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Covalent immobilization of TEMPO at carbon and gold via an aliphatic
—(CH,)¢— linker was achieved via cathodic grafting of a diamagnetic
precursor, tetramethylpiperidine, with subsequent >NH to >NO
oxidation to give TEMPO-capped paramagnetic interfaces (I'rgmpo =
5.2 x 107 mol cm™?); catalytic and spin switching potential of the
thus prepared systems was demonstrated.

Immobilization of 2,2,6,6-tetramethyl piperidyl oxide (TEMPO)
stable radicals at solid conducting supports is a key element in
a large number of applications'™ related to interfaces with
permanent magnetic character that are sought for sensing,*
electronic,>® energy storage,® ! catalysis,’**® biomedical,'**°
and other fields. Two critical issues are to be dealt with here: (i)
simple and reliable immobilization/fixation of TEMPO at the
support and (ii) a long, chemically stable and atom-economical
spacer attaching TEMPO to the support.

Covalent grafting of TEMPO is obviously more advantageous
than its mechanical incorporation into composites because of
its much smaller consumption, reducing the thickness of the
immobilized phase to a monolayer, avoiding its leakage from
the interface and providing better solvent and mechanical
stability.>®'® While diamagnetic substrates can be easily
grafted via their diazonium derivatives,?® the radical character
of TEMPO excludes this radical-based process.” However, the
cationic nitroxonium form of TEMPO obtained through its
disproportionation in an acid medium can be grafted from
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its diazonium derivative and subsequently reduced back to a
nitroxyl radical by cathodic cycling.®

Non-radical covalent immobilizations of TEMPO at carbons
and CNTs were also reported,®>'>?
being a specific pre-treatment of the substrate or precursor,
while the resulting ‘“‘scaffold” is either excessively bulky or
chemically non-inert.

When a well-shaped EPR response of the grafted radical centers
is required for operating their spin states,> a sufficiently long spacer
separating them from the surface is needed to prevent masking
their EPR signal by surface electronic conductivity.'***>° A relatively
long linker is as well required to enable a pseudo-diffusional
behavior of the immobilized radical units,?” which is critical for
catalytic applications. Due to their chemical inertness, flexibility and
smaller footprints on the surface compared to those of TEMPO
itself, alkyl linkers appear most advantageous for this purpose.

We report here on a simple and efficient covalent attach-
ment of TEMPO to carbonaceous and gold interfaces using
non-diazonium alternative grafting®®>° via an aliphatic linker
(CH,), (n = 6) preserving the redox reactivity and distinct EPR
response of TEMPO.

An easy to handle diamagnetic precursor of TEMPO fitted
with a (CH,)¢ linker has been prepared from commercially
available 4-hydroxy-2,2,6,6-tetramethyl-piperidine (TMP-OH)
and 1-bromo-6-chloro-hexane (ESIt) (Scheme 1), chosen
because of its moderately long alkyl chain and availability.

Nucleophilic grafting of TMP-O(CH,)¢I to carbonaceous sup-
ports was realized via an Sy2-like process upon their activation®®
by scanning between —1.5 and —2.0 V vs. Ag/AgCl (Fig. 1) until
total blocking of the electrode by the grafted units.

Note that the polarity of CH;CN is not high enough to allow a
one-electron reduction of the C-I bond of the hexyl linker,* thus
excluding the radical grafting pathway. Various carbonaceous sup-
ports were functionalized this way: bulky glassy carbon (GC) and CG
cloth, HOPG, natural Ceylon graphite, technical graphite rods and
an HB pencil lead.

For a covalent attachment of the TMP precursor to Au,
spontaneous in situ formation of oxidative addition intermediate

with a common drawback

This journal is © The Royal Society of Chemistry 2022
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Scheme 1 Synthesis (R = 4-TMP), immobilization of TMP-O(CH,)¢l and
oxidation of the grafted N-H functions to N— O.
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Fig. 1 Cathodic grafting of TMP-O(CH,)¢l onto GC (14 consecutive scans
from —1.4 to —2.1 V) and gold (12 scans from 0 to —1.5 V). CHsCN/0.1 M
BusNPFs, v =50 mV s7% T = 293 K.

TMP-O(CH,)s-Au(u)}1 and its one-electron reduction (Fig. 1) at
moderate cathodic potentials (E = —1 V)***® were exploited. A
similar procedure can be used for Pt (Fig. S1, ESIt), Ag and Cu
as well.

The thus prepared GC and Au interfaces both show an irrever-
sible signal (E, = 1.18 V) of oxidation of TMP units (Fig. 2A). Its
integration (Q = 3.62 pC for an electrode of ¢ = 3 mm) provides
an estimate of their efficient surface concentration as I' . (TMP) =~
5.2 x 10 "° mol cm™ 2. This value is surprisingly close to that found
for TEMPO thiol-attached to gold via a (CH,);5sC(O)NH linker
(4.6 x 10" mol cm ™ *%) and is two times higher than the coverage
of an ideally flat surface at a 90% maximal hexagonal packing
(2.7 x 107" mol em™?). Apparent maximal coverage at GC is
I'.(TMP) = 5.4 x 10~° mol cm ™2, approaching that observed for
grafting F¢(CH,)s onto GC (10 x 10~° mol em™>?°). Since nucleo-
philic grafting specifically provides a single layer coverage, these
high values evidently stem from the roughness of the GC interface.

After oxidizing the grafted TMP units by dipping into the
H,0,/K,CO; solution (ESIT), the interface shows a reversible
peak of a TEMPO'/TEMPO redox pair (E, = 0.69 V) whose
coulometry attests to a quantitative TMP to TEMPO conversion
(Fig. 2B). In CH3CN/0.1 M Buy,NPF; solution, the immobilized
redox couple TEMPO'/TEMPO is quite stable upon repetitive
cycling (Fig. 2B-D); cyclic voltammetry and two-step potentio-
static chronoamperometry (at Ep,) show no visible diminishing

This journal is © The Royal Society of Chemistry 2022
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Fig. 2 Voltammetry of the grafted interfaces. (A) Three anodic cycles at a
GC electrode: irreversible oxidation of the grafted TMP units. (B) Same
electrode (12 cycles) after converting TMP to TEMPO with H,0,/K,COx3;
reversible oxidation of TEMPO. (C) TEMPO-capped HOPG. (D) TEMPO-
capped Au. CHsCN/0.1 M BuyNPFg, v = 50 mV s7h T = 293 K. The
shadowed zones show current integration.

of the amount of immobilized TEMPO (after > 10° cycles, see
Fig. S3, ESTY).

The FTIR reflection spectra of the grafted GC interfaces before
and after peroxide oxidation (Fig. 3D) show the disappearance of
the characteristic N-H vibration modes (3360, 700 cm™ ') and the
appearance of the band of N — O (960 cm ™ '). The SEM images of
the grafted interface (Fig. 3A-C) show smoothening of the micro
relief of the bare GC surface by the immobilized layers, while EDS
atom analysis attests to the presence of C, N and O atoms at the
gold interface (Fig. S4, ESIT).
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Fig. 3 The SEM images of the GC surface: (A) before grafting, (B) after
immobilization of 4-hexyloxy-piperidine and (C) after the oxidation of the
grafted TMP to TEMPO. (D) The FTIR reflectance spectra of the GC
interface functionalized with (a) TMP and (b) TEMPO. (E) The Nyquist plots
for the reduction of chloranil at (a) TMP and (b) TEMPO capped interfaces,
Eo=-01V, f=0.24 MHz to 0.1 Hz. AE = 10 mV (see also Fig. S2, ESI?).
(F) The EPR spectra of TEMPO covalently grafted via an O(CH,)g linker to:
(a) GC, (b) a bundle of GC fibres, and (c) 0.5 mm HB pencil lead.
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The (CH,)sO-TMP-covered GC interface is EPR silent but
upon its oxidation with H,0,, a distinct well-resolved triplet
(Fig. 3F) of TEMPO appears (g = 2.006, ax = 15 G); similar
spectra were obtained with a TEMPO-grafted HOPG stripe and
0.5 mm HB pencil lead. Using a bundle of ca. 30 GC fibers
(5.56 um in diameter) functionalized with (CH,)sO-TEMPO and
fixing the static field at the central line of the nitrogen spec-
trum (H = 3374 G), the word “SPIN” (Fig. 4) was written in
Morse code switching between paramagnetic and diamagnetic
states of the interface by on-off polarization steps (E = 0.2 V for
ON and E = 1.2 V for OFF states). Note that in contrast to the
interface with redox-switchable n-propyl-linked silatranyl
radicals,” the paramagnetic state corresponds here to lower
voltage, so the spin writing with TEMPO is rather a “spin-erasing”
technique with a stationary spin-ON state (for permanent redox-
switching of TEMPO/TEMPOL couple, see (Fig. S5, ESIt)).

The thus prepared TEMPO-modified interfaces were probed
for catalytic alcohol oxidation, one of the major applications
of TEMPOQ.'* 831733 The voltammetric responses of a gold
(CH,)6O-TEMPO-capped interface (in CH;CN/0.1 M Bu,NPF)
in the presence of PhCH,OH (0.02 mol L") and 2,6-lutidine
(0.08 mol L™") used as a base well show all characteristic
features of a catalytic process: increase of the current with
respect to the response of the catalyst in the absence of the
alcohol (Fig. 5A-C), disappearance of the reverse current of the
reversible redox pair of the catalyst; and, seen for sharper
shaped voltammograms (Fig. 5B), a backward kinetic shift of
the oxidation peak because of fast consumption of the active
form of the catalyst (N—O" cation) in a follow up catalytic
reaction. The efficiency of recovery of the nitroxyl radical
(Fig. 5A) due to high turnover of the catalytic reaction with
the alcohol (i, =~ 7.5xi,""™"°) is close to that of TEMPO
thiol-attached to Au nano particles.>" For comparison, under
homogeneous conditions (Crgmpo = 7 mmol L™" in CH;CN),
this ,°*i, ratio was only attained with a 100x excess of
PhCH,0OH.%>3

In aqueous alkali media (pH 10), the catalytic feature at the
TEMPO-functionalized Au electrode is more complex (Fig. S5, ESIt),
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Fig. 4 Commutation of the EPR response of the TEMPO*/TEMPO redox
couple immobilized at GC fibres (& 5 um): the word “SPIN" written in
inverted-key Morse code. Spin switching commands: Eqge("0") = 1.2 V,
Eon("1") = 0.2 V, static field 3374 Gauss, and modulation amplitude 2 G.

T =293 K.

10522 | Chem. Commun., 2022, 58,10520-10523

View Article Online

Communication

A B C

w
20 uA

< <
—- =
AN 7o) 3
~ [32]

i 4
7

\

E,V

T
1.0

EV

T T T T T T
1.0 15 0.0 0.5

00 05
Fig. 5 Catalysis of the oxidation of benzyl alcohol by the immobilized
couple TEMPO*/TEMPO. (A) TEMPO-capped Au electrode in CH3zCN/
0.1 M BusNPFg + 2.6-lutidine (0.08 mol L™% without (broken line)
and in the presence (solid) of PhCH,OH: (1) 5, (2) 10, and (3)
30 mmol L™, v = 250 mV s~%. (B and C) TEMPO-capped (B) GC and (C)
graphite paste electrodes in H,O/K,COsz (pH 10) in the presence
of PhCH,OH: (1) 2, (2) 4 and (3) (B: 5 mmol L™, C: 20 mmol L™,
v=100mVs ™ T=293K
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which is yet to be entirely rationalized (see Fig. S6, ESIT). Under the
same conditions, the responses of TEMPO-modified graphitic
electrodes (Fig. 5B and C), more suitable for large scale catalytic
oxidations,'® show a rapid loss of the reversibility of the N—O"/NO*
system, while the catalytic current increases with the concentration
of PhCH,OH, in line with the previous reports.’®*'™* It is to be
noted that with an excellent proper stability of the grafted TEMPO
layer (see Fig. S3, ESIt), its partial degradation occurs during large
scale alcohol oxidation due to undesired side reactions of TEMPO,
also reported in other works.'®*!

Thus, the cathodic covalent functionalization of various carbon
and gold interfaces with TEMPO using a universal aliphatic linker,
equally suitable for both supports, was shown to be very advanta-
geous in terms of easily available precursors (including those with
different CH, chain lengths), a very simple experimental protocol
and good grafting efficiency. This method provides an excellent
stability of TEMPO-functionalized interfaces; with this, an easy and
deliberate CH,-incremental variation of the length of the attaching
spacer and hence the thickness of the underlying hydrophobic
layer is possible, allowing the creation of interfaces with promising
properties for spin-commutation, catalysis and other applications.
Further work on immobilized radical systems is under progress.
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