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Electrons can be passed in various manners at an electrode in
solution through an organic monolayer deposited on con-
ducting surfaces such as metals, doped semiconductors, and
carbonaceous materials. Three different pathways are gen-
erally considered: 1) electron tunneling through the organic
layer or space;l!! 2) direct electron transfer between the
surface and the redox-mediating molecule after diffusion
through the pinholes/defects of the monolayer;*™* and
3) (when the bound monolayer is electroactive) charge
exchange between bound redox centers. This complexity
typically hampers an accurate estimation of the individual
contributions of each pathway. Herein, we propose a general
approach to solve this issue, by using well-defined mixed
monolayers on silicon in combination with scanning electro-
chemical microscopy (SECM).

SECM has been shown to be a powerful tool to analyze
redox-active monolayer or polymer-modified surfaces.” The
major difference from many other electrochemical methods is
that, in SECM, the surface is locally probed from the solution
side with an ultramicroelectrode (UME) and a dissolved
redox mediator. Such a configuration thus permits the
characterization of electroactive layers on insulating surfaces.
Therefore, the contribution of the substrate in the charge
transport mechanism can be eliminated, and subsequently
allows accurate determination of the bimolecular electron-
transfer kinetics between attached and dissolved redox
species.[’]

Recently, we used SECM in feedback mode to delineate
the highly efficient electron communication between oxidiz-
able ferrocene (Fc) centers end-capping an organic mono-
layer linked to an insulating n-type silicon surface.”’ Experi-
ments were performed in the dark to minimize electro-
chemical oxidation.”! The 2D charge propagation between
adjacent Fc groups was so fast that the time resolution of the
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SECM setup only allowed a lower limit for this rate, similar to
ultrafast “charge hopping” in redox polymers® and redox
dendrimers.”'”! To determine this rate constant accurately,
this Communication combines the high monolayer quality of
tailor-made mixed monolayers—to control the rate of elec-
tron communication within the redox-active monolayer—
with complete electrochemical characterization of the at-
tached redox molecule (formal potential, surface coverage).
The latter can be performed by classical electrochemistry by
switching the oxide-free Si substrate from insulating (dark) to
conducting (illuminated). This method gives a unique way to
obtain a full control over the 2D charge propagation rate
between redox centers by changing the chemical environment
surrounding the Fc headgroups and/or specific interactions
between the organic chains.

To this aim, a Fc-terminated monolayer was diluted with
electroinactive dodecenyl chains (Scheme 1). Electron trans-
fer at these Fc-modified surfaces was probed by SECM in
feedback mode in the dark and under unbiased conditions.
This approach enables not only control over the surface
coverage of Fc units but also protrudes the redox centers
above the plane of electroinactive methyl groups.

o /X/ /4

Scheme 1. Preparation of the ferrocene-terminated monolayers on
n-type Si(111) surfaces.

The covalent derivatization of n-type Si(111) by the
single-component Fc-terminated monolayer or mixed n-
dodecenyl/Fc-terminated monolayer is shown in Scheme 1.
In the first step, the thermal reaction of a hydrogen-
terminated silicon surface (H-Si(111)) with neat 10-undecy-
noyl fluoride or mixtures of 10-undecynoyl fluoride and 1-
dodecyne (molar ratios of 50:50 and 10:90) results in a single-
component or mixed acid fluoride/methyl-terminated mono-
layers.'!! The ratio of acid fluoride and dodecenyl chains on
the Si(111) surface was found by X-ray photoelectron
spectroscopy (XPS) to be almost the same as their molar
ratio in the reaction mixture (see the Supporting Informa-
tion). The acid fluoride functionality proved to be both highly
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reactive and selective towards amines,!"! facilitating the
introduction of the Fc units with 2-aminoethylferrocenylme-
thylether, as previously described.l'”

Before analyzing the electron transfer kinetics by SECM,
it is a prerequisite to control both the quality, the compact-
ness, and the cleanliness of the grafted redox monolayers
because such characteristics could considerably affect the
electronic processes occurring at the organic layer. First, the
mean thickness determined by ellipsometry of the Fc-
terminated monolayers increases gradually from 15 to 19 A
as the molar fraction of 10-undecynoyl fluoride in the initial
alkyne mixture is increased (Table 1). Additionally, static

Table 1: Principal characteristics of the ferrocene-terminated monolayers
on n-type Si(111) surfaces.

Surface Mean Contact E* Ferrocene Eq
thickness angle [V vs. SCE]®! coverage [V vs. SCE]
Al [ [molem ™7

Fc10 15 105 0.11 25x107"  —0.95

Fc50 17.5 79 0.14 2.7x107°  —1.03

Fc100 19 69 0.13 50x107'°  —0.94

[a] With water. [b] Formal potential of the ferrocene/ferrocenium couple
observed under illumination (average of anodic and cathodic peak
potentials). [c] The experimental error is 1.5x107"" molcm™2. [d] Flat-
band potential.

water contact angles decrease gradually from 105° to 69°, in
line with reported values for densely packed dodecenyl
(ca.110°)!3 and other purely ferrocenyl monolayers
(ca.70°).1211 XPS analysis reveals characteristic peaks!"™
from the Si substrate itself and from the C,,, Feys, Ny, and
O, core levels of the attached molecules (Figure 1 A and the
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Figure 1. A) XPS Fe,,3/, spectra of Fc100 (red), Fc50 (green), and Fc10
(purple) surfaces. CPS=Counts per second. B) Cyclic voltammograms
under illumination at 0.4 Vs™' of Fc100 (solid line), Fc50 (dotted line),
and Fc10 (dashed line). Electrolyte: CH;CN + 0.1 wm Bu,NCIO,.

Supporting Information). The atomic force microscopy
(AFM) images of electroactive monolayers show atomically
flat, defect-free terraces of Si(111) with 3 A step heights and a
root mean square (rms) roughness of approximately 3.3 A,
which is not dependent on the composition of the mixed
monolayers. This topography is identical to that of H-Si(111)
and other w-functionalized organic monolayers.!'>17)
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Voltammetric analysis of the Fc-modified surfaces in the
dark shows the absence of a significant oxidation current
response. Further addition of Fc in the electrolyte solution did
not modify the signal as expected for a nonconducting
electrode. Upon illumination, a well-defined reversible wave
assigned to the Fc/ferrocenium couple appears at E~ ~0.13 +
0.02 V vs. SCE for the three surfaces (Figure 1B). We note, in
line with other reports,'® that the redox potential of Fc bound
to n-type Si under various illumination intensities is around
300 mV lower than that observed for Fc bound to p-type Si,!*?
as a result of activation of the redox process by photo-
generated electron-hole pairs.

The total surface density of attached Fc moieties (I'r.) was
estimated by integration of the cyclic voltammetry peak to be
5.0%x1071° 2.7x 1071 and 2.5x 10" molcm™2 for the surfa-
ces prepared from neat (Fc100), 50 % (Fe50), and 10 % (Fcl0)
10-undecynoyl fluoride, respectively (Table 1). These values
correspond to surface coverages of 0.39, 0.21, and 0.02 Fc per
surface silicon atom, respectively, considering that the surface
density of Si(111) is 7.8 x 10™* atoms cm 21! A specific area of
approximately 35 A2 per bound Fc moiety was deduced for
the single-component surface, which is in line with the ball-
like shape of the Fc molecules with a diameter of 6.6 A, and
indicative for a densely packed Fc monolayer.

SECM approach curves were recorded using three Fc-
based redox mediators that display increasing values of the
formal potential. Two of the mediators (dimethylferrocene
(FcMe,) and dissolved Fc) display a more positive formal
potential £ (0.32 and 0.40 V vs. SCE, respectively) than that
of grafted Fc, and consequently could be used to oxidize the
bound Fc (Fcg,) centers. The third one (decamethylferro-
cene, FcMe () has a less positive £ (0.0 V vs. SCE) and
consequently could not oxidize Fcy,;. It should be noted that
the £ values of the three mediators are much more positive
than the flat-band potential Ey of modified Si surfaces
(ca. —1.0 V vs. SCE, Table 1 and the Supporting Information),
and, thus, the regeneration of their reduced form at the n-
Si(111) surface is expected not to occur in the dark. There-
fore, the regeneration of the dissolved mediator involves only
the bimolecular electron transfer reaction with Fcg,. In the
case of FcMe,, for all electroactive monolayers, the normal-
ized current (/) at a platinum UME tip approaching the
modified surface rapidly diminishes as the distance d between
the UME and the substrate decreases (Figure 2). The curves
fit the theoretical curve expected for an insulating surface.
This result reflects the absence of regeneration of the
mediator at the interface (negative feedback), as expected
on the basis of the difference of redox potentials.

However, when the mediator is Fc or FcMe,, regeneration
of the reduced form of the mediator by Fc, is now possible
with a rate depending on both the nature of the mediator and
the value of I'g. The experimental approach curves were
fitted with the Bard-Mirkin formalism® to extract the
apparent rate constants k,,, (apparent charge transfer kinetics
between the oxidized mediator and the layer). Interestingly, a
linear dependence of k,,, with I's. is observed for Fc and
FcMe, (Figure2D), which reflects the variations in the
electron-transfer kinetics at the layer, switching from an
extremely slow to very fast process. Under our conditions, the
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Figure 2. SECM approach curves in the dark obtained at a Pt disk
UME tip (radius: 5 um) on the Fc100 (A), Fc50 (B), and Fc10 (C)
modified n-type Si(111) surfaces, using Fc (), FcMe, (O) and
FcMey, (A) as redox mediators (1 mm in DMF + 0.1 m Bu,NCIO,).
D) Plots of k,,, vs. T for the three redox mediators Fc (), FcMe, (0),
and FcMey, (2).

overall SECM process includes the following steps: 1) mass
transfer in the tip/substrate gap; 2) bimolecular electron
transfer between the dissolved mediator and Fcg,; 3) electron
hopping between adjacent Fcg,; and 4)the ejection of
positive charges that occurs on large areas outside the
diffusion cone of the UME (to balance the injection of
positive charges near the electrode).” Slopes of 4.0 x 10° and
1.6 x10*mol 'cm?®s™! could be derived for Fc and FcMe,,
respectively, from the linear k,,, versus 'y plots. In view of
the relative magnitude of the rate constants corresponding to
the steps 2 and 3 (see the Supporting Information), and also
considering step 4 as a fast and efficient process,” the rate-
limiting step of the overall mechanism can confidently be
assigned to electron hopping. This result indicates that the
observed k,,, variations are directly correlated to the kinetics
of lateral charge propagation that depends on the mean
distance between two adjacent Fc centers and thus Iy,

In conclusion, we have demonstrated in this study that the
electronic communication to Fc centers bound to an insulator
can be simply and efficiently controlled by the surface
coverage of the electroactive units and the nature of the
dissolved mediator. A straightforward linear relationship
between k,,, and I'r, was observed. This observation opens up
a promising platform for the design of novel electrochemical
sensors and other electrochemically switchable systems based
on insulating substrates, such as redox-based Boolean logic
gates.””!!

Experimental Section

Electroactive monolayer preparation: We followed a previously
reported procedure for preparation of the acid fluoride functionalized
monolayers.'!) The hydrogen-terminated n-type Si(111) surfaces were
immersed in argon-saturated neat 10-undecynoyl fluoride or mixtures
with 1-dodecyne (GC purity of both compounds >99.9%) at 80°C
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and approximately 10 mbar. The reaction was stopped after 16 h and
the monolayers were rinsed extensively with CH,Cl, and sonicated
for 5 min in CH,Cl, to remove physisorbed molecules.

The single-component and mixed acid fluoride terminated
monolayers were then immersed in a 25 mM solution of 2-amino-
ethylferrocenyl methyl ether in CH,Cl, for 30 min. Afterwards,
samples were rinsed and ultrasonicated with CH,Cl,.
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