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ABSTRACT: Two-dimensional covalent organic framework
(COF) materials can serve as excellent candidates for gas
storage due to their high density of periodically arranged pores
and channels, which can be tethered with functional groups.
However, post-functionalization tends to disturb the structure
of the COF; thus, it is attractive to develop synthetic
approaches that generate built-in functionalities. Herein, we
develop a new strategy for the construction of 2D-COFs with
built-in, unreacted periodic bonding networks by solvent-
directed divergent synthesis. Tetraphenylethane (TPE), which combines both π-rigidity for stacking and rotational flexibility, is
selected as the central core for COF construction. By solvent control, two distinct COF structures could be constructed, arising
from a [4 + 4] condensation pathway (TPE-COF-I) or an unusual [2 + 4] pathway (TPE-COF-II). TPE-COF-II contains
unreacted linker units arranged around its pores and shows greatly enhanced carbon dioxide adsorption performance (23.2 wt %,
118.8 cm3 g−1 at 1 atm, 273 K), which is among the best COF materials for CO2 adsorption reported to date.

■ INTRODUCTION

Covalent organic frameworks (COFs) are an emerging class of
ordered conjugated organic polymer materials with two-
dimensional (2D) layered structures or three-dimensional
(3D) networks, which are covalently assembled via various
reversible reactions of organic building blocks.1−7 Porous COF
materials showed great potential for application in various
fields, such as gas storage,8−15 heterogeneous catalysis,16−20

chemical sensors,21−23 separation,24,25 drug delivery,26,27 energy
conversion, and storage.28−31 Faced with a continually
escalating level of carbon dioxide (CO2) in the atmosphere,
the development of porous materials for efficient CO2 capture
takes on an ever increasing level of urgency.32,33 Due to its
combination of properties such as low density, high porosity,
and thermal stabilities, COFs can act as excellent candidates for
CO2 capture8,9 if functionalities can be introduced into the
pores.
In general, it is believed that the architectures of 2D-COFs

are dictated by the symmetries of the building units, and thus
reticular chemistry and topology analysis allow predictable
products in 2D-COF synthesis. Research on 2D-COF generally
involves the preparation of various precursor monomers with
different symmetries and the compositional tuning of these
monomers and their post-modification;1−8 less attention has

been focused on developing structural variants of the
topologically predicted 2D-COFs via tuning the reaction
conditions (Figure 1).
Unlike metal organic frameworks whose structures can be

easily controlled through the modulation of reaction conditions
(i.e., solvent, temperature, and crystallization rate),34,35 reaction
conditions have not been sufficiently exploited by past
researchers to modify the structure of 2D-COFs. This is
because highly rigid building units are usually chosen to
facilitate the crystallization via π−π stacking, which makes the
COF growth condition less sensitive to the environment. One
question we raise is whether structural variants of the
monostructural 2D-COFs can be achieved if less rigid building
units are utilized in the synthesis. To answer this question, we
have selected tetraphenylethane (TPE)-based building
units36−41 to investigate the possibility of constructing 2D-
COFs with diverse structures, since they combine π-rigidity for
stacking and rotational flexibility for geometry self-modulation
(Figure 1b). Due to their lower rigidity, the phenyl rings in
TPE can have various torsion angles, and the bond angles of the
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carbon in the central olefin bonds with respect to the pendant
rings are also variable,36−38 thereby providing possibilities for
different stacking geometries or reaction pathways in 2D-COFs
synthesis.

In this study, we demonstrate that an unusual [2 + 4]
structural variant of the normal [4 + 4] TPE-COFs can be
derived from identical TPE-based precursors, simply by using
different solvents in the reaction. The conventional [4 + 4]
pathway leads to TPE-COF-I with fully bonded network
(Figure 2a), and an unusual [2 + 4] pathway leads to TPE-
COF-II with frustrated bonding network (Figure 2b). More
interestingly, TPE-COF-II shows excellent carbon dioxide
adsorption performance (23.2 wt %, 118.8 cm3 g−1 at 1 atm,
273 K), which is among the highest CO2 adsorption capacities
reported for COF materials to date.

■ EXPERIMENTAL SECTION
Synthesis of TPE-COF-I. TPE-4NH2 (2, 19.6 mg, 0.05 mmol) and

TPE-4CHO (1, 22.2 mg, 0.05 mmol) were placed in a 10 mL Schlenk
storage tube, and then the mixture was dissolved in solvent (3 mL of o-
dichlorobenzene/n-butanol, 1:1 v/v). Then, 0.2 mL of aqueous 6 M
HOAc was added, and the mixture was degassed by three freeze−
pump−thaw cycles. Finally, the tube was sealed via the screw cap,
heated at 120 °C in an oven, and left undisturbed for 7 days. The
obtained precipitate was then immersed and washed in THF three
times. Then the powder was dried at 120 °C under vacuum for 24 h. A
yellow powder was obtained in 87% isolation yield. Anal. Calcd for
[C56H36N4]n: C, 87.47; H, 5.24; N, 7.32. Found: C, 83.50; H, 6.11; N,
7.07.

Synthesis of TPE-COF-II. TPE-4NH2 (2, 9.8 mg, 0.025 mmol)
and TPE-4CHO (1, 22.2 mg, 0.05 mmol) were placed in a 10 mL

Figure 1. Strategy for construction of COFs using identical starting
building units. (a) Previous 2D-COFs materials synthesized have only
one fixed COF structure. (b) Our solvent-directed strategy for diverse
construction of 2D-COFs with two kinds of COF structures, either
fully bonded or frustrated-bonding structures.

Figure 2. Preparation of TPE-COFs: (a) TPE-COF-I with conventional [4 + 4] pathway. (b) TPE-COF-II with unusual [2 + 4] pathway, with trans-
position aldehyde groups unreacted. (c) TPE-COF-III with similar structure as TPE-COF-II, for the structure confirmation. (d) Hypothesized TPE-
COF-IV structure, with trans-position amine group unreacted.
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Schlenk storage tube, and then the mixture was dissolved in solvent (3
mL 1,4-dioxane). Then,0.2 mL of aqueous 6 M HOAc was added, and
the mixture was degassed by three freeze−pump−thaw cycles. Finally,
the tube was sealed via the screw cap, heated at 120 °C in an oven, and
left undisturbed for 7 days. The obtained precipitate was then
immersed and washed in THF three times. Then the powder was dried
at 120 °C under vacuum for 24 h. A yellow powder was obtained in
93% isolation yield. Anal. Calcd for [C86H56N4O4]n: C, 85.41; H, 4.67;
N, 4.63. Found: C, 81.09; H, 5.80; N, 6.34.
Characterization. 1H NMR and 13C NMR spectra were recorded

on a Bruker AVIII (400 MHz) NMR spectrometer. Solid-state 13C
NMR spectra were recorded on a JEOL ECA400 solid-state NMR
spectrometer, 4 mm CPMAS probe, and 100 MHz NMR spectrometer
with spin rate as 8000 MHz. Fourier transform infrared spectra were
recorded on a Bruker OPUS/IR PS15 spectrometer. TGA character-
ization was performed on a Discovery TGA thermogravimetric
analyzer by heating the samples at 5 °C min−1 to 800 °C in a
nitrogen atmosphere. Elemental analyses were carried out on an
Elementar vario MICRO cube. Powder XRD data were collected on a
Bruker D8 Focus Powder X-ray diffractometer using Cu Kα radiation
(40 kV, 40 mA) with a step size of 0.032°/min over 2θ range of 2−35°
at room temperature. Gas sorption analyses were performed by using
Quantachrome Instruments Autosorb-iQ with extra-high pure gases.
The samples were activated and outgassed at 120 °C for 8 h before the
measurements. The Brunauer−Emmett−Teller (BET) surface area
and total pore volume were calculated from the N2 sorption isotherms
at 77 K, and the pore size distribution was calculated based on the N2

sorption isotherm by using DFT models in the Quantachrome
ASiQwin 5.0 software package. SEM imaging of the COF pristine
materials was performed using a JEOL JSM-6701F Field Emission.
TEM imaging of COF pristine materials was performed on an FEI
Titan 80-300 S/TEM (scanning/transmission electron microscope)
operated at 200 kV. Crystal Structure modeling and Pawley refinement
were carried out using Reflex, a software package for crystal
determination from the powder XRD pattern, implemented in
BIOVIA Materials Studio modeling version, 2016 (Dassault System).

■ RESULTS AND DISCUSSION

For divergent synthesis of TPE-COFs, two typical solvent
systems with different polarities, such as o-dichlorobenzene/n-
butanol and 1,4-dioxane/mesitylene, are selected. The opti-
mized solvothermal imine condensation of 1,1,2,2-tetrakis(4-
formylphenyl)ethane (TPE-4CHO, 1) and 1,1,2,2-tetrakis(4-
aminophenyl)ethane (TPE-4NH2, 2), with 1:1 ratio in a
mixture of o-dichlorobenzene/n-butanol/HOAc (15:15:2, by
vol) or 1,4-dioxane/HOAc (15:1 by vol), is carried out at 120
°C for 7 days and yields highly crystalline TPE-COF-I or TPE-
COF-II, which are collected as insoluble yellow powders
(Figure 2, see Figure S7−S13 in the Supporting Information).
The formation of imine linkages in TPE-COF-I and TPE-

COF-II has been verified by the Fourier transform infrared
spectroscopy (FT-IR) and solid-state 13C CP-MAS NMR. The
FT-IR spectra of TPE-COF-I and TPE-COF-II exhibit CN
stretching bands at 1624 and 1620 cm−1, respectively, while the
TPE model compound (TPE-M) also displays similar CN
vibration bands at 1624 cm−1 (Figure S18 in the SI). In
addition, they show the characteristic resonance peaks of imine
carbons both at 159 ppm in 13C CP-MAS NMR, further
evidencing the existence of imine linkages (Figures S14−S17 in
the SI). Thermal gravimetric analyses (TGA) of TPE-COF-I
and TPE-COF-II under an N2 atmosphere show that these
compounds are thermally stable up to 450 °C (Figure S19 in
the SI). Furthermore, scanning electron microscopy (SEM) and
transmission electron microscopy (TEM) reveal that they
display either coral-like or sheet-like morphology and consist of

uniform porous structure with high crystallinity (Figures S30−
S31 and S33−S34 in the SI).
The crystallinity of TPE-COF-I and TPE-COF-II is

confirmed by powder X-ray diffraction (PXRD) analyses. The
well-defined strong peaks and weak background of exper-
imental PXRD patterns confirm the high crystallinity of TPE-
COFs (Figure 3a,b). As shown in Figure 3, TPE-COF-I exhibits
intense peaks at 7.11° accompanied by four small and
broadened peaks at 11.33°, 14.25°, 18.56°, and 22.06° (Figure
S8 in the SI), while TPE-COF-II shows three intense peaks at
4.02°, 6.98°, and 8.06° accompanied by five small peaks at
11.71°, 12.15°, 14.32°, 16.90°, and 18.58° (Figure S10 in the
SI), indicating the formation of two completely different
structures (Figure S13 in the SI). To further analyze the
detailed crystal structures of the obtained TPE-COFs,
theoretical simulations and Pawley refinement are conducted
using BIOVIA Material Studio software (Figure 3). By
considering the symmetry and stoichiometry of the building
blocks 1 and 2, only one [4 + 4] rhombic topology can be
reasonably modeled, and thus the eclipsed and staggered

Figure 3. Powder XRD patterns of TPE-COF-I: (a) experimental
(black curve), Pawley refined (red curve), difference between the
experimental and refined patterns (green curve), and simulated PXRD
patterns for eclipsed (pink curve) and staggered structure (blue curve).
Simulated crystal structures of (c) eclipsed structure and (d) staggered
structure. PXRD patterns of TPE-COF-II: (b) experimental (black
curve), Pawley refined (red curve), difference between the
experimental and the refined patterns (green curve), and simulated
PXRD patterns for eclipsed (pink curve) and staggered structure (blue
curve). Simulated crystal structures of (e) eclipsed structure and (f)
staggered structure. Views from the c axis. C, gray; H, white; N, blue;
O, red; lower layer, pink.
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structures are simulated based on this topology (Figure 3c,d).
The obtained PXRD pattern of TPE-COF-I matches well with
the simulated pattern of the eclipsed stacking structure, either
in peak positions or in relative intensities (Figure 3a),
suggesting that TPE-COF-I features a rhombus topology with
an eclipsed stacking model. Specifically, Pawley refinement
produces a monoclinic Pm space group with a = 20.40 Å, b =
15.70 Å; c = 5.20 Å; α = γ = 90°, β = 86.5° (Rwp = 2.75%, Rp =
2.09%, Table S2 in the SI).
Surprisingly, the observed PXRD patterns of TPE-COF-II do

not match any of the calculated models based on the [4 + 4]
rhombic topology. Only a [2 + 4] condensation product, which
we named TPE-COF-II (Figure 2b), can match the
experimental XRD patterns. Changing the feed ratio of 1 and
2 to a 2:1 ratio in the same solvothermal condition still
generates a product with similar PXRD pattern as that of the
1:1 ratio due to the 1:1 complementary pairing needed for
constructing the COF structure. This result suggests that the
unusual [2 + 4] structure does not arise because of the feed
ratio but is related to the nucleation dynamics which are
affected by the solvents. We have simulated both the eclipsed
and staggered configurations for TPE-COF-II with two trans-

position aldehyde groups unreacted. To our delight, the
simulated PXRD pattern for the eclipsed structure shows
good agreement with the observed PXRD pattern of TPE-
COF-II (Figure 3b,e), while the simulated PXRD patterns of
the staggered structure mismatches the experimental PXRD
patterns (Figure 3b,f), which excludes TPE-COF-II from the
staggered stacking mode. Pawley refinements for TPE-COF-II
are performed, and unit cell parameters a = 26.46 Å, b = 44.02
Å, c = 5.63 Å, α = γ = 90°, β = 109.9° (Rwp = 2.91% and Rp =
2.30%, Table S3 in the SI) with a monoclinic C2/m space
group are obtained.
To further elucidate the crystal structure of TPE-COF-II,

(E)-4,4′-(1,2-diphenylethene-1,2-diyl)dibenzaldehyde (trans-
TPE-2CHO, 3) is selected as a building unit to construct
TPE-COF-III with 2, from which only one possible structure
can be formed via the [2 + 4] condensation (Figure 2c, Figure
S12 in the SI). TPE-COF-III shows a similar experimental
PXRD pattern as TPE-COF-II, as evidenced by similar peak
positions and relative intensities (Figure S13 in the SI), thereby
further confirming that TPE-COF-II adopts a similar [2 + 4]
topology with two trans-position aldehyde groups unreacted.
The simulated PXRD pattern for eclipsed structure shows good

Figure 4. Powder XRD patterns of TPE-COF-III: (a) experimental
(black curve), Pawley-refined (pink curve), difference between the
experimental and the refined patterns (green curve), and simulated
PXRD patterns for eclipsed (red curve) and staggered structure (blue
curve). Simulated crystal structures of (b) eclipsed structure and (c)
staggered structure. PXRD patterns of (d) experimental PXRD (black
curve) and simulated PXRD patterns for eclipsed structure of TPE-
COF-IV (blue curve). (e) Simulated crystal structures of the eclipsed
structure of TPE-COF-IV. Views from the c axis. C, gray; H, white; N,
blue; O, red; lower layer, pink.

Figure 5. Nitrogen isotherms of TPE-COFs at 77 K. (a) N2
adsorption isotherm of TPE-COF-I: adsorption (blue ●) and
desorption (blue ○). N2 adsorption isotherm of TPE-COF-II:
adsorption (red ◆) and desorption (red ◇). (b) Pore size distribution
of TPE-COF-I (blue ○) and TPE-COF-II (red ◇) (inset, schematic
presentation of pore size).
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agreement with observed PXRD pattern of TPE-COF-III
(Figure 4a,b). The simulated PXRD patterns of staggered
structure mismatches the experimental PXRD patterns, which
excludes TPE-COF-III from the staggered structure (Figure
4a,c). In addition, the Pawley refinements for TPE-COF-III are
conducted and give a monoclinic C2/m space group with unit
cell parameters of a = 26.33 Å, b = 44.54 Å, c = 5.65 Å, α = γ =
90°, β = 110.9° (Rwp = 4.41% and Rp = 3.55%, Table S4 in the
SI), which are close to those of TPE-COF-II, further
demonstrating that TEP-COF-II and TPE-COF-III have similar
architectures with eclipsed stacking model (Figures 2b,c).
Furthermore, theoretical simulation of another possible
structure (TPE-COF-IV) with two trans-position amine groups
unreacted is also conducted (Figure 4d). However, the
simulated PXRD pattern does not agree with the experimental
result, which excludes the possibility of TPE-COF-IV structure
(Figures 4d,e and S38 and Table S5 in the SI). Thus, the
structure of TPE-COF-II is confirmed as a periodic [2 + 4]
COF structure with two trans-position aldehyde groups
unreacted.
Besides the evidence from simulated crystal structure, the

existence of unreacted aldehyde groups is also confirmed by
FT-IR and solid-state 13C CP-MAS NMR measurement. A

much stronger CO stretching vibration band (1697 cm−1) is
observed in the FT-IR spectrum for TPE-COF-II, compared to
the other two COFs (Figure S18 in the SI). This large
abundance of aldehyde groups suggests these arise not only
from residues at the edges of COFs16 but also from aldehyde
groups inside the lattice of TPE-COF-II material. Solid-state
13C CP-MAS NMR spectroscopy also reveals a higher intensity
of a peak at 190 ppm assignable to the aldehyde groups in TPE-
COF-II, as compared to the other two COFs (Figure S16 in the
SI).
It is instructive to examine the structure of the framework

around the vacancy to understand the origin of the different
structures that resulted in the synthesis of TPE-COFs.
According to the simulated crystal structure for TPE-COFs,
the cis carbon−carbon bond angle around the olefin bond in
TPE-COF-I is 115.6°, whereas it is 112.4° in TPE-COF-II, and
this has an important effect on the COF growth (Figures S36a
and S37a in the SI). This result is also consistent with the less
rigid nature of TPE building units.36−38 Furthermore, if we
create a vacancy in TPE-COF-I by removing the TPE-4NH2, a
square-like 7.99 Å × 9.48 Å vacancy surrounded by four
aldehyde groups is left behind (Figure S36b in the SI), and this
is the footprint needed for a monomer to fill up the vacancy.
However, the vacancy in TPE-COF II is a long rectangle of
13.39 Å × 2.73 Å (Figure S37b in the SI), which imposes a size-
exclusion effect on TPE-4NH2 monomer. Thus, the steric
hindrance and mismatched symmetry (i.e., distance, angle, etc.)
of TPE-COF-II structure blocks the further condensation of
amine building block 2 with the unreacted aldehyde groups in
TPE-COF-II, resulting in the unusual [2 + 4] pathway with the
frustrated bonding network. We speculate that the choice of
solvents affects the pathways toward TPE-COF-I and TPE-
COF-II due to subtle differences in stacking chemistry at the
initial stage of COF crystallization, although the details are not
understood at this stage. It can be expected that a [2 + 4]
condensation reaction would proceed faster than a [4 + 4] one
since only half the bonds are needed to extend the 2D network.
This has been confirmed by ex situ PXRD analysis of the
crystallization process of TPE-COF-I and TPE-COF-II
(Figures S9 and S11 in the SI).42,43 TPE-COF-I shows low
crystallinity after 2 h, while TPE-COF-II develops good
crystallinity within the first hour, indicating the formation of
highly crystalline TPE-COF-II is more facile than that of TPE-
COF-I.
The permanent porosity of TPE-COF-I and TPE-COF-II is

investigated by nitrogen sorption measurements at 77 K, after
activation at 120 °C for 8 h (Figure 5). The Brunauer−
Emmett−Teller (BET) surface areas of TPE-COF-I and TPE-
COF-II are calculated to be 1535 and 2168 m2 g−1, and their
pore volumes are calculated to be 1.65 cm3 g−1 (P/P0 = 0.983)
and 2.14 cm3 g−1 (P/P0 = 0.984), respectively (Figure 5a).
According to pore-size calculation, there are two micro-pores
sizes centered at 1.18 and 1.19 nm (Figures 5b, S22, and S24 in
the SI), which agree well with the predicted pore sizes from the
simulated crystal structures. Due to their permanent porosity,
COFs are promising candidates for CO2 capture and storage to
mitigate the green-house effect.32,33 Since TPE-COF-II has
higher surface area and also unreacted functional groups in its
lattice, it is expected to show a higher CO2 adsorption
performance than TPE-COF-I. To verify this, CO2 adsorption
analyses of TPE-COF-I and TPE-COF-II are carried out at 273
and 298 K (Figures 6 and S26−S29 in the SI). The adsorption
isotherm reveals that the CO2 uptake capability of TPE-COF-I

Figure 6. Gas sorption isotherms of TPE-COFs. (a) CO2 adsorption
isotherm of TPE-COF-II (red ●) and TPE-COF-I (blue ●) at 273 K;
N2 adsorption isotherm of TPE-COF-II at 273 K (red ■) and TPE-
COF-I at 273 K (blue ■). (b) CO2 adsorption isotherm of TPE-COF-
II (red ◆) and TPE-COF-I (blue ◆) at 298 K.
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is 68.6 cm3 g−1 (13.4 wt %, 1 atm, 273 K) and 37.8 cm3 g−1

(7.38 wt %, 1 atm, 298 K), while TPE-COF-II exhibits higher
CO2 uptake capacity at 118.8 cm3 g−1 (23.2 wt %, 1 atm, 273
K) and 60.5 cm3 g−1 (11.8 wt %, 1 atm, 273 K), respectively.
To the best of our knowledge, the CO2 uptake capacity
observed for TPE-COF-II is among the highest reported to
date for COF-based materials (see Table S6 in the SI),8

including FCTF-1-600 (124 cm3 g−1),13 FCTF-1(105 cm3

g−1),13 TpPa-COF(MW) (111 cm3 g−1),14 and COF-JLU2
(110 cm3 g−1).15

■ CONCLUSION
In summary, we have demonstrated that, using identical
building units, structural variants of conventional 2D-COFs
can be derived by using different solvents. Such structural
variants are not predicted by conventional COF topological
design rules but originate from solvent-influenced crystalliza-
tion chemistry and open a new synthetic space in making
framework structure with unreacted linker groups around the
pores. Uniquely, the presence of a frustrated bonding network
in the COF structural variant produces pores with dramatically
different chemical properties as compared to the conventional
COF. TPE-COF-II affords a higher surface area and higher
CO2 uptake capacity than that of TPE-COF-I. Discovering
solvent-directed strategies to generate structural variants of a
monostructure COF will broaden the synthetic scope for
making tunable framework structures with multifunctional
properties.
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