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There is an urgent need for new approaches to reduce the environmental impact of plastics.
One approach is to enhance recyclability. Covalent adaptable networks (CANS), where
crosslinks are chemically reversible, offer an attractive alternative to thermoset materials.
Another option is to strengthen polymers using nanofillers, to reduce the amount of material
needed. In this regard, single-walled carbon nanotubes (SWNTSs) are excellent candidates as
fillers due to their extreme strength-to-weight ratio and dimensionality. Here, SWNTs
functionalized as mechanically-interlocked derivatives (MINTS) are shown to significantly
improve the mechanical properties of polyimine (PI) CANs, with close to optimal efficiency.
Enhancements in both stiffness and ultimate strength, approaching 100% load transfer
considering the SWNT loading, are observed for PI MINT, while composites made with
pristine SWNTSs exhibit poor improvement. The PI MINT CANSs can be recycled both
thermally and chemically without compromising their mechanical properties. Finally,
prototype carbon fiber PI MINT laminar composites are also fabricated and characterized,
demonstrating a significant increase in their mechanical properties.

1. Introduction

Plastics are inexpensive materials that can readily be shaped into a variety of products that find
use in a broad range of applications. Based on these intrinsic properties, the use of plastics has
quickly generalised around the globe. This has had a tremendous positive impact in our quality
of life, yet it now poses a serious environmental problem.[*! Current levels of usage and disposal
of plastics are unsustainable even in the short term.[?l While we find definitive, long-term
solutions to this problem, we need to develop technologies that can reduce the amount of

plastics significantly and help mitigate it as much as possible. One possible approach is to

reinforce plastics with adequate fillers, so that a smaller amount of composite can serve the
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same purpose as a larger amount of non-reinforced plastic. Another approach is to facilitate
recycling of polymers,E! for example by reducing the use of thermosets and intensifying the use
of thermoplastics, which can be melted and reshaped for further use.l! In this sense,
reinforcement of thermoplastics is often needed,” as otherwise their mechanical properties are
significantly inferior to those of thermosets.

A very attractive solution to this tug-of-war between mechanical performance and recyclability
are covalent adaptable networks (CANSs),[! which are polymer networks built out of dynamic
covalent bonds.[! CANs combine the strength provided by the chemical crosslinks with the
adaptability provided by dynamic chemistry. A couple of selected recent examples will help
locate the state-of-the-art in this field. For example, a supramolecular version of CANs leading
to mechanically strong networks that can be recycled at room temperature was recently
described.[® Their design is based on imine bond formation for the building of the CAN and
secondary H-bonding for further crosslinking. Very recently, the combined power of the
chemistry of disulfide exchange and transesterification was exploited by Zhang and co-workers
to build self-repairing IR transmitting CANs.[!

Single-walled carbon nanotubes (SWNTS) are cylindrical nanostructures made entirely of sp-
bound carbon atoms arranged in a hexagonal pattern. This chemical structure makes CNTs
extremely strong, with a Young‘s modulus of 1-5 TPa (calculated)[*®! and most likely around 1
TPa as experimentally measured.l™Y] This is about five times stiffer than structural steel, while
also being approximately four times less dense. These exceptional properties are in principle
ideal for SWNTSs to be used as polymer fillers, which are often brittle and/or deform easily.
Consequently, blending polymers with SWNT fillers has emerged as a vibrant area of research
in composite materials.[*?l Nevertheless, the observed enhancements in mechanical properties
of SWNT-polymer composites often fall significantly short of theoretical predictions, primarily
due to challenges in individualizing SWNTs and achieving effective load transfer from the

polymer matrix to the nanotubes.



The extraordinary potential of the combination of CANs and SWNTSs has only recently started
to be investigated, mostly with the aim of making use of the electronic properties of the
SWNTs,™ but it is largely unexplored with regards to providing mechanically superior and
recyclable composites.[*4!

In the last ten years, our group,™*® and others,*®! have described the synthesis of mechanically
interlocked derivatives of SWNTs (MINTs).[!] MINTS are rotaxane-type derivatives in which
macrocyclic molecules wrap around SWNTSs. We have provided proof-of-principle studies that
show that wrapping the SWNTs within a mechanically interlocked layer of macrocycles!*® !
or polymert?? is a valid strategy to enhance the performance of SWNTs as fillers.[?! The
concept is simple: by surrounding the SWNT with organic material, we simultaneously
prevent/decrease aggregation and provide sites of interaction with the polymer, which enhance
load transfer.

Here, we show that MINTs can be used to reinforce polyimine (P1) CANs very efficiently
(improvement of 77% in Young’s modulus and 100% tensile strength at 1% w/w SWNT
loading). The MINT-PI composite can be melted and reshaped, ensuring full recyclability.
Moreover, we demonstrate the proof-of-principle use of MINT-PI as binder in single ply
carbon-fiber composites, in which we measure a remarkable improvement of 66% in Young’s

modulus 73% in tensile strength.

2. Results and discussion

2.1. Molecular design and synthesis of MINTs

We have previously shown that wrapping SWNTs within a molecular layer of macrocyclic
structures facilitates the dispersion of the carbonaceous filler and improves the polymer-SWNT
interaction.*® 1 With regards to the latter, we showed that the interaction depends on the
chemical nature of the polymer matrix and the macrocycles following standard supramolecular

chemistry principles.!*® Taking this into account, and since our objective was to reinforce a Pl
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matrix, we designed a U-shaped macrocycle precursor featuring two pyrene units for
association with the SWNTs. The recognition units are decorated by long alkyl chains
terminated in alkenes for ring-closing metathesis. The aromatic spacer between the two pyrene
units is functionalized with an amide link to a bifurcated bisamine fragment. This structure is
easily synthesized from commercially available precursors using standard chemical procedures
(see the Supporting Information) and can participate in the PI structure via amine exchange.
The Boc-protected precursor to the U-shaped molecule was closed around SWNTs to form
MINTSs using ring-closing metathesis, and characterized after standard purification procedures
by TGA, Raman, and AFM, which proved the interlocked nature of the macrocycles around the
SWNT (see the Supporting Information). Subsequent Boc deprotection under thermal
conditions (220 °C, 2h, loss of Boc group monitored by TGA) yielded the free diamine MINTs
(daMINT in Figure 1a).l'1 As a control sample, we also synthesized another MINT based on
the same design principles, but lacking the diamine functionalities, and therefore unable to
participate in the PI structure (ctrIMINT in Figure 1a). The synthesis of ctrIMINT and its
characterization have been reported elsewhere.[?’]

On the other hand, the PI CAN features terephthaldeyde (TPA) and diethylene triamine (DETA)
as linear growth monomers, with tris(2-aminoethyl)amine (TREN) as crosslinker, used in a
1.00/0.30/0.47 TPA/DETA/TREN molar ratio a combination that was recently described by Yu
and cols. (Figure 1b).?2l Upon mixing with the daMINT filler, it is expected that it can
participate in the imine exchange reaction, therefore connecting the matrix and the filler through
the mechanical bond, so that the daMINTs form an integral part of the CAN (Figure 1c) and
the load transfer is maximized.l?”! This hypothesis was corroborated in preliminary experiments
testing the reactivity of the U-shape with TPA, which showed changes in the FTIR spectra

compatible with formation of the imine (see the Supporting Information).
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Figure 1. a) Chemical structure of the Boc-protected U-shape macrocyclic precursor, synthesis
of daMINT and ctrIMINTS, and idealized representation of the structure of the MINTSs (note
that 1+1 macrocyclization is also possible). b) Chemical structures of the dialdehyde (TPA) and
diamine (DETA), and the triamine (TREN) cross-linker used for growth of the PI network and
simplified chemical structure of the PI CAN. c¢) Simplified chemical structure of the PI-daMINT

CAN.

2.2. Fabrication of Pl composites with SWNT and MINT fillers:

To ensure crosslinking of the daMINT material and facilitate dispersion, we first mixed TPA
and daMINTSs (or ctrIMINTs or SWNTSs) in a planetary ball-mill reactor and milled the mixture
for 10 min at 250 rpm (see Experimental Section for details). Then DETA and TREN were

added dropwise while mixing manually, and the mixture was further milled for 10 more minutes



at 250 rpm. The resulting paste was removed from the reactor and mixed manually before
returning it to the ball-mill for a last milling process of 20 min, also at 25 rpm. The paste
obtained after this procedure was placed a hot-press and cured for 1 h at 75 °C, 1 h at 85°C and
3 h at 105 °C all at 80 bars pressure, obtaining films of ~0.2 mm thickness, which were used

for characterization.

2.3 Mechanical characterization

The mechanical properties of the pure Pl and its composites with pristine SWNTs, daMINTSs
and ctrIMINTS, all at 1% w/w loading of SWNTSs, were characterized in tensile tests. To this
end, films of each sample as obtained after the hot-press procedure were cut into dog-bone
probes, and at three (or more) of these were subjected to mechanical testing. The data are shown
in Figure 2d and e, and can be summarized as follows. The P CAN shows a Young’s modulus
(YM) of 1.81 + 0.04 GPa and ultimate tensile strength (TS) of 34 + 9 MPa (black Figure 2).
These values are comparable to those reported for a structurally similar PI CAN, 2% and confirm
that our samples are satisfactorily cross-linked. The PI-SWNT is barely reinforced by addition
of the SWNTSs, showing YM = 1.8 £ 0.2 GPa and TS = 37 £ 3 MPa, which we attribute to the
poor dispersion of the pristine SWNTSs in the Pl matrix, which is evident in optical microscopy
of a PI-SWNT film (Figure 2b). In comparison, the PI-daMINT sample shows much better
dispersion and forms microscopically more uniform films (Figure 2c), and consequently
displays remarkable reinforcement, with YM = 3.2 £0.2 GPa and TS = 68 + 9 MPa, an increase
by 77% and 100%, respectively. In turn, the PI-ctrIMINT sample showed YM = 2.4 +0.2 GPa
and TS = 48 £ 4 MPa. With these data, we can conclude that the derivatization of SWNTSs as
MINTSs helps the reinforcement significantly, but optimal performance requires that the rings
can crosslink chemically with the PI CAN structure.

Assuming a YM of 1TPa and TS of 100 GPa for the SWNT fillers, for the PI-daMINT samples

we calculate a load transfer of =120 % with regards to YM and ~30% for TS using the rule of
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mixtures for randomly oriented fibers (see the Supporting Information for details). The first one
is obviously an overestimation, due to either experimental error or underestimation of the YM
of SWNTs.[Y% In any case, these values reflect the success of the daMINT structural design,
achieving very close to optimal use of the extraordinary properties of the SWNT, at least in
terms of stiffness.[?*! For comparison, for the PI-SWNT sample we calculate a very poor load
transfer of = 3% both in terms of YM and TS.

To investigate the mechanism of reinforcement further, we performed Raman spectroscopy
(Aexc = 785 nm) on the PI-SWNT and PI-daMINT composites at 0%, 1%, 2% strain, and after
fracture. The results are summarized in Figure S3 and show that the shifts of the G and 2D
bands are quantitatively larger in the case of the PI-daMINT samples. This effect is particularly
noticeable in the shift of the 2D band. These changes in the Raman spectra are a spectroscopic
consequence of a more effective load transfer to the SWNTs.[?%]

Finally, we also investigated the fracture regions under scanning electron microscopy (SEM).
The results are shown in Figure 2 f-h. The fracture area of the PI-SWNT sample shows the
SWNTs in random orientations, indicating that their initial arrangement in the composite has
not been modified during the stress test. In contrast, in the PI-daMINT sample we clearly
observe an effect of orientation of the SWNTs along the direction of the applied stress,
indicative of a much better load transfer.

Remarkably, the mechanical properties of the PI-daMINT composite are not altered after
recycling. The samples used for the thermal tests were melted and hot-pressed into new dog-
bones that afforded the following data YM = 3.13 + 0.06 GPa and TS = 60 + 3 MPa. We
repeated the thermal recycling process up to three times, without detriment to the mechanical
properties of the PI-daMINT composites (see the Supporting Information). The neat Pl and Pl
SWNTSs samples also afforded similar data after recycling, with YM =1.6 £ 0.2 GPaand TS =

33+ 6 MPaand YM =1.7 £0.2 GPaand TS =40 + 2 MPa, respectively.



As an alternative recycling process, we also investigated the complete depolymerization of the
P1 by chemical treatment with excess propylamine. The propylamine solution was poured into
a container, repolymerized and processed after evaporation of the propylamine. The mechanical
test on this sample afforded YM = 3.12 GPa and TS =59 MPa (see the Supporting Information),

demonstrating the feasibility of chemical recycling of the PI-daMINT composite.
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Figure 2. Optical micrographs of a) P, b) PI-SWNTs and ¢) PI-daMINTs. Scale bars are 5 um.

d) Representative stress-strain curves for Pl (black), PI-SWNTSs (orange), PI-ctrIMINT (green)
and P1-daMINTs (blue). ) YM vs TS plot for the data obtained from the average data of three
stress-strain curves recorded for PI (black circle), PI-SWNTs (orange rhomboid), PI-ctrIMINT
(green triangle) and P1-daMINTs (blue square), the error bars represent the standard deviation.
SEM micrographs of the fracture areas of f) PI-SWNTSs, g and h) PI-daMINTSs. Scale bars are

2 um for f and g, and 300 nm for h.



With these extremely encouraging results, we decided to test the limits of the daMINT approach
by making 5% w/w SWNT composites. For the PI-SWNT sample we obtained YM = 2.5+ 0.3
GPaand TS =42 + 4 MPa, while for the PI-daMINT sample, we measured YM = 3.3 + 0.2 GPa
and TS = 62 + 5 MPa. While the daMINT filler keeps being significantly more effective than
the pristine SWNTSs, the load transfer decreased to = 27% for the YM, indicating that the
increase in loading is compensated for by a decrease in the quality of the dispersion.
Considering this, we decided to continue our study with the 1% w/w samples only.

To gain insight into dynamic mechanical behavior and viscoelastic properties of our composites,
we performed dynamic mechanical analysis (DMA). The results are summarized in Figure 3.
For the neat PI CAN we obtain a storage modulus of 1.17 GPa at 25 °C, which increases only
very slightly to 1.24 GPa for PI-SWNTs and soars to 2.22 GPa for PI-daMINT (Figure 3a), an
improvement > 85 %, in very good agreement with the tensile test data. Reflecting this
enhancement in mechanical properties, a very significant increase in temperature of glass
transition (Tg) is also apparent from Figure 3b, from 81 °C for PI, which remains approximately

equal for PI SWNTs (Tg = 82 °C), to 92 °C in the case of PI-daMINTSs.
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Figure 3. DMA data showing a) Storage modulus (E') and b) tan(3) versus temperature for Pl

(black), PI SWNTSs (orange) and P1-daMINT (blue).

2.4. Fabrication and characterization of carbon fiber composites PI-daMINT:



One of the main potential uses of mechanically strong Pl CANSs is as substitutes for thermoset
epoxy resins in composites with carbon fiber (CF) mats, allowing for their reshape, repair and
recycling.l?®! With this in mind, we made a prototype CF-Pl-daMINT composite by
sandwiching a commercially available CF mat between two films of PI-daMINT (1% w/w
SWNT) using a hot press (see Experimental Section for details). As a reference, we followed
the same procedure to make a CF-PI composite. The CF-PI-daMINT and CF-PI films were
made to have the same thickness to ensure a similar CF to polymer ratio. The mechanical
characterization of the films is shown in Figure 4. In tensile tests (Figure 4a), the CF-PI
composite showed a YM of 12.2 £ 0.5 GPa and a TS = 140 + 33 MPa. We note that these values
are comparable to those obtained by Zhang and co-workers for a similar composite material 1%
The reinforcement by addition of MINTSs is significant, with the CF-PI-daMINT composite
showing YM = 20.3 £ 0.8 GPa and a TS = 242 + 11 MPa, that is, an improvement of 66% in
YM and 73% in TS. To put these data into perspective, Burkov and Eremin studied CF-epoxy
composites with carbon nanofillers extensively, and reported a maximum reinforcement of
14 % in TS by addition of 0.3% w/w SWNTSs to an epoxy matrix.[?"]

The DMA data of the films is shown in Figure 4b and c and confirms the reinforcement. The
CF-PI film showed a storage modulus of 5.9 GPa at 25°C while the CF-PI-daMINT film showed
E’=14.5 GPa, a 146% increase. The Tg, on the other hand, increases considerably for the CF-

PI-daMINT (109 °C) compared to the CF-P1 composite (85°C).
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Figure 4. a) YM vs TS plot for the data obtained from the average of three stress-strain curves
recorded for CF-PI (black circle) and CF-PI-daMINTSs (blue square), the error bars represent
the standard deviation. DMA data showing b) Storage modulus (E) and c) tan(d) versus

temperature for CF-P1 (black) and CF-PI-daMINT (blue).

3. Conclusion

In conclusion, we reveal that daMINTSs can be used to reinforce PI CANs with close to optimal
efficiency, and that the PI-daMINT materials are recyclable by both melting and reprocessing
and by chemical depolymerization and repolymerization. A key feature is the decoration of the
daMINT macrocycle with a diamino group capable of participating in the imine exchange. This
ensures both better dispersion of the SWNTSs and enhanced load transfer, as matrix and MINT
filler are directly linked through the mechanical bonds. For comparison, the composites made
with pristine SWNTSs showed very little reinforcement at the same SWNT loading, while the
ctrIMINT bearing no diamino groups showed a meaningful but suboptimal reinforcement.
Besides the mechanical data, the enhancement in load transfer from the PI matrix to the SWNT
material is clearly shown in Raman spectroscopy and SEM.

We also show that the PI-daMINT material provides superior mechanical properties to single
ply CF composites, compared to neat Pl. The improvement in both YM and TS are very large
(ca. 70%) at 1% w/w SWNT loading, as demonstrated by both tensile tests and DMA
measurements.

From a more general point of view, we demonstrate that MINTs are attractive SWNT
derivatives to reinforce recyclable polymers. In particular, we believe the covalent linkage of
the macrocycles to the polymer matrix is the best approach to fully benefit from the outstanding
mechanical properties of the SWNTSs. This type of composites would have a doubly beneficial
effect on the environment, as it would reduce the initial wear of the composite (due to improved

mechanical properties) and allow for easy recycling (unlike thermoset plastics).
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4. Experimental Section

Experimental procedure: daMINT- Polyimine composite:

Polyimine film was synthesized from a mixture of terephthaldehyde (TPA), diethylene triamine
(DETA) and tris(2-aminoethyl)amine (TREN) at a molar ratio of 1.00 : 0.30: 0.47.

TPA (1 g, 7.45mmol) and daMINTs in the corresponding weight of SWNTSs to create 1% wit.
and 5% wt. composites were added to a 20 mL ball mill reactor and milled for 10 minutes at
250 rpm with 5 stainless steel balls of 10 mm. Then DETA (0.229g g, 2.21 mmol) and TREN
(0.508g g, 3.47 mmol) were added drop by drop with a syringe, spreading it well through the
dark gray powder obtained in the previous milling. This mixture was put back into the ball mill
for 10 minutes at 250 rpm. Then, the ball mill reactor was opened and the paste generated inside
the reactor was removed with a spatula, detaching it from the walls of the reactor and chopping
it for better mixing. Next, it was put back into the ball mill to mix it for 20 minutes at 250 rpm.
The homogeneous paste was taken out of the reactor to put it inside the hot press between Teflon
films for its curing for 1 hour at 75°C, 1 hour at 85°C and 3 hours at 105°C with a pressure of
80 bars.

Recycling of MINT- Polyimine films

The pieces of the films broken in the tensile tests were placed in the hot press at 130 °C for 15
minutes with a pressure of 80 bars, obtaining a single film to be able to measure it again.
MINT- Polyimine- Carbon Fiber ( CF) composite

Polyimine film was synthesized from a mixture of terephthaldehyde (TPA), diethylene triamine
(DETA) and tris(2-aminoethyl)amine (TREN) at a molar ratio of 1.00 : 0.30: 0.47.

TPA (4.44 g, 33.1 mmol) and MINTS in the corresponding weight of SWNTS to create 1% wit.
and 5% wt. composites were added to a 20 mL ball mill reactor and milled for 10 minutes at
250 rpm with 5 stainless steel balls of 10 mm. Then DETA (1.02 g, 9.90 mmol) and TREN

(2.26 g, 15.4 mmol) were added drop by drop with a syringe, spreading it well through the dark
12



gray powder obtained in the previous milling. This mixture was put back into the ball mill for
10 minutes at 250 rpm. Then ball mill reactor was opened, and the paste generated inside the
reactor was removed with a spatula, detaching it from the walls of the reactor and chopping it
for better mixing, and it was put back into the mil ball to mix it for 20 minutes at 250 rpm.
The homogeneous paste is taken out of the reactor and divided into two equal parts as to their
weight. Each of this paste-like material was hot-pressed using thin (0.2mm) square-shaped mold
(70 mm x 70 mm) for 20 minutes at 75°C, then and these semi-cured films were taken out of
the mold. Using the same mold, a sheet of CF was fixed on the mold with adhesive tape and a
sandwich was made with the two films obtained in the previous step, one on each side of the
carbon fiber layer. The resulting material was cured for 1 hour at 75°C, 1 hour at 85°C and 3
hours at 105°C in the hot press with a pressure of 80 bars.

Characterization

The mechanical tensile measurements of the films were carried out with Instron 34TM-10
universal testing machine. The measurements were made with a tensile rate of 1 mm/min and
a distance between grips of 25 mm. The mechano-dynamic measurements of the samples were
carried out with a TA DMAS850 dynamic mechanical analyzer. These measurements were
carried out with a film clamp and using the following conditions: amplitude of 1 um, frequency
of 1 Hz and heating rate of 5°C/min. For the characterization of the reaction of the U-shape with
Terephthaldehyde, a FT-IR compact alpha spectrometer was used.

SEM imaging and sample preparation

A Sigma Field Emission Scanning Electron Microscope was used to obtain images of the
fracture surface of composites with SWNTSs. The samples were prepared by cutting a 2-3 mm
segment from the fracture zone of a dog bone specimen tested in a tensile test and attach it to
the SEM holder using copper tape.

AFM imaging and sample preparation

13



A NTEGRA ACADEMIA instrument was used to obtain images of the MINTSs. For image
processing and measuring the heights of the SWNTs, the Gwyddion software was used. To
prepare the samples, a solution of MINTSs at 0.05 mg/mL in isopropanol was sonicated for one
hour in a Nano Premixer THINKY at 400 rpm. The solution was then drop-cast onto a Mica
substrate and allowed to dry for 1 hour at 100 °C on a hot plate and overnight under vacuum in
the Schlenk line.

Raman measurements and sample preparation

Raman measurements and optical images were performed using a commercial confocal Raman
microscope (Senterra 11, Bruker). Raman maps of variable size or individual Raman spectra
were acquired using 785nm wavelength, 30 second acquisition, 2 coadquisitions, 9-15 cm™

resolution using a 50X Olympus objective.

Supporting Information

Supporting Information is available from the Wiley Online Library or from the author.
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