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Abstract: Attributed to the unique topological complexity and
elegant beauty, Borromean systems are attracting intense
attention. However, at present, the construction of Borromean
linked organic polymers remains a challenge. To address this
formidable challenge, we developed a supramolecular-syn-
thon-driven approach to fabricate Borromean linked organic
polymer. The solvothermal condensation reaction of a judi-
ciously selected trigonal pyramidal building block, 1,3,5-
Tris(4-aminophenyl)adamantane, with linear dialdehyde
building blocks allowed the construction of two rare covalent
organic frameworks (COFs) with high crystallinity and robust-
ness. Structure refinement unveiled the successful formation of
entangled 2D!2D Borromean arrayed structures. Both the
two COFs were of microporosity and thus demonstrated the
potentials for gas separation. The successful synthesis of the
first two Borromean linked organic polymers paves the avenue
to expand the supramolecular-synthon-driven approach to
other building blocks and topologies, and broadens the family
and scope of COFs.

Introduction

In the past three decades, crystalline porous materials
(CPMs)[1, 2] including metal-organic frameworks (MOFs),[3,4]

covalent organic frameworks (COFs),[5–9] hydrogen-bonded
organic frameworks (HOFs),[10] zeolites,[11] metal-organic
polyhedra (MOPs),[12,13] and porous organic cage (POC),[14]

have achieved terrific progress in many research fields such as
catalysis,[15] gas storage and separation,[16] electrochemistry,[17]

drug delivery,[18] sensing[19] and fluorescence imaging,[20]

attributed to their high crystallinity and regular porous
structures. The outstanding properties of CPMs depend on
their structures. However, the design, prediction, and ration-
alization of CPMsQ structures are always of great challenge.
Thanks to the pioneering works by Robson,[21] Yaghi,[22]

OQKeeffe,[23] et al.,[24] the design and construction of desired
CPM structures may be realized using the “node and linker”

approach, and the reticular chemistry synthesis approach.
However, obtaining the desired CPM structures is not always
guaranteed.[25]

The Borromean links, in which three rings are interlocked
and no two are interlinked, constitute topologically intriguing
entanglement.[26] Attributed to their unique topological com-
plexity, structural integrity, and elegant beauty, the Borro-
mean systems have attracted the attention of scientists from
various backgrounds.[27–29] The earliest example of molecular
Borromean rings was reported in 1997 via manipulating DNA
sequences.[30, 31] In 2004, Stoddart and collaborators reported
the first molecular Borromean links achieved by a coordina-
tion-driven assembly strategy.[32] Since StoddartQs pioneering
work, coordination chemistry has been frequently used to
drive the formation of Borromean arrayed structures. For
example, Lu group synthesized a 2D!2D entangled coordi-
nation polymer with a Borromean structure.[33] Besides,
Zheng and co-workers first reported the rational construction
of HOFs with Borromean 3-fold 2D!2D entangled layers,
and n-Borromean 2D!3D entangled infinite layers based on
hydrogen-bond-driven self-assembly of 1,3,5-tris(4-carboxy-
phenyl)adamantane (TCA).[34] Overall, the development of
Borromean systems is still underexplored, and creating
advanced materials with desired Borromean structures is
urgently demanded.

Since the pioneering work by Yaghi in 2005,[35] COFs have
emerged a new class of CPMs with periodic networks linked
by covalent bonds. However, up to now, the construction of
COFs with Borromean links remains a formidable challenge.
In order to design and synthesize Borromean arrayed COFs,
three factors are essential: i) the 63 honeycomb net with large
enough hexagonal cavities, which ensure the accommodation
for other two nets; ii) the chair conformation of the hexagonal
rings; iii) appropriate interactions between the modules at
each intersection that can control the direction of inter-
penetration.[36] Based on the above considerations, we first
created a supramolecular-synthon-driven approach to con-
struct COFs with Borromean links (Scheme 1a). According
to the literature survey,[34, 36] 1,3,5-triphenyl-adamantane is
a perfect module to build Borromean structures because it
can form an “up-down” dimeric supramolecular synthon
stabilized by C@H···p interactions to direct the interweaving
and the packing of structures (Scheme 1b). Thereupon, to
demonstrate the proof of concept, we judiciously chose a rigid
and trigonal pyramidal molecule, 1,3,5-Tris(4-aminopheny-
l)adamantane (TAA), as the main building blocks for the
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Scheme 1. a) The approach to build Borromean arrayed networks.
b) The stable “up-down” dimeric supramolecular synthon formed by
1,3,5,-triphenyl-adamantane moieties.
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construction of Borromean linked COFs. Furthermore, linear
linkers such as terephthalaldehyde (TP) and its extended
variant (4,4’-biphenyldicarboxaldehyde, BPDA) were chosen
as the guiding skeletons for the formation of two entangled
2D!2D Borromean layered structures, NKCOF-6 and -7
(NKCOF = Nankai University Covalent Organic Frame-
work).

Results and Discussion

On this basis of the above design (Figure 1), the solvo-
thermal reaction of TAA and TP in the mixed solvent of 1,2-
dichlorobenzene, 1-butanol, and acetic acid at 120 88C for three
days afforded a crystalline powder of NKCOF-6 with a yield
of & 60 %. Subsequently, the as-prepared yellow powder was
collected by filtration and washed by Soxhlet extraction. A
variety of methods were employed for structural character-
izations of NKCOF-6. The formation of NKCOF-6 was
assessed by the Fourier transform infrared (FT-IR) spectrum
and 13C cross-polarization magic-angle spinning (CP/MAS)
NMR spectroscopy. Compared with the corresponding TAA
and aldehydes monomer, the FT-IR spectrum revealed a new
peak at 1621 cm@1 for NKCOF-6 (Figure 2 a), which is

a typical characteristic of the C=N stretching vibrations.
Meanwhile, the disappearance of the C=O stretching vibra-
tions (1682 cm@1 for TP) and the N-H stretching vibrations
(3441 cm@1 and 3363 cm@1 for TAA) indicated the complete
transformation of aldehyde- and amine-containing reactants.
The 13C NMR spectroscopy further confirmed the successful
formation of imine groups by the peak at 158.3 ppm for
NKCOF-6 (Figure 2b). Scanning electron microscopy (SEM)
images revealed that NKCOF-6 exhibited a distinctive ho-
mogeneous spheric morphology with approximately 2.1 mm
diameter particles (Figure 2c). In addition, the successful
synthesis of NKCOF-6 was verified by the synthesis of
a model compound by a reaction of TAA with benzaldehyde
(Figure S1 and S2).

The as-prepared NKCOF-6 was then submitted to the
powder X-ray diffraction (PXRD) analysis to determine its
crystal structure by comparing the experimental PXRD
pattern with the theoretically simulated model,[37, 38] which
was conducted with the Materials Studio Software package.
As shown in Figure 3, the two most intense diffraction peaks
in the PXRD profile of NKCOF-6 appeared at 4.2688 and 5.8288
(2q). They exhibited strong diffraction intensity together with
narrow Full width at half maximum (FWHM), indicating
a high crystallinity of NKCOF-6. To solve the structure of
NKCOF-6, we referred to the real crystal structures of
Borromean linked HOFs reported by Zheng and co-workers.
In these HOFs, the TCA dimers inside layered Borromean
weaves were hydrogen-bonded with each other through
-COOH groups in TCA. The hydrogen bonds between
carboxylic acid dimer synthon were linear and coplanar.
Therefore, these HOF structures can be treated as perfect
models to solve the structure of NKCOF-6, via replacing the
carboxylic acid dimer synthon by linear linkers such as p-
phenyl diimine moieties (Figure S3). Based on this concept,
we assumed the possible crystal structure of NKCOF-6 was
assembled with paralleled 2D honeycomb sheets, i.e., 3-fold
interwoven structures with entangled ABC stacking analo-
gous to the layered Borromean weaves. In the ideal case,
TAA is considered as a C3-symmetry molecule that possesses
identical tetrahedral angles without distortion. However, in
the real CPM networks, the tetrahedral angles are always
distorted that break the intrinsic symmetry of TAA, hence
leading to desymmetrize the network and lattice. This kind of

Figure 1. The synthetic route of NKCOF-6.

Figure 2. a) FT-IR spectra of NKCOF-6 and corresponding monomers.
b) 13C CP/MAS solid-state NMR spectra of NKCOF-6. c) SEM image of
NKCOF-6. d) AFM image and the height profile of NKCOF-6.

Figure 3. a) PXRD patterns of NKCOF-6. b) Space-filling model of
Borromean weaves of NKCOF-6. Paralleled honeycomb sheets in
layered Borromean weaves are shown as red, blue, gold. c) Separable
Borromean weaves in NKCOF-6.
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phenomenon has been observed in the HOFs reported by
Zheng and co-workers.[31] Based on this hypothesis, we
discovered a set of unit cell parameters (a = b = 22.5 c, c =

9.0 c, a = b = 10088, g = 13388) that matched the experimental
PXRD pattern from both the positions and the intensities
very well. All the observed diffraction peaks at d-spacing (2q)
20.61 c (4.2788), 15.15 c (5.8188), 8.07 c (10.9088), 6.85 c
(12.8588), 5.30 c (16.688), 5.00 c (17.688), can be assigned to (1
0 0), (1 @1 0), (0 1 @1), (3 0 0), (1 @3 0), and (3 @3 0) facets,
respectively. Pawley refinement gave the unit-cell parameters
of a = 22.6 c, b = 16.2 c, c = 9.0 c, a = 94.288, b = 100.388 and
g = 110.688, with Rwp = 6.93% and Rp = 5.38%. In the layer
stacking model of NKCOF-6 frameworks, adjacent adaman-
tane vertices demonstrated a small ateral offset between
adjacent COF layers (Figure 3c).

The structures of CPMs are categorized based on their
underlying topologies, which can be described based on the
number of vertices, edges, rings, and tiles. At present, the vast
majority of reported COFs possess topologies with only one
or two kinds of vertices and one kind of edge. For instance, the
entangled ABC stacking models proposed above can be
considered as the derivates of dia-z topology, with one kind of
vertices and edges. Paralleled 2D honeycomb sheets with
other stacking modes such as eclipsed AA stacking and AB
stacking without entanglement, were also constructed as
comparisons. However, both of them demonstrated a largely
deviate from the experimental PXRD patterns (Figure S4).
To further verify the correctness of Borromean linked ABC
stacking model, we screened all the possible topologies that
have one or two kinds of 3-connected vertices in the Reticular
Chemistry Structure Resource (RCSR)[39] database. Totally,
193 topologies were identified and screened, and only two of
them (srs-c8, ths-c3) were promising, in terms of their
diffraction peak positions and relative intensity (Figure S4).
However, these two networks depict much lower densities
(srs-c8 : 0.252 gcm@3, ths-c3 : 0.114 g cm@3) than the experi-
mental density (0.681 gcm@3) measured for NKCOF-6. By
contrast, the experimental density of NKCOF-6 matched well
with that of the Borromean layered structure (0.618 gcm@3).
The transmission electron microscopy (TEM) analyses re-
vealed that NKCOF-6 can be exfoliated into 2D nanosheets,
consistent with the simulated layered structure (Figure S5).
Atomic force microscopy (AFM) experiments were carried
out to measure the thickness of the exfoliated nanosheets of
NKCOF-6 (Figure 2d and S6). The thickness of the thinnest
nanosheet was measured to be about 1.6 nm, which was close
to the monolayer thickness of proposed structure (1.4 nm).
This result indicated that NKCOF-6 possessed the predicted
2D layered structure.

To explore the generality of the supramolecular-synthon-
driven approach to construct COFs with Borromean moieties,
we used an extended variant of TP, i.e., BPDA, as the linear
linker. The solvothermal reaction of TAA and BPDA
afforded a pale yellow powder of NKCOF-7 with a high yield
of & 83%. FI-IR spectra and solid-phase 13C NMR further
confirmed the existence of imine linkages in NKCOF-7
(Figure S7 and S8). SEM analyses showed NKCOF-7 ex-
hibited a homogeneous spheric morphology with & 1.3 mm
particle size (Figure S9). Similar to NKCOF-6, the crystal

structure of NKCOF-7 was also elucidated by comparing the
experimental PXRD with the theoretically simulated ones. A
series of peaks at d-spacing (2q) 24.7 c (3.5688), 18.0 c (4.8988),
and 8.97 c (9.8188) are observed for NKCOF-7 (Figure 4). We
noted that the d-spacing of NKCOF-7 diffraction peaks
present equal proportion compared with that of NKCOF-6,
and the scale factor is 1.1 approximately, which meant that
NKCOF-7 shared the identical structural feature with
NKCOF-6 and adapted the same stacking mode. The refined
PXRD profile matched the experimental pattern quite well,
giving unit cell parameters of a = 27.1 c, b = 19.3 c, c =

9.0 c, a = 88.788, b = 81.288 and g = 110.688, with Rwp = 3.25%
and Rp = 2.21 %, respectively. In addition, the successful
synthesis of NKCOF-7 was verified by the synthesis of
a model compound by a reaction of TAA with 4-Phenyl-
benzaldehyde (Figure S10 and S11).

The entangled Borromean networks usually exhibit high-
er stability than the structures without entanglement.
NKCOFs was activated under vacuum at 120 88C for 12 h
before characterization. Thermal gravimetric analysis (TGA)
measurement revealed NKCOF-6 and -7 could be thermally
stable up to 450 88C under N2 without weight loss (Figure S12
and S13). The decomposition temperature is higher than some
traditional imine-based COFs without entanglement (Ta-
ble S3).[40–47] In addition, NKCOF-6 and -7 exhibited excellent
chemical stability in various solvents, such as water, tetrahy-
drofuran (THF), N,N-dimethylformamide (DMF), acetone,
acetonitrile and methanol (MeOH). Moreover, NKCOF-6
and -7 also exhibited good chemical stability under harsh
conditions such as aqueous NaOH (1 M) and HCl (pH 2).
PXRD data revealed that NKCOF-6 and -7 retained their
crystalline structures after treatments under these conditions
(Figure S14 and S15). The static water contact angle of the
surface was measured to investigate the hydrophilic-hydro-
phobic property of COFs, that revealed a static water contact
angles 9588 for NKCOF-6 and 10188 for NKCOF-7 (Fig-
ure S16). According to literature,[48] the hydrophobic property
of NKCOFs could contribute to their high water stability.

The porosity and specific surface areas of NKCOF-6 and
-7 were characterized by N2 adsorption-desorption at 77 K
(Figure 5). The adsorption isotherms of NKCOFs showed
a sharp uptake at a low-pressure of P/P0 range (P/P0 = 0-0.05),

Figure 4. a) PXRD patterns of NKCOF-7. b) The linear linker of
NKCOF-7. c) The hexagonal rings with chair conformation of NKCOF-
7.
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which was a typical characteristic of microporous materials
exhibited a classic type I isotherm. The Langmuir surface area
of NKCOF-6 and -7 was calculated to be 328 m2 g@1 and
1052 m2 g@1, respectively. Pore size distributions calculated
based on the nonlocal density functional theory (NLDFT)
demonstrated an average pore size of 1.1 nm and 1.3 nm for
NKCOF-6 and -7, respectively, which are close to the values
obtained from the Materials Studio and Poreblazer soft-
wares.[49]

Given the microporous nature of NKCOF-6 and -7, we
investigated their potential application for gas separation.
Currently, one of the urgent challenges in acetylene (C2H2)
production is the removal of the co-existence of carbon
dioxide (CO2) impurities.[50] However, separation of C2H2 and
CO2 is of the paramount challenge because they possess very
similar molecule shapes/sizes (3.32 X 3.34 X 5.70 c3 for C2H2

and 3.18 X 3.33 X 5.36 c3 for CO2), and similar physical
properties (boiling points of 189.3 K and 194.7 K, respective-
ly).[51] To address this challenge, we collected the single-
component gas adsorption isotherms for C2H2 and CO2 at
273 K and 298 K at 1 bar, respectively. As shown in Figure S17
and S18, the uptakes of NKCOF-6 at 1 bar and 298 K were up
to 30.9 cm3 g@1 and 15.6 cm3 g@1 for C2H2 and CO2, respec-
tively, which were higher than those of NKCOF-7
(30.2 cm3 g@1 for C2H2, 13.8 cm3 g@1 for CO2). The isosteric
enthalpy (Qst) can quantitatively evaluate the affinity of
adsorbent toward adsorbate. Thus, we calculated the Qst from
the adsorption isotherms at 273 K and 298 K (Figure S19–
S21). The initial Qst are 27.1 kJmol@1 and 25.1 kJ mol@1 of
NKCOF-6 for C2H2 and CO2, respectively. The initial Qst are
25.6 kJ mol@1 and 20.4 kJmol@1 of NKCOF-7 for C2H2 and
CO2, respectively. The higher Qst of NKCOF-6 agreed with
the literature results that narrower pores usually led to
stronger interaction for gas molecules.[52] Because the uptake
and binding energy for C2H2 are larger than those for CO2,
NKCOFs have the potential for C2H2/CO2 separation. To
further examine this potential, we calculated C2H2/CO2

selectivity (2:1) at 298 K and 1 bar using the ideal adsorption
solution theory (IAST) (Figure S22).[53] The results revealed
that NKCOF-6 showed a higher C2H2/CO2 selectivity than
that for NKCOF-7. Breakthrough experiments for C2H2/CO2

(2:1) at 298 K were also performed to evaluate the gas
separation performance of these COFs (Figure S22). As
expected, breakthrough experiments revealed that CO2 was
firstly eluted through the packed column, while C2H2 was still
kept. Notably, the separation performance of NKCOF-6 was

better than that of NKCOF-7, consistent with the trend of the
IAST result. To the best of our knowledge, we demonstrated
the first two COFs, which achieved the real C2H2/CO2 gas
mixture separation in the COF field.[16]

Conclusion

In summary, we, for the first time, developed an efficient
and versatile supramolecular-synthon-driven approach to
construct COFs with Borromean links, which have not been
achieved yet in the literature. A solvothermal condensation
reaction of a judiciously selected trigonal pyramidal building
block (1,3,5-Tris(4-aminophenyl)adamantane) with the linear
terephthalaldehyde building block allowed the construction
of a rare 2D imine-based COF (NKCOF-6) with high
crystallinity and robustness. In order to determine the COF
structure, we developed a novel strategy: using the real single-
crystal structure of reported HOFs as the structure model and
substituting the planar carboxylic acid dimer synthon in
HOFs by p-phenyl diimine linear linker in COFs. Structure
refinement unveiled that this COF possessed a twisted
hexagonal crystal lattice and entangled 2D!2D Borromean
layered structure. Furthermore, we proved the generality of
the supramolecular-synthon-driven approach and successfully
fabricated another Borromean linked COF, NKCOF-7, via
extending the length of the dialdehyde linker. Moreover, both
the two COFs were of microporosity and thus can be used to
separate C2H2 over CO2. This work not only enriched the
family and scope of COFs, but also realized a new powerful
strategy to fabricate Borromean linked materials.
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