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Abstract: Organic electrosynthesis is going through its renaissance but its scope in surface science
as a tool to introduce specific molecular signatures at an electrode/electrolyte interface is under
explored. Here, we have investigated an electrochemical approach to generate in situ surface-tethered
and highly-reactive carbocations. We have covalently attached an alkoxyamine derivative on an
Si(100) electrode and used an anodic bias stimulus to trigger its fragmentation into a diffusive
nitroxide (TEMPO) and a surface-confined carbocation. As a proof-of-principle we have used
this reactive intermediate to trap a nucleophile dissolved in the electrolyte. The nucleophile was
ferrocenemethanol and its presence and surface concentration after its reaction with the carbocation
were assessed by cyclic voltammetry. The work expands the repertoire of available electrosynthetic
methods and could in principle lay the foundation for a new form of electrochemical lithography.
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1. Introduction

Synthetic organic electrochemistry traces its origin back to the work of Faraday and Kolbe and its
green credentials are currently prompting a renaissance [1-3]. Chemical reactions that are coupled to
the flow of electricity allow, for instance, chemists to generate unstable intermediates in situ, to control
very precisely and accurately the supply of reactants and to monitor reaction processes in real-time [4].
While the large majority of the work on synthetic electrochemistry has focused on bulk synthesis [5,6],
there is also a strong motivation to expand electrochemical synthetic methods toward the chemical
modification of interfaces [7-10]. Addressing the molecular details of a surface [11], especially those
of semiconductors, has been central to the development of fields such as molecular electronics [12],
sensing [13], energy conversion [14] and cell biology [15]. Semiconductor electrodes and in particular
silicon electrodes, have the advantage of being readily available in a crystalline form, they have unique
photo-electrochemical properties and can form covalently-bound monolayers [16]. Silicon like all
non-oxide semiconductors is thermodynamically unstable and especially under anodic polarization
in aqueous environments tends to grow an electrically-insulating silica layer [17,18]. A common
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laboratory approach to attach covalently organic molecules on silicon substrates is a three-step wet
chemical process. Removal of the native silica layer with fluoride-containing solutions is followed by
chemical passivation [19] of the hydrogen-terminated silicon surface by means of hydrosilylation of
terminal alkenes or alkynes [20-22] and finally chemical derivatization of the aliphatic monolayer [16].
In this work we seek to expand the chemical repertoires of this last step and explore the synthetic
scope of reactive carbocations in the context of surface chemistry.

There are several methods to generate carbocations in solution [23] but only few examples are
available for electrochemical generation of carbocations at electrodes. We have recently reported
on the putative generation of carbocations at metallic electrodes after the fragmentation of anodic
intermediates of alkoxyamines. Alkoxyamines are heat-labile molecules, widely used as an in situ
source of nitroxides in polymer and materials sciences. We have shown that the one-electron oxidation
of an alkoxyamine leads to an anodic intermediate that rapidly fragments releasing a nitroxide species
at room temperature [24].

In the current work we have developed a surface model system to explore the feasibility of using
surface-tethered carbocations to trap solution nucleophiles. The carbocation is electro-generated in
situ from an alkoxyamine molecule that is exposed at the distal end of an organic monolayer grown
on a Si(100) electrode. By way of applying a positive bias to the Si(100) electrode, the alkoxyamine is
anodically cleaved to release a 2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPO) molecule and generate
a surface-confined carbocation species. The latter is attacked by electron donors via nucleophilic
substitutions. As proof-of-principle we have prepared redox-active monolayers by generating the
surface carbocations in the presence of ferrocenemethanol (2) molecules.

2. Materials and Methods

2.1. Chemicals

All chemicals, unless specified otherwise, were of analytical grade and used as received.
Milli-Q™ water (>18 MQ) cm, Millipore Corporation, Burlington, MA, USA) was used to prepare
solutions and to clean all glassware. Anhydrous solvents used in chemical reactions were purified
under nitrogen by a solvent drying system from LC Technology Solutions Inc. Dichloromethane
(DCM), methanol (MeOH) and 2-propanol were redistilled prior to use. Hydrogen peroxide
(30 wt % in water), ammonium fluoride (Puranal™, 40 wt % in water) and sulfuric acid
(Puranal™, 95-97%) were used to clean the wafers and were of semiconductor grade. 1,8-nonadiyne
(Sigma-Aldrich, 98%) was redistilled from sodium borohydride (Sigma-Aldrich, 99+%) under
reduced pressure (80 °C, 10—12 Torr) and stored under a high purity argon atmosphere prior
to use. Tetrabutylammonium hexafluorophosphate salt (BusNPFs, Sigma-Aldrich, >98%) was
used as a supporting electrolyte. 4-Vinylbenzyl chloride (90%), ammonium sulphite, ferrocene
(98%), ferrocenemethanol (2, 97%) and 2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPO hereafter,
98%) were purchased from Sigma-Aldrich. The surface reactive (azide-tagged) alkoxyamine
1-(1-(4-azidomethyl)phenyl)ethoxy-2,2,6,6-tetramethylpiperidine (1) was synthesized according to
minor modification of previously reported procedure (see Scheme 1) [25]. Prime grade, single-side
polished silicon wafers of 100-orientation (<100> £ 0.5°), p-type (boron-doped) of 100 mm diameter,
500-550 pm thickness and of a nominal resistivity of 0.001-0.003 () cm were obtained from Siltronix,
S.AS. (Archamps, France).
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Scheme 1. Synthesis of the azide-tagged alkoxyamine 1. i. NaNjz, DMF, 82%. ii. TEMPO,
Mn(OAc)3-2H,0, NaBHy, Toluene/EtOH, 50%.

2.2. Synthetic Methods

Thin-layer chromatography (TLC) was performed on silica gel Merck aluminium sheets (60 Fys4).
Merck 60 A silica gel (220-400 mesh particle size) was used for column chromatography. Nuclear
magnetic resonance (NMR) spectra were recorded on a Bruker Avance 400 spectrometer in deuterated
dimethyl sulfoxide (d-DMSO) using the residual solvent signal as internal reference. High-resolution
mass spectral data (HRMS, mass accuracy 2—4 ppm) of alkoxyamine 1 were obtained using a Waters
Xevo QTof MS via ESI experiments and infusing the sample at 8 uL/min.

Synthesis of 4-Vinylbenzyl azide (VBA). Sodium azide (1.30 g, 20 mmol) was added in one portion to a
stirred solution of 4-vinylbenzyl chloride (1.53 g, 10 mmol) in N,N-dimethylformamide (DMEF, 20 mL).
The reaction mixture was stirred at room temperature for 12 h under argon then poured into a large
excess water (100 mL). The mixture was extracted with DCM (3 x 50 mL). The combined organic layers
were then washed with brine (2 x 100 mL), dried over MgSQly, filtered and dried under vacuum to
afford the crude title compound as a brown oily residue. The crude material was purified by silica gel
column chromatography (hexane) to give VBA as a light yellow oil (1.31 g, 82%). '"H NMR (400 MHz,
d-DMSO): 6 7.50 p.p.m. (d, Ar-H, ] =8.12 Hz, 2H), 7.35 (d, Ar-H, ] = 8.04 Hz, 2H), 6.74 (dd, Ar-CH=CH,,
J =17.66 Hz, 1H), 5.85 (dd, Ar-CH=CH,, ] =17.68 Hz, 0.96 Hz, 1H), 5.28 (dd, Ar-CH=CH,, | = 11.84 Hz,
0.92 Hz, 1H), 4.43 (s, Ar-CH,-N3, 2H); '3C NMR (100 MHz, d-DMSO): § 136.96, 136.11, 135.13, 128.69,
126.39, 114.64, 53.32.

Synthesis of 1-(1-(4-Azidomethyl) phenyl)ethoxy-2,2,6,6-tetramethylpiperidine (1). Alkoxyamine 1 was
synthesized from VBA via the following procedure. To an ice-cold solution of TEMPO (0.31 g, 2 mmol)
in toluene/ethanol (60 mL, 1:1, v/v) VBA (3.20 g, 20 mmol) and Mn(OAc)s-2H,0 (5.36 g, 20 mmol)
were added in one portion while stirring in air. Stirring was continued for one min and then a 15-fold
molar excess (with respect to TEMPO) of NaBH, was added in portions over 15 min. After stirring
overnight under nitrogen atmosphere, the residue was isolated by filtration, the filtrate was suspended
in water and the aqueous solution was then extracted three times with DCM. The combined organic
layers were evaporated under vacuum and the crude material was purified by silica gel column
chromatography (ethyl acetate/hexane, 1:40, v/v) to yield alkoxyamine 1 as a colourless oil liquid
(0.32 g, 50%).

TH NMR (400 MHz, d-DMSO): § 7.36-7.29 p.p.m. (m, Ar-H, 4H), 4.75 (q, NO-CH-Ar, | = 13.50 Hz,
1H), 4.42 (s, N3-CHy-Ar, 2H), 1.54-1.38 (m, 6H), 1.37-1.19 (m, 6H), 1.12 (s, 3H), 0.97 (s, 3H), 0.57 (s, 3H);
13C NMR (100 MHz, d-DMSO): 5 145.08, 134.08, 128.21, 126.76, 82.09, 59.22, 58.98, 53.40, 33.99, 33.76,
23.00, 20.04, 16.66; HRMS (1, m/z): [M + H]* caled for C15HaoN4O 317.2336, found 317.2335.
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2.3. Surface Modification

2.3.1. Light-Assisted Hydrosilylation of 1,8-Nonadiyne on Si(100) (S-1)

The assembly of the acetylenylated Si(100) surface by covalent attachment of 1,8-nonadiyne on
hydrogen-terminated silicon is based on a photochemical hydrosilylation method [26]. In brief, silicon
wafers were mechanically cut into pieces (approximately 10 x 10 mm in size), rinsed several times
with small portions of DCM, MeOH and Milli-Q™ water. The samples were then immersed in hot
Piranha solution (100 °C, a 3:1 (v/v) mixture of concentrated sulfuric acid to 30% hydrogen peroxide,
Caution: piranha solution reacts violently with organic substances) for 20 min. The samples were then
rinsed with water and immediately etched with a deoxygenated 40% aqueous ammonium fluoride
solution for 5 min under a stream of argon. A small amount (ca. 5 mg) of ammonium sulphite was
added to the etching bath for building an anaerobic environment and hence avoiding the in situ
oxidation of the hydrogen-terminated silicon. The freshly etched samples were washed sequentially
with Milli-Q™ water and DCM and blown dry with argon before dropping a small deoxygenated
sample of 1,8-nonadiyne (approximate 50 uL) on the hydrogen-terminated wafer and covering it with
a quartz slide to minimize evaporation. The wafer was then rapidly transferred to an air-tight UV
reaction chamber and kept under positive argon pressure. A collimated LED source (A = 365 nm,
nominal power output >190 mW, Thorlabs part M365L2 coupled to a SM1P25-A collimator adapter)
was fixed over the sample at a distance of about 10 cm. After illumination for a 2 h period, the resulting
acetylene-functionalized sample (S-1, Scheme 2) was removed from the reaction chamber, rinsed
several times with DCM and rested for 12 h in a sealed vial at +4 °C under DCM before being further
reacted with alkoxyamine 1.
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Scheme 2. Light-assisted (365 nm) hydrosilylation of 1,8-nonadiyne to passivate an hydrogen-
terminated Si(100) surface (S-1) and covalent attachment of alkoxyamine 1 via CuAAC “click” reactions
to yield an alkoxyamine monolayer (S-2). Anodization of S-2 in the presence of the alcohol nucleophile
2 leads to release of TEMPO in the electrolyte with formation of a redox-active monolayer (S-3) by
reaction of 2 with the putative surface-tethered carbocation intermediate.

2.3.2. Click Immobilization of Alkoxyamine 1 (S-2)

Surface S-1 was reacted with molecule 1 to yield the alkoxyamine monolayers (S-2) via a
copper(I)-catalysed “click” alkyne-azide cycloaddition (CuAAC) reaction. In brief, to a reaction
vial containing the alkyne-functionalized silicon surface (S-1) was added (i) the azide (alkoxyamine
1, 0.5 x 1073 M, 2-propanol /water, 1:1, v/v), (ii) copper(Il) sulphate pentahydrate (1.0 x 10~% M)
and (iii) sodium ascorbate (5 mg/mL). The reaction was carried out without excluding air from the
reaction environment, at room temperature and under ambient light. The samples were removed from
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the reaction vessel after a reaction time of 2 h and were rinsed thoroughly with copious amounts of
2-propanol, water, 2-propanol and DCM and blown dry with argon before being analysed or further
reacted (Scheme 2).

2.4. Surface Characterization

2.4.1. X-ray Photoelectron Spectroscopy

X-ray photoelectron spectroscopy (XPS) characterization was performed on an ESCALab 250 Xi
(Thermo Scientific, Waltham, MA, USA) spectrometer with a monochromated Al Ko source to
characterize the formation of an alkoxyamine 1 monolayer on silicon. The pressure in the analysis
chamber during measurement was <10~® mbar. The pass energy and step size for narrow scans were
20 eV and 0.1 eV respectively, with a take-off angle normal to the sample surface. Spectral analysis
was performed using Avantage 4.73 software and curve fitting was carried out with a mixture of
Gaussian-Lorentzian functions after background subtraction. Peaks were calibrated to C-C at 284.8 eV.

2.4.2. Electrochemical Measurements

Electrochemical experiments were performed in a single-compartment, three-electrode PTFE cell
with the modified silicon surface as the working electrode, a platinum mesh (ca. 200 mm?) as the
counter electrode and silver/silver chloride “leakless” electrode in 3 M sodium chloride as the reference
electrode. A rectilinear cross-section gasket defined the geometric area of the working electrode to
28 mm?. Electrical contact between the silicon substrate and a copper plate was ensured by rapidly
rubbing a gallium indium eutectic onto the back of the silicon electrode. Cyclic voltammetry (CV)
measurements were performed using a CHI 910B electrochemical analyser. All potentials are reported
versus the reference electrode. Tetrabutylammonium hexafluorophosphate (BusNPFg, Sigma-Aldrich,
>98%) was recrystallized twice from 2-propanol and used at the concentration of 1.0 x 10~! M as the
supporting electrolyte in DCM solutions. The reaction between the anodically-cleaved S-2 samples and
ferrocenemethanol (2), as well as control experiments were 2 is replaced by ferrocene, were performed
under argon and at room temperature. S-3 samples (Scheme 2) were thoroughly washed with DCM
prior to analysis. Cyclic voltammetry of S-3 samples was performed under ambient conditions in
aqueous 1.0 M HCIOy electrolytes.

3. Results and Discussion

As a proof-of-principle, we have devised “trapping” experiments on an electrode surface modified
by alkoxyamine 1 (S-2, Scheme 2). The anodization of the S-2 monolayers is expected to generate
benzylic cations tethered on the electrode surface while the nitroxide fragment is released into the
electrolyte. The covalent attachment of alkoxyamine 1 to the silicon surface was first verified by the
XPS (Figure 1). Peaks at 99.3 and 100.0 eV for S-2 samples were respectively ascribed to the Si 2p3/»
and Si 2py /, emissions (Figure 1b). The presence of a band at 101.1-104.3 eV is due to SiO, formed
during the hydrosilylation and/or CuAAC processes. Two signals in the carbon envelope that are
centred at 284.6 and 286.3 eV indicates the formation of C-C and C-O/-N, respectively [27], as expected
for the putative structure of S-2 samples (Figure 1c). As shown in Figure 1d, refinement of the N
1s emission gives two fitted peaks with binding energies of 400.5 and 401.7 eV in an approximate
3:1 ratio. The position of the low binding energy line in the S-2 samples is in agreement with the
400.6 eV previously assigned to nitroxide nitrogen atoms in thin films [22]. Electrons from the triazole
heterocycle also contributed to the 400.5 and 401.7 emissions with an expected 2:1 ratio.
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Figure 1. XPS survey spectra (a) and high-resolution Si 2p (b), C 1s (c) and N 1s (d) scans of S-2 samples
assembled on high-doped p-type Si(100) surface by CuAAC reactions between alkoxyamine 1 and
alkyne-terminated monolayers (S-1).

As shown Figure 2, the anodization of the alkoxyamine monolayer (S-2) via a potentiostatic
experiment (electrode held at 1.0 V versus reference for 30 s) in 1.0 x 10~ M DCM/BuyNPF; in
the presence of an excess of 2 is effective in trapping the alcohol at the distal end of the monolayer.
The newly-formed redox-active surface (S-3) is washed with copious DCM and then analysed by
cyclic voltammetry in an electrolyte that does not contain a redox-active species. Figure 2a shows
the well-defined pair of redox waves (solid red lines) which are ascribed to the surface-confined
redox tag (S-3). The surface coverage of ferrocenyl units, derived from integration of the anodic
wave, ranges over almost on order of magnitude from 5.5 x 10~'2 mol cm~?, as the low end, up to
the value of 3.1 x 107! mol cm~2 for our highest current yield. Our best result is still only about
10% of close-packed packed layer of redox ferrocenes; defining the exact nature of any competitive
side-reactions is beyond the scope of this work. Two control experiments were carried out as follows.
We used ferrocene, which lacks the hydroxyl function, to rule out non-specific adsorption of the redox
probe as well as trying to remove the anodic step. That is, the working electrode modified bearing the
alkoxyamine 1 is rested at open circuit potential (OCP) conditions in the presence of the nucleophile
(2). In both controls (Figure 2b) we found no evidence of redox peaks when either the nucleophile is
removed from the system (+, Figure 2b) or when the S-2 surface is not anodized to trigger the switch
masked alkoxyamine/reactive carbocation (O, Figure 2b).
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Figure 2. Cyclic voltammograms (CVs) of redox nucleophiles reacted with the anodized alkoxyamines
monolayer (conversion of S-2 into S-3). CVs were acquired at a voltage sweep rate of 100 mV s~ 1.
(a) CVs analysis of the Si(100) electrode in 1.0 M HClOy after the anodization of S-2 monolayers in the
presence of ferrocene methanol (2) with the surface coverage of ferrocene units ranging from 5.5 x
10712 mol em 2, as the low end, up to the value of 3.1 x 10711 mol cm™2. (b) Control experiments for
prolonged standing of S-2 electrodes at open circuit potential in the presence of 2 in the electrolyte (O)
or CVs for the experiments as in (a) but with ferrocene replacing 2 (+).

4. Conclusions

We have demonstrated a method to achieve a switchable interface—from unreactive
to electrophilic—and used it to attach alcohol species as monolayers on Si(100) electrodes.
Unlike conventional esterification approaches on surfaces (e.g., DCC/DMAP), here we show an
electrochemical alternative that involves a surface carbocation. This reactive intermediate is generated
in situ under an external potential stimulus that switches a stable alkoxyamine into a reactive surface
trap for nucleophiles. This proof-of-principle expands to the realm of surfaces some of the recent
advances made in synthetic organic electrochemistry. This knowledge may aid the development of
cationic polymerization on surfaces and this surface chemistry platform can in principle be coupled
to photo-electrochemical reactions on semiconductors and photoconductors [26] in order to control
electron transfer, hence chemical reactivity, in two dimensions [28,29].
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