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ABSTRACT

A series of ferrocene-based electroactive molecules (EAMs) containing maleimide and disulfide groups in different asymmetric and branched
architectures were designed and synthesized. Stable monolayers of each EAM on gold electrodes were confirmed by cyclic voltammetry.
Importantly, these EAMs expand the repertoire of monolayer building blocks amenable to modular biofunctionalization for applications in
electrochemical biosensor fabrication.

The anchoring of functional thiol and disulfide molecules to
electrodes by way of gold-sulfur interactions provides a
powerful yet facile strategy for tailoring interfacial surface
properties through the formation of self-assembled mono-
layers (SAMs).1 Within this context, electroactive SAMs
have emerged as attractive platforms for understanding and
manipulating nanoscale charge transfer2 with applications
ranging from molecular electronics3 and information storage4

to cell adhesion5 and chemical/biological sensor fabrication.6

Consequently, the pursuit of SAM building blocks in the
form of organosulfur compounds functionalized with redox-
active groups remains an important objective in modern
synthetic chemistry.7
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Our interest in SAMs as electrochemical biosensor plat-
forms prompted an investigation into ferrocene-based elec-
troactive molecules (EAMs) to serve as signal transduction
scaffolds amenable to modular biofunctionalization. To this
end, we report the synthesis and electrochemical SAM
characterization of a series of EAMs that combine ferrocene,
maleimide, and disulfide groups in different architectures.
Each EAM was designed to facilitate dilute mixed mono-
layers of ferrocene and maleimide groups in close spacial
proximity. Ferrocenes were chosen as model redox probes
due to their well-known, reversible electrochemistry in
SAMs.8 Maleimides were incorporated as cross-linking
functional groups to allow for modular immobilization of
sulfhydryl-containing biomolecules following monolayer
assembly.9 Disulfides were employed as gold-anchoring
groups due to compatibility with maleimides and to impart
the practical advantage of air stability. Importantly, these
EAM architectures are generalizable to alternate redox motifs
and designed to serve as electrochemical signaling scaffolds
for comprehensive studies that probe the influence of
biomolecule ligand-receptor interactions on the reorganiza-
tion energies of transition metal-modified SAMs.10

Structures of the EAMs (1-5) presented in this work are
shown in Figure 1. For each EAM in the series, ferrocene

was linked to the disulfide bridging framework via an
amidomethyl group to impart a consistent electronic influence
on the oxidation potential. EAMs 1 and 2 comprise asym-
metric dialkyl disulfides end-functionalized with ferrocene
and maleimide groups of different bridge lengths. Asym-
metric disulfides are known to produce mixed SAMs with

well-defined surface compositions and have been shown to
avoid phase segregation when diluted with symmetric
disulfides in some instances.11 Therefore, EAMs 1 and 2
provide a means for preparing dilute SAMs on gold with
neighboring ferrocene and maleimide terminal groups in a
single incubation step. Alternatively, EAM 3 was designed
with ferrocene and maleimide groups arranged as terminal
branching groups from a single amino acid-functionalized
asymmetric disulfide bridge. The branched headgroup of 3
will ensure nearby ferrocenes and maleimides in dilute SAMs
but may alter the surface coverage and packing compared
to 1 and 2.12 Lastly, EAMs 4 and 5 were designed with
similar amino acid-branched ferrocene and maleimide head-
groups linked to lipoic acid and dithiazepane-capped oli-
gophenylethynyl bridges, respectively. These branched EAM
architectures were chosen to provide different bridge lengths
and permit bipodal gold anchoring.13

The syntheses of asymmetric EAMs 1 and 2 are shown in
Scheme 1 and adapted from established asymmetric disulfide

methodology.9a Starting from 11-mercapto-N-(ferrocenyl-
methyl)-undecanamide 6,14 the thiol was treated with 2,2′-
dipyridyl disulfide and TEA to yield the pyridyl disulfide
derivative 7. Subsequent displacement of the thiopyridyl
group with MUA generated the intermediate ferrocenyl
asymmetric disulfide 8. The carboxylic acid group of 8 was
activated with HATU and coupled to MPS-EDA to yield
the target EAM 1. Similar coupling conditions were em-
ployed between 8 and 2-maleimidoethylamine to afford EAM
2.

The syntheses of asymmetric-branched EAM 3 and
branched EAM 4 proceeded from common precursors as
shown in Scheme 2. Aminomethylferrocene 915 was coupled
to N-ε-maleoyl-R-Boc-L-lysine 1016 using HATU to yield
the ferrocenyl-maleimide branched subunit 11. Conversion
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Figure 1. Structures of asymmetric (1-2), asymmetric-branched
(3), and branched (4-5) EAMs prepared in this study.

Scheme 1. Syntheses of Asymmetric EAMs 1 and 2
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of 1-undecanethiol into pyridyl disulfide derivative 12
followed by displacement of the thiopyridyl group with MUA
yielded asymmetric disulfide anchoring intermediate 13.
Removal of the Boc group in 11 with HCl followed by
coupling to 13 with HATU afforded asymmetric-branched
EAM 3 in modest yield. Alternatively, 11 was deprotected
and treated with LA-NHS17 and DIPEA to yield branched
EAM 4.

The synthetic procedure for branched EAM 5 began by
coupling 9 to N-Boc-4-iodo-L-phenylalanine 14 using EDC
and HOBt to yield 15 (Scheme 2). Subsequent Pd/Cu
catalyzed cross-coupling of 15 with 1-ethynyl-4-(trimethyl-
silylethynyl)benzene 1618 yielded intermediate 17. Removal
of the TMS group from 17 with TBAF afforded 18 which
was further coupled with 5-(4-iodophenyl)-[1,2,5]-dithiaz-
epane 1913a using alternate cross-coupling conditions to yield
the ferrocenyl-branched oligophenylethynyl “wire” interme-
diate 20. It should be noted that repeated attempts to remove
the Boc group in 20 under strongly acidic conditions (HCl
or TFA) resulted in decomposition of the conjugated
electron-rich wire framework. However, cleavage of the Boc
group with TMSI19 and 2,6-lutidine in DCM proceeded
smoothly to afford amine derivative 21. Further coupling to
MPS in DCM with DIPEA yielded the target branched EAM
5.

Mixed SAMs of EAMs 1-5 were prepared by incubating
gold microelectrodes in ethanolic solutions of the respective
EAM (0.1 mM) with undecyl disulfide ((C11S)2, 0.5 mM)
and bis(11-hydroxyundecyl) disulfide ((HOC11S)2, 0.5 mM)
diluents for 18 h. Following extensive washing, the SAMs
were characterized by cyclic voltammetry (CV) (see Sup-
porting Information).

Briefly, the CV experiments employed an electrochemical
cell with SAM-modified gold as the working electrode (d )
0.25 mm), a platinum wire counter electrode, and a silver
wire quasi-reference electrode (Ag QRE). Potentials relative
to an internal standard redox couple of 1,1′-ferrocene
dimethanol were 36 ( 1 mV more negative than those versus
Ag QRE. The reported potentials herein are relative to Ag
QRE.

Table 1 summarizes the following electrochemical pa-
rameters from the SAMs of each EAM: apparent formal
potential (E0′),20 peak splitting between anodic and cathodic
waves (∆Ep), full-width at half-maximum (∆Efwhm), ratio of
anodic and cathodic peak currents (ipa/ipc), and ferrocene
surface coverage (ΓFc). The ΓFc values were estimated from
the charge passed for the oxidation of ferrocene during the
anodic sweep.21 For reference, the generally accepted
theoretical maximum ΓFc for a hexagonally closed-packed
ferrocenyl-alkanethiolate monolayer (Fc diameter ) 6.6 Å)
on gold is 4.5 × 10-10 mol·cm-2.22 Further, the entropically
determined ideal reversible one-electron faradaic response
for identical, noninteracting redox groups in a SAM is
defined by a symmetric waveshape with ∆Efwhm of 90.6 mV
and ∆Ep ) 0 at 25 °C.8

Representative CVs of the resulting SAMs from each
EAM are shown in Figure 2. In all cases, a single set of
symmetric faradaic peaks were observed corresponding to
one-electron redox processes of immobilized ferrocenes.
Repeated CV scans did not influence peak appearance
suggesting SAM stability. To evaluate monolayer integrity
under analogous conditions for maleimide-terminated SAM
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Scheme 2. Syntheses of Asymmetric-Branched EAMs 3 and
Branched EAMs 4 and 5

Table 1. Electrochemical Properties of EAMs 1-5 in Diluted
SAMs on Gold Microelectrodesa

EAM E0′ (mV) ∆Ep (mV) ∆Efwhm (mV) ipa/ipc ΓFc (x 10-11 mol·cm-2)

1 87 8 122 0.9 2.73 ( 0.16
2 70 6 112 1.0 2.67 ( 0.28
3 52 11 117 1.0 3.16 ( 0.07
4 62 11 134 1.1 4.80 ( 0.35
5 87 17 108 1.1 6.65 ( 0.14

a Values reported as averages from three different electrodes. Standard
deviations for E0′ and ∆Ep ) 1 mV, ∆Efwhm e 5 mV.
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biofunctionalization,9a SAMs were exposed to aqueous
2-mercaptoethanol (0.5 mM, 2 h). Importantly, less than 1%
loss of faradaic current was observed indicating negligible
EAM exchange under these conditions (see Supporting
Information). The experimental ∆Ep values obtained were
relatively small (ranging from 6 to 17 mV) even at high scan
rate, the ipa/ipc values were near unity, and the anodic peak
currents increased linearly with scan rate (see Supporting
Information) confirming surface confinement of ferrocene
in the SAMs.8

The CVs from SAMs of asymmetric EAMs 1-3 displayed
similar peak shapes with E0′ values ranging from 52 to 87
mV (Figure 2A). The differences in E0′ values may be
attributed to variable ferrocene microenvironments in the
diluted SAMs. The corresponding ∆Efwhm values were in
close agreement and slightly larger than ideal, suggesting

structural inhomogeneity of ferrocenes in the SAMs and/or
ferrocenyl interaction with the interfacial charge of the double
layer.23 The average ΓFc values estimated for EAMs 1-3
were ∼6-7% of the theoretical maximum surface coverage
for a ferrocenyl alkanethiolate SAM on gold.22 These values
are in close agreement with the 5% mole fractions of
ferrocenyl components in the mixed SAM-deposition solu-
tions. It is noteworthy that the ΓFc from EAM 3 is comparable
to EAMs 1 and 2 despite the branched nature of the
ferrocene-maleimide headgroup.

SAMs of branched EAMs 4 and 5 displayed CVs with
E0′ values of 62 and 87 mV, respectively (Figure 2B).
Significantly, the ∆Efwhm value from EAM 4 was the largest
in the series at 134 mV while EAM 5 had a peak shape
closest to ideal with a ∆Efwhm of 108 mV. With only seven
atoms separating the branching methine carbon in EAM 4
from the anchoring disulfide group, it is reasonable to assume
that peak broadening is due to some structural inhomogeneity
of ferrocenes in the SAM with (C11S)2 and (HOC11S)2

diluents.23a In contrast, the closer to ideal ∆Efwhm of EAM 5
implies minimal lateral interaction between redox centers in
the SAM possibly due to the increased bridge length.
Interestingly, the ΓFc values for EAMs 4 and 5 were ∼11
and 15% of the theoretical maximum coverage, respectively.
These significantly higher ΓFc values compared to EAMs
1-3 may be due to different SAM packing geometries and/
or faster adsorption kinetics of the bipodal EAM anchors
compared to the symmetric disulfide diluents.

In summary, a series of ferrocene-based EAMs containing
maleimide and disulfide groups in different asymmetric and
branched architectures have been designed and synthesized.
Mixed SAMs of the EAMs on gold with symmetric disulfide
diluents were characteristic of stable electroactive monolayers
as evidenced by CV. Further studies aimed at biofunction-
alization of these EAM scaffolds in SAMs toward the
fabrication of integrated electrochemical biosensors are
ongoing.
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Figure 2. Overlaid cyclic voltammograms (vs Ag QRE) obtained
for dilute SAMs of (A) EAMs 1-3 and (B) EAMs 4-5 in aqueous
1.0 M LiClO4. Scan rate 10 V·s-1, Pt wire counter electrode, gold
working electrode area ) 4.91 × 10-4 cm2.
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