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Although the synthetic chemistry leading to interlocking molecular [n]

catenanes of organic polyhedra (n = 2-3) and rings (n = 2-130) is established,
the analogous chemistry that pertains to infinite three-dimensional
systems ([«]catenane) remains undeveloped. We report a series of [«]
catenane covalent organic frameworks (termed catena-COFs). These were
synthesized by linking 4,4’-(1,10-phenanthroline-2,9-diyl)dibenzaldehyde
to either of tris-(4-aminophenyl)-amine, -methane or -methanol through
imine condensation. These combinations give discrete adamantane-like
polyhedra, catenated by virtue of the copper(l) ions templating a mutually
embracing arrangement of PDBs (points-of-catenation), which ultimately
results in infinite catena-COF-805, 806 and 807. The crystal structures of
these COFs obtained from electron microscopy and X-ray diffraction were
determined to beisoreticular and to adopt the bor-y structure type.

Synthetic molecular architectures in which polyhedra or rings are
held together through mechanical interlocking rather than chemi-
cal bonding are referred to as [n]catenanes (n denotes the number
of mechanically linked units)' . In such catenated molecules, the
constituents can move freely within the confines of their mechani-
cally linked counterpart without parting company. This interlocking
provides for large-amplitude motion at the molecular level without
the need to make or break chemical bonds and has thus enabled the
development of molecular machines’ ™. Facilitating dynamics through
interlocking is also known in nature, in which, for example, the viral
capsid of bacteriophage HK97 comprises catenated proteins that
have the required structural flexibility for the passage of genomic
material™. Thus, discrete interlocking molecules of increasing com-
plexity have been synthesized, and include catenanes of interlocking
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rings'*and cages” ", rotaxanes" ' and one-dimensional (1D) poly[n]
catenanes®*? or Olympic gels?**. In contrast, the chemistry of []
catenane frameworks is undeveloped: several metal-organic frame-
works that containinterlocking are known**; however, their design
remains elusive. The challenge of making such systems is further
highlighted by the complete absence of organic [~]catenane frame-
works in which discrete organic molecular constituents are linked
by mechanical interlocking. Here, we report a series of [~]catenane
covalent organic frameworks (COFs), termed catena-COF-805, 806
and 807, which are formed through the mechanical interlocking of
discrete organicadamantane-like polyhedra. The crystal structures of
the three catena-COFs were solved by a combination of transmission
electron microscopy (TEM) techniques and powder X-ray crystallog-
raphy. Based on their crystal structure and the average particle size,
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it was calculated that each individual COF crystal was composed of
millions of interlocking organic polyhedra.

The design of an [~]catenane framework commenced with the
identification of a topology that can be formed from the interlock-
ing of rings or polyhedra (Supplementary Section 1). We targeted
the bor topology** in which 3- and 4-connected vertices are linked
alternately to produce an infinite 3D arrangement. Reticulation of
the tetrahedral Cu(l)-bis[4,4’-(1,10-phenanthroline-2,9-diyl)diben-
zaldehyde]tetrafluoroborate ([Cu(PDB),]BF,) (ref. **) with tritopic
tris-(4-aminophenyl)amine (TAPA), tris-(4-aminophenyl)methane
(TAPM) and tris-(4-aminophenyl)methanol (TAPMol) linkers yields
catena-COF-805,806 and 807, respectively, with aninterlocking bor-y
topology (the underlying bor topology, Fig. 1). In [Cu(PDB),]BF,, the
copper centres preorganize two PDB ligands in amutually embracing
manner, such that theirappended aldehyde groups approximate atet-
rahedral geometry to meet the interlocking requirement for adjacent
adamantane-like polyhedra. The angles between the two aldehyde
functionalities of each phenanthrolineligand and the angles between
the amino functionalities of TAPA, TAPM or TAPMol are close to the
target angles of an adamantane-like polyhedron (70.5°and 120°). The
minor deviation of the angles can be compensated for by rotation of
the imine bonds that connect the building units, as well as by an addi-
tional flexibility imparted by the central atoms (-N,—-CH, -COH) of the
three tritopic amine linkers. The PDB forms one of the six corners of
the adamantane-like polyhedron, in which each polyhedron is inter-
locked with six adjacent polyhedra through the copper(l) templates,
with the tetrafluoroborate anions (BF,”) occupying the void spacesin
and between the polyhedra to maintain charge balance, which thus
yieldsa3D[«]catenane (Fig.2). As catena-COF-805,806 and 807 have
isoreticular structures, we present below the details that pertain to the
exemplar compound catena-COF-805 and only discuss catena-COF-806
and 807 where the differences are notable. The detailed synthesis and
analysis of the three compounds and the corresponding methods and
dataare disclosed in Methods and Supplementary Information.

Results and discussion

Synthesis and characterization of catena-COFs
Catena-COF-805 was synthesized by linking [Cu(PDB),]BF, (8.0 mg,
0.008 mmol) with TAPA (3.3 mg, 0.011 mmol) in a mixture of 1,4-diox-
ane and mesitylene (v/v =1:1, 0.5 ml). Aqueous acetic acid (6 mol I,
50 pl) wasadded as a catalyst and 4-bromoaniline (27.5 mg, 20 equiv.)
was added as amonofunctional amine modulator®. The reaction was
carried outin asealed pyrex tube and heated at 150 °C for three days.
The resulting precipitate was collected by centrifugation, washed
with N,N-dimethylformamide (DMF) and tetrahydrofuran (THF), and
then activated at 120 °C for 12 h to yield a reddish-brown solid (yield:
8.1 mg, 75.7%; Methods and Supplementary Section 2). Thermogravi-
metric analysis indicates that the solid has a high thermal stability up
t0500 °C (Supplementary Fig. 3), in agreement with previous findings
for imine COFs.

The formation of imine linkages in catena-COF-805 was confirmed
by Fourier-transforminfrared spectroscopy and solid-state NMR spec-
troscopy (Supplementary Sections 4 and 5). When compared with those
ofthe linkers, that is, [Cu(PDB),]BF, and TAPA, the Fourier-transform
infrared spectrum of the COF shows both attenuation of the C=0
stretching vibration at-~1,693 cm™and of the N-H stretcharound 3,300
and 3,400 cm™ (Supplementary Figs. 4-6), which thus confirms conver-
sion of the aldehyde and amine starting materials. Comparison of the
BC cross-polarization magic-angle spinning NMR spectra of the linkers
with that of catena-COF-805 confirmed that the COF product featured
characteristic signals of, as expected, both starting building units
(Supplementary Figs. 7-9).In addition, the signal that corresponds to
the aldehyde carbon at ~192 ppm, as well as the signals of the carbon
atoms adjacent to the amino group in TAPA at 116-118 ppm are strongly
attenuated, which further corroboratesimine condensation between

the aldehyde and amine building units. Attempts to observe the formed
iminebonds (HC=N, expected at154-156 ppm) by C cross-polarization
magic-angle spinning spectroscopy were complicated by the fact
that the [Cu(PDB),]BF, linker itself contains C=N bonds (-155 ppm).
However, direct evidence for the formation of new imine bonds can
be obtained by '"H-">C heteronuclear correlation spectroscopy as the
imine bonds (HC=N) contain H, whereas the C=N functionality in PDB
does not. Here, the overlaid 2D spectra (Supplementary Figs. 10-12)
show that for catena-COF-805, a new 'H-"C correlation signal was
observed at ~155 ppm of *C and -9 ppm of 'H. In contrast, no correla-
tion signal was observed around these chemical shifts in the spectra
of the [Cu(PDB),]BF, linker.

Structure determination of catena-COFs

Powder X-ray diffraction (PXRD), discussed further below, of catena-
COF-805 indicated a highly crystalline phase with a diffraction pat-
terndistinct from those of the corresponding linkers (Supplementary
Figs.13-17). Scanning electron microscopy images of this COF showed
a polyhedron-shaped morphology with an average crystal size of
~500 nm (Supplementary Fig.18). To determine the crystal structures
ofthethree catena-COFs, acombination of TEM techniques and PXRD
analysis was employed. First, 3D electron diffraction (ED)* datasets
were collected to obtain the reconstructed 3D reciprocal lattices (Sup-
plementary Figs. 19-21). Catena-COF-805 crystallized in an F cubic
lattice with a unit cell parameter of a = 56.8 A, whereas catena-COF-806
and 807 both crystallized in a Pcubic lattice with nearly identical unit
cell parameters of a=28.4 Aand a=27.6 A, respectively.

This information can also be deduced from the corresponding
selected area electron diffraction (SAED) patterns of the three cat-
ena-COFs (Fig. 3a-d, Fig. 4a-d and Supplementary Fig. 22). The SAED
patterns of the three catena-COFs are similar along each direction,
albeit with minor differences (Supplementary Fig. 22). After confirm-
ing that the interference from multiple scattering can be eliminated
(Supplementary Fig. 23), the d spacing for d,,, of catena-COF-805
was calculated to be like that for d,,, of catena-COF-806 and 807, and
some extra reflections of odd-number indices, such as the 113 series,
were only observed for catena-COF-805. These facts are ingood agree-
ment with the twice larger lattice parameter a of catena-COF-805.
Despite these differences, the SAED patterns of the three catena-COFs
all showed the same C, + C, symmetry, which indicates related cubic
lattices. This result is corroborated by the 3D ED data and is also in
accordance with the targeted bor-y-based structures, which implies
that the three catena-COFs have similar topologies with only minor
structural differences.

A comparison of high-resolution transmission electron micros-
copy (HRTEM) images of the three catena-COFs (Fig. 3e-h, Fig. 4e-h
and Supplementary Fig. 25) supported our analysis presented above.
Despite the roughly similar images for the three catena-COFs along
eachdirection, aremarkable difference can be observed along the [11
O] direction (Figs. 3g and 4g, and Supplementary Fig. 25c,g,k), which
highlights the structural variations that cause the unit-cell doubling
of catena-COF-805 compared with the unit cells of catena-COF-806
and 807. Specifically, an alternating arrangement of rows with differ-
ently sized bright spots is observed in all three HRTEM images along
the [110] for all the catena-COFs. However, the bigger bright spots are
alignedinazigzag pattern asrepresented by yellow arrows in the micro-
graphof catena-COF-805 (Fig. 3g and Supplementary Fig. 25c), whereas
for catena-COF-806 and 807, these spots are aligned in a straight line
(yellow line in Fig. 4g and Supplementary Fig. 25g,k). When a Fourier
filter was applied to the image of catena-COF-805 with some odd-
number indices masked, the resulting HRTEM image became the same
as that of catena-COF-806 (Supplementary Fig. 26), which addresses
that these reflections of the odd-number indices in the SAED pattern
and the variations in HRTEM image along [110] can be critical to dif-
ferentiate the structures.
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Fig.1|Synthetic strategy and design of the 3D [~]catenane COFs. a,b, Catena- (a), to form extended structures of interlocking organic polyhedra with a Cu(I)
COF-805, 806 and 807 were synthesized by imine-formation reactions between template and BF,” as the counter anions (b). Two colours of red and blue are used
tetrahedral [Cu(PDB),]BF, and tritopic TAPA, TAPM or TAPMol, respectively toillustrate interlocking between each two polyhedra.
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Fig.2|Perspectives of the crystal structure of catena-COF-805. The discrete
polyhedraare represented by various colours. a, A fragment that contains three
interlocking organic adamantane-like polyhedrain catena-COF-805.b, In the 3D
[~]catenane framework of catena-COF-805, each adamantane-like polyhedron
isinterlocked with six adjacent polyhedra through the Cu(l) templates, where

each PDB serves as one of the six corners of a polyhedron, and the BF,” occupies
the void spaces in and between the polyhedra for charge balance. Cu(l) ions and
BF, anions are omitted for clarity. ¢, The overall crystal structure of the extended
framework constructed entirely of interlocking covalent polyhedra.

The datasets of each catena-COF were then integrated to be ana-
lysed for a structure solution (Fig. 3 for catena-COF-805, Fig. 4 for
catena-COF-806 and Supplementary Fig. 27 for catena-COF-807). For
catena-COF-805, the reflection conditions observed from the ED data
(Fig.3a-d and Supplementary Fig.19) can be summarized as: hkl: h + k,
h+Lk+[=2n;0kl:k[=2n; hhl:h+[=2n;00 [:|= 4n (note that the weak
abnormal reflections of the 002 series were proved to come from
multiplescattering, see Supplementary Fig. 23), which suggests F4,32
(no. 210) as the only possible space group. An initial structure model
of interlocking polyhedra with bor-y topology was built in F4,32 with
the unit cell of a = 56.8 A; however, projections of the model did not
match with the HRTEM images (Supplementary Fig. 28). To account
for these differences, anew model withadoublyinterpenetrated bor-y
topology (bor-y-c*, Supplementary Fig. 29) was constructed. Com-
parison of the HRTEM images (Fig. 3e-h) with the projections of the
interpenetrated model (Fig. 3i-1) yielded a perfect match along all
directions. Itisworth noting that the HRTEM information along the [11
O] direction (Fig. 3g) aids in distinguishing unambiguously a non-
interpenetrated from a doubly interpenetrated net (Supplementary
Fig.31). Accordingly, the overall reticular formula of catena-COF-805
was determined as [(CuBF,);(PDB)(TAPA),];mine» Which matches well
with the empirical formula of C,,gH,,,N,sCu;B;F,, and the elemental
analysis (EA) result (Methods and Supplementary Section 2). All these
results demonstrate that catena-COF-805 has adoubly interpenetrated
bor-y structure.

Catena-COF-806 and 807 have the same Plattice and similar unit
cell parameters of a =28.4 Aand 27.6 A, respectively. After elimination
oftheinterference from multiple scattering (Supplementary Fig.24),
theonlyreflectionrule that can be derived from the diffraction patterns
of catena-COF-806 (Fig. 4a-d and Supplementary Fig. 20) and 807
(Supplementary Fig. 27a-d and Supplementary Fig. 21) is 00/: [=2n,
which yields the possible cubic space groups of P4,32 (no. 208) and
P2,3 (no.198). P2,;3 canbe excluded by deducing the plane group sym-
metries from HRTEM images and calculating the ratio of the vertices.
For example, along the [110] direction, the plane group plgl of P2,3

contains no mirror symmetry. However, the mirror symmetry is
observed in the parallel alignment of arrays of bright spots in the
HRTEM images of catena-COF-806 and 807 (Fig.4g and Supplementary
Fig. 27g). Indeed, the plane group of p2mm can be deduced, which is
derived from space group P4,32, the only possible space group of
catena-COF-806 and 807. Thisisingood agreement with the targeted
bor type structure in which the ratio of 3-connected to 4-connected
vertices is 4:3 after the symmetrical operation of P4,32. Structural
models of the catena-COF-806 and 807 were constructed with the same
doubly interpenetrated bor-y topology (bor-y-c*, Supplementary
Fig. 29) and the projections of the structure models for both catena-
COF-806 (Fig. 4i-1) and 807 (Supplementary Fig. 27i-1) matched per-
fectly with the corresponding images from the HRTEM micrographs
(Fig. 4e-h and Supplementary Fig. 27e-h). The reticular formulas of
catena-COF-806 and 807 were then determined as
[(CuBF,)s(PDB)4(TAPM), ], ine and [(CuBF,)s(PDB),(TAPMoI), ], viner
respectively, which also match well with the empirical formulas of
C,5,HysN,,Cu;B;F, for catena-COF-806 and C,3,H,45N,,0,Cus;B;F,, for
catena-COF-807. Theseresults were further confirmed by EA (Methods
and Supplementary Section 2).

PXRD refinements were carried out to confirm the structure mod-
els. Pawley refinement was conducted with the PXRD pattern of acti-
vated catena-COF-805inthe space group 4,32 (no.210), which resulted
inunitcell parameters of a = 54.858(8) Awith R, = 0.63% and wR, = 1.62%
(Fig. 5a). Similarly, the activated catena-COF-806 and 807 were both
refined in the space group of P4,32 to yield unit cell parameters of
a=27.854(4) A for catena-COF-806 with R, = 0.69% and wR, = 1.24%
(Fig. 5b),and a = 26.1153(9) Awith R, = 0.45% and wR, = 1.27% for catena-
COF-807 (Supplementary Fig. 32a). The structure models were then
finalized by geometry optimization (Fig. 5c,d, Supplementary Fig.32b
and Supplementary Tables 1-3) and the simulated PXRD patterns
from the structure models were found to be in good agreement with
the experimentally obtained datasets (Supplementary Figs. 33-35).

Despite the same doubly interpenetrated bor-y topology,
the structural difference in symmetry and unit cell size between
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Fig.3| TEM data and perspective illustrations of the crystal structure of
catena-COF-805. a-d, SAED patterns of catena-COF-805 from the [001] (a), [111]
(b), [110] (c) and [112] (d) incidences. Scale bars, 1 nm™. Insets: TEM images of the
crystals used to collect data. Scale bars, 200 nm. e-h, HRTEM images of
catena-COF-805 taken along the [001] (e), [111] (f), [110] (g) and [112] (h)

directions. Scale bars, 5 nm.i-1, Projections of the crystal structure of catena-
COF-805with adoubly interpenetrated bor-y topology along the [001] (i), [111]
(j), [110] (k) and [112] (I) directions. C, grey; N, blue; Cu, pink. Hatoms and BF,~
anions are omitted for clarity.

catena-COF-805and 806 or 807 canbe attributed to the various poly-
hedraorientations when they are interlocked with each other. Specifi-
cally,eachtwo polyhedrain catena-COF-805 are interlocked by twisting
90° (for example, red and blue polyhedra, Fig. 5c), whereas they have
anidentical orientation both in catena-COF-806 and 807 (Fig. 5d and
Supplementary Fig.32b). When considering the difference instructure
between the three catena-COFs, itisinstructive to take a detailed look
atgeometricdifferencesin their constituent polyhedral building units.
Althoughanidentical phenanthroline linker was usedin synthesizing all
three catena-COFs, the orientations of two respective phenanthroline
units on opposite sides of the constituent polyhedra are approximately

paralleltoeachotherinthe polyhedra of catena-COF-805 (Fig. 5¢), but
approximately orthogonalin the structures of catena-COF-806 and 807
(Fig. 5f and Supplementary Fig. 32). Toaccommodate the tetrahedral
coordination of the Cu(l) template, two phenanthroline units of neigh-
bouring polyhedraneed to assume an orthogonal orientation to each
other. Consequently, arotation of alternating polyhedrais observed for
catena-COF-805, in contrast to the lateral translation of neighbouring
polyhedraincatena-COF-806 and 807. The differencesin the structures
of polyhedra are caused by the different geometries of their respec-
tive tritopic building blocks. Specifically, the N atoms at the centre of
TAPA display a trigonal planar orientation of its aniline substituents

Nature Synthesis


http://www.nature.com/natsynth

Article

https://doi.org/10.1038/s44160-022-00224-z

-
-
”~
-’
-
v
»
-
-

..

4

Fig.4 | TEM data and perspective illustrations of the crystal structure of
catena-COF-806. a-d, SAED patterns of catena-COF-806 from the [001] (a), [111]
(b),[1 0] (c)and[ 12] (d) incidences. Scale bars,1 nm™. Insets: TEM images of the
crystals used to collect data. Scale bars, 200 nm. e-h, HRTEM images of
catena-COF-806 taken along the [001] (e), [111] (f), [110] (g) and [112] (h)
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directions. Scale bars, 5 nm.i-1, The projections of the crystal structure of catena-
COF-806 with a doubly interpenetrated bor-y topology along the [001] (i), [111]
(j), [110] (k) and [112] (I) directions. C, grey; N, blue; Cu, pink. Hatoms and BF,~
anions are omitted for clarity.

(Fig. 5e). In contrast, these substituents are arranged in a trigonal
pyramidal orientation in TAPM and TAPMol due to the tetrahedral
geometry of their central C atoms (Fig. 5fand Supplementary Fig. 32).
(Detailed angular values are displayed in Supplementary Fig. 36).)
Rietveld refinement and geometry optimization of crystal struc-
tures of catena-COF-806 and 807 (Supplementary Figs. 39 and 40 and
Supplementary Table 1) yielded structures in which the C-H or C-OH
bonds of the TAPM and TAPMol centres point towards the inside of
their respective polyhedra (Supplementary Figs. 37 and 38), and thus
yield polyhedra with a concave structure (Supplementary Fig. 38).

Together, these structural differences account for the different poly-
hedron sizes of -35.5 A, -35.4 A and -33.7 A for catena-COF-805, 806
and 807, respectively (Supplementary Fig. 37), which represents one
ofthe largest organic polyhedra (>30 A) (refs. >1**%°) Taken together,
these structural differences account for the variations observed inthe
HRTEM of the three catena-COFs (Supplementary Figs. 30 and 31). Note
that due to the intrinsic flexibility of the interlocking polyhedra, all
three catena-COFs show a dynamic response to solvents, as confirmed
by the observed variations in their PXRD patterns on the addition or
removal of solvents (Supplementary Section 9).
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Fig. 5| PXRD refinement and crystal structures of 3D [~]catenane COFs.
a,b, Pawley refinement of catena-COF-805 (a) and 806 (b) (1=1.2398 A).¢.d,
The doubly interpenetrated bor-y frameworks of catena-COF-805 (c) and 806
(d) where their one subnetis represented by the catenated red, blue and grey
polyhedra, and the other subnet is differentiated by representing it in yellow.

In each subnet, every two catenated polyhedra (highlighted in red and blue)
adopt different orientations in catena-COF-805, whereas all the polyhedra have
the same orientations in catena-COF-806, which can be easily distinguished

—@— Experimental pattern
Refined pattern
Difference

| Bragg position
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by the shape of the specific orientation of the polyhedra. e f, The constituent
polyhedron of catena-COF-805 (e) and 806 (f). The phenanthroline units
(highlighted in orange) on opposite sides assume an approximately parallel
orientation to each other in the polyhedron of catena-COF-805 (e), whereas they
are oriented approximately orthogonal in that of catena-COF-806 (f). N atomsin
the trifurcate centre of TAPA approach a planar triangle geometry (shown as ared
triangle), whereas C atoms in the centre of TAPM adopt a tetrahedron geometry
(shown as ared tetrahedron). C atoms, grey; N atoms, blue; Hatoms, white.

Demetallation, flexibility and mechanical properties of
catena-COFs

The crystal structures of catena-COFs were confirmed as the discrete
adamantane-like polyhedra catenated by virtue of the copper(l)

ions templating, so postsynthetic removal of the copper(l) ions
was achieved up to 90% by the addition of aqueous KCN to yield
the corresponding demetallated organic frameworks in which
the covalent polyhedra are held together by mechanical bonds
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(Supplementary Section 10). Although the non-crystalline struc-
ture of the demetallated catena-COFs (for example, demetallated
catena-COF-806) cannot be directly verified by the crystallographic
methods, itsinterlocking form was studied and discussed by control
experiments (Supplementary Scheme 1 and Supplementary Figs. 48
and49) and molecular dynamics simulation (Supplementary Fig. 53).
We anticipated that the absence of copper(l) imparts a high degree
of structural freedom onto the polyhedra. This was substantiated by
the observed decrease in framework crystallinity on demetallation
(Supplementary Fig. 51) and further by THF vapour sorption measure-
ments (Supplementary Section11). Here, catena-COF-806 exhibited a
Type Il THF adsorptionisotherm with a characteristic micropore fill-
ing, whereas its demetallated derivative displayed amore linear THF
isotherm profile (Supplementary Fig. 54). This indicates a structural
expansion of demetallated catena-COF-806 and, indeed, a higher
degree of flexibility, as borne out by the fact that the saturated uptake
is doubled on demetallation.

The flexibility observed in the demetallated framework is mani-
fested in the quasi-static and dynamic mechanical properties. The
mechanical properties of both metallated and demetallated samples
of catena-COF-806 were characterized by performing nanoindentation
(Supplementary Section12). The elastic modulus was found to decrease
from3.81+ 0.60 GPain metallated catena-COF-806to1.41 + 0.37 GPain
the demetallated sample. The hardness decreases from154.7 + 27.7 MPa
inthe metallated catena-COF-806 t0 55.8 + 8.7 MPa after demetallation.
All the measured values are within the expected range for weaving
COFs®. The creep properties, measured as the change of the displace-
ment under a constant load at room temperature, were studied to
investigate the time-dependent plasticity of metallated and demetal-
lated catena-COF-806. Maintaining compressive loads of 100 pN for
30 syielded a creep depth of ~-80 nm for the demetallated sample,
compared with ~10 nm for its metallated analogue, which indicates
that the demetallated catena-COF-806 is more mechanically flexible
than the metallated sample.

Conclusions

In this work, a series of [~]catenane COFs formed through mechani-
calinterlocking of discrete organic adamantane-like polyhedrawere
synthesized and structurally characterized. We remark that
obtaining [~]catenane COFs crystals not only allows an unambigu-
ous visualization of poly[n]catenane networks, but also affords a
new method to assess the degree of catenation (n) by simply measur-
ing the size of the crystals without sophisticated instrumental analy-
sis, if one considers the crystal size obtained by scanning electron
microscopy and the observed size of the unit cells (Supplementary
Section 13). The previous record was held by an organic poly[n]cat-
enane chain” with n=130, whereas nin 3D catena-COFs is multiple
orders of magnitude higher than the reported one, which highlights
the prowess of reticular chemistry*° in the design and synthesis of
extended organic catenanes.

Methods

Synthesis of catena-COF-805

Apressure tube was charged with [Cu(PDB),]BF, (8.0 mg, 0.008 mmol),
TAPA (3.3 mg, 0.011 mmol) and p-Br-aniline (27.5 mg, 20 equiv.) as a
modulator. A mixture of 0.25 ml of 1,4-dioxane, 0.25 ml mesitylene
and 0.05 ml of 6 M aqueous acetic acid was added. Then the tube was
sealed and heated at 150 °C for 72 h to yield a reddish-brown solid at
the bottom of the tube, which was isolated as catena-COF-805. The
as-synthesized catena-COF-805 was washed with DMF and THF, and
dried atroom temperature for 12 hand at 120 °C for 12 h. This material
isinsoluble in water and in common organic solvents, such as metha-
nol, acetone, THF, DMF and dimethylsulfoxide. Yield: 8.1 mg, 75.7%.
EA results: calcd for C,,5 H;44N,sCu;B;F;,-20H,0: C 67.00%, H 4.50%, N
9.59%. Found: C 66.36%, H 4.22%, N 9.11%.

Synthesis of catena-COF-806

Apressure tube was charged with [Cu(PDB),]BF, (8.0 mg, 0.008 mmol)
and TAPM (5.0 mg, 0.017 mmol). A mixture of 0.5 ml of 1,4-dioxane,
20 plofaniline (24.4 equiv.) and 0.1 ml of aqueous aceticacid (6 M) was
added and the tube was sealed. The reaction was heated at 120 °C for
72 htoyield a reddish-brown solid as catena-COF-806 at the bottom
ofthe tube. The solid was isolated by centrifugation and washed with
DMF and THF, and then dried at room temperature for12 hand at 120 °C
for12 h.Similarly, this productisinsoluble inwater and in the common
organic solvents mentioned for catena-COF-805. Yield: 7.6 mg, 71.0%.
EA results: calcd for C,3,H,45N,,Cu;B5F,-25H,0: C 68.13%, H 4.50%, N
7.91%. Found: C 68.93%, H 4.47%, N 8.09%.

Synthesis of catena-COF-807

Apressure tube was charged with [Cu(PDB),]BF, (8.0 mg, 0.008 mmol)
and TAPMol (3.4 mg, 0.011 mmol). A mixture of 0.25 ml of 1,4-dioxane,
0.25 ml of mesitylene and 0.1 ml of aqueous aceticacid (6 M) was added
and the tube was sealed. The reaction was heated at 85 °C for 72 h to
yield a reddish-brown solid as catena-COF-807 at the bottom of the
tube. The crude product was isolated by centrifugation and washed
with DMF and THF, and then dried at room temperature for12 hand at
120 °C for 12 h. Similarly, this product is also insoluble in water and in
common organic solvents, as mentioned for catena-COF-805and 806.
Yield: 6.9 mg, 63.9%. EAresults: calcd for C,;,H,4sN,,0,Cu;B;F,,-25H,0:
C69.17%,H4.74%, N 8.01%. Found: C 69.58%, H4.71%,N 7.93%. Note that
all the obtained catena-COFs are air stable.

Transmission electron microscopy

Catena-COF samples for TEM analysis were dispersed in ethanol by
ultrasonication. A droplet of the suspension was transferred onto a
carbon-coated copper grid. All the datasets were obtained using aJEM-
2100Plus microscope operated at 200 kV with a TVIPS (XF416) camera
for high signal-to-noise ratio data acquisition. Owing to the beam sensi-
tivity of thesamples, 3D ED datasets were collected using a fast method
inwhichthe sample holder wastilted continuously and stopped every
5° for sample tracking. The obtained datasets were processed and
reconstructed by the EDT-process program®’. HRTEM images were
obtained under low-dose conditions. Before takingimages, the crystals
were aligned to the desired orientations quickly under a depressed
illumination condition. With a careful control of the electron dose and
shortexposure time, multiple images were taken and then integrated
into oneimage to reduce the blur caused by sample drift.

Powder X-ray diffraction

The synchrotron PXRD datasets were collected at Beamline 7.3.3 of
Advanced Light Source inthe Lawrence Berkeley National Laboratory,
withA=1.2398 A inthe capillary mode.

Data availability

Crystallographic data for the structures reported in this Article have
been deposited at the Cambridge Crystallographic Data Centre, under
depositionnumbers CCDC 2216102 (catena-COF-805),2216103 (catena-
COF-806) and 2216104 (catena-COF-807). Copies of the data can be
obtained free of charge viahttps:/www.ccdc.cam.ac.uk/structures/. All
dataareavailable in the main text or the Supplementary Information.
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