) As
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above, but with no PEG film (i) and a PEG400 film attached by
anodic treatment for 20 min at (ii) 1.0 V and (iii) +1.6 V vs. SCE.

A change in heterogeneous standard rate constant for electron
transfer k, can be observed either by cyclic voltammetry or
determined more quantitatively using electrochemical impedance
spectroscopy. The effect of PEG attachment was investigated using
PEG400 for both glassy carbon (GC) and for boron doped diamond
(BDD) electrodes. Impedance measurements were performed in
aqueous solution containing 5 mM K3Fe(CN)g, 5 mM K Fe(CN)g
and 0.1 M KNO; at open circuit potential (OCP). Figure SA and 5B
show Bode plots for data obtained as a function of attachment
potential. Equivalent circuit data fitting based on a simple Randles
circuit’ (see inset Figure 3A) was used to determine the charge
transfer resistance, R, which enabled the standard rate constant for
heterogencous electron transfer, k,, for the Fe(CN)¢>"* redox couple
to be calculated based on equation 3.

RT

= 3)
F cAR,

kq

In this expression, R is the universal gas constant (8.314 J K! mol‘l),
T is the absolute temperature, F is Faraday’s constant, 4 is the
geometric surface area, and c is the bulk concentration for the case
that ¢ = ¢(Fe(CN)¢™) = c(Fe(CN)¢").
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Figure 5. (A,B) Bode impedance plots for a solution containing 5
mM K;3Fe(CN)s, 5 mM KyFe(CN)g and 0.1 M KNO; at a 3 mm
diameter glassy carbon working electrode recorded at OCP (i) with
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no PEG film, and with a PEG400 film attached at (ii) 1.0 V, and at
1.6 V vs. SCE for 20 min deposition. (C) Plot of the standard
heterogeneous rate for electron transfer versus attachment potential
for glassy carbon () and for boron-doped diamond (4). Line
provided to aid the eye.

As the PEG attachment potential was increased, R, for the
Fe(CN)¢** redox system increased, which indicates the rate of
electron transfer for the process is decreasing (see Figure 5C). The
solution resistance, R,, was typically 114 Q in all experiments and
the double layer capacitance, Cy, was typically 1.7 uF and 2.4 uF on
glassy carbon and on boron-doped diamond, respectively. These
values were independent of PEG deposition potential and therefore
insensitive to the coverage with PEG. It is proposed that the anodic
treatment of the electrodes in a PEG solution causes oxidative
coupling between the polymer and the carbon substrate consistent
with reports by Maeda,” and that due to high miscibility of PEGs
and water there is no significant change in the double layer
capacitance. Higher deposition potentials lead to faster rates of
oxidative coupling, which appears to result in a more dense PEG
film attachment with improved surface coverage. For glassy carbon,
attachment potential of 1.4 V and 1.6 V vs. SCE gave highly
effective films with R, values too low to be quantified under these
conditions (therefore omitted in Figure 5C).

Field emission scanning electron microscopy (FESEM) was used to
observe the passivating PEG film on a BDD electrode. The PEG film
is very thin and cannot be seen directly by FESEM. Figure 6A and
6B show typical poly-crystalline domain structures with or without
PEG coating. There are no significant morphology changes,
however, due to the insulating nature of the PEG film, modified
regions of the electrode appear darker (see Figure 6C).

This journal is © The Royal Society of Chemistry 2012
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Figure 6. Scanning electron micrographs for (A) a bare boron-doped
diamond, (B) a PEG400 attached boron-doped diamond (20 min at
1.6 V vs. SCE), and (C) a partially PEG400 attached boron-doped
diamond electrode surface.

The minimum potential at which electrodes can be modified with a
PEG layer is dependent upon the nature of the surface. A threshold
potential of +1.0 V vs. SCE had to be overcome for PEG400 to
attach to the boron-doped diamond surface. In contrast, the glassy
carbon surface was modified with PEG400 at about 0.4 V lower
potentials (Figure 5C) but with a second threshold at +1.0 V vs. SCE
for higher coverages. These two thresholds for glassy carbon are
likely to reflect surface reactivity, for example for binding to sp® and
sp’ type carbons and/or edge and plane reactivity on graphite. The
doping-level dependent’' rate of electron transfer at boron-doped
diamond may also contribute to the difference in reactivity. At
attachment potentials above +1.2 V vs. SCE for glassy carbon and
+1.6 V vs. SCE for boron-doped diamond, both PEG400-GC and
PEG400-BDD electrodes had similarly low k, values (between 107
and 10® m s™) for the Fe(CN)s** redox couple (Figure 5C). PEG
films attached to glassy carbon or boron-doped diamond electrode
surfaces are somewhat sensitive to potential cycling over a wider
potential window in aqueous media. Beyond a potential of +1.2 V
vs. SCE in aqueous 0.1 M KNO; a clear loss of the PEG film is
observed (see Experimental).

PEG Attachment to Glassy Carbon: Effect of Chain Length on
Electron Transfer

With attachment parameters optimised, the properties of the PEG
film can be tuned systematically by altering the chain length of the

This journal is © The Royal Society of Chemistry 2012
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polymer. PEGs with an average molecular weight up to 400 are
liquid at room temperature and can therefore be used directly to
attach to electrode surfaces from neat solutions containing 20 mM
LiClO, (see Experimental). In order to investigate the effect of PEG
chain length, PEG films with average molecular weights 200, 300
and 400 g mol! were deposited onto a glassy carbon electrode. The
standard heterogeneous rate constant for electron transfer for the
Fe(CN)s™"* redox system was then determined from data recorded in
impedance measurements (see Figure 7). Values for R, and C,; were
not significantly affected.

The rate of electron transfer sequentially decreased as the average
molecular weight of the polymer increased. The longer PEG chains
are likely to form a thicker layer on the electrode surface and thereby
cause an increase in the tunnelling distance for electron transfer. The
increased tunnelling distance decreases the rate of electron transfer
exponentially (with a Gamov-type exponential decay law for
tunnelling through a monolayer’?) as predicted by quantum
mechanics (equation 4).

ko(monolayer) = kq(substrate) x exp(-£d) 4)

In this expression the standard heterogeneous rate constant for
electron transfer through a monolayer, ky(monolayer), is given by the
limiting value ko(substrate), the tunnel distance coefficient, which is
approximately =1 A" for alkyl chains,*** and the tunnel distance
d (A) = 5.6 + 1.3xCH, (where x is the number of CH, units)
estimated for alkyl chains. When PEG is attached to the glassy
carbon surface, it can be considered to act as a similar insulating
layer, however, with the important difference of being water
miscible and therefore not creating a separate phase. As the chain
length of the polymer increases, the thickness of the insulating layer
does so accordingly, and the rate of electron transfer is reduced.
However the rate of decrease exhibits more complexity. A non-linear
plot (Figure 7C) suggests that the effect of PEG films of higher
molecular weight is higher compared to that of lower molecular
weight (the £ -value seems to increase). For the initial part of the
plot, the 3 -value (ca. 0.17 A™") for all PEG attachments is estimated
to be much lower compared to that for alkyl chains (5 -value 1.0 A”
". Both, the fact that water penetrates into the film (through the
diffuse phase boundary) and the unknown (less than perfect)
coverage may contribute to this effect.

J. Name., 2012, 00, 1-3 | 5
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Figure 7. (A,B) Bode impedance plots for a solution containing 5
mM K;Fe(CN)g, 5 mM KyFe(CN)g and 0.1 M KNO; at a 3 mm
diameter glassy carbon working electrode recorded at OCP (i) with
no PEG film, (ii) PEG200-GC, (iii) PEG300-GC, and (iv) PEG400-
GC after a 20 min attachment at +1.2 V vs. SCE. (C) Plot of In(%,) as
a function of PEG average molecular weight. Also shown is the
“average d” scale based on tunnel distance d (A) = 5.6 + 3.9n(O-
CH,-CH,). (D) Schematic drawing of the interfacial electron
transfer.

PEG Attachment to Glassy Carbon: Effect on 1,1’-Ferrocene-
dimethanol Electron Transfer and Mediation

Although PEG is completely miscible with water, a thin and dense
film of PEG attached to an electrode surface can be considered as a
separate surface phase with diffuse phase boundary to the bulk
solution. Species which are insoluble in PEG will not be able to
penetrate into the film, whereas compounds that solubilise in PEG
should pass through unhindered. This can be demonstrated with the

6 | J. Name., 2012, 00, 1-3

more hydrophobic one-electron redox 1,1’-ferrocene-

dimethanol (equation 5).

system

CH,OH

- _CH>OH
L ;
Fe

="

I -

& cion & ch0n )
The voltammetry of 1,1’-ferrocene-dimethanol (Fc(CH,OH),)

without and with the PEG attachment at the electrode surface was
examined. The cyclic voltammetry data for Fc(CH,OH), (see Figure
8A) shows highly reversible characteristics with E;;y = 0.22 V vs.
SCE consistent with literature® with no change in peak-to-peak
separation between an unmodified electrode and an electrode with
different types of PEG grafted onto the surface. When analysed
based on equation 2, the peak current of ca. 7 pA is consistent with
the previously reported36 diffusion coefficient of Dgrocencdimethanol 0-6
%10 m%s™!.

This voltammetric behaviour was observed on both GC and BDD
electrodes. For Fc(CH,0H), the rate of electron transfer appears to
remain fast (reversible) and is therefore likely to be independent
upon attachment time, attachment potential, and length of the
surface-attached PEG chain. It is proposed that the rate of electron
transfer does not significantly decrease at a PEG-modified electrode
(for both glassy carbon and boron-doped diamond) for Fc(CH,OH),
because the more hydrophobic redox species can diffuse more
deeply into the PEG layer (Figure 8E) with less effect on the electron
tunnelling distance compared to that for Fe(CN)¢>"*. The apparent
selectivity of the PEG-modified electrode between the two one-
electron redox systems could have implications and applications in
electrochemical sensing, for example when exploited for suppressing
unwanted background current responses or when “amplifying” the
signal for low concentration mediators (vide infra).

Both redox systems, K Fe(CN)s and Fc(CH,OH),, exhibit similar
electron transfer kinetics at an unmodified electrode and similar E ;4
values, 0.19 V and 0.22 V vs. SCE, respectively. With F¢(CH,OH),
having a marginally higher reversible potential, a redox mediation
process should be possible. Fc(CH,OH), has been employed as
redox mediator previously, for example for redox proteins.’’
Fc(CH,OH), is employed here to mediate the oxidation of
K4Fe(CN)g at a PEG400 modified glassy carbon electrode.

An optimised PEG400 modified glassy carbon electrode was
prepared using a fixed deposition potential of +1.6 V (vs. SCE) for
20 minutes. Cyclic voltammetry was then performed using a mixture
of K4Fe(CN)s and Fc(CH,OH),. Figure 8B shows voltammetric
responses for 0 to 50 pM Fc(CH,OH), and 10 mM Fe(CN)*. The
mediated electron transfer is clearly observed even for 5 puM
Fc(CH,0H), with a gradually increasing limiting current (kinetically
limited, see Figure 8Bii and 8Biii). For concentrations of 50 uM or
100 uM Fc(CH,0H), peak-shaped current response features are
observed due to the onset of mass transport effects. The gradually
increasing nature of the kinetically limited current with applied
potential suggests either (i) the rate is in part limited by slow (non-
Butler-Volmer) Fc(CH,OH), oxidation at the electrode surface or
(ii), may be less likely, the positive applied potential can affect the
bimolecular electron transfer, for example by allowing Fe(CN)s* to
penetrate deeper into the PEG layer.

This journal is © The Royal Society of Chemistry 2012
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Figure 8. (A) Cyclic voltammogram (scan rate 50 mVs™, second
cycle) for the oxidation of ca. 0.5 mM Fc¢(CH,OH), in 0.1 M KNO;
with different PEG length surface modifications on glassy carbon.
(B) Cyclic voltammograms (scan rate 50 mVs™, second cycle) for
fixed 10 mM Fe(CN),* in 0.1 M KNO, with increasing
concentration ((i) 0 uM, (ii) 5 uM, (iii) 10 uM, (iv) 20 uM, (v) 50
uM) of Fc(CH,OH), at a PEG400-GC electrode (attachement 20 min
+1.6 V vs. SCE). (C) As above, but with fixed 100 uM Fc¢(CH,0H),
and with increasing concentrations ((i) 0, (ii) 1, (iii) 2, (iv) 5, and (v)
10 mM) of K4Fe(CN)s. (D) Plot of peak current versus K Fe(CN)g
concentration. (E) Schematic drawing of the mediated electron
transfer.
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For a concentration of 10 uM F¢(CH,OH), and 10 mM Fe(CN)¢",
the kinetically limited current is approximately 10 pA (see Figure
8B). This case can be considered a transition case between slow
electron transfer to the Fc(CH,OH), (for lower Fc¢(CH,OH),
concentrations) and onset of Fe(CN)s" depletion (for higher

Fc(CH,OH), concentrations. This limiting current, 10 pA,
corresponds to a diffusion layer thickness of 5dﬂ _ :@=
ijusion I

lim
380 nm (with D = 0.6 x 10° m’s™"). This diffusion layer thickness
can then be equated with a reaction layer thickness of approximately

s D for the homogeneous bimolecular

reaction

K ot X[Fe(CN )]
electron transfer, which is rate limiting here. The bimolecular rate
constant for forward electron transfer is estimated as Kjppeg = 4 %
10° mol! dm?® s'. Forward and backward rate constants are linked

via equation 6 and therefore kypuarg = 1 % 10° mol™! dm® s,

k
—FAE, , = RTIn—2""% ©)

backward

For a fixed concentration of 100 uM Fc(CH,OH), present in the
solution (Figure 8C), the voltammetric current response increases
with Fe(CN)¢"". The peak current shows approximately linear
increase with K4;Fe(CN) consistent with the bimolecular mediation
mechanism (Figure 8D and 8E). It is interesting to note that the
redox mediation mechanism operates for both oxidation and
reduction due to the small difference in E,4 for the two redox
systems. Data in Figure 8B and 8C show significant reduction
responses indicative for the conversion of Fe(CN)¢* back to
Fe(CN)¢*. The mediator effect of Fc(CH,OH), is versatile and
potentially useful for future sensor applications with PEG-modified
electrode surfaces.

A confirmation for the validity of the complete set of kinetic and
thermodynamic parameters (Ewia, D, Kprwards Kpackwara) c€an be
obtained from digital simulation (employing the commercial
DigiElch 4.F package). Figure 9B and 9C show simulated data
contrasting with Figure 8B and 8C experimental data. The relatively
good match of experiment and theory confirms the parameters
derived above, but also reveals a further effect. In order to obtain
these simulation data sets, uncompensated resistance has to be
introduced. The value of R =2 kQ for 100 uM, 4 kQ for 50 uM, 10
kQ for 20 uM, 20 kQ for 10 pM, 40 kQ for 5 uM Fc(CH,OH),
appear to scale inversely with the mediator concentration suggesting
that a higher concentration of mediator can reduce the effect (e.g. via
Fc(CH,OH), NO5 in the PEG layer). This resistance also appears to
be potential dependent as can be seen from gradually increasing
currents in Figure 8B. The schematic drawing in Figure 9A suggests
a role of the nitrate anion, but further experimental work will be
required to confirm this hypothesis.
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Figure 9. (A) Schematic drawing indicating the role of nitrate anions
in the PEG film. (B) Digital simulation of cyclic voltammograms
(scan rate 50 mVs™', second cycle) for fixed 10 mM Fe(CN)¢* in 0.1
M KNO; with increasing concentration ((i) 0 pM, (ii) 5 pM, (iii) 10
uM, (iv) 20 uM, (v) 50 uM) of Fc(CH,0H),. (C) As above, but with
fixed 100 uM Fc¢(CH,0H), and with increasing concentrations ((i) 0,
>i1) 1, (ii1) 2, (iv) 5, and (v) 10 mM) of K,Fe(CN). Parameters for
the digital simulation were as given in the text except an additional
uncompensated resistance of R =2 kQ for 100 uM, 4 kQ for 50 uM,
10 kQ for 20 uM, 20 kQ for 10 uM, 40 kQ for 5 uM Fc(CH,OH),.

Conclusions

Systematic mono-layer attachment of PEGs of various chain lengths
has been investigated at carbon and boron-doped diamond electrodes
at appropriate anodic potentials. The thickness and coverage of the
deposited PEG layer depend upon the attachment potential,
attachment time, and the average molecular weight of the PEG. For
more hydrophilic redox systems, such as Fe(CN)¢*”*, the PEG film
effectively passivates the surface of the electrode and reduces the
heterogeneous rate of electron transfer. In contrast, electron transfer
for more hydrophobic species, such as ferrocene-dimethanol,
appears not significantly impeded by a PEG attachment. Combining
these two redox systems leads to a mediated or “amplified”
electrochemical response whereby the hydrophobic ferrocene
derivative mediates the oxidation of ferrocyanide. Some aspects of
the mechanism for the amplification process (e.g. novel double
phenomena) require further investigation.

The selectivity of the modified electrode for both glassy carbon
and boron-doped diamond for hydrophobic redox systems
could be beneficial in electroanalytical sensing, for example for
detection of hydrophobic drug molecules. Selective

8 | J. Name., 2012, 00, 1-3

amplification based on (i) electrode surface design and (ii) a
suitable redox reservoir system could significantly increase
sensitivity and reveal the presence of traces of materials. The
limit in this type of amplification is given by the bimolecular
electron transfer process, which in turn is dependent on the
difference in midpoint potentials for analyte mediator and
amplifier redox systems.
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