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Chemical modification of gold electrodes via
non-covalent interactionsf

Brian R. Lydon, Alex Germann and Jenny Y. Yang*

Chemically modifying electrode surfaces with redox active molecular complexes is an effective route to
fabricating tailored functional materials. Surface modification has generally required the installation of
reactive functional groups for direct covalent attachment that can present synthetic challenges. An
alternative, milder method that utilizes n-interactions to physisorb the molecular complex onto a surface
is described herein. Firstly, a gold electrode was modified with pyrene via covalent thiolate bonds.
A pyrene-functionalized ferrocene was then physisorbed onto the pyrene-modified gold electrode. X-ray
photoelectron spectroscopy, infrared spectroscopy, and cyclic voltammetry were used to demonstrate
successful physisorption of the pyrene-functionalized ferrocene onto the pyrene-modified gold surface.
Physisorption is attributed to pyrene—pyrene (n) interactions, as the ferrocene compound was not
observed after identical treatment of a clean gold electrode surface. Additionally, cyclic voltammetry
demonstrates facile electron transfer between the electrode and ferrocene through the non-covalent
interactions at the interface. Since this approach of surface modification only requires functionalizing the
target molecular complex with the relatively inert pyrene functionality, it broadens the range of experi-
mentally accessible molecular precursors for chemically modified electrodes.
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Introduction

Electrode surfaces modified with redox-active molecules have
demonstrated significant utility in fundamental electron trans-
fer studies and the development of tailored electroresponsive
materials."® Preparation of chemically modified electrodes
typically requires attachment of the target molecular complex
to the surface via covalent bonds. However, the reactive func-
tional groups used to form covalent bonds to electrode sur-
faces (i.e. thiols to metallic surfaces, carboxylic acids and
phosphonic acids to metal oxides)’ are often synthetically
incompatible with molecular complexes containing open
coordination sites or sensitive functional groups. The techni-
cal challenges inherent to this approach have limited the
scope of molecular complexes that can be used for electrode
surface modification.

In contrast, physisorption of pyrene functionalized mole-
cular complexes to carbon nanotubes or graphitic electrodes
(i.e. highly oriented pyrolytic graphite) has been very success-
ful. The n-n interaction at the interface demonstrates facile
electron transfer between the electrode and molecular com-
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plexes. Additionally, pyrene is relatively inert and has already
been successfully installed on a broad range of molecular com-
plexes and sensitive biological molecules with desirable cata-
lytic, redox, or sensing properties.'®>* However, this approach
of non-covalent attachment had been limited to modifying
carbon based electrodes with aromatic character.

We report herein a method of extending non-covalent
attachment of molecular complexes onto non-carbon electro-
des by pre-functionalizing the surface with covalently bound
pyrene, as shown in Scheme 1. Again, the relatively unreactive
nature of pyrene results in synthetically accessible derivatives
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that can be used to form covalent bonds to a variety of sur-
faces. A pyrene-functionalized molecular complex is then
physisorbed onto the surface through n-interactions.

To demonstrate the feasibility, stability, and facile electron
transfer of this new method of surface modification, a pyrene
monolayer was established on a gold foil electrode. A pyrene-
functionalized ferrocene with well-defined redox properties
was used to interrogate physisorption and electron transfer at
the interface. The studies confirm that covalently bound
pyrene can sufficiently alter the surface properties of the elec-
trode to allow physisorption and electron transfer to pyrene-
functionalized molecular complexes.

This method represents a more benign route to functiona-
lize electrodes with sensitive molecular complexes, effectively
expanding the scope of molecular species that can be used to
modify non-carbon surfaces. This approach would be generally
useful for the broad range of applications for chemically modi-
fied electrodes in chemical sensing, energy conversion and
storage, molecular electronics, and electrochromic materials.

Experimental

General experimental procedures

"H NMR spectra were recorded on a Bruker CRYOS500
(500 MHz) spectrometer at 20 °C. All "H chemical shifts have
been internally calibrated to the monoprotio impurity of the
deuterated solvent. '*C NMR spectra were recorded on a
Bruker CRYO500 (126 MHz) at 20 °C.

All electrochemical experiments were carried out in air in
0.1 M perchloric acid solutions. Cyclic voltammetry experi-
ments were performed with a Pine Wavedriver 10 potentiostat
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using Aftermath software. All potentials are referenced to Ag/
AgCl unless otherwise noted. Electrospray ionization (ESI)
mass spectra were collected using an ESI LC-TOF Micromass
LCT. High resolution mass spectra were obtained from a
Waters (Micromass) LCT premier #1.

Fourier transform infrared (FTIR) surface spectra of the
gold electrodes and compound 1 were collected on a Jasco
FTIR-4700 — ATR-PRO ONE in air. FTIR of molecular com-
pound 2 was recorded on a Thermo Scientific Nicolet iS5
spectrometer with an iD5 ATR attachment in a nitrogen filled
glovebox. Samples were prepared by evaporating a dichloro-
methane solution of the sample onto the ATR crystal.

X-ray photoelectron spectra were acquired with a Kratos
Analytical AXIS Supra spectrometer utilizing monochromatic
Al Ka radiation (1486.7 eV, 250 W) under ultra-high vacuum
(UHV) conditions (~107° Torr). The binding energies were
referred to the Au 4f;, signal at 84.0 eV. Survey scans were
used for elemental composition of the gold surface to demon-
strate purity while high resolution region scans provided infor-
mation on chemical shifts and position of peaks for specific
elements. Spectral data was analysed using Computer Aided
Surface Analysis for X-ray Photoelectron Spectroscopy
(CasaXPS). Shirley or linear backgrounds were used and Gaus-
sian-Lorentzian lineshapes were used to model peaks. An
offset Shirley background was required only for the Fe 2p XP
spectrum shown in Fig. 1.
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Fig. 1 (a) Fe 2p XP spectrum and (b) S 2p XP spectrum of a gold surface
after covalent attachment with pyrene followed by treatment in a 1 mM
solution of 2.
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Synthesis and materials

All reactions and manipulations were performed under a nitro-
gen atmosphere using standard Schlenk techniques or a
Vacuum Atmospheres glovebox unless otherwise indicated.
Gold foil, 0.01 mm thickness, 99.9% pure, was purchased from
Goodfellow. Solvents, with the exception of isopropanol and
methanol, were dried using an activated alumina column.
Water was purified by a Barnstead NANOpure ultrapure water
system. All glassware was cleaned by immersion in concentrated
chromic acid solution prepared using a literature procedure.>®
Sonication was performed in a SPER scientific ultrasonic
cleaner (42 MHz). 1-(Bromomethyl)pyrene’® was prepared using
a previously published procedure.”” All other chemicals were
purchased and used without further purification.

Synthesis of molecular precursors

S-(Pyren-1-ylmethyl)  ethanethioate (1). 1-Bromomethyl-
pyrene (295 mg, 1.00 mmol) was added to a vial with acetone
(20 mL), forming a red suspension upon stirring. After
addition of potassium thioacetate (137 mg, 1.20 mmol) in two
portions, the suspension turned yellow. The resulting mixture
was stirred for two days before the solvent was removed in
vacuo. The solid was redissolved in dichoromethane and fil-
tered through celite to remove a white solid impurity. The
solvent was removed from the filtrate to furnish a light red
solid, which was washed with pentane in order to isolate the
light peach product (232 mg, 0.800 mmol, 80% yield). "H NMR
(500 MHz, CDCL,): & = 2.38 (s, 3H, ~CHS), 4.88 (s, 2H, ~-CH,-),
8.00-8.21 (m, 9H, Pyr-H). *C NMR (126 MHz, CDCl;): § =
30.45, 31.76, 122.91, 124.79, 124.91, 125.11, 125.38, 125.46,
126.13, 127.45, 127.50, 128.01, 128.11, 128.93, 130.54, 130.83,
131.10, 131.33, 195.35. HR-MS: m/z calc. for [C19H14OS]Na+:
313.0660; found: 313.0663.

1-Pyrenylferrocene (2). Ferroceneboronic acid (100 mg,
0.435 mmol), 1-bromopyrene (120 mg, 0.427 mmol), and
Pd(dppf)Cl,-CH,Cl, (32 mg, 0.044 mmol, 10 mol%) (dppf =
1,1-bis(diphenylphosphino)ferrocene) were added to di-
methoxyethane (8 mL) in a Schlenk tube charged with a
stirbar. NaOH (1.2 g, 30 mmol) was added to the flask in H,O
(2 mL) to make a 10 mL, 3 M solution. The tube was sealed
and heated at 85 °C in an oil bath for 5 days. Dichloromethane
was added to the resulting brown sludge, which was filtered
through a silica plug to remove the residual catalyst and water.
The resulting mixture was purified by column chromatography
using n-hexane as the eluent, and the second fraction (red) was
collected and the solvent removed in vacuo. The resulting solid
was washed in cold n-hexane to yield the pure 1-pyrenylferro-
cene as a red/orange solid (30 mg, 0.08 mmol, 20% yield). "H
NMR (500 MHz, CDCL;): § = 4.22 (s, 5H, CsH;), 4.49 (t, 2H,
Cp-H), 4.84 (t, 2H, Cp-H), 7.99 (t, 1H, Pyr-H), 8.06 (t, 3H, Pyr-H),
8.16 (qd, 3H, Pyr-H), 8.41 (d, 1H, Pyr-H), 8.76 (d, 1H, Pyr-H).
C NMR (126 MHz, CDCl;): § = 68.71, 69.92, 71.07, 87.38,
124.48, 124.69, 125.00, 125.07, 125.12, 125.54, 126.08, 126.95,
127.09, 127.60, 128.82, 128.88, 129.93, 131.09, 131.77, 134.22.
HR-MS: m/z calc. for [C,¢H;gFe]: 386.0758; found: 386.0764.
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Preparation of chemically modified gold electrodes

All glassware used in the following preparations were cleaned
in a concentrated chromic acid bath solution (chromerge) for
at least 1 hour and then rinsed thoroughly with water before
being dried in an oven.

Gold substrate preparation. In air, a square 1 cm> Au foil
electrode was cleaned by electrochemical cycling between
—0.3 Vand 1.7 Vin 1 M H,SO,. The foil was then boiled in
nitric acid for 1 hour to remove organic residue and rinsed
with water and electronic grade isopropanol (99.999%). The Au
electrode was then sonicated for 15 minutes in water and re-
rinsed with water and isopropanol.

Pyrene chemisorbed monolayer formation. Ethanol (2 mL)
was added to S-(pyren-1-ylmethyl) ethanethioate (1) to make a
suspension. Tetrahydrofuran was added drop-wise to the sus-
pension until 1 was completely dissolved to give an approxi-
mately 1 mM solution. The Au electrode was added to this
solution along with 25 pL of 14.8 M aqueous NH,OH. The
sample was heated to 70 °C under a nitrogen atmosphere for
48 hours. The Au electrode was then rinsed with dichloro-
methane and methanol before being dried in air under a
stream of nitrogen.

Physisorption of pyrene-functionalized ferrocene (2). The
pyrene functionalized Au electrodes were soaked in a 1 mM
solution of 2 in dichloromethane (3 mL) for 48 hours. The Au
was rinsed (5 x 2 mL) with acetonitrile and dried in vacuo for
at least 1 hour before analysis.

Results and discussion
Synthesis

The thioacetate functionalized pyrene (1) was synthesized for
covalent attachment onto gold. Compound 1 was isolated by
nucleophilic substitution of 1-bromomethylpyrene with potass-
ium thioacetate and was characterized by "H NMR (Fig. S17),
3C NMR (Fig. S21), and high resolution mass spectrometry as
described in the Experimental section. Thioacetate derivatives
have greater stability than their thiol counterparts because they
are not prone to oxidation to form disulfides or sulfoxides,
making them easier to isolate and purify.>® The thioacetate was
deprotected using a strong base (NH,OH) in situ prior to
forming a covalent attachment to the surface. The pyrene-func-
tionalized ferrocene (2) was synthesized via a Pd catalysed cross-
coupling reaction and was characterized by "H NMR (Fig. S37),
3C NMR (Fig. S41), and high resolution mass spectrometry.

Electrode surface analysis by X-ray photoelectron spectroscopy

X-ray photoelectron (XP) spectroscopy was used to characterize
the clean gold electrode surface (survey scan, Fig. S5f). As
expected, no peaks are observed in the S 2p (Fig. S6t) and Fe
2p (Fig. S77) region. After covalent attachment of the thiol-
functionalized pyrene, the XP spectra also showed no features
in the Fe 2p (Fig. S8t) region except a minor peak consistent
with Fe(m) oxide, which we attribute to trace impurities from
the solvents used in sample preparation. Peaks in the S 2p

This journal is © the Partner Organisations 2016
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(Fig. S9t) region were consistent with thiol covalently bound to
gold.”® These features are also observed after treatment with
pyrene-functionalized ferrocene, and are described in more
detail below.

The gold substrate modified by covalent attachment of
pyrene was then soaked in a solution of 2 in dichloromethane
and rinsed with acetonitrile, a solvent in which 2 is also
soluble. The XP spectra for the chemically modified electrode
are shown in Fig. 1. The XP spectrum of the Fe 2p region in
Fig. 1a displays two peaks at 707.6 and 720.3 eV, which corre-
late to the Fe 2p3,, and Fe 2p,,, emissions, respectively. These
features are consistent with spectra taken of surfaces with co-
valently bound ferrocene.***" A broad third peak is seen at
711.6 €V, attributed to the impurity acquired during the mono-
layer formation process described above (Fig. S87).

The XP spectrum of the S 2p region is shown in Fig. 1b. A
doublet in this spectrum was observed at binding energies of
161.2 and 162.2 eV. Modelling this doublet revealed two sets of
doublets correlating to two different sulphur species. The
doublet at binding energies of 162.2 eV and 163.4 eV, rep-
resenting S 2ps,, and 2py/, peaks respectively, and are consist-
ent with sulphur species forming Au-S bonds.>* The lower
intensity doublet at 161.2 eV appears at roughly half the con-
centration of the covalently-bound thiol described above. The
lower intensity doublet does not correlate to peaks that would
result from X-ray damage, unbound thiol, or a gold metal sul-
phide. Another low intensity peak at 168.6 eV (not shown) is
apparent in all samples, and is attributed to a contaminant
metal sulphate species that could not be removed from the
surface through the cleaning methods described. However the
XPS data confirms that (1) the thiol-functionalized pyrene is
covalently attached to the gold surface and (2) the pyrene-func-
tionalized ferrocene is present on the surface.

To confirm that physisorption of the pyrene-functionalized
ferrocene is due to the presence of pyrene covalently attached
to the gold surface, a clean gold electrode was also prepared
and treated with 2 using the exact same procedure used in the
prior experiment. The XP spectrum of this sample, shown in
Fig. $10,t did not show any peaks that correspond to iron, but
instead matched the spectrum of the clean gold surface. The
absence of 2 on the surface indicates that it is washed off of
the surface after treatment when there is no pyrene covalently
attached to the gold. In contrast, the interaction between the
pyrene at the surface and the pyrene functionalized on the
ferrocene is sufficient to maintain physisorption to the
surface, even after the acetonitrile wash.

Electrode surface analysis by infrared spectroscopy

ATR-FTIR measurements were used to characterize the modi-
fied gold electrodes. The infrared vibrational spectra for iso-
lated 1 and 2 are shown in Fig. S11 and S12,T respectively. The
clean gold electrode (Fig. S131) did not show any significant
vibrational stretches and was used as the background subtrac-
tion for subsequent measurements.

An infrared spectrum of the gold surface treated with thiol-
functionalized pyrene followed by physisorption of the pyrene

This journal is © the Partner Organisations 2016
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Fig. 2 FTIR spectrum of a pyrene-modified gold electrode with 2 physi-
sorbed to the surface.

functionalized ferrocene (2) (Fig. 2) displayed peaks at 2925
and 2853 cm™, in the range of an aromatic C-H stretch as
well as an sp® C-H stretch from the bound thiol.

We also examined a clean gold electrode prepared and
treated with 2 using the same procedure described above. The
infrared spectrum of this sample, shown in Fig. S14,T did not
show any significant absorption in the covalent organic region,
but instead appeared very similar to the spectrum of a clean
gold surface. Again, this supports that the covalently-bound
pyrene facilitates physisorption of the pyrene-functionalized
ferrocene.

Electrochemical characterization of modified electrodes

The electrode materials were investigated using cyclic voltam-
metry in 0.1 M perchloric acid. The cyclic voltammograms of
clean gold electrodes, as well as electrodes modified with
pyrene, did not show any features between 0.3 and 0.7 V vs. Ag/
AgCl, as shown in Fig. S15 and S16,T respectively. However,
upon treatment of the latter surface with pyrene-functionalized
ferrocene (2), a reversible couple is observed (E;;, = 495 mV)
(Fig. 3a).

Cyclic voltammograms of 2 taken under homogeneous con-
ditions in acetonitrile displays a 1 e reversible couple, as
shown in Fig. S17-519.1 Due to the insolubility of 2, we were
unable to perform a similar homogeneous cyclic voltammo-
gram in 0.1 M perchloric acid to compare to the redox event
we observe after physisorption to the surface. However, the E;,
value we observe is consistent with similar reports of surface
bound ferrocene species measured in aqueous solvents.** The
scan rate also displays a linear dependence on the peak anodic
or cathodic current (Fig. 3b), indicating fast electron transfer
to a surface-bound species.

Surface coverage of 2 was estimated by integration of the
faradaic current of the anodic wave. Surface coverage was cal-
culated between I" = 5-28 pmol cm > across all samples. The
same method was used to analyze the stability of 2 bound to
the surface after repeated oxidation/reduction cycles
(Fig. S207t). Experiments with up to 100 redox cycles did not
show evidence for loss of 2 from the surface, as the Faradaic
current for the cathodic and anodic events remains relatively
constant. The results of this experiment, summarized in

Inorg. Chem. Front., 2016, 3, 836-841 | 839
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Fig. 3 Electrochemical characterization of 2 non-covalently bound to a
pyrene-modified gold surface. (a) Variable scan rate cyclic voltammo-
gram of a chemically modified gold working electrode in 0.1 M HCIO,4
solution with Ag/AgCl reference and a glassy carbon auxiliary electrode.
(b) Current density vs. scan rate plot from the cyclic voltammogram
in (a).

Table S1,T suggest good stability of the n—n interactions under
redox conditions in acidic media.

A clean gold electrode treated with 2 under the same con-
ditions did not show any redox active species in the same
range (Fig. S217), indicating no physisorption of the ferrocene
to clean gold surfaces. This is consistent with the conclusions
from the XPS and infrared spectroscopy measurements.

Conclusions

The surface characterization studies demonstrate that modifi-
cation of a gold electrode by covalent attachment of pyrene
permits physisorption of a pyrene-functionalized ferrocene.
Furthermore, the pyrene-functionalized ferrocene is stable on
the surface even after washing with solvents in which the
molecular species is soluble. The electrochemical studies
demonstrate that electron transfer through this interface is
facile, demonstrating ideal reversible behaviour for the ferro-
cene redox couple.

This approach towards chemically modifying a surface
requires covalent attachment of pyrene to the target surface,
which is generally facile because of the inert nature of pyrene
and ease of installing a wide variety of functional groups. More
significantly, this method permits modification of surfaces
with pyrene-functionalized molecules, which are synthetically
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more accessible than many of the reactive functional groups
traditionally used to form covalent bonds at the surface. Non-
covalent attachment of molecular complexes functionalized
with pyrene has demonstrated great success in modifying
carbon-based electrodes; the method described herein extends
this utility to alternative electrode surfaces.
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