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Single-walled carbon nanotubes have been demonstrated as effective
nanoscale containers for a redox active organometallic complex
Cp™MeMn(CO)s, acting simultaneously as nano-electrode and nano-
reactor. Extreme spatial confinement of the redox reaction within
the nanotubes changes its pathway compared to bulk solution due to
stabilisation of a reactive intermediate.

Carbon nanotubes, renowned for their high electrical conductivity,"
have found applications in solution-based electrochemistry as
nanoscale electrodes with large electrochemically active surfaces
and with increased sensitivity for detecting analyte molecules.>*
In addition to their large external surface, single-walled carbon
nanotubes (SWNTs) possess internal cylindrical cavities typically
0.9-2.0 nm in diameter, commensurate with the sizes of small/
medium molecules. Inserted in SWNTSs, the guest-molecules have
been shown to modify the intrinsic electronic properties of the
host-nanotubes thus enabling improved electrochemical sensing
for H,0," and dopamine,®® or facilitating electrochemically
tuneable optical properties that can be controlled by adjusting
the applied potential.>” Herein we demonstrate that a carbon
nanotube electrode is not only a useful surface for enhancing
the detection of redox processes, but the confinement of guest-
molecules at the nanoscale can change the pathways of their
electrochemical transformations with the nanotube acting
simultaneously as a nano-electrode and nano-reactor.

In order to control the reactivity of molecules through
nano-scale confinement it is essential that they are securely
entrapped in nanotubes. We employ SWNTs with an average
diameter of 1.4 nm to match the size of small organometallic
molecules and to provide efficient encapsulation. For example,
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metal hexacarbonyls® or metallocenes®™® can be inserted in

such nanotubes from gas or liquid (molten) phases forming 1D
molecular arrays within the nanotube cavity. In our study
we investigate a half-sandwich complex Cp~“Mn(CO); 1 that
possesses both, the characteristics of metallocenes (i.e. a Cp™®
ligand) providing effective interactions with the nanotube
n-system, as well as three carbonyl ligands that can serve as a
spectroscopic marker and good leaving groups in electro-
chemical reactions. The complex is also known to act as a
catalyst for important processes such as CO fixation,"* disulphide
formation'® and H, production,'®® making the hybrid structures
in which the complex, 1, is encapsulated inside the nanotubes
(1@SWNT) suitable for a number of potential applications. Nano-
tubes were opened by controlled oxidation in air and immediately
after being opened were immersed in 1, a liquid at room
temperature, allowing encapsulation of the guest-molecules by
capillary forces. After excess 1 was removed from the surface of the
SWNTSs, IR bands at 2023 and 1940 cm ' observed for 1@SWNT
clearly indicated successful insertion of complex 1 from the liquid
phase into the nanotube cavity (Fig. 2c). The carbonyl stretching
vibrations appear to be slightly blue-shifted (by 2 and 6 cm™*
respectively) as compared to the free complex indicating a small
amount of charge transfer from the Mn(i) centre to the nanotube
sidewall which is to be expected as the host-SWNTs often behave
as effective electron acceptors with respect to encapsulated guest-
molecules.® High-resolution transmission electron microscopy
(HRTEM), which enables local-probe analysis with near atomic
resolution, confirmed that the nanotubes have no surface-
adsorbed molecules of 1 and showed dark-contrast features in
the internal cavities that correspond to Mn metal clusters (Fig. 2a).
The molecules of complex 1 appear to be extremely unstable
under the electron beam, rapidly losing ligands and decomposing
into metallic Mn even at a reduced energy (100 keV) and dose rate
(~10° e nm™? s™') on the specimen. Energy dispersive X-ray
(EDX) analysis recorded for individual or small bundles of SWNTs
using a focused e-beam (diameter 3-5 nm) identifies the clusters
inside the nanotubes as Mn (Fig. 2b). The fact that Mn is always
observed inside the nanotubes confirms the efficient encapsulation
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Fig. 1 Athree electrode set up is used with a Ag/AgCl reference electrode, a
platinum counter electrode and SWNTSs, deposited on a glassy carbon working
electrode, in which the investigated species, Cp™®Mn(CO)s, is encapsulated.
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Fig. 2 (a) HRTEM image of two CpM*Mn(CO);@SWNT structures showing
Mn metal as dark contrast (white arrows) located solely inside the SWNT.
(b) EDX spectra confirming the presence of Mn in the CpMeMn(CO)s@SWNT
sample (Cu peaks are due to the sample holder) (c) infra-red spectroscopy
of free CpM*Mn(CO)s (blue) and CpMeMn(CO):@SWNT (green) shows a blue
shift in (CO) upon nanotube confinement.

of the complex. The occupancy of the internal space within SWNTs
channels was determined to be ca. 62% by a number of indepen-
dent methods (see ESIt), which indicates that the majority of host-
nanotubes are filled with complex 1, while some remain empty,
perhaps due to internal blockages in the extremely narrow internal
channels of the SWNTs.

The complex 1 has an oxidation at 0.80 V (vs. Fc'/Fc) on a
glassy carbon electrode (GCE) producing a highly reactive
species 1'* that undergoes rapid nucleophilic substitution of
one of the CO ligands by a molecule of solvent (acetonitrile)
(Fig. 3a) leading to the formation of a new complex, 2'*. The
complex 2'* then reduces to its neutral form at a significantly
lower potential (—0.18 V (vs. Fc'/Fc); Fig. 3a) than would be
expected for 1'*, so that the observed cyclic voltammogram
can be rationalised as a result of an electrochemical reaction,
1 —» 1 — 2" — 2 (Fig. 3b) which is consistent with previous
studies on the nucleophilic substitution of CO by CH;CN in this
complex.""® Attaching empty SWNTs to the GCE electrode
surface (ca. 0.14 mg cm™?) increases the electrochemically
active surface area by a factor of 3.75, manifested in a significant
increase in current in the CV process (see ESIt), however, the
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Fig. 3 Cyclic voltammograms of Cp™Mn(CO);@SWNT on GCE (green)
showing the chemically reversible oxidation of 1°/1** and Cp"*Mn(CO); in
solution using a GCE (blue) showing the oxidation of 1°/1** and subse-
quent reaction of 11* with MeCN solvent to form 21* followed by reduction
to form 2° (b). Nanotube confinement prevents reaction of 1'* with
the MeCN solvent such that the reduction of 1'* is observed (c). All
cyclic voltammetry experiments were performed in MeCN at 293 K con-
taining [N"Bug4l[BF4] (0.1 M) as the supporting electrolyte at a scan rate of
100 mV s~

pathway of the reaction remains essentially the same, indicating
that the redox processes take place in the solution around
nanotubes (i.e. within the diffusion layer) where the molecules
are surrounded by acetonitrile which acts as a nucleophile. In
contrast, when the complex, 1, is inserted in nanotubes (i.e. no
longer in solution), and the 1@SWNTs host-guest structures are
securely attached to the GCE (Fig. 1), the redox active molecules
are in a different environment as compared to bulk solution
experiments. In a typical CV experiment the complex, 1, remains
inside the nanotubes, which indicates that all of the molecules are
electrically connected to the GCE throughout the potential scan
via the carbon nanotubes which act as a physical bridge between
the individual encapsulated molecules and the macroscopic GCE
electrode. It is remarkable that the total amount of 1 in the CV
experiment with 1@SWNT is estimated to be ~1.3 pg, which is
838 times less than experiments in which 1 is in solution.
However in the bulk solution of 1 only a small fraction of total
number of molecules are in the vicinity of the SWNT surface that
is, in the diffusion layer, and thus available to undergo the redox
process. Unlike the solution experiments, all of the molecules in
1@SWNT undergo oxidation and reduction in each CV cycle, so
that the current associated with these reactions is significantly
greater than in the solution CV measurements (Fig. 3a).
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Fig. 4 Molecular diagrams demonstrating that an elimination of CO cannot
occur in (a) and (b) but only in certain orientations of the CpM*Mn(CO)s inside
SWNT, such as (c), due to the nanotube sidewall. If the correct orientation is
achieved, there will be another adjacent CpM*Mn(CO)s molecule providing a
further steric barrier to CO elimination (d). Adjacent Cp™*Mn(CO)s molecules
and the nanotube prevent the possibility of a nucleophilic substitution of CO
by CHzCN.

Another significant observation is that the oxidation
potential of 1 inside nanotubes becomes more positive by
0.034 V with respect to free molecules of 1 at —40 °C in
solution'* (see ESIt). The shift in potential correlates well with
the IR spectroscopy for 1@SWNT both indicating that the
nanotube behaves as a weak electron acceptor. However most
importantly, the CV for 1@SWNT indicates a clear redox
process at 0.75 V (vs. Fc'/Fc) associated with 1 — 1™ — 1
which is absent for all experiments carried out with 1 in
solution. It appears that encapsulation of 1 in nanotubes
changes the pathways of the electrochemical transformations
by making the previously irreversible oxidation of 1 chemically
reversible, which is different to the solution phase where
immediately after oxidation 1'* irreversibly transforms to 2'*.
In essence, the CV measurements for 1@SWNT demonstrate
that the nucleophilic substitution of CO for CH;CN is hindered
for reactive intermediate 1'* due to the confinement imposed by
the nanotube. Considerations of the basic geometry and size of
the guest molecules with respect to the nanotube channel suggest
that the SWNT sidewall severely limits the mobility of the CO
leaving group for most of the orientations of the complex (Fig. 4a—c).
Even if dissociation of the Mn-CO bond is successful upon
oxidation of 1 to 1'* and acetonitrile molecules are able to
diffuse into the nanotube, the approach of a CH;CN nucleophile
to the Mn centre is hindered by the confinement, prohibiting
the transition state required for either Syl or Sy2 reaction
mechanisms.'* Overall, the severe geometrical restrictions in
conjunction with a physical barrier to nucleophilic attack
imposed by the nanotube preserve the reactive intermediate
1'* thus enabling a chemically reversible redox process.

Considering that carbon nanotubes themselves possess remark-
able tuneable electrochemical properties,"” which can be modified
through sidewall functionalisation'®'® and effectively integrated
with standard electrochemical devices,*>*' the use of SWNTs as
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electrochemical nanoreactors opens up new horizons for analytical
and synthetic chemistry.

With their diameters at the nanoscale and nearly macro-
scopic lengths, carbon nanotubes are excellent structures for
connecting the world of molecules with the macroscopic world.
We exploit the high electric conductivity of SWNTs to initiate
and measure electrochemical transformations of redox active
molecules. Nanotube external and internal surfaces significantly
increase the active interface with redox molecules, thus improving
the sensitivity of the macro-electrode. Most significantly, an
electrochemical reaction pathway can be altered by restricting
the reaction volume within the nanotube channel, which offers a
powerful new tool for controlling electrochemical reactivity at the
nanoscale.
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