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Organic modiﬁcation of sol–gel catalytic glassy electrodes made of a thin layer of organosilica doped with nitroxyl radical
TEMPO (2,2,6,6-tetramethyl-1-piperidinyloxy) crucially enhances stability in the waste-free oxidation of alcohols to carbonyls in
water. Structural comparison between analogous ﬁlms made of organosilica and unmodiﬁed SiO2 shows that the origin of the
pronounced stable activity of the ORMOSIL ﬁlm lies in high hydrophobic and also in the pronounced low degree of hydrophilicity.
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1. Introduction
Functionalized sol–gel glassy electrodes have a rich
and varied electrochemistry due to their vast accessible
inner porosity that allows to the oxidant and reducing
reactant molecules to diﬀuse through the material and
eventually to the surface of a conducting electrode [1].
These materials show large potential for organic synthesis. Indeed, despite being highly desirable, electroorganic syntheses traditionally have been limited by the
pronounced chemical reactivity of the reactive intermediates generated at the surface of metal conductive
surfaces where reactions take place [2]. On the other
hand, organic reactions in (and on) water are extremely
desirable as water is the most readily available and
environmentally friendly solvent [3]. Stable di-tertiaryalkyl nitroxyl radicals such as TEMPO, in their turn, are
increasingly ﬁnding use in industry as oxidation catalysts due to their high selectivity and pronounced versatility [4]. In these catalytic oxidations the active species
is the cyclic nitrosonium ion generated in situ by an
auxiliary oxidant. However, the same species can be
generated also electrochemically by applying a relatively
small electric potential (0.7 V versus Ag/AgCl) to a
solution of nitroxyl radicals.
Returning to sol–gel electrodes, a major advantage of
the sol–gel technique lies in the ability to prepare electrodes with the desired surface hydrophilicity-lipophilicity balance (HLB) in order to selectively control the
conversion of organic substrates. Showing the potential
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of this approach, we have recently introduced a molecular electrode (named TEMPO@DE) capable to aﬀord
high yields of carbonyl compounds with complete
selectivity and noticeable stability by simply applying a
small electric potential to a solution of the alcohol in
water [5].
Hence, for example, whereas benzyl alcohol in water
in the presence of TEMPO is rapidly oxidised to benzoic
acid [6], the use of the hydrophobic electrode TEMPO@DE uniquely aﬀords benzaldehyde by preventing
diﬀusion of the hydrated aldehyde molecules (gem-diol)
to the hydrophobic surface of the ORMOSIL electrode.
In this paper we show how the nanostructure aﬀects the
catalytic performance of these molecular electrodes and
suggest the origin of the superior performance of the
organosilica electrode.

2. Experimental
The electrodes are made of a thin ﬁlm of sol–gel silica
doped with nitroxyl radicals deposited on the surface of
an indium-tin-oxide (ITO) electrode by generation of a
pH increase (Equation 1) at the electrode surface by
reduction of protons near such surface [7]. Proton consumption in proximity of the electrodeÕs surface catalyzes the sol–gel polycondensation of an organosilane
such as methyltrimethoxysilane (MTMS, Equation 2)
and thus ensures the electrodeposition of a thin layer of
organosilica (Equation 3) at the surface of the substrate:
Hþ þ e ! 1=2H2

ð1Þ
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MeSi(OMe)3 þ 3H2 O ! MeSi(OH)3 þ 3MeOH

MeSi(OH)3 ! Men SiOp Hq þ H2 O

ð2Þ

ð3; unbalancedÞ

By simply carrying out the electrodeposition of MTMS
in the presence of aminopropyl-trimethoxysilane derivatised with the TEMPO moiety (via reductive amination with 4-oxo-TEMPO, scheme 1), a thin ﬁlm of
TEMPO-entrapped ORMOSIL is obtained which shows
extraordinary performance in terms of both selective
activity and stability.
The deposition was performed by using a CH Instruments (Austin, TX) potentiostat CHI630B Electrochemical Workstation with a standard three-electrode
cell. The volume of the reaction vessel was 10 mL and an
Ag/AgCl electrode in 3 M KCl was used as reference
electrode. The counter electrode was a platinum-wire
(d = 0.5 mm) whereas the working electrodes were
indium-tin-oxide (ITO) plates obtained from Delta
Technologies (Stillwater, MN) with a coated surface area
of 0.36 cm2. The ITO-coated glasses were washed prior
to ﬁlm deposition with water, 80% (v/v) ethanol and
water after which were dried at room temperature for 2 h.
All chemicals were purchased from Aldrich and used
without further puriﬁcation. Ultrapure water (Milli-Q
Millipore System) was used in all the experiments. The
organosilane precursor solution (solution A) was
obtained adding 5 mL of 3-aminopropyl-trimethoxysilane to a solution of 1.32 g of 4-oxo-TEMPO (4-oxo2,2,6,6-tetramethyl-1-piperidinyloxy) and 221.2 mg of
NaBH3CN (95%) in MeOH (18 mL) in a reaction
balloon kept closed under a nitrogen atmosphere. The
resulting mixture was stirred for 48 h, after which the
excess of sodium cyanoborohydride was quenched with
7 M HCl (50lL).
The solution for the electrodeposition of sol–gel ﬁlm
consisted of 0.612 mL of MeTMS (methyltrimethoxysilane), 0.612 mL of solution A, 5 mL of ethanol and
5 mL of a solution buﬀered at pH 4 (Fisherbrand) and a
0.4 M in KNO3. Upon stirring this solution for 1 h at
room temperature to promote hydrolysis in the presence
of the ITO electrode, a constant negative potential of
)1.1 V versus Ag/AgCl was applied to the solution for
15 min under fast stirring. The resulting coated electrode was washed with water and absolute ethanol and
thus dried at r.t. for 6 h. The oxidation of the alcohol
(0.5 mmol) was carried out in 10 mL of buﬀered water
(0.2 M in NaHCO3) although for alcohols with low
water solubility (geraniol, for instance) a CH3CN/H2O
solution 30:70 (v/v) was employed. Initial substrate
concentration was 0.05 M. For all the substrates the
selected potential was 1.4 V and the electrolysis was
carried out under fast stirring (900 rpm). Substrate and
product concentrations were assessed by a Shimadzu
GC-17A gas chromatograph equipped with a Supelcowax 10 capillary column (30 m, 0.25 mm ID) by the

internal standard method (with previously calculated
response factors) using 10 lL decane as internal standard [3]. SEM images were obtained with a JEOL JSM6400 scanning microscope. The elemental analysis of the
surface was carried out with a JEOL JXA-8600 electron
probe microanalyzer equipped with a NORAN Vantage
automation system. DRIFT [8] and EPR [9] analyses of
organosilica xerogel powders were carried out as
described elsewhere.

3. Results and discussion
Figures 1 and 2 thus show the SEM pictures of the
electrode surfaces obtained from copolymerization of
precursors in scheme 1 with MTMS and TMOS
(tetramethylorthosilicate), respectively. Both samples
are relatively homogeneous and are made of small particles of the size of 10–30 nm. The particles are not
identical in shape but are quite densely packed. In the
silica ﬁlm, however, holes are clearly distributed all over
the surface. The size of these cavities is ca. 10 nm and
they are likely to be macropores formed upon irregular
condensation of the open, large silica particles that are
typical constituents of SiO2 xerogels obtained by alkaline sol–gel polycondensation of silicon alkoxides [10].
Surface elemental analysis (Table 1) shows that the
samples are mainly composed of silicon, oxygen, and
carbon. The samples are not very thick (in the order of
30 nm) as the indium signal from the ITO substrate is
clearly visible in both spectra. Nitrogen from TEMPO
molecules is evident in both samples, whereas sodium
and ﬂuoride are probably from the electrolyte. As typically observed with sol–gel derived silica glasses [11], for
both samples the experimental carbon:silicon atom ratio
is higher than the theoretical values calculated from the
molar ratio of MTMS and TMOS, due to residual solvent methanol entrapped at the surface of the sol–gel
cages. However, the SiO2 xerogel shows much higher

Figure 1. SEM pictures of MTMS-based organosilica ﬁlm taken at
two diﬀerent angles.
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Table 1
Atomic ratios and elemental analysis of the investigated pure silica and
methylsilica electrodes
Precursor of
the electrode

Theoretical
atom
ratio Si:O:C

TMOS
1:2:0
MTMS
1:1.5:1
TMOS-derived electrode

Figure 2. SEM picture of TMOS-based silica ﬁlm.

Experimental
atom
ratio Si:O:C

Additional
carbon
atom ratio

1: 6.11:1.5
1:8.03:1.34

1.5
0.34

Element
At %
C
9.21
N
11.04
O
37.75
F
1.6
Na
0.85
Si
6.18
In
33.37
MTMS-derived electrode
Element
C
N
O
F
Na
Si
In

At %
6.62
9.79
39.69
1.59
1.30
4.94
36.07

100%

Scheme 1. Synthesis of the silane precursor functionalized with
TEMPO moiety.

Conversion

80%
60%
40%
20%

additional carbon atom ratio compared to the
ORMOSIL, due to the high polarity of the silica cage
within which SiO) groups tighyly bind to the methanol
hydroxyls.
Contrary to the TMOS-derived electrode which loses
its activity after two runs only, the MTMS-based ﬁlm
shows optimal stability in catalytic activity with a
practically constant activity in numerous consecutive
oxidations after an 40% reduction in the catalytic
activity following the ﬁrst oxidative run (Figure 3) [3].
Furthermore, no appreciable variation of the electronic
spectrum of the organosilica ﬁlm was observed after
reaction clearly pointing to its physico-chemical stability.
These ﬁndings are in agreement with those observed
with analogous TEMPO-entrapped organosilica xerogels used in chemical oxidation [8] and show the predominant inﬂuence of the materialÕs structure on its
chemical reactivity, independently of whether the nitrosonium ions are generated electrochemically or by
direct addition of an auxiliary oxidant.
Recent DRIFT [8] and EPR [9] spectral analyses of
analogous methylsilica-entrapped TEMPO show indeed

0%
1

2

3

4

5

Run

Figure 3. Conversion of 1-Phenylethanol to acetophenone mediated
by the organosilica electrode TEMPO@DE after 15 h (V = 1.4 V).

that the surface of similar markedly alkylated ORMOSIL not only is highly hydrophobic but also shows a
pronounced low degree of hydrophilicity due to depletion of silanol groups at the organosilica matrix surface.
Moreover, the organosilica structure is made of larger,
less tensioned six-member rings more able to accommodate the unreactive methyl groups, with the methyl
groups concentrating at the cageÕs surface [12] largely
diminishing the number of silanol groups (Si-OH) and,
as a consequence, the intra-cages hydrogen bonds which
limit the freedom of the dopant TEMPO molecule [13].
Organic modiﬁcation of the cages, ﬁnally, imparts
chemical stability to the entrapped nitroxyl catalyst,
aﬀording an electrode that can be recycled at length in
alkaline environment. This is similar to what observed
with analogous organosilica xerogels are used in alcohol
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oxidations with bleach [10] and is due to the absence of
silanol groups typical of SiO2 xerogels that in alkaline
solution are attacked by hydroxide ions leading the
partial dissolution of the silica with leaching of the
entrapped catalyst. Sol–gel encapsulation of the catalyst
in the inner porosity of the organosilica ﬁlm chemically
protects the radicals from degradation which is known
to be due to intermolecular quenching of the TEMPO
moieties left unprotected at the materialÕs external surface [14].

4. Conclusion
The structural features of TEMPO@DE brieﬂy elucidated in this report explain the origin of the superior
performance of organosilica-based electrodes doped
with nitroxyl radicals in the electrochemical oxidation of
alcohols in water aﬀording carbonyl compounds of
unprecedented purity [15]. As such it is a nice example of
how materials science and organic chemistry are actually
merged into a unique domain in which chemists adapt
functional materials to their synthetic ends. The origins
of the catalytic stability here described will be of relevance in guiding future practical applications of sol–gel
organosilica electrodes to organic synthesis.
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