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Rational design of functionalized covalent organic
frameworks and their performance towards CO,
capturet

Shuhao An, Ting Xu, Changjun Peng, ©2* Jun Hu® and Honglai Liu*

We describe the design and synthesis of two new functionalized covalent organic frameworks, named Cz-
COF and Tz-COF, by using monomers containing carbazole and benzobisthiazole as building blocks. The
resultant materials possess high crystallinity, permanent porosities as well as abundant heteroatom
activated sites in the framework. As solid adsorbents, both COFs exhibit excellent CO, uptake (11.0 wt%
for Cz-COF and 15.4 wt% for Tz-COF), high adsorption selectivity for CO, over N, and good recyclability.

Introduction

Covalent organic frameworks (COFs)* with periodically ordered
structures are a new emerging type of porous crystalline mate-
rial, and have gained great attention in recent years.>* Owing to
their features of robust framework, inherent porosity and tailor-
made functionalities, COFs have recently been seen as a new
porous platform for extensive applications such as gas storage
and separation,®” optoelectronics,®*° catalysis,"*** and chem-
ical sensor.***® Thus far, in order to achieve excellent perfor-
mance, a pore channel post-modification strategy has been seen
as an effective means of introducing various functional moieties
to modify the surface properties of the COF skeleton.”>*
However, this method tends to reduce the intrinsic porosity and
crystallinity of the materials aiming to afford a high density of
functional groups, and also suffers from the cleavage of grafted
parts during recycling. Correspondingly, the direct construction
of functionalized COFs by pre-designed monomers will reduce
multistep synthetic procedure and allow the in situ introduced
active sites to be more evenly dispersed in the framework.*"**
Due to the solubility and geometric symmetry of building blocks
have to be taken into account, the development of functional-
ized COFs still remains difficult and it is therefore strongly
desired based on this method.

On the other hands, with rapid industrialization develop-
ment and the progress of human society, the continuous
emission of carbon dioxide (CO,) in the atmosphere has
become a massive global problem. For this reason, developing
effective technologies and strategies to effectively capture CO,
and alleviate this predicament is both challenging and urgent.*
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Carbon capture and sequestration (CCS) technology is consid-
ered an economical and effective way to mitigate the trend of
global warming.***” The development of novel nanoporous
materials like metal-organic frameworks (MOFs)*® and porous
organic polymers (POPs),***° has shown particular promise for
CCS because of their cost-effective physical adsorption process,
high efficiency and facile recyclability. Remarkably, various
CO,-philic moieties including triazine,* carbazole®* or benzo-
thiazole® have been incorporated into the polymeric networks
to enhance the interaction between the material surfaces and
CO, molecules, consequently exhibiting excellent performance
towards CO, capture. Thus, rationally design and synthesis of
functionalized COFs consist of these moieties not only extend
the library of COFs but also investigate COF-based adsorbents
for efficient CO, capture.

Herein, we contribute to describe the synthesis and CO, gas
adsorption properties of two new functionalized COFs, Cz-COF
and Tz-COF, prepared by using monomers containing carbazole
(Cz) and benzobisthiazole (Tz) as building blocks. The crystal-
line structures and porous properties of obtained COFs are
systematically examined through powder X-ray diffraction and
nitrogen adsorption-desorption experiments. Most impor-
tantly, because of their permanent porosities and abundant
heteroatom (N or S) polar sites, both COFs show excellent CO,
uptake, high adsorption selectivity for CO, over N, and good
recyclability at ambient conditions.

Results and discussion

Although monomers containing Cz and Tz were employed as
the scaffolds for the construction of amorphous POPs towards
applications such as CO, adsorption®**** and semiconductor
materials,® to the best of our knowledge, no previous example
of crystalline COFs based on Cz and Tz has been reported. As
shown in Scheme 1, our strategy for preparing functionalized
COFs involves imine-bond formation reactions together with

This journal is © The Royal Society of Chemistry 2019
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Schemel Schematic representation of the synthesis of functionalized
COFs.

typical [C; + C,] schemes. After screening reaction conditions,
Cz-COF was synthesized in dioxane/mesitylene/3 M AcOH (15/
15/2 v/v) at 120 °C for 3 days and obtained as yellow solid in
85% isolated yield. Tz-COF was synthesized in dioxane/3 M
AcOH (5/1 v/v) at 120 °C for 3 days and obtained as red solid in
84% isolated yield. These solid products were insoluble in water
and common organic solvents such as tetrahydrofuran (THF),
N,N-dimethylformamide (DMF) and dimethyl sulfoxide
(DMSO). Thermogravimetric analysis (TGA) further revealed
that both COFs exhibited high thermal stability up to 400 °C
(Fig. S37).

The molecular structures of Cz-COF and Tz-COF were
confirmed by Fourier transform infrared (FT-IR) spectroscopy
and cross-polarization magic angle spinning (CP-MAS) "*C NMR
spectroscopy. In the IR spectrum of Cz-COF (Fig. S4t), the
strong absorption peaks for N-H (3405 cm ') and C-N
(1234 cm™") indicated the presence of the carbazole moiety
within the network, while a new characteristic stretching band
for C=N (1629 cm ') was observed.*® The IR spectrum of Tz-
COF (Fig. S51) indicated total consumption of the monomer
based on the disappearance of the N-H absorption peaks of Tz.
Moreover, a strong peak at 1596 cm ™' arising from the C=C
stretching band present in the keto form. It should be noted
that the C=0 peak of Tz-COF were merged with the C=C
stretching band at 1596 cm ™' as reported TpPa-1 and TpPa-2
COF.¥” 'C NMR spectrum of functionalized COFs also
revealed the structures of their polymeric architectures very well
(Fig. S6 and S7t). For Cz-COF, the peak at ca. 157 ppm corre-
sponds to the carbon of the imine bonds (C=N). The two peaks
at ca. 110 ppm and 99 ppm in Cz-COF arise from the phenyl
carbons ortho to the carbazole nitrogen substitution site.** The
Tz-COF in keto form was also confirmed by the peak at ca.
180 ppm ascribed to typical ketone carbon (C=0). The phenyl
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carbons from the benzobisthiazole were located at ca. 144 ppm
and 128 ppm.** The morphology of functionalized COFs was
examined by scanning electron microscopy (SEM), in which Cz-
COF and Tz-COF exhibited different morphology: Cz-COF
possessed spherical particle aggregation, whereas Tz-COF
showed a large quantity of uniform nanofibers (Fig. S87).

The powder X-ray diffraction (PXRD) analysis was subse-
quently used to investigate the crystallinity of the as-synthesized
two COFs (Fig. 1). Cz-COF exhibited an intense peak at 3.6° and
other three minor peaks at 6.4°, 7.4° and 9.7°, which correspond
to the reflection from the (100), (110), (200) and (210) planes,
respectively (Fig. 1a, red dot). The periodicity of the 2D sheets as
a result of - interaction can also be inferred from the broad
peak at ca. 26.9°, which is ascribed to the reflection from (001)
plane.’® The diffraction pattern of Tz-COF exhibited signals at
3.8, 6.2°, 7.2°, 9.6° and 26.7° that were assigned to the (100),
(110), (200), (210) and (001) planes, respectively (Fig. 1c, red dot).
Two types of extended structures based on eclipsed (AA) and
staggered (AB) stacking models in the space group P6 were
generated for both COFs by the Materials Studio software
package and then simulated their powder PXRD patterns (Fig. 1a
and c, pink and green curve, respectively). The calculated PXRD
patterns based on AA stacking model shows excellent agreement
with experimental results in terms of peak positions and inten-
sities for both COFs (Fig. 1a and c, blue curve). The Pawley
refinements were further conducted and yielded the unit cell
parameters with good agreement factors (@ = b = 28.79 A, ¢ =
3.51 A, Ryp = 5.63%, Rp = 3.30% for Cz-COF and a = b = 28.55 A,
¢ =3.78 A, Ryp = 4.79%, Rp = 9.23% for Tz-COF). On the basis of
these results, Fig. 1b and d illustrate the eclipsed AA stacking
structures of Cz-COF and Tz-COF, respectively.

To investigate the permanent porosities of the functional-
ized COFs, nitrogen gas adsorption-desorption isotherms were
measured at 77 K. The fresh sample was degassed at 120 °C and
1 x 107> Torr for 12 h prior to porosity measurement. As shown
in Fig. 2, activated Cz-COF and Tz-COF show a sharp uptake
under low relative pressure, which reflects the presence of
micropores. The step observed at P/P, = 0.10-0.20 indicates
pore condensation in mesopores with a narrow distribution.*
The Brunauer-Emmett-Teller (BET) surface areas of the acti-
vated COFs were calculated to be 871 m? g * for Cz-COF and
1439 m* g~ for Tz-COF. The total pore volumes were evaluated
at P/P, = 0.99 to be V,, = 0.72 em® g~ ' for Cz-COF and 1.18 cm’®
g~ ! for Tz-COF. The pore size distributions (PSD) based on the
nonlocal density functional theory (NLDFT) exhibit two domi-
nant pore diameters of 1.2 nm and 2.0 nm for Cz-COF; 0.7 nm
and 2.1 nm for Tz-COF (Fig. 2, insets). The difference between
the PSD results with pore width predicted from the eclipsed AA
stacking model (2.3 nm for Cz-COF; 2.6 nm for Tz-COF) mainly
due to imperfect solid-state stacking of the two-dimension (2D)
sheets in the framework that cannot be identified by PXRD
studies as reported for many 2D COFs.***!

In view of the fact that the functionalized COFs possess
ordered structures, excellent porous characteristics, and in situ
abundant CO,-philic heteroatom (N or S) sites among the pore
wall, which promote us to investigate their CO, uptake capac-
ities. The CO, adsorption isotherms were measured up to 1 bar
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Fig.1 PXRD patterns of (a) Cz-COF and (c) Tz-COF: experimental (red), Pawley refined (black), difference between experimental and calculated
data (blue), calculated for AA-stacking (pink), and calculated for AB-stacking (green). Space filling models of the (b) Cz-COF and (d) Tz-COF in AA.

at both 273 K and 298 K for both COFs (Fig. 3a and b). even though they have a much higher surface area, but also
Remarkably, Cz-COF and Tz-COF show uptakes of 2.5 mmol g~' comparable to the reported excellent amorphous porous
(11.0 wt%) and 3.5 mmol g~ (15.4 wt%), respectively, at 273 K organic polymers like benzimidazole-linked polymers BILP-1
(Table 1). The CO, adsorption capacity of Tz-COF is not only (18.8 wt%),** microporous polycarbazole CPOP-1 (21.2 wt%)*
higher than that of many previously reported COFs such as and microporous polyaminal networks PAN-2 (17.7 wt%)*
COF-103 (7.6 Wt%, Sggr = 3530 m”> g~ '),* ILCOF-1 (6.0 wt%, Sger  under the same conditions (Table S1f). Previous work has
= 2723 m®> g ")*> and TDCOF-5 (9.2 wt%, Sppr = 2497 m> g ')*  shown that heteroatom sites may have an important influence
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Fig. 2 Nitrogen gas adsorption and desorption isotherms for (a) Cz-COF and (b) Tz-COF. Insets: pore size distributions.
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Fig. 3 CO, and N, adsorption isotherms for (a) Cz-COF and (b) Tz-COF measured at 273 K and 298 K, respectively. (c) The selectivity of
functionalized COFs for CO, over N, obtained from the IAST method. (d) Cyclic CO, adsorption for functionalized COFs (black line, Cz-COF; red

line, Tz-COF).

on CO, adsorption besides the contribution of porous proper-
ties.*® To obtain a better understanding, we then calculated the
isosteric heats of adsorption (Qg) for both functionalized COFs
by fitting the CO, adsorption isotherms obtained from different
temperature and applying the Clausius-Clapeyron equation
(Fig. S9t). At low adsorption values, Qs was calculated to be
20 kJ mol " for Cz-COF and 22 kJ mol " for Tz-COF, suggesting
a strong dipole-quadrupole interaction between the COFs
framework and CO, molecules, which is similar to reported
functionalized POPs** and COFs."*

The selectivity is another key parameter for COF-based
adsorbents in gas separation field. We subsequently per-
formed the N, adsorption at both 273 and 298 K (1 bar) to
examine the selective adsorption for CO, over N, (Fig. 3a and b).
On the basis of Ideal Adsorption Solution Theory (IAST)
method,” the CO,/N, (10 : 85 v : v) selectivity for the function-
alized COFs were calculated to be 36 for Cz-COF and 20 for Tz-
COF at 273 K and 1 bar (Fig. 3c). This value of Cz-COF surpasses

Table 1 The characteristics of functionalized COFs in this work

reported TpPa-COF (32)*® or [EtNH,]s5o-H,P-COF (17)" and is
lower than the high values of micorporous organic polymers
including azo-linked polymer azo-POP-2 (130)," aromatic
heterocyclic polymer Py-1 (117)** and PPN-6-SOzH (150, 295 K)**
(Table S17). At 298 K, the CO,/N, selectivity for Cz-COF and Tz-
COF decrease to 29 and 13, respectively. Moreover, the selec-
tivity values for the functionalized COFs were further calculated
to be 44 for Cz-COF and 24 for Tz-COF at 273 K using the ratio of
the initial slopes of the CO, and N, adsorption isotherms
(Fig. S107t), which is consistent with those obtained from IAST
method. Interestingly, at 298 K, the CO,/N, selectivity of Cz-COF
and Tz-COF remain at a good level and reach 28 and 21,
respectively. Furthermore, five times adsorption-desorption
cycle was performed to test the recyclability of the functional-
ized COFs. As shown in Fig. 3d, there was no apparent loss of
uptake amount in each cycling test for both COFs, revealing the
good sustainability for functionalized COFs in CO, capture
process.

COFs Sger (m* g™ Viotal” (cm® g7%) CO, uptake” (mmol g7') 273 K/298 K Q¢ (k] mol™) Selectivity® 273 K/298 K
Cz-COF 871 0.72 2.5/1.5 20 36/28
Tz-COF 1439 1.18 3.5/2.3 22 20/12

“ Total volumes calculated at P/P, = 0.99. ” Measured at the pressure of 1 bar. ° IAST selectivity (1 bar) for CO,/N, (10 : 85 v : v).

This journal is © The Royal Society of Chemistry 2019
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Conclusions

In conclusion, we have synthesized two new functionalized
COFs, Cz-COF and Tz-COF, by using monomers containing
carbazole and benzobisthiazole as building blocks. Due to their
characterization of high crystallinity, permanent porosities as
well as abundant heteroatom activated sites in the framework,
both COFs exhibit excellent CO, uptake (11.0 wt% for Cz-COF
and 15.4 wt% for Tz-COF), high adsorption selectivity for CO,
over N, and good recyclability. We expect that these two func-
tionalized COFs successfully prepared in this study not only
extend the library of COFs but also inspire us to investigate their
potential application in semiconductor material and
photocatalyst.
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