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ABSTRACT: Covalent organic frameworks (COFs) could be developed for molecular confinement and separation. However, their proximate π 
stacks limit the interlayer distance to be only 3–6 Å, which is too small for guests to enter. As a result, 
COFs block the access to the x-y space and limit guest entry/exit strictly to only the pores along the z 
direction. Therefore, the extended faces of each layer are hidden between layers, precluding the 
possibility of any interactions with guest molecules. Here we report a strategy for opening interlayer 
spaces of COFs to attain newly accessible nanospace between layers. This becomes possible by using 
coordination bonds to replace the conventional π-π stacks between layers. We demonstrate this concept 
by synthesizing two-dimensional covalent cobalt(II) porphyrin layers through topology-guided 
polymerization, which were piled up by bidentate axial pillars through coordination bonds with 
cobalt(II) porphyrin along the z direction, assembling vertically expanded COFs via one-pot reaction. 
The resultant frameworks separate the layers with axial pillars and create discrete apertures between 
layers defined by the molecular length of pillars. Consequently, the originally inaccessible interlayers are 
open for guest access, while the polygonal π planes are exposed to trigger various supramolecular 
interactions. Vapor sorption, breakthrough experiments, and computational studies mutually revealed 
that the vertically expanded frameworks with optimal interlayer slits induce additional interactions to discriminate benzene and cyclohexane and 
separate their mixtures efficiently under ambient conditions. 

INTRODUCTION 
The seven chemical separations exert profound impact on global 
energy use, carbon emission, and pollution.1 Among them, benzene 
(Bz)-cyclohexane (Cy) separation represents the most challenging 
goal owing to their physical similarity (Table S1).2−4 Their boiling 
points differ by only 0.6 °C (Bz at 353.3 K and Cy at 353.9 K), while the 
formation of an azeotrope adds more difficulties to separation.5 The 
current technology of extractive distillation and azeotropic distillation 
involves complex process with energy demand and high cost.3,5 It has 
been a long-lasting target to separate Bz-Cy mixtures in an energy-
saving and facile way.6–11 

Covalent organic frameworks (COFs) are a class of crystalline 
porous materials that combine large surface area, tunable pores, and 
high stability and could be developed for molecular separations. COFs 
utilize covalent bonds to form extended polygonal backbone (Figure 
1A) and develop π-π interactions between layers or interpenetrations 
for z-directional supramolecular assembly, constituting layered or 
folded frameworks (Figure 1B).12–30 As a result, COFs restrict the guest 
entry to only one-dimensional (1D) channels along the z direction and 
prohibit the access to the interlayer x-y space, greatly impeding the full 
design of skeletons and pores for structural development and 
functional exploration.31,32 

Herein, we report the chemistry to open the interlayer x-y space by 
inserting molecular pillars as a spacer between 2D layers to create 

vertically expanded COFs. We show this strategy by replacing π-π 
interactions between layers with coordination bonds to open the 
interlayer space with molecular pillars. We developed a three-
component one-pot polymerization system with cobalt(II) porphyrin 
as knot, phenyl as linker, and bidentate ligands as pillar to construct 
vertically expanded COFs. The vertically expanded skeletons are 
designed to be covalently linked to form two-dimensional (2D) layers 
extended over the x-y plane, which are further polymerized along the z 
direction via axial ligation between cobalt porphyrin and pillars to 
spatially expand layers by the pillars (Figure 1C). The vertically 
expanded COFs open new window for guest entry and exit, expose 
both up/down faces of each layer to guest molecules, offering new sites 
for host-guest interactions. The resultant materials with optimal 
interlayer aperture discriminate Bz from Cy via π–π and C–H···π 
interactions, enabling an efficient separation of Bz-Cy mixtures under 
ambient conditions. This study unveils the chemistry to design 
vertically expanded frameworks via supramolecular polymerizations of 
layers and construct novel COFs with unique interlayer apertures, 
showing a new type of framework structures for host-guest assembly, 
separation, and catalysis. 

Three-dimensional (3D) COFs are formed by the covalent link of 
building units into 3D polygonal skeletons where different degrees of 
interpenetration involve in shaping the extended porous  



 

 

Figure 1. Molecular Design of Vertically Expanded Covalent Organic Frameworks. (A) Polycondensation of knot and linker units to form 2D 
covalent layer extended over the x–y plane. (B) Simultaneous supramolecular polymerization driven by π–π interactions between layers forms conventional 
covalent organic frameworks (COFs) with an interlayer distance of 3–6 Å that is too small for guest access (Top panel: Top view; bottom panel: Side view). 
(C) Introducing interlayer spacer via coordination bonds to guide the supramolecular polymerization of 2D layers along the z direction to create vertically 
expanded COFs, featuring (i) the interlayer distance is predesigned and managed by the length of pillars, (ii) interlayer aperture is newly developed, and (iii) 
interlayer is fully opened so that guests are accessible to both up and down faces of the 2D planes (Top panel: Top view; bottom panel: Side view) (five layers 
are shown; yellow ball: cobalt(II) porphyrin; sky blue stick: phenyl linker; purple stick: interlayer spacer with bidentate ligand, such as DABCO and Bpy).

structures.33−42 In sharp contrast, the vertically expanded COFs feature 
covalently linked 2D polymeric layers, which are polymerized to pile 
up by inserting axial ligands between layers. Thus, the fundamental 
structure of vertically expanded COFs remains 2D polygonal layers, 
while creating new nanospace between layers. The conceptual 
difference between our strategy and Hofmann clathrates43−45 or metal-
organic frameworks (MOFs)46−48 is that our systems consist of 
covalently linked polygonal skeletons. Thus, our systems involve both 
polycondensation and supramolecular polymerization, while 
Hofmann clathrates or MOFs are only supramolecular polymerization. 
 
RESULTS 

Design, Synthesis, and Characterization. We deployed 
cobalt(II) porphyrin (CoTPP) as a knot and 2,5-
dimethoxyterephthaldehyde (DMTA) as a linker, and 1,4-
diazabicyclo[2.2.2]octane (DABCO) and 4,4'−dipyridyl (Bpy) as z-

directional bidentate pillars, for the simultaneous Schiff-base 
polycondensation and supramolecular coordination polymerization in 
a one-pot reaction system (Figure 2A–C). DABCO and Bpy with 
nitrogen lone pairs are well-known bidentate ligands to coordinate 
with cobalt porphyrin via axial ligation to form supramolecular 
polymers (DABCO®CoTPP and Bpy®CoTPP).49,50 One-pot 
reaction of a mixture of CoTAPP and DABCO or Bpy with DMTA 
under solvothermal conditions yields crystalline porous 
DABCO®CoTPP-DMTP-COF and Bpy®CoTPP-DMTP-COF in 
81% and 79% yield, respectively. As a control, 2D COF analogue, 
namely CoTPP-DMTP-COF with π-π stacking layers, was prepared by 
condensing CoTAPP with DMTA under solvothermal conditions in 
83% yield (Figure 2A). DABCO®CoTPP-DMTP-COF and 
Bpy®CoTPP-DMTP-COF consist of imine-linked 2D layers 
extended over the x-y plane and vertically expanded skeletons with 
DABCO and Bpy pillars along the z direction (Figure 2B−2D). 
  



 

 

 
 
Figure. 2. Design and Synthesis. (A) Schematic representation of 2D CoTPP-DMTP-COF with π–π interactions (only two layer and one pore are shown 
for clarity). (B) Schematic representation of DABCO®CoTPP-DMTP-COF with the coordination bonds between DABCO and cobalt(II) porphyrin 
along the z axis. (C) Schematic representation of Bpy®CoTPP-DMTP-COF with the coordination bonds between Bpy and cobalt(II) porphyrin along the 
z axis. (D) Vertically coordinated cobalt porphyrin units by DABACO (left) and BPy (right).

DABCO®CoTPP-DMTP-COF and Bpy®CoTPP-DMTP-COF 
were characterized by various analytical methods. Fourier transform 
infrared (FT IR) spectra revealed a strong stretching signal at 1623 cm–

1, which was assigned to the imine C=N linkages (Figure S1A). For Co–
N vibrations, the DABCO→CoTPP-DMTP-COF exhibited vibration 
bands at 541 and 569 cm–1, whereas the Bpy→CoTPP-DMTP-COF 
showed bands at 542 and 569 cm–1. In comparison, CoTPP-DMTP-
COF displayed bands at 538 and 568 cm–1 (Figure S1B). These shifts 
to longer wavenumbers suggest the occurrence of axial coordination 
with DABCO and Bpy. Elemental analysis and inductively coupled 
plasma atomic emission spectroscopy (ICP–AES) confirmed that the 
C, N, O, and Co contents are consistent with the structures of 
DABCO®CoTPP-DMTP-COF and Bpy®CoTPP-DMTP-COF 
(Table S2). 

DABCO®CoTPP-DMTP-COF (Figure 3A, black curve) exhibited 
a powder X-ray diffraction (PXRD) profile with strong peaks at 3.62°, 
7.03°, and 10.51°, corresponding to the (100), (200), and (030) facets, 
respectively, which is distinct from that of CoTPP-DMTP-COF 
(Figure S2). Structural simulations (Figure 3A, sky blue curve) with 
non-interpenetrated mode followed by Pawley refinements (Figure 
3A, purple cross) yielded a P1 space group with unit cell parameters of 
a = 25.63 Å, b = 25.64 Å, c = 6.87 Å, a = 85.93°, b = 85.46°, and g = 
87.34° (residues Rwp=3.44% and Rp=2.70%) (Table S3 and see 
atomistic coordinates in cif). In contrast, simulations with 
interpenetration structures such as a two-fold model did not pair with 
the experimentally observed data (Figure S3). Bpy®CoTPP-DMTP-
COF displayed PXRD peaks at 3.58°, 4.64°, 7.13°, and 10.77°, which 
were assigned to the (100), (110), (200), and (310) facets, respectively 
(Figure 3D, black curve). Pawley refinements (Figure 3D, purple 
cross) revealed a P1 space group with unit-cell parameters of a = 25.64 

Å, b = 25.65 Å, c = 11.10 Å, a = 93.73°, b = 85.47°, and g = 90.17° 
(residues Rwp = 1.96% and Rp = 1.54%) (Table S3 and see atomistic 
coordinates in cif). In this case, multi-fold interpenetration cannot fit 
the experimental results (Figure S4). Thus, both DABCO®CoTPP-
DMTP-COF (Figure 3A, sky blue curve) and Bpy®CoTPP-DMTP-
COF (Figure 3D, sky blue curve) consist of a non-interpenetrated 
vertically expanded structure. 

Both DABCO®CoTPP-DMTP-COF (Figure 3B and C) and 
Bpy®CoTPP-DMTP-COF (Figure 3E and F) retain 2D covalent 
porphyrin layers, which are spatially connected by DABCO and Bpy 
pillars to open apertures along the z direction, thus casting a sharp 
contrast to CoTPP-DMTP-COF with dense π–π stacks. Therefore, the 
lateral development of polygonal skeletons over the x-y plane is based 
on covalent imine bonds and driven by Schiff-base polycondensation, 
while the vertical growth along the z direction is directed by 
coordination bonds. Consequently, the introduction of coordination 
bonds for the supramolecular polymerization enables vertical 
propagation of 2D porphyrin layers and controls their interlayer 
distance by the length of axial DABCO and Bpy pillars, opening new 
interlayer nanospace in COFs to allow guest access over the x-y plane. 

In CoTPP-DMTP-COF, the interlayer separation is controlled by 
π–π interactions and it was evaluated to be only 3.81 Å – a space that is 
too small to allow guest access to interlayers.12,31,32 Therefore, CoTPP-
DMTP-COF is accessible only from the z direction. In contrast, 
DABCO®CoTPP-DMTP-COF and Bpy®CoTPP- DMTP-COF 
become accessible along all the x, y, and z directions as their interlayer 
separations are expanded to 6.87 and 11.10 Å, respectively. With these 
new porous channels between layers, both up  and down faces of each 
2D porphyrin layer are exposed for supramolecular interactions with 
guest molecules. Thus, DABCO®CoTPP-DMTP-COF and  
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Figure 3. Structure and Characterization. (A) PXRD patterns of DABCO®CoTPP-DMTP-COF of observed (black curve), Pawley refined (purple 
cross) and their difference (orange curve), the non-interpenetrated mode of the P1 space group (sky blue curve), and Bragg position (green lines). (B) Side 
view of reconstructed structure of DABCO®CoTPP-DMTP-COF (Pink: Co; grey: C; blue: N; red: O; H atoms are omitted for clarity). (C) Top view of 
reconstructed structure of DABCO®CoTPP-DMTP-COF. (D) PXRD patterns of Bpy®CoTPP-DMTP-COF of observed (black curve), Pawley refined 
(purple cross) and their difference (orange curve), the non-interpenetrated mode of the P1 space group (sky blue curve), and Bragg position (green lines). 
(E) Side view of reconstructed structure of Bpy®CoTPP-DMTP-COF. (F) Top view of reconstructed structure of Bpy®CoTPP-DMTP-COF. (G) 
Nitrogen sorption isotherm of DABCO®CoTPP-DMTP-COF. (H) Pore size distribution (black dots and curve) and pore volume (red dots and curve) of 
DABCO®CoTPP-DMTP-COF. (I) Nitrogen sorption isotherm of Bpy®CoTPP-DMTP-COF. (J) Pore size distribution (black dots and curve) and pore 
volume (red dots and curve) of Bpy®CoTPP-DMTP-COF. 



 

Bpy®CoTPP-DMTP-COF create new nanospace between layers for 
new host-guest chemistry and supramolecular interactions. Distinct 
from conventional three-dimensional (3D) COFs where layers are 
folded, the interlayer structures of DABCO®CoTPP-DMTP-COF 
and Bpy®CoTPP-DMTP-COF are controllable by the axial pillars, 
rendering the newly developed COFs able to predesign both skeletons 
and pores. 

DABCO®CoTPP-DMTP-COF (Figure 3G) and Bpy®CoTPP-
DMTP-COF (Figure 3I) exhibited a rapid uptake of nitrogen at P/P0 
< 0.1, suggesting the presence of micropores. DABCO®CoTPP-
DMTP-COF and Bpy®CoTPP-DMTP-COF displayed Brunauer–
Emmett–Teller (BET) surface areas of 517.1 and 215.3 m2 g–1, and a 
pair of pores of [10.8 and 19 Å] (Figure 3H) and [15.7 and 19 Å] 
(Figure 3J), respectively. In contrast, CoTPP-DMTP-COF (Figure S5 
and S6) exhibited only one type of pores with a size of 19 Å, 
corresponding to the 1D tetragonal channels. Thus, 
DABCO®CoTPP-DMTP-COF and Bpy®CoTPP-DMTP-COF 
form new apertures of 10.8 and 15.7 Å between layers. 

 

Figure 4. Bz and Cy Adsorption Isotherms. (A–C). Vapor sorption 
isotherms of Bz (red curve) and Cy (black curve) for (A) CoTPP-DMTP-
COF, (B) DABCO®CoTPP-DMTP-COF, and (C) Bpy®CoTPP-
DMTP-COF. (D) The Bz/Cy adsorption selectivity for CoTPP-DMTP-
COF, DABCO®CoTPP-DMTP-COF, and Bpy®CoTPP-DMTP-
COF. 

Field emission scanning electron microscopy (FE SEM) of CoTPP-
DMTP-COF revealed a spherical morphology (Figure S7), while 
DABCO®CoTPP-DMTP-COF (Figure S8) and Bpy®CoTPP-
DMTP-COF (Figure S9) exhibited thin flake and cubic shapes, 
respectively. High-resolution transmission electron microscopy (HR 
TEM, Figure S10–S12) revealed oriented lattice fringes with a domain 
size of approximately 200 nm, indicating their high structural integrity. 
Fast-Fourier transform (FFT) revealed pore size of 1.94 nm for 
CoTPP-DMTP-COF (Figure S10), 1.9 and 0.67 nm for 
DABCO®CoTPP-DMTP-COF (Figure S11) and 1.89 and 1.55 nm 
for Bpy®CoTPP-DMTP-COF (Figure S12). 

X-ray photoelectron spectroscopy (XPS) revealed that CoTPP-
DMTP-COF exhibited two peaks at 398.9 and 398.3 eV (Figure 
S13A), which were assigned to the pyrrolic N–Co (red curve, 76.3%) 

and the imine N=C (blue curve, 23.7%), respectively. In contrast, 
DABCO®CoTPP-DMTP-COF displayed three peaks at 398.1, 
398.6, and 400.6 eV (Figure S13B), corresponding to the imine N=C 
(purple curve, 15.1%), pyrrolic N–Co (red curve, 67.8%), and axial 
DABCO N–Co (blue curve, 17.1%), respectively. Similarly, 
Bpy®CoTPP-DMTP-COF exhibited peaks at 398.5, 399.6, and 400.1 
eV (Figure S13C), which were assigned to the imine N=C (purple 
curve, 20.1%), pyrrolic N–Co (red curve, 47.6%), and axial Bpy N–Co 
(blue curve, 32.3%), respectively.51 The Co 2p spectroscopy of 
CoTPP-DMTP-COF revealed two peaks (2p1/2 and 2p3/2), at 795.4 
and 779.8 eV, confirming the cobalt coordination within the porphyrin 
macrocycle. The 2p1/2 and 2p3/2 peaks shift to 795.0 and 779.6 eV for 
DABCO®CoTPP-DMTP-COF and 795.1 and 779.7 eV for 
Bpy®CoTPP-DMTP-COF (Figure S14). DABCO induces a 
relatively larger shift, indicating a stronger coordination. These shifts 
confirmed successful coordination between cobalt and the axial 
ligands. 

Benzene (Bz) and Cyclohexane (Cy) Adsorption. Owing to the 
vertical interlayer pores presented by DABCO®CoTPP-DMTP-
COF and Bpy®CoTPP-DMTP-COF, we explored these newly 
opened nanospace for the molecular separation of Bz and Cy. Vapor 
adsorption isotherm experiments at 298 K revealed that 
DABCO®CoTPP-DMTP-COF and Bpy®CoTPP-DMTP-COF 
exhibited different absorption features from CoTPP-DMTP-COF. 
CoTPP-DMTP-COF displayed sharp absorptions for both Bz and Cy 
with a higher absorption capacity for Cy than Bz (Figure 4A) at low 
pressure region P/P0 < 0.12. The isotherm curves revealed a cross 
point at P/P0 = 0.17, after which CoTPP-DMTP-COF exhibited a 
higher uptake of Bz than Cy. As a result, CoTPP-DMTP-COF 
displayed a low Bz/Cy adsorption selectivity of 1.1 at P/P0 = 0.98. In 
sharp contrast, both DABCO®CoTPP-DMTP-COF (Figure 4B) 
and Bpy®CoTPP-DMTP-COF (Figure 4C) exhibited higher Bz 
adsorption than Cy over the whole P/P0 range. In the case of 
DABCO®CoTPP-DMTP-COF, the Bz absorption increases sharply 
at low P/P0 < 0.1 and increases linearly to reach a capacity of 309.2 mg 
g–1 at P/P0 = 0.98 (Fig. 4B, red dots and curve). On contrary, the Cy 
uptake increases sluggishly to display a capacity of only 196.1 mg g–1 
(Figure 4B, black dots and curve). More explicitly, in the case of 
Bpy®CoTPP-DMTP-COF, the Cy adsorption is much far sluggish 
over a wide P/P0 range to show a capacity of only 82.5 mg g–1 (Figure 
4C, black dots and curve), while the Bz adsorption increased sharply to 
reach a capacity of 253.2 mg g–1 (Figure 4C, red dots and curve). Thus, 
the Bz/Cy selectivity is increased to 1.6 and 3.1 for DABCO®CoTPP-
DMTP-COF and Bpy®CoTPP-DMTP-COF, respectively (Figure 
4D). These results revealed that the vertically expanded COFs 
drastically change their Bz and Cy adsorption behaviors and greatly 
increased Bz/Cy adsorption selectivity. 

 Notably, the Bz/Cy adsorption selectivity of Bpy®CoTPP-
DMTP-COF is much superior to those of previously reported COFs 
including COF-300-rt (1.38),52 COF-300-st (1.61),52 LZU-111 
(1.26),52 COF-1 (2.45),53 JUC-641 (1.93),54 and JUC-642 (2.02)54 and 
exceeds the those of porous organic polymers (POPs) such as CCTF-
3,55 MALP-1,56 PAN-2,57 CMP-S-1,58 and POP-1,59 and metal-organic 
frameworks (MOFs) such as CUB-5,60 MOF-5,60 NENU-29,61 
Cu3(BTC)2,61 Co(pybz)2,62 and Cu(bpp)2(BF4)2

63 (Table S4). 
We carried out ideal adsorbed solution theory (IAST)64 calculations 

to show the adsorption selectivity of Bz/Cy in these three COFs. The 
isotherms of both Bz and Cy were fitted with dual-site Langmuir 
Freundlich (DSLF) model (Tables S5). Bpy®CoTPP-DMTP-COF 

A B

C D

500

400

300

200

100

0

Va
po

r u
pt

ak
e 

(m
g 

g−
1 )

1.00.80.60.40.20.0
Relative pressure (P/P0)

350

300

250

200

150

100

50

0

Va
po

r u
pt

ak
e 

(m
g 

g−
1 )

1.00.80.60.40.20.0
Relative pressure (P/P0)

300

250

200

150

100

50

0

Va
po

r u
pt

ak
e 

(m
g 

g−
1 )

1.00.80.60.40.20.0
Relative pressure (P/P0)

3

2

1

0

B
z/

C
y 

ad
so

rp
tio

n 
se

le
ct

iv
ity

 

0.5

COFs

CoTPP-DMTP DABCO→CoTPP
          -DMTP

Bpy→CoTPP
      -DMTP



 

 

Figure 5. Breakthrough Profiles. (A–C) Breakthrough curves of (A) CoTPP-DMTP-COF, (B) DABCO®CoTPP-DMTP-COF, and (C) 
Bpy®CoTPP-DMTP-COF for a Cy/Bz mixture (50/50 in vol.) at 298 K and 1 bar (black dots for Cy and red dots for Bz). (D) Comparison of breakthrough 
points of Cy (black bars) and Bz (red bars). (E–G) Breakthrough curves of (E) CoTPP-DMTP-COF, (F) DABCO®CoTPP-DMTP-COF, and (G) 
Bpy®CoTPP-DMTP-COF for a Cy/Bz mixture (95/5 in vol.) at 298 K and 1 bar (black dots for Cy and red dots for Bz). (H) Comparison of breakthrough 
points of Cy (black bars) and Bz (red bars). 

(red dots) shows a high selectivity (60) at low pressure, which 
decreases as pressure rises (Figure S15). For the Bz/Cy (50/50) 
mixture, selectivity stabilizes around 10 kPa, while for the Bz/Cy 
(5/95) mixture, it shows peak at 4 kPa before dropping, indicating 
strong competition at intermediate pressures. DABCO®CoTPP-
DMTP-COF (blue dots) maintains better selectivity than CoTPP-
DMTP-COF (black dots), confirming superior separation 
performance. 

Breakthrough Separations. We carried out direct separation 
through breakthrough experiments at 298 K at 1 bar by passing Cy/Bz 
mixtures at a volume ratio of 50/50 or 95/5 through the COF columns 
(Figure 5, Tables S6–S8, and Tables S12–S14). For a Cy/Bz mixture 
of 50/50 (vol.), CoTPP-DMTP-COF (Figure 5A and Table S6) 
exhibited that the Cy component (black dots) passes through the 
column first with a breakthrough point at 1183.9 s g–1 (Figure 5D), 
while the Bz component (red dots) shows a breakthrough point at 
1316.3 s g–1 (Figure 5D). As a result, CoTPP-DMTP-COF did not 
separate the mixture into pure Cy and Bz components owing to a short 
separation time (132.4 s g–1). In sharp contrast, experiments on 
DABCO®CoTPP-DMTP-COF (Figure 5B and Table S7) revealed 
that the Cy component (black dots) passes through the column more 
shortly with a breakthrough point at 212.6 s g–1 (Figure 5D), while the 
Bz component (red dots) has a breakthrough point at 540.7 s g–1 
(Figure 5D). Therefore, DABCO®CoTPP-DMTP-COF 
discriminates Cy and Bz with a long enough breakthrough separation 
time of 328.1 s g–1, which is much far superior to that (132.4 s g–1) of 
CoTPP-DMTP-COF. On the other hand, in the case of 
Bpy®CoTPP-DMTP-COF (Figure 5C and Table S8), the Cy 
component passes through the column even more quickly to show a 
breakthrough point at only 109.5 s g–1 (Figure 5D). However, in this 
case, the Bz component reaches a breakthrough point at 274.1 s g–1 
(Figure 5D). Thus, the breakthrough separation time is 164.6 g s–1, 
which is larger than that of CoTPP-DMTP-COF but smaller than that 

of DABCO®CoTPP-DMTP-COF (Figure 5D). Therefore, the 
separation of Cy/Bz mixture (50/50 vol.) follows an order of 
DABCO®CoTPP-DMTP-COF > Bpy®CoTPP-DMTP-COF > 
CoTPP-DMTP-COF. Among the series, the DABCO®CoTPP-
DMTP-COF column offer pure Cy component before the 
breakthrough point of the Bz component. 
 Significantly, repeating breakthrough experiments with a Cy/Bz 
mixture (50/50 in vol.) at 298 K and 1 bar revealed that the separation 
performance is consistent with the result of the initial breakthrough 
experiment, conforming the reliability and reproducibility of COFs in 
separation of Cy/Bz mixture (Figure S16 and Table S9−S11). The 
PXRD patterns did not shown significant shifts in peak positions or 
changes in intensity (Figure S17), the absorption spectra remained 
unchanged (Figure S18), and the COFs retained their original 
morphology (Figure S19), confirming structural integrity and stability 
before and after the reaction. 

For real implementation, the separation of the Cy/Bz mixture with a 
low content of Bz at a volume ratio of 95/5 is more profound. The 
breakthrough point of the Cy component is 114.5 s g–1 for CoTPP- 
DMTP-COF (Figure 5E, black dots and Table S12), 288.4 s g–1 for 
DABCO®CoTPP-DMTP-COF (Figure 5F, black dots and Table 
S13), and 52.1 s g–1 for Bpy®CoTPP-DMTP-COF (Figure 5G, black 
dots and Table S14), while the breakthrough point of the Bz 
component is increased to 399.8, 1021.2, and 266.8 s g–1 for CoTPP-
DMTP-COF (Figure 5E, red dots and Table S12), 
DABCO®CoTPP-DMTP-COF (Figure 5F, red dots and Table S13), 
and Bpy®CoTPP-DMTP-COF (Figure 5G, red dots and Table S14), 
respectively. Thus, the difference in the breakthrough points of the Cy 
and Bz components is 285.3, 732.8, and 214.7 s g–1 for CoTPP-DMTP-
COF, DABCO®CoTPP-DMTP-COF, and Bpy®CoTPP-DMTP-
COF, respectively (Figure 5H). Remarkably, before the breakthrough 
point of Bz, the Cy component was separated by the  

E

A B C D

F G H

1.6

1.2

0.8

0.4

0.0R
al

at
iv

e 
co

nc
en

tra
tio

n 
(C

/C
0)

500040003000200010000

s g–1

1.2

1.0

0.8

0.6

0.4

0.2

0.0R
al

at
iv

e 
co

nc
en

tra
tio

n 
(C

/C
0)

2000150010005000

s g–1

1.2

1.0

0.8

0.6

0.4

0.2

0.0R
al

at
iv

e 
co

nc
en

tra
tio

n 
(C

/C
0)

2000150010005000

s g–1

1600

1400

1200

1000

800

600

400

200

0B
re

ak
th

ro
ug

h 
po

in
t (

5%
) (

s 
g-1

)

0.5 1.5 4.5

COFs

DABCO→CoTPP
        -DMTP

Bpy→CoTPP
      -DMTP

CoTPP-DMTP

1.2

1.0

0.8

0.6

0.4

0.2

0.0R
al

at
iv

e 
co

nc
en

tra
tio

n 
(C

/C
0)

3000200010000

s g–1

1.2

1.0

0.8

0.6

0.4

0.2

0.0R
al

at
iv

e 
co

nc
en

tra
tio

n 
(C

/C
0)

40003000200010000

s g-1

1.2

1.0

0.8

0.6

0.4

0.2

0.0R
al

at
iv

e 
co

nc
en

tra
tio

n 
(C

/C
0)

40003000200010000

s g–1

1200

1000

800

600

400

200

0B
re

ak
th

ro
ug

h 
po

in
t (

5%
) (

s 
g-1

)

1 2 3

COFs

DABCO→CoTPP
         -DMTP

Bpy→CoTPP
     -DMTP

CoTPP-DMTP



 

  

 
 

Figure 6. Host-Guest Assembly between COFs and Benzene. (A–C) Molecular interactions between DABCO®CoTPP-DMTP-COF and Bz 
molecules in the unit cell of (A) top view, (B) side view, and (C) extended two-layer structure. (D–F) Molecular interactions between Bpy®CoTPP-DMTP-
COF and Bz molecules in the unit cell of (D) top view, (E) side view, and (F) extended two-layer structure.

DABCO®CoTPP-DMTP-COF column. These results disclose that 
DABCO®CoTPP-DMTP-COF allows quick separation of Cy from 
Bz to produce pure Cy and Bz components under ambient conditions. 

Although the Bz/Cy selectivity of DABCO®CoTPP-DMTP-COF 
is lower than that of Bpy®CoTPP-DMTP-COF, its higher adsorption 
capacities and diffusion coefficients for both Bz and Cy (Figure S20 



 

and Tables S15 and S16) result in superior separation performance for 
breakthrough experiments with Bz/Cy mixtures of 50/50 and 5/95 
(v/v). 

DISCUSSION 

We utilized density of function tight binding (DFTB) methods to 
investigate interactions between COFs and Cy or Bz based on a 
supercell structure (1 ´ 1 ´ 2) and five Cy and Bz molecules.65–67 The 
interaction types and their corresponding distances were summarized 
in Tables S17–S22, indicating the importance of new interlayer 
nanospace for the selective confinement and separation of Bz/Cy 
mixture. For CoTPP-DMTP-COF, the five Cy molecules interact with 
C–H units of aromatic walls via van der Waals forces, as well as 
hydrogen bonding interactions with the nitrogen atom of the C=N 
linkage and the oxygen atom of the methoxy unit (Figure S21A), which 
gain an average binding energy of –43.0 kJ mol–1 (Table S23). On the 
other hand, the interactions between Bz and pore walls are dominated 
by C–H×××π interactions and hydrogen-bonding interactions with the 
nitrogen atom of the C=N linkage and the oxygen atom of the methoxy 
unit (Figure S21B), leading to an average binding energy of –47.4 kJ 
mol–1 (Table S24). These interactions are limited to the 1D channels. 

In vertically expanded COFs, the up and down faces of 2D layers as 
well as the pillars are exposed to Cy and Bz, triggering new host-guest 
interactions. For DABCO®CoTPP-DMTP-COF, two Cy molecules 
are located at DABCO by C–H×××π interactions, two Cy molecules are 
confined on the top of porphyrin unit by C–H×××π interactions, while 
one Cy molecule is located at the C=N linkage via hydrogen-bonding 
interactions (Figure S22A–C). These interactions lead to an average 
binding energy of –45.7 kJ mol–1 (Table S25). On the other hand, two 
Bz molecules are located at DABCO pillar via π–π interactions, two Bz 
molecules are confined on the up face of porphyrin unit by π–π 
interaction, while one Bz molecule is located at the C=N linkage 
through hydrogen-bonding interactions (Figure 6A–C). These 
interactions gain an average binding energy of –49.4 kJ mol–1 (Table 
S26). 

Regarding Bpy®CoTPP-DMTP-COF, two Cy molecules are 
located at Bpy via C–H×××π interactions, two Cy molecules are 
positioned on the up face of phenyl units of the porphyrin knot by C–
H×××π interactions, while one Cy molecule is located at the C=N linkage 
via hydrogen-bonding interactions (Figure S22D–F). These 
interactions lead to an average binding energy of –37.5 kJ mol–1 (Table 
S27). On the other hand, four Bz molecules are located at Bpy via π–π 
and C–H×××π interactions, while one Bz molecule is positioned at the 
C=N linkage by hydrogen-bonding interaction (Figure 6D–F). These 
interactions attain an average binding energy of –38.1 kJ mol–1 (Table 
S28). 

These comparative studies revealed that DABCO®CoTPP-
DMTP-COF triggers much stronger interactions with Bz compared to 
Cy, among these COFs. The distinct gap in the binding energy 
between Bz and Cy endows DABCO®CoTPP-DMTP-COF with 
high selectivity, leading to the separation of the Cy/Bz mixtures to 
produce pure Cy and Bz components under ambient conditions. The 
vertically expanded COFs present newly opened pores between 2D 
layers that offer unique nanospace to trigger supramolecular 
interactions and facilitate molecular adsorption and separation. 

CONCLUSIONS 

In summary, we have reported a novel class of COFs by introducing 
predesigned molecular spacer between 2D layers to construct vertically 

expanded frameworks. A distinct feature is that the supramolecular 
polymerization of the 2D layers is molecularly programmable and 
controlled by the axial pillars, constituting COFs with vertically 
expanded yet controlled interlayer apertures. This newly generated 
interlayer pores are distinct from those of conventional 2D and 3D 
COFs, where interlayer and folding structures hardly produce pores. 
Dramatically, the vertically expanded COFs offer new nanospace for 
host-guest interactions and open new windows between layers to allow 
for the guest access from all the x, y and z directions, paving a way to 
fully use of COF skeleton and porous structures. These structures 
highlight new binding sites at the 2D layers and increase benzene 
uptake with newly developed p–p and C–H×××π interactions, rendering 
the system able to separate Cy/Bz mixtures to produce pure 
components under ambient conditions. Our strategy creates a family 
of novel COFs which are distinct from conventionally obtained 
frameworks and offers a platform for designing open framework 
materials to develop host-guest assembly, separation, catalysis, and 
energy storage. 
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