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Partitioning the interlayer space of
covalent organic frameworks by embedding
pseudorotaxanes in their backbones
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Mono- or few-layer sheets of covalent organic frameworks (COFs) represent an attractive platform of two-dimensional materi-
als that hold promise for tailor-made functionality and pores, through judicious design of the COF building blocks. But although
a wide variety of layered COFs have been synthesized, cleaving their interlayer stacking to obtain COF sheets of uniform thick-
ness has remained challenging. Here, we have partitioned the interlayer space in COFs by incorporating pseudorotaxane units
into their backbones. Macrocyclic hosts based on crown ethers were embedded into either a ditopic or a tetratopic acylhydra-
zide building block. Reaction with a tritopic aldehyde linker led to the formation of acylhydrazone-based layered COFs in which
one basal plane is composed of either one layer, in the case of the ditopic macrocyclic component, or two adjacent layers cova-
lently held together by its tetratopic counterpart. When a viologen threading unit is introduced, the formation of a host-guest

complex facilitates the self-exfoliation of the COFs into crystalline monolayers or bilayers, respectively.

materials constructed via covalent integration of molecular

organic building units'-*. Depending on the space where the
covalent linkages propagate, COFs have been classified into 1D, 2D
and 3D materials’™. Strictly speaking, 2D COFs are quasi-2D in
nature due to the non-covalent interaction present between layers.
The generation of graphene-like sheets from 2D COFs by mechani-
cal'""* or chemical exfoliation'® has the potential to create a whole
new class of molecularly thin organic 2D materials. However, the
relatively weak covalent linkages (boronate ester, imine and so on)
as well as the strong interlayer binding forces result in ill-defined
cleavage planes, and render it highly challenging to exfoliate 2D
COFs to produce large-size, few-layer (1< 5) sheets. An alternative
method to control the thickness of COFs involves interface-confined
growth'*'%, but this is difficult to scale up. So far, growth of COF
monolayers is still highly challenging'’, and the most successful
example in terms of highly crystalline growth has been demon-
strated using surface-assisted methods*-*’. The search is on for ways
to program weak interlayer linkages into COFs to allow easy exfolia-
tion into monolayer sheets, hopefully with well-defined thickness.
Decoupling the interlayer stacking to make turbostratic COFs (in
which the planes are randomly offset with respect to one another)
should weaken the interlayer binding force and facilitate exfolia-
tion. A totally different approach that has not been considered thus
far involves the integration of mechanically interlocked molecular
architectures (MIMAs)*** into quasi-2D COFs. Depending on the
number of COF layers that can be interlocked per molecular com-
plex, this may afford a strategy to partition the interlayer space into
pseudo-unit cells. We have been inspired by the installation of rotax-
ane or catenane units into metal-organic frameworks (MOFs)*%.
We envisaged that the structure of MIMAs can be exploited to

( : ovalent organic frameworks are a class of porous crystalline

mechanically bond or complex with a specific number of COF lay-
ers, thus generating pseudo-periodicity when the MIMAs are spaced
out regularly along the c-axis. As shown in Fig. la, the number of
COF layers complexed can be controlled by modifying the building
units. Catenanes can be used to link the macrocyclic building blocks
to interlock a specific number of COF layers. Ditopic macrocyclic
building blocks modified with rotaxanes or catenanes can be uti-
lized to construct COFs with odd numbers of layers.

Here, we have incorporated pseudorotaxane units into the COF
scaffold (Fig. 1) as a proof of concept. These pseudorotaxane host-
guest units are composed of a viologen threading unit and a crown
ether macrocycle. The macrocyclic building block is composed of
a crown ether bearing either ditopic or tetratopic hydrazides. Using
these crown-ether building units, we construct [2+43] and [4+ 3] 2D
COFs respectively sandwiched by macrocycles between the layers. The
solids are held together by strong non-covalent interactions and crys-
tallize as quasi-2D COFs. The unique features of our design include:
(1) in the COF constructed from the ditopic crown-ether hydrazide,
a unit cell forms with two-layer thickness but only one layer of hydra-
zone linkages, while the hydrazone-unsubstituted phenyl rings of the
macrocycles are in another layer; (2) in the COF constructed from the
tetratopic crown-ether hydrazide, two layers of COF planes are linked
covalently by the macrocycles, forming a pseudo-unit cell contain-
ing a bilayer. To the best of our knowledge, such a 2D COF design
incorporating building blocks that bear out-of-plane covalent bonds
embedded within a bilayer unit cell has not been explored previously.
In addition, the macrocycles also serve as hosts for viologens, thereby
forming pseudorotaxane units in the COE. From a supramolecular per-
spective, we are generating pseudorotaxane complexes in situ within
bilayer COF sheets, which weakens the interlayer stacking forces and
allows self-exfoliation of the material via electrostatic repulsion.
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Fig. 1| A general strategy for design and construction of self-exfoliated COFs with well-defined layer numbers of covalent linkages. a, Construction

of 2D COFs with targeted layer numbers via mechanical bonds. b, Construction of self-exfoliated COF bilayers via insertion of ionic threads. ¢, Chemical
structures of the schematic building units. The conventional COF growth method affords quasi-2D materials driven by the strong non-covalent interactions
between layers. When a macrocycle host is anchored onto the building block, it provides a site for binding ionic species. During the growth process, these
ionic threads can create electrostatic repulsive forces between layers and hence disrupt the stacking order, giving rise to self-exfoliated COF bilayers.

Results and discussion it challenging for the exfoliation of ultrathin sheets. Our motivation
Design and synthesis of macrocycle-based COFs. Recently, we for installing bulky pseudorotaxanes in the COF building units is
have reported that acylhydrazone 2D COFs prefer to be stacked anti-  to inhibit interlayer interactions via steric hindrance and electro-
parallel due to strong interlayer dipole interactions™, which renders  static repulsion and to create more disordering along the c-axis, thus
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Fig. 2 | Synthesis of macrocycle- and pseudorotaxane-based COFs. a, MCOF-1 was synthesized using a tritopic aldehyde node and a tetratopic
crown-ether macrocycle with two hydrazide moieties (CyHz1) holding together two adjacent COF layers. The COF layers are stacked in an antiparallel
stacking fashion, with strong interlayer dipole interactions. Self-exfoliated RCOF-1 was synthesized using the same building units as MCOF-1 but in the
presence of methyl viologen as the interfering agent for stacking disruption. b, MCOF-0 and RCOF-0 were synthesized using the same tritopic aldehyde
node but with a ditopic crown-ether linker (CyHz0). Diametrically opposed to its hydrazide functionality, CyHzO features a hydrazide-unsubstituted phenyl

ring; this is to prevent strong dipole interaction between adjacent COF layers.

facilitating the exfoliation of 2D COFs. As shown in Fig. 2, the
repeating structure is based on a sandwich-like building block that
interlocks two COF layers with one macrocycle. The tetratopic
linker, namely CyHz1, bears a bis-p-phenylene 34-crown-10 mac-
rocycle with four hydrazide groups for connection. The crown ether
macrocycle binds specifically to ionic species such as sodium ions
and viologens®'. The para-phenylene units can undergo z-z inter-
actions, and hydrogen bonding between the N-H and O moieties
planarizes the building blocks, ensuring that the network can be
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formed in a 2D fashion even in the presence of the bulky complexes.
Without the complexation of viologen species, the dipole interaction
between the acylhydrazone linkages and ether side chains gives rise
to ordered close stacking of 2D COFs in antiparallel conformation.
To verify these assumptions, we synthesized a macrocycle-based
COF without a threading ionic species (that is, MCOF-1) via the
condensation of 2,4,6-triformylphenol (Sa) and CyHz1 in a solution
of 10:1 (v/v) mesitylene and 6 M aqueous acetic acid at 120°C over
seven days. The good crystallinity of MCOF-1 was confirmed by
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Fig. 3 | Characterization of the crystallinity of MCOF-1 and the pseudorotaxane complexation in RCOF-1. a, Characterization by powder X-ray diffraction
(PXRD). Left, PXRD patterns of MCOF-1: experimental (black), Pawley-refined (red), their difference (grey), simulated antiparallel stacking (green),
eclipsed stacking (purple), and staggered stacking (yellow). Right, PXRD-refined crystal structures of the antiparallel stacking MCOF-1 viewed along (top)
and perpendicular to (bottom) the c-axis. Atom colour code: C, pink; N, blue; O, red; H, white; a single macrocycle, green. b, Characterization of MCOF-1
and RCOF-1in the bulk form. Solid-state UV-vis spectra (left) and solid-state fluorescence spectra (right). Abs, absorbance; cts, counts. ¢, Solid-state CP/
MAS BC NMR spectra of MCOF-1and RCOF-1. d, Structures of MCOF-1 and RCOF-1, with the viologen threading unit shown in blue.

powder X-ray diffraction (PXRD), indicating that the incorporation
of macrocycles (hosts) in the absence of threading units (guests) did
not disrupt the in-plane or out-of-plane crystallization (Fig. 3). The
PXRD pattern of MCOF-1 exhibits two intense peaks at 3.36 and
6.82°, which correspond to the (100) and (200) facets, respectively.
The peak at 26.2° corresponds to the (002) facet of MCOF-1. The
Pawley-refined PXRD pattern (Material Studio 2016) agrees with
the experimental results well, with R, and R, values of 1.84 and
2.26%, respectively. To determine the crystal structure of MCOEF-
1, the bilayer structure was simulated for antiparallel, eclipsed and
staggered stacking conformations (Fig. 3a and Supplementary
Fig. 11). The simulated PXRD pattern of the antiparallel form
shows a better agreement with the experimental result than the
other forms, suggesting that antiparallel stacking is the preferred
structure. Based on the above results, we concluded that MCOF-1
adopts antiparallel stacking and has a P6 space group unit cell,
with Pawley-refined cell parameters a=b=30.5769 A, c=7.0416 A,
a=£=90° and y=120°. Furthermore, we measured synchrotron
PXRD of MCOF-1, which reveals diffraction rings corresponding
to various facets in the crystal (Supplementary Fig. 7). The flexible
polyether side chains are most likely disordered and crosslinking
between COF layers could occur in MCOF-1.

ms

To further disrupt the interlayer interaction, we designed a
ditopic crown-ether hydrazide (CyHz0) and synthesized MCOF-0
under similar conditions to MCOEF-1 (Fig. 2). The role of a layer
of hydrazone-unsubstituted phenyl rings in MCOF-0 is to disrupt
the dipole interaction in such acylhydrazone COFs. The PXRD pat-
tern of MCOEF-0 exhibits two peaks at 3.43 and 6.88°, corresponding
to the (100) and (200) facets, respectively (Supplementary Fig. 8).
Compared to MCOF-1, there is a much-broadened peak at 24.87°,
indicating an increased 7—z stacking distance of MCOF-0. This is
due to the unusual corrugated structure of MCOF-0, which lacks
one layer of Sa linkers and hydrazone linkages in the unit cell com-
pared with MCOF-1, leading to disrupted stacking of the COF lay-
ers. Through such a design, the dipole interaction in MCOF-0 is
expected to be weakened, further facilitating the exfoliation process
upon complexation of jonic species. The broadened PXRD peaks
in MCOFs are probably due to the high conformational flexibility
of the double-decker structures with mixed stacking orders such
as slip-eclipsed and antiparallel stacking, which could not be fully
resolved at the current stage. The (100) planes of MCOFs were
further confirmed by selected area electron diffraction (SAED), in
which the corresponding d-spacings of 2.4nm are consistent with
the crystal lattice (Supplementary Figs. 25 and 27).
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Embedding pseudorotaxane moieties into COFs. The as-
synthesized MCOF-0 and MCOF-1 are difficult to exfoliate in solu-
tion due to their strong interlayer interactions (Supplementary
Figs. 22 and 24). We examined how the COF crystallization pro-
cess is affected if threading units are added during COF synthesis.
By inserting ionic threads into the macrocycles of MCOF-1 and
MCOF-0, pseudorotaxane-based COFs (RCOF-1 and RCOF-0)
can be generated; the interlayer COF stacking is weakened due to
the presence of ionic repulsion, which predisposes the COF to be
self-exfoliated. For this purpose, we have chosen a classic pseu-
dorotaxane complex of bis-p-phenylene 34-crown-10 and methyl
viologen. Using synthetic conditions similar to those employed for
MCOF-1, pseudorotaxane-based COF-1 (RCOF-1) was synthesized
in the presence of a stoichiometric amount of methyl viologen hexa-
fluorophosphate (MVPE). Since the RCOF-1 flakes are ultrathin,
synchrotron-based grazing incidence XRD (GIXRD) was employed
to observe the (100) peak; the details are provided in later sections.
The (100) peak of RCOF-1 is weak using conventional Cu source
PXRD (Supplementary Figs. 13 and 14), which may be due to ran-
dom restacking of the exfoliated flakes. However, there is an increase
of interlayer distance in bulk RCOF-1 compared with MCOEF-1 as
observed by conventional PXRD, suggesting the presence of inter-
fering agents between COF bilayers in RCOF-1.

The formation of pseudorotaxane complex RCOF-1 is expected
to cause the redistribution of electrons, leading to energy shifts
of bonding states. Solid-state UV-vis absorption spectroscopy,
solid-state fluorescence spectroscopy, Fourier transform infra-
red (FT-IR) spectroscopy, and NMR spectroscopy were used to
monitor these interactions. Solid-state UV-vis absorption spectra
reveal a decrease in the optical bandgap from 2.12eV for MCOF-1
to 1.83 eV for RCOF-1 (Fig. 3b, left). The redshifted band at 550 nm
is characteristic of the charge-transfer process upon crown ether—
viologen complexation’, suggesting the successful insertion of
MVPE; into the COF macrocycles. In addition, MCOF-1 becomes
fluorescent (4,,,=550nm) because of restricted intramolecular
bond rotation (RIR) due to hydrogen bonding® (Fig. 3b, right).
By contrast, the quenched fluorescence in bulk RCOF-1 suggests
the presence of charge transfer in the COF pseudorotaxane moi-
eties, which results in the quenching of the photo-excited energy.
Solid-state  cross-polarization/magic-angle-spinning (CP/MAS)
BC NMR experiments further confirm successful complexation
between the crown-ether macrocycle and viologen in RCOF-1
(Fig. 3c), as judged from the appearance of a new peak at 49.7
ppm corresponding to the methyl carbon atom (m) connected to
the pyridinium salt, suggesting the presence of methyl viologen in
RCOF-1. Moreover, the amide carbon (a) and phenyl carbon (b)
atoms exhibit similar chemical shifts (159.6 ppm) in MCOF-1.
By contrast, the peak corresponding to the amide carbon (a)
atom shifts to 164.3 ppm in RCOF-1, indicating a loss of electron
density. This is consistent with redistribution of the z-electron
density upon pseudorotaxane complexation”. To further
study the pseudorotaxane complexation in RCOF-1, we synthe-
sized a single crystal of the molecular analogue representing the
macrocycle-viologen complex (Supplementary Fig. 6). A simi-
lar trend in the FT-IR spectra can be seen in both RCOF-1 and
the molecular analogue due to complexation with viologen: the
ring-stretching bands (8a and 19a) of the viologen (MVPF)
redshift and the C=0 stretching band of the carbonyl group on the
macrocycle blueshifts, suggesting the presence of pseudorotaxane
complexes in RCOF-1. This result agrees well with the solid-state
BC NMR data, in which the z-electron density is transferred from
electron-rich macrocycle moieties to electron-deficient viologens
upon complexation®**. Both solid-state NMR (Fig. 3c) and FT-IR
(Supplementary Fig. 6) data reveal that the crown-ether-violo-
gen complexation does not affect the chemical integrity of the
basal planes during COF growth. RCOF-0 was also prepared
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and characterized using similar methods (see Supplementary
Information, Supplementary Figs. 3, 9 and 10).

Exfoliation of COF monolayers and bilayers. Unlike MCOF-1,
which is insoluble and forms thick aggregates (Fig. 4a), pseudoro-
taxane RCOF-1 disperses well in a wide range of solvents (Fig. 4 and
Supplementary Fig. 22) because of its positively charged pyridinium
ions in the viologen units. Global charge neutralization is main-
tained by the PF;~ counterions, such that the individual flakes are
weakly bound by ionic forces. Slight mechanical agitation disturbs
the ionic balance and allows the weakly bonded, charged 2D bilayer
flakes to be readily exfoliated. The fluorescence that was quenched
in bulk RCOF-1 was turned on in RCOF-1 dispersions, and the
Tyndall effect could be observed, as shown in Supplementary
Figs. 22 and 23. Transmission electron microscopy (TEM) (Fig. 4b)
and atomic force microscopy (AFM) (Fig. 5) reveal the 2D sheet-like
morphology of the exfoliated RCOFs. The crystallinity of these
flakes was further characterized by synchrotron-based grazing inci-
dence X-ray diffraction (GIXRD), SAED, low-dose high-resolution
TEM (HRTEM) and Q-plus AFM. To investigate the crystallin-
ity of exfoliated RCOF-1 flakes, we measured synchrotron-based
GIXRD of the exfoliated RCOF-1 on the silica substrate (Fig. 4d, top
and bottom). In the direction parallel to the substrate, GIXRD of
RCOF-1 flakes exhibits three peaks at 0.258, 1.123, 1.368 A~!, which
correspond to d-spacings of 24.4, 5.6 and 4.6 A and are assigned to
(100), (410) and (510) facets, respectively. The appearance of (100)
facet along the xy-plane suggests the exfoliated RCOF-1 flakes
inherit the in-plane crystal structure of MCOF-1. In the direction
perpendicular to the substrate, there is only a small peak at 0.438 A~!
(d-spacing of 1.4nm) assignable to (001) facet. The SAED pattern
of RCOF-1 flakes agrees well with the X-ray diffraction results,
with d-spacings of 2.4 and 1.2nm corresponding to the (100) and
(001) planes, respectively (Fig. 4c). To ascertain the thickness of the
unit cell we conducted density functional theory (DFT) of RCOF-1
based on the parallel and antiparallel crystal structure (Fig. 5c and
Supplementary Figs. 15 and 16). For both stacking modes, the cal-
culated RCOEF-1 exhibits a thickness of ~1.1 nm, which is very close
to the experimental d-spacing for (001) planes derived from GIXRD
and SAED. The slight thickness increase in the real RCOF-1 flakes
is probably caused by the unit-cell expansion in the z-direction after
exfoliation due to the flexible structure. The low-dose HRTEM
lattice fringes show a d-spacing of 5.9 A which is consistent with
the d-spacing of 5.6 A observed in in-plane GIXRD, which corre-
sponds to the (410) facet of RCOF-1 (Fig. 4e, f). Furthermore, we
conducted Q-plus AFM measurement of the exfoliated RCOF-1
on Au(111) substrate. The Q-plus AFM scan exhibits nice lattice
fringes with a d-spacing of 4.7 A, which is consistent with the (510)
peak (d-spacing=4.6A) in the in-plane GIXRD (Fig. 4g, h). The
evidence suggests that exfoliated RCOF-1 flakes maintain their
crystalline integrity.

AFM studies reveal that >80% of the exfoliated flakes are 2 nm
thick for RCOF-0 and 4 nm thick for RCOF-1 (Fig. 5). The differ-
ent thickness distribution for these exfoliated flakes validated our
concept that tailoring the structure of the macrocycle interlocking
with the COF provides a handle to control the thickness of the exfo-
liated flakes. The incorporation of pseudorotaxane complexes in
MCOFs also ensures the easy exfoliation of these COFs into few lay-
ers via ionic repulsion. Moreover, the non-symmetrical corrugated
structure induced by the ditopic crown-ether building unit further
weakens the stacking between RCOF-0 layers, allowing the exfolia-
tion of much thinner flakes than RCOF-1. Owing to the effects of
tip—surface interaction, surface roughness and trapped solvent, the
AFM-measured thickness is typically larger than the theoretical
value of the unit cell constant by several times™. Therefore, the AFM
thickness of a single unit cell is measured to be 2nm even though
the DFT-simulated thickness is 1.1 nm (Fig. 5c and Supplementary
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Fig. 4 | Exfoliation of RCOF-1 and characterization of its crystallinity. a, SEM image of MCOF-1 after sonication in ethanol for 30 min. b, TEM image of
RCOF-1 flake after sonication in ethanol for 5s (inset: mass RCOF-1 dispersion exhibiting the Tyndall effect). ¢, SAED pattern of RCOF-1 taken at cryogenic
temperature, d-spacings of 2.4 nm and 1.2 nm corresponding to (100) and (001) planes, respectively (zone-axis is along [0—10] direction). d, GIXRD
patterns of exfoliated RCOF-1 on silica substrate at parallel (top, red) and perpendicular (bottom, blue) directions to the substrate. e, Low-dose HRTEM
image of exfoliated RCOF-1 with lattice fringes assigned to the (410) facet (zone-axis is along [001] direction). f, Fast Fourier transform (FFT) of lattice
fringes from e. g, Q-plus AFM image of exfoliated RCOF-1 on gold substrate with lattice fringes assigned to the (510) facet. h, The FFT of lattice fringes

from g.

Figs. 15-17). Indeed, in a zoom-in area, we observed RCOF-1
flakes as thin as ~2nm, with a consistent step height increase of
~2nm (Fig. 5d), thus we infer that this value corresponds the to
unit-cell thickness, and that a thickness of 4 nm, which is the pre-
dominant flake thickness observed, corresponds to the thickness
of two unit cells (Fig. 5e, f). According to the single-crystal struc-
tures of the model compounds (Supplementary Figs. 6a and 10),
the two atomic layers crosslinked via the crown ethers should be
antiparallel-stacked in RCOF-1, while the crown-ether-bonded
phenyl rings should be parallel-stacked onto the layers with acylhy-
drazone linkages in RCOF-0. The presence of dipole-dipole interac-
tions in these frameworks originates from permanent bond dipole
moments in the acylhydrazone linkages and side chains, and this
causes the antiparallel-stacked structure to be preferred™. This also
implies that there is a tendency for the layers to bind via electrostatic

1120

interactions, which may explain why AFM studies revealed that
the exfoliated RCOF-1 flakes had predominantly double unit-cell
thickness (see illustration in Supplementary Fig. 33). By contrast,
RCOF-0 has a different design: the crown ether building units place
a layer of phenyl rings without acylhydrazone linkages, thus sepa-
rating the two layers with acylhydrazone linkages and weakening
the dipole-dipole interactions; as a result, there is a greater chance
to exfoliate an RCOF-0 flake of a single unit-cell thickness.

Conclusion

We have developed a strategy to disrupt the stacking order in 2D
COFs by integrating pseudorotaxane moieties into their backbone
functionalities. Compared to surface-confined growth, our method
is highly useful for the scalable production of monolayer COFs
with controllable thickness. The interlayer space in COFs can be
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Fig. 5 | AFM study of RCOF-0 and RCOF-1. a, AFM image of a big RCOF-O flake with thickness of 2nm. b, AFM image of RCOF-1 flakes with thickness of
4nm. ¢, Theoretical thickness of the DFT-optimized unit cells of RCOF-0 and RCOF-1. Atom colour code: C, orange; O, red; N, navy blue; P, purple; F, light
blue; H atoms are omitted. d, Zoomed-in AFM image of RCOF-1 showing step increase of 2nm. e, A 15 X 15 um? AFM image of exfoliated RCOF-1 flakes on
silica substrate. f, Thickness distribution histogram of RCOF-1 flakes in e, as measured by AFM, where the thickness equivalent of unit cells is indicated.

partitioned into separable, pseudo-unit cells of nth layer thickness
by interlocking an nth layer COF with molecular knots of appropri-
ate length. The implication is that this method allows 2D organic
sheets of well-defined thickness to be exfoliated easily in liquid.
From a crystal engineering perspective, pseudorotaxane 2D COFs
bridge the field between molecular machines and 2D materials, and
we hope that this field will further develop towards the integration
of molecular shuttles into COFs that can be responsive to pH, ions,
light and electrons.
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Methods

Synthesis of MCOF-1. CyHz1 (23.1mg, 0.03 mmol) and Sa (10.7 mg, 0.06 mmol)
were mixed and sonicated with mesitylene (1ml) in a Schlenk tube (10 ml, 15 mm
X 80 mm) for 5min. The mixture was added with 6 M acetic acid (aq, 0.1 ml)

and sonicated for another 5min, then flash frozen at 77K, and degassed under
freeze-pump-thaw for three cycles. The tube was sealed and heated at 120°C for
seven days. The solid obtained was exchanged with THF (5 ml) five times and
dried under vacuum for 8 h to afford a yellow solid (26.1 mg, 93%). Anal. calcd. for
(C13H,4N,,0,0),: C 56.57; H 5.18; N 11.99; found: C 57.62; H 5.04; N 10.06.

Synthesis of RCOF-1. CyHz1 (23.1 mg, 0.03 mmol), Sa (10.7 mg, 0.06 mmol) and
MVPF, (14.3 mg, 0.03 mmol) were mixed and sonicated with mesitylene (1 ml)

in a Schlenk tube (10ml, 15mm X 80 mm) for 5min. The mixture was added to

6 M acetic acid (aq, 0.1 ml) and sonicated for another 5min, then flash frozen at
77K, and degassed under freeze—pump-thaw for three cycles. The tube was sealed
and heated at 120 °C for seven days. The solid obtained was exchanged with THF
(5ml x 1), water (5ml X 2), and THF (5ml X 2) and dried under vacuum for 8 h to
afford a red solid (37.8 mg, 89%). Anal. calcd. for (C,H N3O 6F36Pg),: C 47.69;
H 4.43; N 9.93; found: C 48.48; H 4.86; N 8.85.

Synthesis of MCOF-0. CyHz0 (24.5 mg, 0.0375 mmol) and Sa (4.5 mg,

0.025 mmol) were mixed and sonicated with mesitylene (0.5ml) in a Schlenk tube
(10ml, 15 mm X 80 mm) for 5min. The mixture was added with 6 M acetic acid
(aq, 50 pl) and sonicated for another 5min, then flash frozen at 77K, and degassed
under freeze-pump-thaw for three cycles. The tube was sealed and heated at
120°C for seven days. The solid obtained was exchanged with THF (5ml)

five times and dried under vacuum for 8 h to afford a yellow solid (24.3 mg, 88%).
Anal. caled. for (C5,HNO,,),: C 58.79; H 6.03; N 7.62; found: C 56.72;

H 5.88; N 7.44.

Synthesis of RCOF-0. CyHz0 (24.5 mg, 0.0375 mmol), Sa (4.5 mg, 0.025 mmol)
and MVPF (17.8 mg, 0.0375 mmol) were mixed and sonicated with mesitylene
(0.5ml) in a Schlenk tube (10 ml, 15 mm X 80 mm) for 5min. The mixture was
added with 6 M acetic acid (aq, 50 pl) and sonicated for another 5min, then
flash frozen at 77K, and degassed under freeze—pump-thaw for three cycles.
The tube was sealed and heated at 120 °C for seven days. The solid obtained
was exchanged with THF (5ml X 1), water (5ml X 2), and THF (5ml X 2) and
dried under vacuum for 8h to afford a red solid (38.6 mg, 85%). Anal. calcd. for
(CoHyN,O,F,P,),: C 47.58; H 4.83; N 6.94; found: C 42.25; H 5.01; N 6.96.
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Data availability

X-ray crystallographic data have been deposited at the Cambridge Crystallographic
Data Centre (http://www.ccde.cam.ac.uk/) with CCDC reference numbers 1863696
(single-crystal Cyl-MVPEF), and 2006788 (single-crystal CyHz0-MVPE). A

copy of the data can be obtained free of charge via https://www.ccdc.cam.ac.uk/
structures/. All other data supporting the findings of this study are available within
the paper and its Supplementary Information. Data are also available from the
corresponding author upon reasonable request.
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