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Abstract: Mechanically interlocked derivatives of carbon
nanotubes (MINTSs) are interesting nanotube products
since they show high stability without altering the
carbon nanotube structure. So far, MINTs have been
synthesized using ring-closing metathesis, disulfide ex-
change reaction, H-bonding or direct threading with
macrocycles. Here, we describe the encapsulation of
single-walled carbon nanotubes within a palladium-
based metallosquare. The formation of MINTs was
confirmed by a variety of techniques, including high-
resolution transmission electron microscopy. We find
the making of these MINTSs is remarkably sensitive to
structural variations of the metallo-assemblies. When a
metallosquare with a cavity of appropriate shape and
size is used, the formation of the MINT proceeds
successfully by both templated clipping and direct
threading. Our studies also show indications on how
supramolecular coordination complexes can help expand
the potential applications of MINTSs. )

Chemical modification of single-walled carbon nanotubes
(SWNTs)! is a critical step to exploit their properties.”! To
name just two recent prominent examples, the covalent
modification of the SWNTs can be used to change their
surface properties and enhance their performance as optical
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sensors in biologically relevant environments.”) In 2019, a
series of cleverly designed processes based on the non-
covalent functionalization of SWNTs (pretreatment with
hexamethyldisilazane and bis(trimethylsilyl)amine to pro-
mote adhesion to a silicon wafer, adhesion coating with
polymethylglutarimide, and mechanical exfoliation), were
key in the fabrication of the first functioning modern
microprocessor based on carbon nanotube field-effect
transistors.! In 2014, some of us described a clipping
strategy to synthesize mechanically interlocked derivatives
of SWNTs (MINTs), which can be viewed as rotaxane-like
species in which the SWNTSs act as threads.”! In our original
method, the nanotube was first trapped supramolecularly
within the two recognition motifs of a U-shaped molecule
featuring two terminal alkenes, which were subsequently
coupled via a ring-closing metathesis (RCM) producing the
annulation of the molecule around the SWNT.® Thanks to
the mechanical link, the resulting MINTs show similar
stability as covalently-modified carbon nanotubes but pre-
serving its structure.”

Since these initial works, we found that this method can
be extended to numerous types of recognition motifs for
SWNTSs.®l We also provided evidence that the formation of
MINTSs shows promise in various applications, such as for
reinforcing polymers,” and for designing metal-free
catalysts!'” or qubits.'!l In the last years, several groups
described different strategies towards the synthesis of
MINTs, such as the reversible formation of macrocycles
through disulfide bonds,™ hydrogen bond self-assembled
macrocycles,™ or the direct threading through rigid
macrocycles.!"¥

Although the chemistry of MINTSs experienced a signifi-
cant development in the last few years, we are unaware of
examples of MINTs made by the threading of SWNTs
through the cavity of supramolecular coordination com-
plexes (SCCs).™! Compared to MINTSs built with purely
organic supramolecular assemblies, SCCs may introduce a
new dimension in the resulting MINT, as the presence of the
metal can provide enhanced photoelectrochemical proper-
ties that can help expanding their applications. During the
past few years, some of us described a series of N-
heterocyclic-carbene (NHC) based supramolecular organo-
metallic complexes (SOCs), which were used as hosts for
encapsulating a variety of organic and inorganic guests.'® In
particular, we found that some of our Ni-'! and Pd-
containing!"® metallosupramolecular assemblies based on a
pyrene-bis-imidazolylidene ligand (1 and 2 in Figure 1a),
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Figure 1. a) Chemical structure of metallosquare 1 and 2. b) Energy-
minimized (UFF) model of MINT-1 and MINT-2. c¢) Schematic
representation of MINT-1 through two different routes.

were able to adapt their shapes to the size of the
encapsulated fullerenes (Cq4 or C,). This guest-induced
fitting effect was manifested by the compression or the
expansion of the metallacycles, and by the bending of the
pyrene moieties of the bis-NHC ligand for maximizing the
face-to-face overlap with the convex surface of the full-
erenes. We thought that the high binding affinities of our
metallo-assemblies to fullerenes, together with their great
shape adaptability, could make these hosts perfect candi-
dates for the mechanical interlocking of SWNTs and give
access to a new class of transition metal-doped MINTs.

Considering all the above, herein we describe the
preparation of metallacycle-containing MINTSs, which can be
performed by templated self-assembly of the molecular
components around the SWNTs, or by direct encapsulation
of the nanotube in the cavity of the preformed metallacycle
(Figure 1c).

To attempt the preparation of MINTs we chose a
collection of building blocks that would lead to macrocycles
1 or 2 (Figure 1a). The metallosquare 1 is bound by four
pyrene-bis-imidazolylidene ligands that confer its structure
with a great level of stability, due to the strong NHC—Pd
bonds. In addition, this structure can be regarded as ‘static’,
in the sense that it does not reversibly assemble and
dissemble. The nickel-conjoined metallacycle 2 is more
dynamic, as the two more labile bipyridine ligands can
reversibly dissociate, but it shows a slightly smaller cavity
(Figure 1b). As described above, both 1 and 2 can associate
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The templated preparation of MINT-1 was performed as
follows. To a suspension of (6,5)-SWNTs in anhydrous
acetonitrile were added the pyrene-bis(imidazolium) salt,
[Pd(allyl)Cl],, AgBF, and Cs,CO; (see Supporting Informa-
tion for full details), and the suspension was allowed to react
for 16 h at 60°C. The resulting MINT-1 was recovered by
filtration through a polytetrafluoroethylene (PTFE) mem-
brane with a pore size of 0.2 um and washed with CH;CN
and CH,CI, to remove all non-interlocked materials. After
purification, the samples were subjected to thermogravimet-
ric analysis (TGA) in order to quantify the degree of
functionalization. In three separate experiments, MINT-1
showed weight losses of 26-28 %, which correspond to a
reasonable degree of functionalization for MINTSs.["! We also
carried out control experiments in which we mixed the
pyrene-bis(imidazolium) salt with (6,5)-SWNTs without
Cs,CO;, under otherwise identical conditions to the MINT-
forming reaction. These samples showed less than 5%
functionalization after the washing step. Likewise, when the
reaction was performed in absence of [Pd(allyl)Cl], under
the same conditions, (6,5)-SWNTs were also recovered
without physisorbed products on the SWNTs. Finally, a
control experiment with preformed metallosquare-1
(0.0014 mmol) in a suspension of 10 mg of (6,5)-SWNTs in
10 mL of anhydrous acetonitrile resulted in a lower but
significant functionalization of 13%. Considering these
results, we optimized the preparation of MINTs by direct
encapsulation within 1 taking inspiration from the results of
Ohe et al.l™ Preformed metallosquare 1 was added to a
dispersion of (6,5)-SWNTs in 1,1'2,2"-tetrachloroethane
(TCE), and the mixture was stirred at room temperature for
48 h. After this time MINT-1 was recovered by filtration and
washed profusely. The sample was analyzed by TGA
showing 29 % of functionalization and proving that both
methods are effective and comparable (Figure S1). We
previously reported that MINTs show remarkable stability,
comparable to that of covalently modified nanotubes while
maintaining the native covalent structure of the SWNTs.P~!
To test the stability of functionalization and remove any
non-interlocked material that might have survived the initial
purification process, we subjected all samples to 30 min of
reflux in TCE (bp=147°C), followed by a thorough rinse
with CH;CN and CH,Cl,. TGA of the resulting samples
showed no decrease in the degree of functionalization
confirming the high stability of these new MINTSs.

To study the structural requirements for the success of
the method, and in particular its sensitivity to the size
complementarity between the cavity of the macrocycle and
the diameter of the SWNT, we investigated the preparation
of MINTs with a macrocycle of slightly different size.
Reactions were set-up as follows for the attempted forma-
tion of MINT-2: [NiCpCl],(pyrene-di-NHC) (1eq.), 4,4~
bipyridine (1eq.) and AgBF, (2eq.) were added to a
suspension of (6,5)-SWNTs in TCE or CH,Cl, (see Support-
ing Information for full details). TGA showed very low
functionalization (<5 %), indicating that the formation of
MINT-2 is negligible, and suggesting that the formation of
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the MINT species is extremely sensitive to the fit between
macrocycle cavity and SWNT diameter (Figure S2). Similar
results have been found for the supramolecular association
of fullerenes,'” and are understood on the basis of a
dispersion-dominated interaction, where maximizing van der
Waals contacts is essential.*"!

To fully characterize MINT-1, we carried out UV/Vis/
NIR spectroscopy, photoluminescence excitation intensity
mapping (PLE), and Raman spectroscopy, all of which are
in agreement with the noncovalent functionalization of the
(6,5)-SWNTs with 1.

In the absorption spectra (D,0O, 1% sodium dodecyl
sulphate, 298 K, Figure 2a), the UV region is dominated by
the nanotube absorption. The absorption features of 1 (blue
in Figure 2a) are distinguishable in the spectrum of MINT-1
(red in Figure 2a), for the transitions at 268, 302, and
359 nm. The S22 and S11 transitions of the (6,5)-SWNTs are
prominent in the vis-NIR, appearing at A,,,=584 and
1016 nm for the pristine nanotubes (black in Figure 2a). As
expected for an  intimate metallacycle-SWNT
supramolecular interaction, both transitions are shifted
hypsochromically to A,,,=578 and 1001 nm, respectively,
upon derivatization to form MINT-1. Identical shifts were
found for the MINT-1 sample formed by direct encapsula-
tion (Figure S4). The S22 transition suffers a quantitatively
smaller shift due to its higher energy.

Figure 2b contains Raman spectra of the (6,5)-SWNT
(black), and MINT-1 prepared by self-assembly (red)
(532 nm excitation, 2 mW). The spectra are an average of
100 individual spectra taken over the sample. Detailed
statistical analysis of peak position and intensity ratios are
included in Supporting Information section (Figure S3). The
spectral features after MINT formation are rather similar to
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Figure 2. a) UV/Vis/NIR spectra (D,0, 1% sodium dodecyl sulfate
(SDS), 298 K) of pristine (6,5)-SWNTs (black), Metallacycle-1 (blue),
and MINT-1 (red) prepared by self-assembly. b) Raman spectra
(Aexe="532 nm) of (6,5)-SWNTs (black), MINT-1 (red). All spectra are
the average of 100 different measurements. PLE intensity maps (D,O,
1% SDS, 298 K) of c) pristine (6,5)-SWNTs and d) MINT-1.
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those obtained for (6,5)-SWNT. In particular, radial breath-
ing modes (RBM, 200-400 cm™"), D (ca. 1300 cm ™), G~ (ca.
1535nm) and G*(1590cm™') modes do not show any
relevant shift (see Figure S3), indicating that the electronic
structure and the aggregation state of the tubes is mostly
preserved upon encapsulation using both methods. More-
over, I/l ratios, often used to identify structural changes in
carbon-based materials due to the increase of defects,!! is
identical within error for (6,5)-SWCNT (0.035+0.009) and
MINT-1 synthesized by self-assembly (0.038+0.009), and
remains very low (0.087+£0.007) for the MINT-1 sample
synthesized by direct encapsulation. This difference in the
Ip/l; ratio between the different synthetic methods is too
small to indicate an increase of covalent defects when using
the encapsulation method, and we believe it is better
ascribed to differences in the sample preparation method
that might lead to, for instance encapsulation of more or less
solvent.”

The photoluminescence excitation (PLE) map of the
(6,5)-SWNTs in the visible-NIR region (Figure 2c) shows an
intense peak at A,.=565nm, A.,, =984 nm characteristic of
the (6,5) chirality, and residual peaks at A.,=643 nm, A, =
1021 nm and A, =665, A, =948 nm, corresponding to (7,5)
and (8,3) chiralities. In the MINT-1 sample synthesized by
self-assembly (Figure 2d), the luminescence of the (6,5)
nanotubes is quenched to approximately 40 % and suffers a
bathochromic shift to A.,, =984 nm, compared to a sample of
(6,5)-SWNTs with identical optical density. In the MINT-1
sample synthesized by direct encapsulation (Figure S5b), the
luminescence of the (6,5) nanotubes is quenched less
efficiently, to approximately 18 % and suffers a bathochro-
mic shift to A, =993 nm, compared to the pristine (6,5)-
SWNTs. These results might reflect the non-negligible
presence of non-interlocked 1 in this sample. With regards
to the emission of the pyrene chromophore, in the UV/Vis
region, we observe that the fluorescence of metallacycle 1 is
blue-shifted from A,,=403nm to Ai,,=393nm, and
quenched by 85 %. (Figure S5) upon formation of MINT-1.

Finally, the analysis of a sample of MINT-1 under atomic
force microscopy (AFM, dynamic mode) is in clear agree-
ment with the formation of the rotaxane-type species.
Figure 3a shows a topographic image of a single SWNT with
a height of approximately 1 nm, on which three elevations of
approximately 2.5-3 nm are observed (Figure 3a,b). The
dimensions and the regularity of these elevations are
consistent with the formation of 1 around a SWNT, and
rules out the possibility of physisorption of 1 on the SWNT
walls.

HR-TEM analysis (200 kV) of samples of MINT-1 drop
casted from a TCE suspension shows mostly bundled nano-
tubes with heavily functionalized sidewalls, in agreement
with the TGA data, although at several instances we can
find individualized tubes with objects of adequate size and
shape to correspond to macrocycle 1 (see Figures S7 and S8
in the Supporting Information). The chemical composition
analysis of these micrographs, as obtained by energy-
dispersive spectroscopy, confirms the presence of Pd (see
Figure S9). However, under these conditions the organic
addends get quickly damaged,” and atomic resolution
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Figure 3. a) AFM topographic image of MINT-1 as obtained from a
dropcast of a suspension in TCE. b) Height profiles along the lines
depicted in a). c) ac-HRTEM image of MINT-1. An energy-minimized
molecular model (molecular mechanics, UFF) of MINT-1 is super-
imposed on the right side to serve as visual reference. d) Profile graph
of ¢), showing the dimensions of the SWNT and the macrocycle, in
perfect accordance with expectations. Four darker atoms are visible
and tentatively assigned to the Pd centers by comparison with the
model.

cannot be obtained. A more structurally informative micro-
graph, obtained in an image aberration corrected micro-
scope at 60 kV is shown in Figure 3c. An isolated SWNT
encapsulated within a macrocycle-shaped organic residue is
distinguishable with close to atomic resolution. For the free
nanotube, a diameter of 0.68 nm was measured, in perfect
accordance with a (6,5)-SWNT. Meanwhile, the macrocycle
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addend shows a diameter of 1.55 nm, again in great agree-
ment with the dimensions of metallosquare 1 (Figure 3d).
Four individual atomic contrasts are also visible, that can be
tentatively assigned to the four Pd corners®! by comparison
with the energy-minimized molecular model superimposed
in Figure 3c (see the Supporting Information for more
micrographs).

In conclusion, we have introduced a new type of MINT
consisting of the threading of a SWNT through the well-
defined cavity of a palladium-based supramolecular organo-
metallic complex. The preparation of this metallo-MINT can
be performed either by the template-formation of the
metallacycles around the surface of the SWNT, or by
encapsulating the SWNT into the cavity of the preformed
metallacycle. To our knowledge, this is the first time that a
metallo-MINT is obtained by interlocking a SWNT, thus
exemplifying how metal-ligand binding and the directional
control of coordination geometries can be used for the
preparation of self-assembly structures beyond the molec-
ular level. We also proved that the incorporation of metal
atoms into the structure of the MINT has important
implications that affect to the electronic nature of these
functionalized nanotubes. In particular, PLE maps suggest
that a charge-transfer process occurs from the metallo-
square to the nanotubes upon photoexcitation. Interlocked
structures based on metal coordination have played a
prominent role from the early days of the field,”! including
supramolecular functionalization of SWNTs,*! and up till
now, where some of the most complex structures are
synthesized using this kind of interactions.””’ We think that
our work opens a new field of opportunities for MINTs. We
now intend to extend our strategy for threading other types
of metallacycles, and to investigate their potential properties
in catalysis.
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