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ABSTRACT: The grinding of chemical reagents enables mixing, promotes molecular collisions, and
provides the thermal energy required for chemical reactions, while reducing the need for solvent (often
to none) and significantly speeding up reactions. This has made mechanochemistry a powerful alternative
to traditional solution chemistry. Here, we show that mechanically interlocked derivatives of single-
walled carbon nanotubes (MINTS) can be made via mechanochemistry in multigram scale. Compared to
the previously reported method in suspension, mechanochemistry allows us to reduce the amount of
solvent by two orders of magnitude and the reaction time from 72 h to 5 min. The mechanochemical
synthesis of MINTSs is proven to work both with purified (6,5)-SWNTSs and affordable Tuball™ SWNTs,
enabling the cheap, fast, and environmentally friendly multigram scale synthesis of MINTs. With this
new synthetic methodology we open the door to the real-world applications of MINTSs in fields such as

polymer composites.

Chemical derivatization of single-walled carbon nanotubes (SWNTS) is often required to make the most
of their outstanding physical properties.[*-*1 Covalent or supramolecular chemistry approaches have

represented the bulk of the work in this area, each with its own advantages and disadvantages. Covalent
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chemistry provides very robust hybrids but implies saturation of the C sp? network of the SWNTS, which
in principle is not desirable.[®1 Meanwhile, supramolecular chemistry is intrinsically dynamic, so the
attachment between the SWNT and the molecular fragments depends on the conditions.[>1% In the last
few years, the chemistry of the mechanical bond has been successfully implemented for SWNTs.[14
Basically, macrocyclic species encapsulate the SWNTSs forming rotaxane-type mechanically-interlocked
SWNT 2, Several synthetic pathways towards MINTs have been developed. We have developed a
clipping strategy in which U-Shaped molecules first associate SWNTSs and then are closed around them
using ring-closing metathesis (RCM).[*3l Meanwhile, Miki et al. used a threading strategy with preformed
rigid macrocycles.[* VVon Delius et al. have explored the formation of 1+1 macrocyclic species around
the SWNTSs using self-correcting S-S chemistry.[*®] Finally, noncovalent bonds, such as metal-ligand
coordination[*®-171 or H-bonding(*®! can also be used to close the macrocyclic species around the SWNTSs.
Derivatization of SWNTSs to form MINTSs has shown to be potentially useful in several fields, including
catalysis,[*%-21 spintronics,[?? or the reinforcement of polymers.[23-301 But there is still a major hurdle to
overcome for MINTSs to become a relevant enabling technology: the lack of a scalable synthetic method.
For example, our standard protocol!*!] uses prohibitively expensive chirality-enriched SWNTs, involves
the use of large amounts of solvent, and takes 24-72 hours to reach full functionalization of the SWNTs,

to finally afford milligram quantities of MINTSs.[31

Mechanochemistry has emerged as a powerful alternative to traditional solution-based chemistry.[32-33
Conceptually, it is based on applying mechanical energy both to enable collisions and thermally activate
the reagents, fulfilling the functions of solvent (stirring) and heat. It therefore does not present any
intrinsic limitations in scope in terms of structure of the reagents or types of reaction. Accordingly, it has

been successfully applied to many different types of reactions, including those most relevant to the
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objectives of this work: ring-closing metathesis,[** derivatization of SWNTs,% and formation of

mechanically interlocked species. 263

Here, we describe the multigram-scale synthesis of MINTSs using mechanochemistry. Our protocol uses
standard ball-milling equipment, is quick (minutes) and uses minimal amounts of solvent for the
synthesis and small amounts for the purification. It applies to both small diameter (6,5)-SWNTs and
affordable mixtures of SWNTs of large diameter, therefore meeting all the requirements for further

scalability.

Previous work:
suspension
TCE (1 mL/mg)
72 h, mg scale
This work:
mechanochemistry
toluene (0.002 mL/mg)
5 min, multigram scale

Figure 1. Synthesis of MINTS in suspension and by mechanochemistry.

To test the potential of mechanochemistry to synthesize MINTS, we focused on a pyrene-based U-Shape
precursor (pyr-U-shape, Figure 1), which is synthetically accessible in multigram scale. We have
previously used that same U-Shape to make MINTSs based on (6,5) and (7,6)-enriched SWNTs,[*°! and
have recently shown that it can also form MINTSs using cheaper mixtures of SWNTs, thanks to the
possibility of forming rings of different stoichiometries (predominantly 1+1)%1 to encapsulate SWNTs
of larger diameter.*l As a preliminary test, we mixed SWNTs ((6,5)-SWNTs, 25 mg, 0.784 nm

diameter), pyr-U-Shape (22 mg, 0.025 mmol) and Grubbs’ 2" generation catalyst (22 mg, 0.025 mmol),

https://doi.org/10.26434/chemrxiv-2024-6q4xq ORCID: https://orcid.org/0000-0002-8739-2777 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0


https://doi.org/10.26434/chemrxiv-2024-6q4xq
https://orcid.org/0000-0002-8739-2777
https://creativecommons.org/licenses/by-nc-nd/4.0/

using the same ratio we typically employ in suspension, and ground the mixture manually using an agate
mortar and pestle for 30 minutes. As a control sample, we mixed the same amounts of SWNTs and U-
Shape and ground them in the absence of Grubbs’ catalyst. The powders obtained in each case were
washed three times with CH2Cl2 (3x50 mL) with 5 min sonication at each wash. After the last wash, the
samples were filtered and subjected to thermogravimetric analysis (TGA). The TGA results are shown
in Figure S1a, together with a reference sample of MINTSs made in suspension using the same molecular
components. We were happy to see that the TGA traces of the sample synthesized in suspension and the
one made by mechanochemistry showed similar content of organic material. In particular, there is only
one significant weight loss due to the added organic material, centred at approximately 400 °C, and the
degree of functionalization is in both cases around 28-30 %. These features indicate the formation of
MINTSs without significant participation of supramolecularly attached oligomers, which can be easily
identified by TGA.BY In comparison, the control sample that was ground in the absence of Grubbs’
catalyst showed very little functionalization due to unwashed physisorbed U-Shape (< 5 %, consistent
with control experiments in suspension). The Raman spectra (Aexc = 532 nm) of the samples synthesized
in suspension and by hand-grinding also show similar trends with respect to the pristine SWNTS, as
shown in Figure S1b. In particular, the relative intensity of the D-band was only slightly affected after
functionalization in the case of the mechanochemical synthesis, showing a quantitatively very small but
noticeable degree of damage of the SWNTSs subjected to the ball-milling procedure (from Ip/lc = 0.018
+ 0.002 to 0.030 £ 0.005). This is comparable to the change observed for the MINTSs synthesized in
suspension, and therefore most likely originated in the sonication steps during the purification
procedures. In both cases, the minute change in Io/lc supports the formation of noncovalent derivatives,
as a much larger increase in Ipo/lc would be expected for a covalent derivative with similar degree of
functionalization.[*?] We also observed slight differences in the radial breathing modes (RBM). The RBM

at 271+1 cm (diameter of 0.91 nm) presents no significant differences with respect to pristine (6,5)-
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SWNTs and MINTses prepared in TCE. On the other hand, RBM band at 311+1 cm (diameter of 0.8
nm) showed a slight increase in intensity with respect of the pristine nanotubes and MINTS prepared in
TCE. Finally, we do not notice significant changes in the G or 2D bands, indicating that the SWNTs
show very little or no doping upon chemical modification. Again, these results are consistent compared
with the sample prepared by the suspension method. As we reported for (6,5)-SWNTs with different
macrocycles, [13.40 we decided to investigate if we could modulate the functionalization in commercially
available using mechanochemistry. We used four different amounts of U-shape with respect the SWNTSs
(0.12, 0.24, 0.48 and 1 pmmol/mgswnts). The product formed by hand milling with the lowest
concentration of U-shape showed a loss of 12 % whereas weight losses of 21, 28 and 35 % were observed

when the concentration increased (Figure S3).

With these encouraging results, we tested the formation of MINTs using a commercially available
planetary ball-mill equipped with stainless steel reactors and balls. After each milling experiment, the
resulting powder was collected and the unreacted U-Shapes, and Grubbs’ catalyst were removed by three
washes in DCM, in which we suspend the product in 20 mL of DCM with 5 minutes bath sonication and
then filter the solid through a 0.2 um pore PTFE membrane. We used 20 mL reactors and 50 mg of (6,5)-
SWNTs, 21 mg of U-Shape (0.48 pumol/mg) and 10.2 mg of Grubbs’ catalyst (0.5 eg. with respect to U-
Shape) to optimize the number of steel balls and the time required to obtain a functionalization degree
similar to that obtained in suspension and by hand-grinding. We carried out experiments at 150 and 500
rpm for five minutes with different numbers of steel balls finding that optimal conditions to obtain
comparable results to solution and hand-grinding methods were 2 steel balls, five minutes grinding at
150 rpm and a small amount of toluene (0.4 mL), with which we obtained a satisfactory 28 %
functionalization with a decomposition temperature centred at 400 °C, matching with suspension MINTs

(Figure 2a). To test the extent of physisorbed organic material that remains even after the three DCM
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washes, we dispersed the sample in tetrachloroethane (TCE), in which the U-Shape and its derivatives
are highly soluble, and refluxed it (b.p. 147 °C) for one hour. After this, the sample was filtered and
washed again three times with DCM, following the procedure described above, and once with diethyl
ether (Et20) to remove traces of DCM and facilitate drying. The sample was further dried in an oven (T
=110 °C) overnight to remove any solvent residues (absorbed or encapsulated). The TGA data from this
sample (Figure S2) shows that only a small fraction of the organic material (ca. 5 %) is removed after

this exhaustive washing procedure, a characteristic of the formation of MINTSs. [*1]
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Figure 2. a) TGA (Air, 10 °C-min) of (6,5)-SWNTs (black), MINTs@s5) synthesized in TCE (blue),
MINTSs5) synthesized by mechanochemistry using: 150 rpm, 2 balls, 5 min and 0.4 mL of toluene
(yellow); b) UV/Vis/NIR spectra (D20, 1 % sodium dodecyl sulfate (SDS), 298 K) of (6,5)-SWNTs
(black); MINTSs,5) synthesized in TCE (blue) and MINTSs5) synthesized by mechanochemistry using
150 rpm, 2 ball, 5 min and 0.4 mL of toluene (yellow); ¢) Raman spectra with RBM region zoom (Aexc =
633 nm) of (6,5)-SWNTs (black); MINTss) synthesized in TCE (blue); and MINTs5) synthesized by

mechanochemistry using 150 rpm, 2 ball, 5 min and 0.4 mL of toluene (yellow).

UV/Vis/NIR extinction spectra of MINTS prepared by both suspension and ball-mill methods and pristine
(6,5)-SWNTs as reference, all taken in D20 with 1 % sodium dodecyl sulfate (SDS) at room temperature,
are shown in Figure 2b. With respect to pristine (6,5)-SWNTSs, we observe a shift of the E11 and E22

interband transitions, from 1014 to 1019 nm and from 584 to 586 nm, respectively, in the
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mechanochemically synthesized MINT samples. The sample synthesized in suspension shows
qualitatively and quantitatively identical changes, indicating that both strategies lead to the same type of
product. The Raman characterization of the samples synthesized under optimal conditions again
exhibited trends that perfectly mirror those observed for MINTSs formed in suspension with respect to the
pristine (6,5)-SWNTSs (Figure 2c). Detailed statistical analyses of peak position and intensity ratios are
provided in the Supporting Information section (Figure S4-S6). In particular, the D (ca. 1300 cm™!), G~
(ca. 1535 cm™), and G* (1590 cm™) bands demonstrated no significant shifts post-functionalization, in
agreement with the suspension method results. Regarding the radial breathing modes (RBM, 250-350
cmt; zoom in Figure 2c), we also observed similar variations in Raman shift and relative intensity
beetween ball-milling and suspension MINTS compared to pristine SWNTSs. For excitation at Aexc =
532 nm (Figure 2c), we observe two main RBM peaks for pristine SWNTSs at 269 + 2 cm™, which
corresponds to a diameter of 0.92 nm and 309 + 3 cm™* (diameter of 0.80 nm). Upon formation of MINTS,
no significant shift or change of the intensity of the bands were found. Photoluminescence excitation
(PLE) maps of the (6,5)-enriched SWNTs show an intense peak at Aexc = 565 nm, Aem = 985 nm
characteristic of the (6,5) chirality, which is 99 % quenched upon functionalization using both solution
and mechanochemistry methods (Figure S7). From all these data, including control experiments, TGA,
UV/Vis/NIR, Raman and PLE, we interpret that the mechanochemically synthesized product are indeed

MINTSs.

In order to demonstrate the scalability of the method, we carried out the preparation of MINT using the
optimal conditions (150 rpm, 2 ball, 5 min, 0.4 mL of toluene) with affordable mixtures of SWNTs of
large diameter using Tuball™ SWNTs (1.6 +0.4 nm diameter), for which we have already proven the
formation of MINTSs in suspension.[*!l For the mechanochemical method, we use 1 g of SWNTSs, 420 mg

of U-Shape (0.48 pumol/mg) and 204 mg of Grubbs’ catalyst (0.5 pmol/ U-Shape pumol) and 2 mL of
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Toluene. The functionalization of MINTrusaLL (around 22%) matches with the solvent method MINTS
(around 28 %) corroborated with the TGA performed in air (Figure 3a). UV/Vis/NIRextinction spectra
(D20 with 1% sodium dodecyl sulfate (SDS) at room temperature) of MINTs prepared by both
suspension and ball-mill methods and pristine SWNTSs are shown in Figure 3b. No significant differences
are observed between both MINTs samples, indicating that both strategies are equally valid for the
preparation of MINTS. For instance, both show equivalent red shifts of the S22 and the Si1 interband
absorptions, at 680 - 800 nm and 900 - 1200 nm, respectively (see inset in Figure 3b). We have typically
found these red shifts upon derivatization of SWNTs as MINTs[*l with macrocycles featuring pyrene
units.l9 Interestingly, the spectra in the 900 - 1000 nm region show better defined interband absorptions
for MINT samples with respect to pristine SWNTs, which is typically a sign of better

individualization.[44]

The Raman characterization of MINTrusaLL €Xhibited trends that resembled those observed for MINTSs
formed in suspension and the pristine SWNTSs, (Figure 3c). Detailed statistical analyses of peak position
and intensity ratios are provided in the Supporting Information section (Figure S8-S10) The D, G, and
G* bands demonstrated no significant shifts post-functionalization, in agreement with the suspension
method results. Under optimal ball-milling conditions, we found that Ip/lc presented no significant
changes with respect of those found for MINTSs prepared by suspension method (Figure S8-S10).
Regarding radial breathing modes (Figure 3c and S8-S10), we also observed similar variations in Raman
shift and relative intensity of the ball-milling and suspension MINTs compared to pristine SWNTSs. For
excitation at dexc = 633 nm (Figure 3c), we observe a main RBM peak for pristine SWNTs at 145.8 + 0.8
cm, which corresponds to a diameter of 1.7 nm, with shoulders at 163 = 1 cm* and 181 + 2 cm™. Upon
formation of MINTSs, we note an obvious change in the relative intensities of these signals, with the

higher frequency peak becoming significantly more intense. We also note shifts to higher frequencies of
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the two most prominent RBMs, from 145.8 + 0.8 cm™ (SWNTSs) to 152.7 + 0.6 cm™ (suspension MINTS),
and 148 + 2 cm™* (ball-milled MINTS). This shift follows the same trend and is quantitatively similar for
the higher frequency RBM, from 181 + 2 cm™ (SWNTSs) to 189 + 2 cm™* (suspension MINTSs), and 189
+ 1 cm? (ball-milled MINTSs). From these data, we interpret that suspension MINTs and both
mechanochemically synthesized MINTs (using (6,5)-SWNTs or Tuball™) share the same type of
functionalization, in agreement with the TGA and absorption data. The changes in relative intensities
between the RBMs corresponding to the larger diameter SWNTSs (ca. 1.7 nm) compared to the smaller
ones (ca. 1.3 nm) also point to some degree of diameter selectivity. Similar shifts to higher frequencies
are also observed in the RBMs with 532 and 785 nm excitations (see the Sl Figures S4-S6 and S8-S10
for (6,5)-SWNTs and Tuball™ respectively), and are indicative of a hardening of the radial vibrations of

the SWNTSs,*®! which is a reasonable consequence of surrounding their structure with macrocycles.
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Figure 3. a) TGA (Air, 10 °C-mint) of MINTTusaLL synthesized in TCE (blue) and MINTTusALL
synthesized by mechanochemistry using 150 rpm, 2 ball, 5 min and 2 mL of toluene (yellow); b)
UV/Vis/NIR spectra (D20, 1 % sodium dodecyl sulfate (SDS), 298 K) of SWNTSs (black); MINTrusaLL
synthesized in TCE (blue) and MINTrusaLL synthesized by mechanochemistry using 150 rpm, 2 ball, 5

min and 2 mL of toluene (yellow); c) RBM region zoom (Aexc = 633 nm) of SWNTSs (black); MINTTusaLL
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synthesized in TCE (blue); and MINTrusaLL Synthesized by mechanochemistry using 150 rpm, 2 ball, 5

min and 2 mL of toluene (yellow).

Finally, microscopic analysis under AFM and TEM of the MINT 5 and MINTrusaLL Synthesized using
the ball-mill under optimal conditions also shows results consistent with our previous observations for
MINTSs synthesized with the suspension method. Figures 5a and 5¢ show AFM micrographs of the ball-
milled MINTSs. For MINTSss5) Figure 4a-b shows a topographic image of a single SWNT with a height
of roughly 1 nm, on which three elevations of approximately 2.0 — 2.2 nm are observed. For MINTrusALL
sample we observe individual SWNTs (diameter ca. 1.6 nm as measured in the clean areas), almost
entirely covered with a uniform coating of around 3 nm (Figure 4c-d). These are the same type of
structures that we encountered in the MINTSs synthesized with the suspension method with the same
SWNTs and the same U-Shape molecule.[*!] Aberration corrected HR-TEM analysis (60 kV) of samples
of MINTs5) (Figure 4e) and MINTrusaLL (Figure 4g) drop casted from a TCE suspension shows mostly
bundled nanotubes with heavily functionalized sidewalls, in agreement with the TGA data. Within these
samples, the individualized tubes contain organic fragments whose size and shape are consistent with
macrocycles. For example, in Figure 4e we observe a macrocycle clearly placed around the SWNT, and
the remains of another macrocycle that decomposed during e-beam irradiation. In the case of
MINTrusaLL we find similar structures although the macrocycles found are approximately twice the size
(Figure 4g), in accordance with the majority 1+1 stoichiometry.[*Y Interestingly, we found that after the
ball-milling process, in addition to the formation of macrocycles, the encapsulation of organic material
in the larger diameter tubes took place (Figure 4g and Figure S11). To evaluate the functionalization of
the nanotubes, we measured the intertube distance between carbon nanotubes in the bundles. This
measurement serves as an estimation of the lower bounds of intertube distance, as in most cases, the

nanotubes are observed in van der Waals contact (d = 0). For MINT @ 5) this average intertube distance
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of 0.11 + 0.06 nm (N=50) is significantly larger than that of pristine SWNT bundles, as determined by
HRTEM (0.06 + 0.06 nm, N=50), suggesting a de-bundling effect due to high functionalization.[*6! Same
trend was found for Tuball samples where the average intertube distance of MINT is 0.16 + 0.03 nm

(N=50), larger than Tuball SWNTs (0.10 + 0.03 nm (N=50).

f) 12 h) es

130 2.19 nm 621 2.61 nm

1281 |-0.98 nm-l 614 I 1.43 nm '

126 60-

e &

124+ 59

122+ 581

120+ 571

118 56

0.0 1.0 2.0 3.0 4.0 5.0 0.0 1.0 2.0 3.0 4.0 5.0
nm nm

Figure 4. a) AFM topographic image of MINT s5) synthesized by mechanochemistry using 150 rpm, 2
ball, 5 min and 2 mL of toluene; b) height profiles along the lines marked in the topographic image a);
c) AFM topographic image of a suspension in TCE of MINTugac Synthesized by mechanochemistry

using 150 rpm, 2 ball, 5 min and 2 mL of toluene; d) height profiles along the lines marked in the
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topographic image c); e) ac-HRTEM image of MINT @ 5) synthesized by mechanochemistry using 150
rpm, 2 ball, 5 min and 2 mL of toluene; f) profile graph of €), showing the dimensions of the SWNT and
the macrocycle; g) ac-HRTEM image of MINTrusaLL Synthesized by mechanochemistry using 150 rpm,
2 ball, 5 min and 2 mL of toluene; and h) profile graph of e), showing the dimensions of the SWNT and

the macrocycle.

Conclusion

In summary, we disclose that MINTs can be synthesized in multigram scale using environmentally
friendly mechanochemistry. The mechanochemical method works well for both thin (6,5)-SWNTSs which
are expected to form MINTSs via direct RCM of the U-Shape, and for thicker and cheap Tuball SWNTs,
in which a mix of stoichiometries, dominated by 1+1 macrocycles are present. Full characterization of
MINT @5 and MINTTusaLL corroborate that the products are identical to those obtained in suspension,
with the exception of the thicker (radius > 1.8 nm) species in the Tuball SWNTs, for which HRTEM
analysis shows organic fragments both around them, forming MINTSs, and encapsulated within them.
Compared to the previously reported method in suspension, mechanochemistry allows to reduce the
amount of solvent by three orders of magnitude (from 1 mL/mg to 0.002 mL/mg), the reaction time from
72 h to 5 min, and the purification time from 12 h to 30 min. All these improvements together make the
synthesis of MINTSs in multigram scale economically viable, enabling their applications in real world

technologies, like the reinforcement of polymers.
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