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Wrapping up Metal-Organic Framework Crystals with

Carbon Nanotubes

Belén Lerma-Berlanga, Natalia M. Padial, Marta Galbiati, Isaac Brotons-Alcdzar,
Josep Albero, Hermenegildo Garcia, Alicia Forment-Aliaga, Carolina R. Ganivet,

and Carlos Marti-Gastaldo*

The presence of tetrazine units in the organic nodes of UiO-68-TZCD controls
the formation of ultrathin coatings of single-wall nanotubes that decorate the
surface of the crystal. These crystal hybrids can be prepared straightforwardly
in one step and are extraordinarily respectful with the properties of the
framework for combination of mesoporosity and surface areas ~4.000 m? g—',
with excellent stability in water, and conductivities at room temperature of

4 x 1072 S cm™! even at very low carbon weight contents (2.3 wt.%).

1. Introduction

Metal-Organic Frameworks (MOFs) have gained increasing at-
tention in fields like chemistry, biology, and materials science
due to their unparalleled adaptability to different goals thanks to
their modular nature.[!] These hybrid reticular solids, built from
the interlinking of inorganic and organic nodes, offer periodic
structures for tailorable porosity, pore chemistry, and structural
diversity.?] However, MOFs can also suffer from weak chemical
(hydrolytic), thermal and mechanical stabilities,’] complicated
processability,*l and poor electrical conductivity,>! which limit
their potential in fields as energy storage and conversion. In this
regard, the preparation of composites by integration with other
functional materials as polymers, metal nanoparticles, oxides,
biomolecules, graphene, or carbon nanotubes (CNTs) is a pow-
erful route to overcome some of these limitations. The combi-
nation, or even synergistic interaction of these components with
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the intrinsic properties of the MOF, can
enable advanced performance of the re-
sulting composites in proton transport,”]
H, photogeneration!®! or catalysis.l’]
The intrinsic hydrophobicity and extraordi-
nary mechanical and electrical properties
of CNTs make them particularly appeal-
ing in this context.'”!) CNT@MOF com-
posites are often prepared by the addi-
tion of pre-formed MOF particles to bun-
dles of nanotubes (ex situ) or directly syn-
thesized in their presence (in situ). This
results in the formation of necklace-like hybrids for an irregular
distribution of MOF particles that are deposited/grown on top
of the carbon matrix (Figure 1a). Oxidized CNTs incorporating
superficial -OH and -CO,H groups that act as nucleation sites
are used to favor the growth of MOF nuclei. However, this of-
ten leads to unsought changes in the intrinsic properties of pris-
tine nanotubes and is not sufficient to prevent the aggregation
of MOF particles, control their distribution, or enable effective
pathways for electronic hybridization. As beautifully illustrated
for the case of MOF-polymer hybrids,['!] a better integration me-
diated by strong covalent linkages that were respectful with the
intrinsic properties of both components would be arguably ideal
to gain control over interfacial compatibility.

We recently described the use of tetrazine linkers as plug-
and-play tags to enable metal-free click conjugation of several
dienes, including fullerene, to porous frameworks by the in-
verse Electron-Demand Diels-Alder (iEDDA) reaction.!'”) Here
we demonstrate how this reactivity can be also used to achieve
unprecedented control in the formation of very thin CNTs
coatings decorating the surface of MOF crystals (Figure 1b).

a) b)

Figure 1. a) Hierarchical organization of CNT (grey) and MOF crystals
(pink octahedra) in the composites obtained by conventional methodolo-
gies and b) MOF crystal hybrid prepared by conjugation of nanotubes to
the crystal surface to form a permeable coating.
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Figure 2. a) Structure of UiO-68-TZDC. Tetrazine units in the organic connectors are represented in pink. Pale yellow spheres represent mesoporous
cavities. b) SEM picture showing the octahedral morphology of the crystal and the corresponding (111) crystallographic facets. c) Perspective of the unit
cell shoving the cleavage plane (111) and the corresponding surface termination. Images of the crystals before (top) and after (bottom) reaction with

SWCNTs by d) optical microscopy, €) SEM, and f) PeakForce Tapping Mode AFM.

Post-synthetic nanotube linkage proceeds at mild conditions, in
one step, and is extraordinarily respectful with the properties of
both components to enable the synthesis of mesoporous, electri-
cally conductive CNT@MOF crystal hybrids.

2. Results and Discussion

UiO-68-TZDC is built from the assembly of 4,4’-(1,2,4,5-
tetrazine-3,6-diyl)dibenzoic acid (H,tzdc) linkers and 12-
connected Zr, metal-oxo clusters (Figure 2a).'3] This open
framework combines intrinsic mesoporosity with the availability
of reactive tetrazine tags, ideal for bulk post-synthetic modifica-
tion by reaction with dienophiles.'?] Also, the surface reactivity
of these crystals will be dominated by the (111) facets of their
truncated octahedral morphologies (Figure 2b). According to
the cleavage of the crystal structure along this direction, this
would correspond to tetrazine terminations ideally suited to
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surface functionalization (Figure 2c). These features make
UiO-68-TZDC an ideal candidate to approach the grafting of
CNTs. Compared to our previous work with small molecule
dienophiles,!*?] the low solubility and dispersibility in common
organic solvents of the single-wall carbon nanotubes (SWCNTs)
used in this case imposed specific changes to the experimental
procedure. As a general procedure, a dispersion of SWCNTs in
organic solvent was treated with ultrasounds followed by the
addition of freshly made crystals of UiO-68-TZDC prepared
according to our reported method.[*! The mixture was then in-
cubated in an orbital shaker. The resulting slurry was separated
from the organic solvent and redispersed in a 1:1 mixture of
DMF:hexane with ultrasounds.

This facilitated isolating CNT@MOF crystals from the unre-
acted bundle of nanotubes. Experimental conditions were opti-
mized by systematic screening of different solvents, CNT concen-
tration, incubation temperature and time, and different reaction

© 2023 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH

85Us017 SUOWWIOD aAIIea1D) 8|qeotjdde ay) Aq peusenob a8 S9[oiLe VO ‘88N JO S9INJ 10 A%eiq 1T 8UIIUQ AB|IM UO (SUOTHIPUOD-PUE-SWBI LD A3 | 1M ARIq U1 |UO//Sd1Y) SUOIPUOD PUe SWS | 81 88S *[7202/20/ST] U0 A%iqiT8uljuo AB|IM e1ouse A 8 BOIUIBH(Od 18eISIBAIUN AQ 9¥ZZ0EZ02 WPR/Z00T OT/I0p/W0d A8 |im" Afe.q i jpul|uoy//sdny wouy pepeojumod ‘Tt ‘€202 ‘820€9T9T



ADVANCED
SCIENCE NEWS

FUNCTIONAL

www.advancedsciencenews.com

UiO-68-TZDC

www.afm-journal.de

Scheme 1. Proposed linkage of CNT sidewall to the surface of tetrazine rings (pink) acting as electron-poor dienes in UiO-68-TZDC crystals by an inverse
demand [4+42] Diels Alder reaction with the nanotube sidewall acting as electron-rich dienophiles (grey) for the formation of pyridazine rings (yellow) in

the binding sites.

vessels (Sections S2.1 and S.2.2, Supporting Information). The
impact of the conditions on the morphology of the crystal and
the ease of purification due to variable dispersibility of the nan-
otubes in the solvents tested were considered as determining fac-
tors. Compared to toluene, N,N-dimethylformamide (DMF), or
acetone, dioxane was the best choice for reaching a good compro-
mise between CNT conjugation, minimum damage to the crystal,
and facile purification. TZDC-CNT-1 was prepared by dispers-
ing 80 mg of Ui0-68-TZDC crystals in a suspension of 0.021 mg
mL~! of SWCNT in dioxane followed by incubation in a Schott
glass bottle at 65 °C for 48 h (Section S2.3, Supporting Informa-
tion). Higher nanotube concentrations (0.062 mg mL™") led to
visible aggregates on the surface of the crystals which difficulted
separation and purification. In turn, the reaction time and tem-
perature had a negligible effect on the final product. CNT conju-
gation was first analyzed by optical microscopy. Figure 2d shows
how the pink octahedra characteristic of UiO-68-TZDC does not
change significantly in color after the reaction, suggesting the for-
mation of a very thin coating not visible at a single crystal level.
Scanning Electron Microscopy (SEM) analysis of the surface of
the crystals reveals clear differences. Compared to the pristine
material that shows a bare surface, TZDC-CNT-1 confirms the
formation of a clean coating layer with an internal structure rem-
iniscent of a chainmail fabric (Figure 2e). The topography of the
crystal surface was also analyzed with Atomic Force Microscopy
(AFM). Single crystal images were captured in PeakForce Tap-
ping Mode, placing the probe on top of the crystals and applying
low force to ensure minimal effect over their surface (Figure 2f).
Compared to the bare crystals, which present a rough surface
with no observable terrace features indicative of a high supersat-
uration level during crystal growth,['*l TZDC-CNT-1 displays a
dense array of intertwined nanotubes all over the surface which
agrees well with the formation of a dense shell covering the crys-
tal surface. We argue CNT conjugation in our case is facilitated
by an inverse demand [4+2] DA reaction between the nanotube
sidewall and the tetrazine rings in the surface of the crystal as
summarized in Scheme 1. Similar sidewall functionalization of
SWCNTs has been reported in solution, >l and compatibility with
mild conditions is enabled by the low thermodynamic stability of
the resulting adducts facilitating spontaneous rearomatization.
The crucial role of tetrazine units in controlling nanotube con-
jugation was confirmed by testing the same reaction with UiO-
68 crystals based on polyaromatic [1,1":4',1"'-terphenyl]-4,4"'-
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dicarboxylic acid (TPDC) linkers.!"3] As expected, the absence of
electron-poor tetrazine dienes in the TPDC linker resulted in
a completely different behavior for unsuccessful grafting in all
cases tested (Section S2.3, Supporting Information). We also ex-
plored the effect of more reactive dienophiles in inhibiting nan-
otube linkage by reacting CN'Ts and UiO-68-TZDC crystals in the
same conditions after addition of an excess of 2,5-norbornadiene
(NBD). SEM microscopy was used to discard the formation of a
nanotube coating, suggesting that NBD inhibits the linkage of the
less reactive dienophile in these conditions. This was further con-
firmed by '"H-NMR analysis of the crystals after digestion in acid
conditions, which confirms how the presence of NBD induces
complete transformation of the tetrazine rings into pyridazine
units,!?] thus preventing nanotube linkage (Section S2.3.3, Sup-
porting Information).

Surface functionalization was next analyzed by Raman spec-
troscopy (Figure 3a). Compared to UiO-68-TZDC, only the spec-
trum of TZDC-CNT-1 displays vibrations at 234, 270, 1586, and
2576 cm™! that can be associated respectively to the radial breath-
ing modes (RMB), G and G’ bands also present in pristine
SWCNTs. The upward shift of ~#6 cm™! in the breathing modes
might be indicative of either covalent functionalization or the de-
bundling of the nanotubes.['®) However, the detailed analysis of
D band required to confirm covalent grafting was not possible
due to the overlap of the Raman signal of the MOF in the cor-
responding frequency ranges. The formation of a surface coat-
ing was also confirmed by additional Raman spectra acquired
from several crystal sections at variable penetration depth (Sec-
tion S2.4.1, Supporting Information). X-ray photoelectron spec-
troscopy (XPS) was also used to analyze chemical changes in the
surface of the crystal (Figure 3b). C/N ratios were calculated from
the integrated areas of the C, and N, survey spectra peaks for
each sample (Section S2.4.2, Supporting Information). Our data
reveal an increase in the relative percentage of superficial carbon
after the reaction consistent with the incorporation of CNTs to the
surface of the crystal. The changes in carbon content are mainly
concentrated in the surface of the crystal and can be clearly iden-
tified with a surface-sensitive technique as XPS. The use of bulk
techniques as elemental CHN and thermogravimetric analysis
(TGA) reveal small deviations compared to the pristine MOF, that
account for a 0.6 wt.% content in nanotubes after the functional-
ization. This agrees well with the formation of a very thin coating.
The structural integrity of the framework after reaction was con-
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Figure 3. a) Raman spectra of UiO-68-TZDC and TZDC-CNT-1. RMB, D,
G, and G’ regions have been separated for clarity. b) XPS spectra of the
crystals before and after CNT conjugation and corresponding increase in
relative C%. c) PXRD in logarithmic scale of intensity. d) N, isotherms at
77 K and corresponding PSD plots analyzed with NLDFT kernel.

firmed with X-ray powder diffraction (PXRD, Figure 3c), for neg-
ligible changes to the unit cell parameters calculated by Le Bail
refinement (Section S3.1, Supporting Information). Concerning
the nanotubes, the absence of the characteristic broad diffraction
at 25° is likely associated with the formation of a thin shell rather
than aggregated bundles. Both materials were solvent-exchanged
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in hexane and evacuated at 10~ torr overnight. They display al-
most identical non-hysteretic N, isotherms for BET surface ar-
eas (SA) ~4150 m? g~!, and experimental pore size distributions
(PSD) characteristic of UiO-68 type frameworks, revealing mini-
mum impact to the crystal porosity (Figure 3d).

Our results confirm the formation of a thin and permeable
CNT coating layer, that is exquisitely respectful with the intrin-
sic properties of the framework in terms of the structure, ther-
mal stability, and accessible surface area of the resulting crystal
composite. During the optimization of the synthesis of this hy-
brid, we noticed that the geometry of the reactor had an impor-
tant effect on the aggregation of MOF crystals and nanotubes.
We hypothesized this might induce variations in the local con-
centration for changes in the extent of functionalization. To test
this possibility, we replaced Schott glass bottles with Wheaton
culture tubes, featuring a curved base with a smaller area while
keeping the same concentrations of nanotubes (0.019 mg mL™"),
and equivalent reaction conditions. Compared to TZDC-CNT-
1, the color of these TZDC-CNT-2 crystals were slightly darker
(Figure 4a). As summarized in Section S4 (Supporting Infor-
mation), this hybrid was next analyzed with the same tech-
niques described above to confirm the formation of equivalent
but thicker coatings, for a higher net carbon content (2.3 wt.%)
and a negligible impact on the porosity of the UiO-68-TZDC
framework.

Contact angle measurements were used to test the hydropho-
bicity of the CNT@MOF hybrids (Figure 4b). Compared to the
hydrophilicity of UiO-68-TZDC, TZDC-CNT-1 and 2 show exte-
rior surface hydrophobicity for similar contact angles of 120 and
125 °. This surface wettability is comparable to that attained by us-
ing fluorinated linkers or post-synthetic coating with hydropho-
bic organic polymers,'”] and we argued it might be equally ef-
fective in protecting the crystals from chemical degradation and
structural collapse in water for a particularly delicate MOF. After
incubation for 24 h, the PXRD of the crystals shows a clear in-
fluence on the concentration of CNTs over the structural stability
of the framework when immersed in liquid water as a result of
the formation of a denser shell (Figure 4d). Only TZDC-CNT-2
maintains its structural integrity compared to the collapse suf-
fered by TZDC-CTN-1 and the pristine material This enhanced
hydrolytic stability is also translated to the porosity of the crystals
after the test (Figure 4e). Compared to CTN-2 which displays a
SA of 4000 m? g~!, TZDC-CNT-1 and UiO-68-TZDC suffer from
areduction of #50 and ~100% of the original value. To investigate
the electrical conductivity of the composites, we contacted single
crystals to a chip by using Pt wires and silver painting with futile
results due to their small size (Section S5.3, Supporting Infor-
mation). Instead, two-contact probe measurements of polycrys-
talline pellets revealed a bulk conductivity value of 4 x 1072 S
cm™! for TZDC-CNT-2, compared to the insulating character of
both CNT-1and the pristine MOF (Figure 4f). The poor homo-
geneity and conductivity displayed by a pellet prepared from a
physical mixture of both components (2.3 wt.%) suggest the cru-
cial role of covalent conjugation for their effective hybridization
into a single crystal. Also, the steady-state emission spectrum of
TZDC-CNT-2 after UV excitation (4 = 312 nm) shows a better-
defined, more intense emission at 375 and 405 nm (Figure S28,
Supporting Information), which suggests the creation of an inter-
facial Schottky barrier and results in higher quantum yields from
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Figure 4. a) Crystals of UiO-68-TZDC, TZDC-CNT-1, and TZDC-CNT-2. Scale bars correspond to 15 pm. b) Contact angle measurements confirming
their hydrophobicity after CNT linkage. c) SEM image of the crystal surface of CNT-2. d) PXRD and e) N, isotherms after incubation in water for 24 h
showing the effect of the nanotube layer in protecting the crystals from chemical degradation and structural collapse. f) Pellets used for the transport
measurements (top). I-V plots (left) and conductivity values (right) at room temperature.

decreasing recombination rates of photogenerated electron-hole
pairs.[18]

3. Conclusion

Compared to other MOF/CNT composites,['”) TZDC-CNT-2 dis-
plays an optimal compromise between porosity, conductivity, and
stability at very low carbon weight contents, thus offering an al-
ternative for the design of MOF hybrid composites not reliant on
their growth but adapted to controlled modification of the sur-
face of preformed crystals. Following with our previous work in
which electron-rich molecular dienophiles were used to function-
alize post-synthetically the framework connectors for tailorable
pore chemistry,[?] here we show how tetrazine chemistry can be
extended from fullerene to other carbon nanoforms for similar
click reactivity in mild conditions. For CNTs, diffusion inside the
empty framework is limited by the size of the dienophile that
imposes imposing surface functionalization. Based on the huge
amount of work developed for over 15 years on the liquid-phase
exfoliation!*! and functionalization of graphene!?’! and inorganic
graphenoids,/?!] there is a huge pool of 2D nanosheets now avail-
able that, provided incorporation of electron-rich dienophiles to
their surface, could be compatibilized with this same methodol-
ogy. This would help build a chemical bridge between the realms
of molecular frameworks and 2D materials for the design of mul-
tiple crystal composites.[?2! We are confident this might offer un-

Adv. Funct. Mater. 2023, 33, 2302246 2302246 (5 Ofﬁ)

precedented opportunities for exploiting the potential of reticular
chemistry in applications as photovoltaics, sensing, electrocatal-
ysis, thermoelectrics, or energy storage.

Supporting Information

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