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storage†
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Hexagonally ordered covalent organic frameworks (COFs) are interesting new crystalline porous materials

that have massive potential for application in gas storage. Herein, we report the synthesis of two series

of two-dimensional hexagonally ordered COFs—TPA-COFs and TPT-COFs—through one-pot

polycondensations of tris(4-aminophenyl)amine (TPA-3NH2) and 2,4,6-tris(4-aminophenyl)triazine (TPT-

3NH2), respectively, with triarylaldehydes featuring different degrees of planarity, symmetry, and nitrogen

content. All the synthesized COFs exhibited high crystallinity, large BET surface areas (up to 1747 m2 g�1),

excellent thermal stability, and pore size distributions from 1.80 to 2.55 nm. The symmetry and planarity

of the monomers strongly affected the degrees of crystallinity and the BET surface areas of the resultant

COFs. In addition, these COFs displayed excellent CO2 uptake efficiencies of up to 65.65 and 92.38 mg

g�1 at 298 and 273 K, respectively. The incorporation of the more planar and higher-nitrogen-content

triaryltriazine unit into the backbones of the TPA-COFs and TPT-COFs enhanced the interactions with

CO2, leading to higher CO2 uptakes. Moreover, the synthesized COFs exhibited electrochemical

properties because of their conjugated structures containing redox-active triphenylamine groups. This

study exposes the importance of considering the symmetry and planarity of the monomers when

designing highly crystalline COFs; indeed, the structures of COFs can be tailored to vary their

functionalities for specific applications.
Introduction

The past few years have witnessed the synthesis of various
collections of covalent organic frameworks (COFs).1–3 These
covalently bonded frameworks are porous organic materials that
have light weight, highly crystalline, and highly porous; most
importantly, however, their chemical structures can be designed
and modied using organic synthesis to ensure desired func-
tions. Thus, they have garnered great attention for their diverse
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application in gas storage and separation,4–7 chemical
sensing,8–11 catalysis,12–16 membrane separation,17 environmental
remediation,18 energy storage,19–22 drug delivery,23–25 and elec-
tronic devices.26 The discovery of new covalent bonds suitable for
the construction of highly crystalline organic frameworks
remains a challenge. Reported methods for the construction of
COFs have depended on the formation of strong covalent bonds
through a reversible condensation strategy using, for example,
boronic ester formation,27,28 Schiff base (imine) condensation
of aromatic amines and aromatic aldehydes,29–31 triazine poly-
merization,32,33 and azodioxide formation.34 Among these
approaches, imine condensation has been particularly widely
used for the synthesis of various COFs having a range of crys-
tallinities and porosities, mainly because of the high stability of
imino bonds and the wide availability of monomers containing
aldehyde and amino functional groups.35,36

One of the greatest attractions of COFs is that their struc-
tures can be controlled by varying their organic monomers.37,38

Nevertheless, controlling the crystallinity and porosity of a COF
remains challenging.39 Previous reports have suggested that the
porosity and crystallinity of COFs can be enhanced through the
use of three methods. First, the crystallinity of COFs has been
This journal is © The Royal Society of Chemistry 2018
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improved by controlling the layer interactions and layer
planarity through the introduction of hydrogen bonds.40

Second, strong p-stacking between the intralayers of the COFs
has generated highly crystalline and porous COFs.41 Third, the
crystallinity of COFs has been controlled by adjusting the
rigidity or exibility of the monomers. For example, Bein et al.42

and Banerjee et al.43 discovered that exible molecular docking
sites and monomer planarity played important roles in deter-
mining the porosity and crystallinity of the resulting COFs.

Previously, COFs having symmetrical monomer units in their
hexagonal structure have been constructed by other researchers.
Loh et al. described the utilization of symmetrical monomers
tetrakis(4-formylphenyl)ethane and tetrakis(4-aminophenyl)
ethane for the construction of 2D-COFs.44 In addition, Lotsch
et al. reported the synthesis of TTI-COFs through the imine-
condensation of two symmetric monomers tris(4-formylphenyl)
triazine and tris(4-aminophenyl)triazine.45 Furthermore, Jiang
et al. also reported the utilization of symmetrical monomers
tris(4-aminophenyl)amine and tris(4-formylphenyl)amine for
the synthesis of TFPA–TAPA-COFs, and tris(4-formylphenyl)
benzene (TFPB) and tris(4-aminophenyl)benzene (TAPB) for
TFPB–TAPB-COFs.46

Although the examples above conrmed the crystallinity of
COFs, these structures have limited application in gas storage or
electrochemical energy storage; furthermore, a few previous
reports have described the inuence of both the symmetry and
planarity of the monomers together on the properties and
applications of the resultant COFs. Thus, in this present study, we
Scheme 1 (A) Schematic strategies for the synthesis of three isoreticular
various planarities. (B) 2D Simulation of TPA-COFs. Color code: C, gray;

This journal is © The Royal Society of Chemistry 2018
investigated the ability to control the crystallinity of COFs as well
as its effect on the uptake of carbon dioxide (CO2). We designed
two series of isoreticular two-dimensional (2D) COFs—TPA-COFs
and TPT-COFs, having the same hexagonal topology—through
one-pot polycyclocondensation of tris(4-aminophenyl)amine
(TPA-3NH2) and 2,4,6-tris(4-aminophenyl)triazine (TPT-3NH2),
respectively, as triarylaminemonomers, and three triarylaldehyde
monomers having different degrees of planarity, tris(4-
formylphenyl)amine (TPA-3CHO), 2,4,6-tris(4-formylphenyl)
pyridine (TPP-3CHO), and 2,4,6-tris(4-formylphenyl)triazine
(TPT-3CHO), as displayed in Schemes 1 and 2.
Results and discussion

To investigate the effects of the planarity and symmetry of the
monomers on the porosity and crystallinity of the COFs and
their application in CO2 capture, we synthesized TPA-COFs and
TPT-COFs through the reactions of TPA-3NH2 (Fig. S1–S4 and
S17†) and TPT-3NH2 (Fig. S5, S6 and S18†), respectively, as
exible triarylamine monomers, with TPA-3CHO (Fig. S7, S8
and S19†), TPP-3CHO (Fig. S9–S12 and S20†) and TPT-3CHO
(Fig. S13–S16 and S21†) as exible triarylaldehyde monomers.
As listed in Table 1, TPT-3NH2 is more planar than TPA-3NH2,
and TPT-3CHO is more planar than TPP-3CHO and TPA-3CHO.
The TPA-COF series of compounds were produced under sol-
vothermal conditions through one-pot polycondensations
between TPA-3NH2 and TPA-3CHO, TPP-3CHO, and TPT-3CHO,
in mesitylene/dioxane (1 : 1) containing acetic acid as a catalyst,
2D TPA-COFs from triphenylamine with three aldehyde monomers of
N, blue.

J. Mater. Chem. A, 2018, 6, 19532–19541 | 19533
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Scheme 2 (A) Schematic strategies for the synthesis of three isoreticular 2D TPT-COFs from triphenyl triazine with three aldehydemonomers of
different planarities and (B) 2D-simulation of TPT-COFs. C: gray, N: blue.
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at 120 �C for 4 days to yield a TPA–TPA-COF (TPA-COF-1, 87%
yield), TPA–TPP-COF (TPA-COF-2, 85%), and TPA–TPT-COF
(TPA-COF-3, 88%), respectively (Scheme 1). Similarly, the TPT-
COF series of compounds were also obtained through one-pot
polycondensations between TPT-3NH2 and TPA-3CHO, TPP-
3CHO, and TPT-3CHO to give a TPT–TPA-COF (TPT-COF-4,
82%), TPT–TPP-COF (TPT-COF-5, 86%), and TPT–TPT-COF
(TPT-COF-6, 89%), respectively (Scheme 2). The synthesized
TPA-COFs and TPT-COFs were insoluble in common organic
solvents, including acetone, N,N-dimethylformamide, dime-
thylsulfoxide, tetrahydrofuran, and dioxane.

The success of the polycondensations yielding the COFs was
conrmed using Fourier transform infrared (FTIR) spectros-
copy, elemental analysis, and solid state 13C CP MAS NMR
spectroscopy. In the FTIR spectra, the triarylamine monomers
were characterized by signals at 3460–3207 cm�1 for the NH2

groups and 1579–1504 cm�1 for the aromatic C]C groups,
while the triarylaldehyde monomers were characterized by
signals at 1706–1693 cm�1 for the C]O groups and 1598–
1504 cm�1 for the aromatic C]C groups (Fig. S22–S27†). For
more convenience, we focused on the functionalized NH2 and
C]O groups. Aer poly-condensations, the FTIR spectra of the
TPA-COFs and TPT-COFs revealed the almost complete disap-
pearance of the signals for the NH2 and C]O units of the
monomers, and the appearance of strong signals at 1627–
1616 cm�1 representing the C]N stretching vibrations,44–46

suggesting the formation of the COFs through Schiff-base
polycondensations. The terminal NH2 and C]O groups on
19534 | J. Mater. Chem. A, 2018, 6, 19532–19541
the surface of the resultant COFs appeared as weak signals at
3475–3380 and 1703–1697 cm�1, respectively. Elemental anal-
ysis results of the TPA-COFs and TPT-COFs were consistent with
the theoretical values for their 2D sheets (Table S1†). Solid state
13C NMR spectroscopy was further utilized to conrm the
formation of TPA-COFs and TPT-COFs. As shown in Fig. S4, S6,
S8, S12, and S16,† the 13C NMR spectra of the triarylamine
monomers exhibited a signal at 154–143 ppm for the carbon
atom attached to the amino (C-NH2) group, while the triar-
ylaldehyde monomers exhibited a strong signal at 193–191 ppm
for the aldehyde carbonyl C]O group. In addition, the 13C NMR
spectra of the TPT-3NH2 and TPT-3CHO monomers showed
a massive peak at 170 and 171 ppm for the triazine core,
respectively. Aer polycondensations, the solid state 13C NMR
spectra of TPA-COFs and TPT-COFs were characterized by the
disappearance of the aldehyde carbonyl C]O group and
the appearance of single main peaks at around 161 ppm for the
TPA-COFs and at around 164 ppm for the TPT-COFs, attribut-
able to the resonances of the imino C]N carbon nuclei in the
six COFs.44,47 In addition, the 13C NMR spectra of the triazine-
containing COFs featured a downeld shi of the triazine
core of around 176 ppm (Fig. 1). Furthermore, thermogravi-
metric analysis (TGA) of the TPA-COFs and TPT-COFs revealed
that these six COFs are thermally stable up to 510–574 �C
(Fig. S28, Table S2†). Using the temperature of 10% weight loss
(Td10) and the onset temperature (Tonset) as standards, we found
that the TPT–TPT-COF (TPT-COF-6) was the most thermally
stable of our COFs, with a value of Td10 of 574 �C, a value of
This journal is © The Royal Society of Chemistry 2018
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Table 1 DFT geometry optimization of the monomers, using the B3LYP/6-311G(d,p) method

Monomer name Chemical structure 3D-front view 3D-side view Torsion

TPA-3NH2 �35.44

TPT-3NH2 0

TPA-3CHO �30.84

TPP-3CHO 3.77

TPT-3CHO 0
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Tonset of 554 �C and a char yield of 61%, while the TPA–TPA-COF
(TPA-COF-1) was the most thermally unstable COF with a value
of Td10 of 510 �C, a value of Tonset of 475 �C and a char yield of
58%; for the TPA–TPP-COF (TPA-COF-2), TPA–TPT-COF (TPA-
COF-3), TPT–TPA-COF (TPT-COF-4), and TPT–TPP-COF (TPT-
COF-5), the values of Td10 were 520, 531, 549, and 553 �C,
respectively, and the char yields were 67, 58, 55, and 49%,
respectively. Moreover, the TPA–TPP-COF (TPA-COF-2), TPA–
TPT-COF (TPA-COF-3), TPT–TPA-COF (TPT-COF-4), and TPT–
TPP-COF (TPT-COF-5) showed values of Tonset of 485, 503, 539,
and 541 �C, respectively. Thus, the symmetry and planarity of
the monomers highly affect the thermal stability. For the
symmetrical monomers, the presence of the symmetrical and
most planar TPT-3NH2 and TPT-3CHO monomers together in
the same COF (TPT-COF-6) largely enhanced the thermal
stability, while the presence of the symmetrical and least planar
TPA-3NH2 and TPA-3CHO monomers together in the same COF
(TPA-COF-1) largely decreased the thermal stability. On the
other hand, for the unsymmetrical monomers, incorporation of
This journal is © The Royal Society of Chemistry 2018
the planar monomer appeared to increase the thermal stability
of the resultant COFs; The TPA–TPT-COF (TPA-COF-3) is more
thermally stable than the TPA–TPP-COF (TPA-COF-2), and the
TPT–TPP-COF (TPT-COF-5) is more thermally stable than the
TPT–TPA-COF (TPT-COF-4).

We studied the crystal structures of the TPA-COFs and TPT-
COFs using powder X-ray diffraction (PXRD) in combination
with computational simulations. As displayed in Fig. 2A, the
PXRD patterns of the TPA-COFs conrmed the formation of
crystalline frameworks having periodic hexagonal 2D
honeycomb-type lattices. The structure of the TPA–TPA-COF
(TPA-COF-1) was characterized by a sharp diffraction peak at
a value of 2q of 5.05�, corresponding to a (100) reection, in
addition to two other peaks at 9.15 and 13.66�, which were
assigned to (210) and (310) reections, respectively. We attri-
bute the slightly broad peak at a value of 2q of 20.25� to the (100)
reection caused by p-stacking between the COF layers. The
TPA–TPP-COF (TPA-COF-2) also exhibited PXRD peaks at values
of 2q of 4.63, 8.11, 12.19, and 21.10�, attributed to the (100),
J. Mater. Chem. A, 2018, 6, 19532–19541 | 19535

https://doi.org/10.1039/c8ta04781b


Fig. 1 Solid state 13C CP MAS NMR spectra of (A) TPA-COFs: TPA–
TPA-COF (TPA-COF-1), TPA–TPP-COF (TPA-COF-2), and TPA–TPT-
COF (TPA-COF-3), and (B) TPT-COFs: TPT–TPA-COF (TPT-COF-4),
TPT–TPP-COF (TPT-COF-5), and TPT–TPT-COF (TPT-COF-6). Fig. 2 (A and C) PXRD patterns of the (A) TPA-COFs and (C) TPT-COFs

(green for the experimentally observed) compared with the simulated
patterns calculated for the Rietveld refinement (purple), their differ-
ence (black), AA-stacking (blue), and AB-stacking (red). (B and D) Views
of space-filling models of the (B) TPA-COFs and (D) TPT-COFs along
the AA-stacking crystal structures (color code: C, gray; N, blue).
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(210), (310), and (001) reections, respectively. Furthermore, the
TPA–TPT-COF (TPA-COF-3) exhibited its main PXRD peak at
a value of 2q of 4.62�, corresponding to the (100) reection, as
well as four other peaks at 5.83, 8.07, 12.35, and 21.25�, that we
assign to the (210), (200), (310), and (001) reections, respec-
tively. In addition, we calculated the average d-spacings between
the 100 planes (d100) and the interlayer distances between the
2D sheets of planes, according to the Bragg equation, nl ¼
2d sin q, where n is an integer (here, n ¼ 1) and l is the wave-
length of the incident waves (here, l ¼ 0.154 nm). For the TPA–
TPA-COF (TPA-COF-1), TPA–TPP-COF (TPA-COF-2), and TPA–
TPT-COF (TPA-COF-3), the values of d100 were 1.75, 1.90, and
1.91 nm, respectively, and their inter-layer distances were 4.40,
4.21, and 4.20 Å, respectively (Table 2). The TPT-COFs also
possessed periodic hexagonal 2D honeycomb-type frameworks
(Fig. 2C). The TPT–TPA-COF (TPT-COF-4) exhibited PXRD
diffraction peaks at values of 2q of 4.62, 5.58, 7.75, 10.35, and
25.45�, which we assigned to the (100), (210), (200), (310), and
(001) reections, respectively. The TPT–TPP-COF (TPT-COF-5)
provided PXRD peaks at values of 2q of 4.05, 6.29, 8.18, 10.60,
and 25.48�, attributable to the (100), (210), (200), (310), and
(001) reections, respectively. Finally, the TPT–TPT-COF (TPT-
COF-6) displayed its main PXRD peak at a value of 2q of 4.04�,
corresponding to the (100) reection, as well as four other peaks
19536 | J. Mater. Chem. A, 2018, 6, 19532–19541
at 6.97, 8.23, 10.67, and 25.56�, which we assign to the (210),
(200), (310) and (001) reections, respectively. The TPT-COF-4,
TPT-COF-5, and TPT-COF-6 featured values of d100 of 1.91,
2.18, and 2.19 nm, and interlayer distances of 3.50, 3.49, and
3.48 Å, respectively (Table 2).

The experimental PXRD reections of the TPA-COFs and
TPT-COFs matched well with their theoretical patterns (Fig. 2A
and C, purple curves), as evidenced by negligible differences
(Fig. 2A and C, black curves) obtained from the structural
simulations of the AA-eclipsed layer stacking modes (Tables S3–
S8, Fig. S29†). Interestingly, these results suggested that the
level of planarity in the precursor monomer strongly affected
the crystallinity of the resulting COF. By increasing the planarity
of the monomers, the value of d100 increased and the interlayer
distance decreased. It has previously been reported that the
crystallinity of the COF can be improved by increasing the
planarity of the linkage monomers, which is consistent with our
results.47 The most planar monomers, TPT-3NH2 and TPT-
3CHO, produced TPT-COF-6, which possessed the largest
value of d100 (2.19 nm) and the shortest interlayer distance (3.48
This journal is © The Royal Society of Chemistry 2018
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Table 2 PXRD and BET parameters of the synthesized COFs

d100 (nm) Pore size (nm) SBET (m2 g�1) SLangmuir (m
2 g�1) Pore vol. (cm3 g�1)

TPA-COF-1 1.75 1.93 714 1058 0.517
TPA-COF-2 1.90 1.80 478 704 0.333
TPA-COF-3 1.91 2.01 557 823 0.353
TPT-COF-4 1.91 2.13 1132 1657 0.767
TPT-COF-5 2.18 2.50 1747 2617 1.102
TPT-COF-6 2.19 2.55 1535 2456 1.019
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Å); in contrast, the least planar monomers—TPA-3NH2 and TPA-
3CHO—produced TPA-COF-1, which featured the lowest value
of d100 (1.75 nm) and the longest interlayer distance (4.40 Å).
The permanent porosity of the TPA-COFs and TPT-COFs was
demonstrated by measuring their N2 sorption at 77 K. As pre-
sented in Fig. 3, the sorption curves of all of the COFs displayed
the type I isothermal behavior that is characteristic of micro-
porous polymers. Interestingly, the Brunauer–Emmett–Teller
(BET) and Langmuir surface areas of the symmetrical and
unsymmetrical COFs were strongly affected by the planarity of
the monomers. Thus, while the PXRD data revealed an
increasing degree of crystallinity upon increasing the planarity
of the monomers, we observed a further demarcation in the BET
and Langmuir surface areas of the COFs. In the case of the
symmetrical monomers, the BET surface area of the TPT–TPT-
COF (TPT-COF-6), produced from the symmetrical and most
planar TPT-3NH2 and TPT-3CHO monomers, was 1535 m2 g�1,
signicantly higher than that (714 m2 g�1) of the TPA–TPA-COF
(TPA-COF-1), obtained from the symmetrical and least planar
TPA-3NH2 and TPA-3CHOmonomers. On the other hand, when
using unsymmetrical monomers (Table 2), the TPA–TPP-COF
(TPA-COF-2), prepared from the least planar TPP-3CHO mono-
mer, exhibited a lower BET surface area (478 m2 g�1) than the
TPA–TPT-COF (TPA-COF-3, 557m2 g�1), prepared from themost
planar TPT-3CHO monomer (Table 2). Likewise, the TPT–TPA-
COF (TPT-COF-4) featured a BET surface area (1132 m2 g�1)
Fig. 3 N2 adsorption (C, filled cycles) and desorption (B, open
cycles) isotherms, measured at 298 K, of the TPA-COFs: (A) TPA–TPA-
COF (TPA-COF-1), (B) TPA–TPP-COF (TPA-COF-2), and (C)
TPA–TPT-COF (TPA-COF-3), and the TPT-COFs: (D) TPT–TPA-COF
(TPT-COF-4), (E) TPT–TPP-COF (TPT-COF-5), and (F) TPT–TPT-COF
(TPT-COF-6).

This journal is © The Royal Society of Chemistry 2018
lower than that (1747 m2 g�1) of the TPT–TPP-COF (TPT-COF-5).
In addition, the Langmuir surface area of these COFs showed
the same ndings; the TPT–TPT-COF (TPT-COF-6) exhibited
a Langmuir surface area (2456 m2 g�1) higher than that
(1058 m2 g�1) of the TPA–TPA-COF (TPA-COF-1), the TPA–TPP-
COF (TPA-COF-2) showed a lower Langmuir surface area
(704 m2 g�1) than the TPA–TPT-COF (TPA-COF-3, 823 m2 g�1),
and the TPT–TPA-COF (TPT-COF-4) exhibited a Langmuir
surface area (1657 m2 g�1) lower than that (2617 m2 g�1) of the
TPT–TPP-COF (TPT-COF-5).

These data indicate that two main factors affected the BET
and Langmuir surface areas of the COFs: symmetry and
planarity. For the symmetrical COFs, lowering the planarity of
the monomers induced a lower surface area; similarly for the
unsymmetrical COFs, lowering the planarity of the monomers
led to a lower surface area.

We used the nonlocal density functional theory method to
calculate the pore size distributions of the COFs. The TPA-
COFs—TPA–TPA-COF (TPA-COF-1), TPA–TPP-COF (TPA-COF-2),
and TPA–TPT-COF (TPA-COF-3)—were microporous materials
having pore sizes of 1.93, 1.80, and 2.01 nm, respectively. On the
other hand, the TPT-COFs—TPT–TPA-COF (TPT-COF-4), TPT–
TPP-COF (TPT-COF-5), and TPT–TPT-COF (TPT-COF-6)—were
sort of mesoporous materials having pore sizes of 2.13, 2.50,
and 2.55 nm, respectively (Fig. 4 and Table 2).

We observed the surface morphologies of the six COFs
through scanning electron microscopy (SEM, Fig. S30†). The
Fig. 4 Pore size distribution profiles of the TPA-COFs: (A) TPA–TPA-
COF (TPA-COF-1), (B) TPA–TPP-COF (TPA-COF-2), and (C) TPA–
TPT-COF (TPA-COF-3), and the TPT-COFs: (D) TPT–TPA-COF
(TPT-COF-4), (E) TPT–TPP-COF (TPT-COF-5), and (F) TPT–TPT-COF
(TPT-COF-6).
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SEM images of the TPA–TPA-COF (TPA-COF-1) and TPA–TPP-
COF (TPA-COF-2) revealed homogeneous assemblies of loose
agglomerates of very small particles having irregular shapes
(Fig. S30A and B†), while those of the TPT–TPA-COF (TPT-COF-
4) and TPT–TPP-COF (TPT-COF-5) revealed chip-like morphol-
ogies of micrometer dimensions (Fig. S30D and E†). Interest-
ingly, the TPA–TPT-COF (TPA-COF-3) and TPT–TPT-COF (TPT-
COF-6) exhibited rod-like morphologies as well as agglomer-
ates of tiny particles (Fig. S30C and F†).

We examined the degrees of CO2 adsorption of each series
particularly: TPA-COFs and TPT-COFs at temperatures of 298
and 273 K (Fig. 5). The nitrogen content and nitrogen nucleo-
philicity strongly affect the CO2 uptake efficiency of the prepared
COFs. For the TPA-COFs series, the TPA–TPT-COF (TPA-COF-3),
which we had prepared from the highest-nitrogen-content TPT-
3CHO monomer, exhibited the highest CO2 uptake capacities:
63.94 and 91.15 mg g�1 at 298 and 273 K, respectively. The TPA–
TPP-COF (TPA-COF-2), featuring three triarylamine and three
triarylpyridine units in each hexagonal pore, displayed CO2

uptake capacities of 45.88 and 82.42 mg g�1 at 298 and 273 K,
respectively. These capacities are 1.2-fold higher than those of
the TPA–TPA-COF (TPA-COF-1) with six triarylamine units in the
hexagonal pore. The nitrogen content in the TPA–TPA-COF (TPA-
COF-1) and TPA–TPP-COF (TPA-COF-2) is similar. Therefore, the
enhanced CO2 uptake efficiency of the TPA–TPP-COF (TPA-COF-
2) over the TPA–TPA-COF (TPA-COF-1) was presumably due to
the steric hindrance around the nitrogen atom in the non-planar
triarylamine unit being more than that in the planar triarylpyr-
idine unit. As the steric hindrance around the nitrogen atom
increased, the nucleophilicity of the nitrogen atom decreased
and thus the number of adsorbed carbon dioxide molecules also
decreased.48 Similarly, for the TPT-COF series, the TPT–TPT-COF
(TPT-COF-6), having six triaryltriazine units in its hexagonal
pore, provided the highest CO2 uptake capacities: 65.65 and
92.38 mg g�1 at 298 and 273 K, respectively. The TPT–TPP-COF
(TPT-COF-5) exhibited CO2 uptake capacities of 41.00 and
Fig. 5 CO2 uptake profiles of (A and B) the TPA-COFs: TPA–TPA-COF
(TPA-COF-1), TPA–TPP-COF (TPA-COF-2), and TPA–TPT-COF (TPA-
COF-3), and (C and D) the TPT-COFs: TPT–TPA-COF (TPT-COF-4),
TPT–TPP-COF (TPT-COF-5), and TPT–TPT-COF (TPT-COF-6),
measured at (A and C) 298 K and (B and D) 273 K.

19538 | J. Mater. Chem. A, 2018, 6, 19532–19541
59.44 mg g�1 at 298 and 273 K, respectively. These capacities are
1.1-fold higher than those of the TPT–TPA-COF (TPT-COF-4).
Thus, increases in the nitrogen content and nitrogen nucleo-
philicity of the monomer led to an increase in the CO2 uptake
capacity of the COF. We observed the same phenomena for both
the TPA-COF and TPT-COF series.

To support these observations, we calculated the isosteric
heat of adsorption (Qst) from the CO2 adsorption data measured
at 298 and 273 K, according to the Clausius–Clapeyron equa-
tion. Fig. S31–S36† shows the tting isotherms of each COF
which indicated that at a low loading of CO2 (0.1 mmol g�1, as
the standard), the TPA–TPA-COF (TPA-COF-1), TPA–TPP-COF
(TPA-COF-2), and TPA–TPT-COF (TPA-COF-3) provided values
of Qst of 15.92, 25.88, and 28.11 kJ mol�1, respectively; for the
TPT–TPA-COF (TPT-COF-4), TPT–TPP-COF (TPT-COF-5), and
TPT–TPT-COF (TPT-COF-6), these values were 9.70, 16.97, and
30.59 kJ mol�1, respectively. The trends in these values of Qst

reveal that the incorporation of higher-nitrogen-content
triaryltriazine units into the backbones of the TPA-COFs and
TPT-COFs encouraged stronger interactions with CO2. On the
other hand, the value of Qst for the TPA–TPA-COF (TPA-COF-1)
was lower than that of the TPA–TPP-COF (TPA-COF-2), and for
the TPT–TPA-COF (TPT-COF-4) it was lower than that of the
TPT–TPP-COF (TPT-COF-5), conrming that the incorporation
of the more nucleophilic triarylpyridine units into the back-
bones of COFs enhanced the quadrupolar interactions
with CO2.

Next, we examined the redox activity of the COFs containing
triphenylamine groups in the backbones (highlighted in red in
their chemical structures, Fig. 6). Generally, triphenylamine
groups are redox-active units that can store electrochemical
energy.49,50 Among our six samples, the COFs-1–4 featured
Fig. 6 Cyclic voltammograms of the COFs measured at 5 mV s�1: (A)
TPA-COF-1, (B) TPA-COF-2, (C) TPA-COF-3, (D) TPT-COF-4, (E) TPT-
COF-5, and (F) TPT-COF-6.

This journal is © The Royal Society of Chemistry 2018
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triphenylamine groups. Cyclic voltammetry (CV) revealed the
redox behavior of the COFs-1–4, with reversible redox processes
occurring in a potential window of 0.2–0.7 V (Fig. 6A–D and
S37A–D†). In contrast, no redox peaks appeared in the CV traces
of TPT-COF-5 and TPT-COF-6 (Fig. 6E, F and S37E, F†) because
their unsaturated N]C units were unreactive in the presence of
H+ (from the H2SO4 electrolyte), in contrast to the higher
basicity of C–NH–C units.51 To test their suitability for use as
pseudocapacitors, we calculated the specic capacitances of all
of our samples from the galvanostatic charge/discharge (GCD)
data (Fig. 7). Fig. 8 presents the specic capacitances of these
COFs. Although TPT-COF-5 and TPT-COF-6 had high surface
areas, they displayed very small specic capacitances, due to the
Fig. 7 Galvanostatic charge/discharge curves of the COFs measured
at various current densities: (A) TPA-COF-1, (B) TPA-COF-2, (C) TPA-
COF-3, (D) TPT-COF-4, (E) TPT-COF-5, and (F) TPT-COF-6.

Fig. 8 Specific capacitances of the COFs determined from galvano-
static charge/discharge data at various current densities.

This journal is © The Royal Society of Chemistry 2018
absence of redox-active groups. Notably, the specic capaci-
tances were enhanced upon increasing the number of triphe-
nylamine groups. For example, TPA–TPA-COF-1 has six
triphenylamine groups, while the COFs-2–4 have three; TPA–
TPA-COF-1 exhibited the highest specic capacitance of
51.3 F g�1 at 0.2 A g�1 which is a value higher than that of
28 F g�1 at 0.2 A g�1 for a previously reported b-ketoenamine-
based 2D COF.52 Although the COFs-2–4 all featured three tri-
phenylamine groups, their specic capacitances were 14.4, 5.1,
and 2.4 F g�1, respectively, at 0.2 A g�1. From these results, we
conclude that redox-active groups are an important factor
affecting the capacitance, but porosity control is also critical
when designing COFs for use as supercapacitors.
Conclusions

We have synthesized two series of highly crystalline and high-
surface-area COFs (TPA-COFs and TPT-COFs) based on Schiff
base polycondensations of triarylamines and trialdehydes
having various nitrogen contents and degrees of planarity and
symmetry. We elucidated the chemical structures of these
COFs using FTIR spectroscopy, elemental analysis, and solid
state 13C NMR spectroscopy. Thermal analyses of these six
TPA-COFs and TPT-COFs revealed that they were thermally
stable at temperatures up to 509–553 �C. The symmetry,
planarity, and nitrogen content of the monomers all played
roles impacting the crystallinity, BET surface area, and CO2

uptake of the COFs. For example, when using symmetrical
monomers, the TPT–TPT-COF (TPT-COF-6), prepared from
the most planar monomers, exhibited a BET surface area of
1535.3 m2 g�1, signicantly higher than that of the TPA–TPA-
COF (TPA–TPA-COF-1), produced from the least planar
monomers; when using unsymmetrical monomers, the TPA–
TPP-COF (TPA-COF-2), prepared from the least planar TPP-
3CHO monomer, provided a BET surface area of 478.1 m2

g�1 that was lower than that of the TPA–TPT-COF (TPA-COF-
3), prepared from the more planar TPT-3CHO monomer.
Because some of the synthesized COFs possessed redox-active
triphenylamine groups, we tested them for application in
electrochemical storage. The TPA–TPA-COF-1 exhibited the
highest specic capacitance (51.3 F g�1 at 0.2 A g�1) among
our six COFs, consistent with its greater number of redox-
active groups in the COF unit structure. We also found that
a greater content of micropores decreased the specic
capacitance when the COFs had the same number of redox-
active groups. This study not only emphasizes the impor-
tance of monomer symmetry and planarity in the crystallinity
of the resultant COFs but also exposes the impact of these
features on CO2 uptake and, hence, environmental applica-
tions. In addition, it appears that COFs containing redox-
active groups might be suitable for application in energy
storage systems.
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