
Journal of
Materials Chemistry A

COMMUNICATION

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 3

1 
M

ar
ch

 2
01

6.
 D

ow
nl

oa
de

d 
on

 4
/7

/2
02

6 
12

:3
0:

02
 P

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.

View Article Online
View Journal  | View Issue
Covalent triazine
aInstitut für Anorganische Chemie und Str

Düsseldorf, 40204 Düsseldorf, Germany. E-m
bDepartment of Organic Chemistry, Nanoc

Institute (IUIQFN), Faculty of Sciences,

Rabanales, Marie Curie Building, Ctra. Nna

† Electronic supplementary information (
XRD, elemental analysis, IR, TGA, ga
10.1039/c6ta00638h

Cite this: J. Mater. Chem. A, 2016, 4,
6259

Received 22nd January 2016
Accepted 30th March 2016

DOI: 10.1039/c6ta00638h

www.rsc.org/MaterialsA

This journal is © The Royal Society of C
-based frameworks (CTFs) from
triptycene and fluorene motifs for CO2 adsorption†

Subarna Dey,a Asamanjoy Bhunia,a Dolores Esquivelb and Christoph Janiak*a
Two microporous covalent triazine-based frameworks (CTFs) with

triptycene (TPC) and fluorene (FL) backbones have been synthesized

through a mild AlCl3-catalyzed Friedel–Crafts reaction, with the

highest surface area of up to 1668 m2 g�1 for non-ionothermal CTFs.

CTF-TPC and CTF-FL show an excellent carbon dioxide uptake

capacity of up to 4.24 mmol g�1 at 273 K and 1 bar.
The burning of fossil fuels increases the CO2 level in the
atmosphere which may contribute to global warming and is
more imminent to ocean acidication.1,2 Therefore, research on
carbon capture and storage/sequestration (CCS) has been
receiving great attention over the last few decades.3 It may be
necessary to develop CO2 capture technologies with as little
energy penalty as possible. Typically, a ue gas contains N2

(75–76%), CO2 (15–16%), H2O (5–7%), O2 (3–4%), CO (20 ppm),
SOx (<800 ppm), and NOx (<500 ppm) with the emission
temperatures of 50–75 �C at 1 bar but its exact composition
highly depends on the design of the power plant and the source
of natural gas or coal.4 To capture CO2 at such concentration
requires separating CO2 in the presence of N2 and H2O in post-
combustion systems. Known CO2 separations in a post-
combustion process are amine scrubbing (amine washing) and
chilled ammonia technologies5 in which the Lewis acid CO2

interacts with Lewis basic solution resulting in carbamate
formation. Drawbacks include regeneration, fouling of the
equipment and solvent boil-off. Alternative methods, e.g.,
chemisorption on solid oxide surfaces or physical adsorption on
porous solids, are attracting increasing attention.
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Solid adsorbents are zeolites,6 metal–organic frameworks
(MOFs),4 silica,7 activated carbons8 and porous organic poly-
mers (POPs).9 MOFs and POPs have gained attention due to
their high surface area, ability to be functionalized and selec-
tivity for CO2 over other gases. Classes of POPs are oen
differentiated according to their building units such as benz-
imidazole-linked polymers (BILPs),10 hyper-crosslinked poly-
mers (HCPs),11 polymers of intrinsic microporosities (PIMs),12

porous aromatic frameworks (PAFs),13 conjugated microporous
polymers (CMPs),14 covalent organic frameworks (COFs),15

Schiff base networks (SNWs),16 covalent imine polymers (CIP),17

porous polymer frames/networks (PPFs/PPNs),18 element–
organic frameworks (EOFs)19 and nitrogen-doped porous
carbon materials (NPCs).20 POPs oen have higher stability
towards moisture than MOFs which is crucial for post-
combustion CO2 capture materials.

Covalent triazine-based frameworks (CTFs) are another
subclass of POPs that possess high chemical and thermal
stability with a high specic surface area.21 CTFs are interesting
because of cheap and readily available starting materials,
nitrogen content, facile synthesis and certain hydrophilicity.
The following strategies for porous CTF preparation have been
reported: (1) ionothermal conditions (ZnCl2),21 (2) strong
Brønsted acid conditions (CF3SO3H),22 and (3) Friedel–Cras
(AlCl3) reaction.23,24 Kuhn, Antonietti and Thomas et al. devel-
oped CTFs with permanent porosity.21 By (1) and (2) these
materials are made by the trimerization reaction of carbon-
itriles to form triazine rings. From their elemental composition,
we view CTFs from ionothermal reaction with ZnCl2 as in-
between well-dened COFs and porous carbon materials. CTFs
with surface areas of up to 1152 m2 g�1 were synthesized by
using strong Brønsted acid conditions (CF3SO3H) under room
temperature and microwave conditions.22 Brønsted acid
conditions usually provide lower surface areas but they avoid
decomposition and condensation reactions such as C–H bond
cleavage and carbonization and, hence, result in less structural
defects. Recently, anhydrous aluminum chloride catalyzed
Friedel–Cras reactions have been used to prepare rather well-
J. Mater. Chem. A, 2016, 4, 6259–6263 | 6259
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Fig. 1 FT-IR spectra of CTF-TPC and CTF-FL in comparison to that of
cyanuric chloride, with proposed triazine bands labelled.
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dened CTF materials with surface areas up to 1452 m2 g�1.23,24

Friedel–Cras catalysis offers the signicant advantages of
cheap, easy handling, low reaction temperature, facile synthesis
conditions and high yield materials with high surface areas.

Here, the porous frameworks CTF-TPC and CTF-FL were
synthesized by Friedel–Cras reactions between the “linkers”
triptycene or uorene with cyanuric chloride as the “node” in
the presence of anhydrous AlCl3 as the catalyst in dichloro-
methane (Scheme 1, see ESI† for details). Aer purication, the
insoluble materials (Fig. S1 in the ESI†) were reproducibly
collected in yields greater 80%. The strong triazine electrophile
formed by AlCl3, results in the electrophilic aromatic substitu-
tion on triptycene or uorene to give the triazine frameworks.
Network formation was supported by FT-IR (Fig. 1) and 13C MAS
or 13C cross-polarization with magnetic angle spinning
(CP-MAS) NMR spectroscopy (Fig. S2 and S3, ESI†). The absence
of a C–Cl stretching band at 849 cm�1 suggested that there was
no cyanuric chloride le in the materials.24 The absorption
band of the triazine ring is shied from 1352 cm�1 in cyanuric
chloride to 1384 cm�1 in CTF-TPC and 1346 cm�1 in CTF-FL
(see Section 6 in the ESI† for comparative literature data).25

The signals in the solid-state 13C CP/MAS NMR spectra are in
the expected range (Fig. S2 and S3, ESI†),26–28 which suggests the
formation of triazine-based frameworks. CTF-TPC shows
a chemical shi at 51 ppm, corresponding to the bridgehead
carbons of the triptycene unit. The signals of the phenyl ring of
triptycene are in the range of 120–150 ppm, the triazine ring
carbons appear at 164 ppm. CTF-FL shows a peak at 37 ppm,
Scheme 1 Synthesis route and model structures for CTF-TPC and
CTF-FL (based on elemental analysis, see Section 5 in the ESI†). Both
models have a terminal and two bridging ligands for each triazine C3N3

ring. For CTF-TPC we do not assume the formation of a symmetric
network because of the different possible positions for acylation on
the TPC aryl rings. For CTF-FL we assume the formation of a polymer
chain which can be crosslinked if the terminal FL occasionally also
becomes bridged.

6260 | J. Mater. Chem. A, 2016, 4, 6259–6263
which can be assigned to the methylene bridge carbon in the
uorene unit. The other major peaks from 115 ppm to 150 ppm
correspond to the aromatic carbons in the uorene unit; a peak
for the triazine ring carbons is detected at 172 ppm.

The amorphous nature of the products was assessed by
PXRD (Fig. S4, ESI†). The diffractograms show only three broad
bands around 17, 30 and 40� 2theta. From TGA, it can be
observed that CTF-TPC and CTF-FL start to decompose under
an O2 atmosphere at 380 and 360 �C, respectively (Fig. S5, ESI†).
Scanning electron microscopy (SEM) reveals aggregation of
spherical particles (Fig. 2).

The porosities of the activated CTFs (degassing at 200 �C for
24 h) were characterized by N2 sorption measurements at 77 K.
The N2 adsorption isotherm of CTF-TPC exhibits a steep
increase in N2 uptake at low p/p0 values, and continues to
increase at high pressure values. Therefore, the curve could be
classied as a combination of types I and IV. The H4 type
hysteresis is oen associated with narrow slit-like pores but the
type I character indicates microporosity.29 On the other hand,
the isotherm of CTF-FL is only of type I with H4 type hysteresis.
The Brunauer–Emmett–Teller (BET) surface areas (pressure
range of p/p0 ¼ 0.01–0.05) of CTF-TPC and CTF-FL are 1668 and
773 m2 g�1, respectively. BET measurements of three other
batches each conrmed the reproducibility of the results
Fig. 2 Scanning electron micrographs (SEM) of CTF-TPC and CTF-FL.

This journal is © The Royal Society of Chemistry 2016
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Table 1 Porosity data for CTF-TPC and CTF-FL

Compound SBET
a (m2 g�1) SLang

b (m2 g�1) V0.1
c (cm3 g�1) Vtot

d (cm3 g�1) V0.1/Vtot Vmicro(CO2)
e (cm3 g�1)

CTF-TPC 1668 2041 0.65 0.93 0.70 0.11
CTF-FL 773 936 0.31 0.39 0.79 0.11

a Calculated BET surface area over the pressure range of 0.01–0.05p/p0 values for batches from repeated syntheses are given in Table S4 in the ESI.
b Langmuir surface area over the pressure range of 0–110 torr. c Micropore volume calculated from the N2 adsorption isotherm at p/p0 ¼ 0.1 for
pores #2 nm (20 Å). d Total pore volume at p/p0 ¼ 0.95 for pores #20 nm. e Total pore volume for pores with diameters smaller than 1 nm (10
Å, cf. Fig. S7, ESI) from the CO2 NL-DFT model at 273 K.

Fig. 3 Nitrogen adsorption–desorption isotherms at 77 K (left) of CTF-
TPC and CTF-FL and NLDFT pore size distribution (PSD) curve (right) of
CTF-TPC and CTF-FL.

Fig. 4 Gas sorption isotherms of CTF-TPC (left) and CTF-FL (right)
(filled symbols for adsorption, empty symbols for desorption).
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(Table S4, ESI†). The surface areas are comparable with those of
other CTFs (Table S8, ESI†). To the best of our knowledge, the
surface area of CTF-TPC, synthesized by AlCl3, exceeds all re-
ported values for similar networks. The surface area of CTF-FL
is lower than that of the previously reported uorene-based
CTFs synthesized by ZnCl2.27 In agreement with the type I
isotherms the ratio of micropore volume to total pore volume
(V0.1/Vtot) is in the range of 70–79% (Table 1). Pore size distri-
butions by non-local density functional theory (NLDFT) using
the model of “N2 on carbon, slit-pores method” gave a narrow
distribution of micropores centered at 5.9, 7.3, 11.8 and 14.8 Å
for CTF-TPC, and 5, 6.4, 8 and 11.8 Å for CTF-FL (Fig. 3).
However, a low proportion of mesopores was observed around
�27 Å for both CTFs in agreement with the H4 hysteresis of the
N2 isotherms.

The H2 sorption of CTF-TPC and CTF-FL (Table 2 and Fig. 4) is
comparable to that of many reported CTF materials.21a,27,30,31 The
CO2 adsorption of 95.2 cm3 g�1 (4.24 mmol g�1) for CTF-TPC and
of 73.2 cm3 g�1 (3.26mmol g�1) for CTF-FL (Tables 2 and S5, ESI†)
agrees with the published data for other CTFs such as FL-CTF
(1.27–4.28 mmol g�1),26a FCTF-1 (4.67–5.53 mmol g�1),32 CTF-0
Table 2 Gas uptake at 1 bar and selectivity data for CTF-TPC and CTF-

Compound H2
a (cm3 g�1) CO2

b (cm3 g�1) Q0
ads(CO2)

c (kJ mol�1)

CTF-TPC 195.8 95.2 32
CTF-FL 146.6 73.2 35

a Gas uptake at 77 K. b At 273 K. c Heat of adsorption for CO2 at zero loadin
calculated at 273 K.

This journal is © The Royal Society of Chemistry 2016
(4.22mmol g�1),33CTF-1 (2.47–3.82mmol g�1),32CTF-Pl–P6 (1.88–
3.39 mmol g�1),22 CTF-P1M–P6M (0.94–4.42 mmol g�1),22 MCTF-
300–500 (2.25–3.16mmol g�1),34 PCTF-1–7 (1.85–3.26mmol g�1)31

and NOP-1–6 (1.31–2.51 mmol g�1)30 (see Table S8 in the ESI† for
details). The isosteric heats of adsorption (Qst) from the CO2

adsorption isotherms at 273 and 298 K near zero loading are 32
and 35 kJ mol�1 for CTF-TPC and -FL, respectively (Fig. S6, ESI†),
and are again comparable to those of other CTFs (see Section 11
in the ESI†). Upon increasing the loading the Qst values decrease
to 26 and 28 kJ mol�1 for CTF-TPC and CTF-FL, respectively,
which are, however, still well above the heat of liquefaction of
bulk CO2 with 17 kJmol�1. The highQst value can be attributed to
the high polar framework and the pore size effect. The high
adsorption enthalpy at zero coverage is explained by the initial
lling of the small ultramicropores with 4 Å diameter (Fig. S7†)
with adsorbate–surface interactions to both sides or ends of the
CO2 molecules.

The CH4 uptake capacities of CTF-TPC and CTF-FL (Fig. 4,
Tables 2 and S5 in the ESI†) are comparable with the values for
PCTF-1 to -7 from our previous work as well as other CTFs.24,31

The gas sorption capacity for CH4 of CTFs follows the increase
in surface area and pore volume (Table 1).
FL

CH4
b (cm3 g�1) N2

b (cm3 g�1) CO2 : N2
d Henry CO2 : N2

d IAST

30 9.2 20 30
24.9 7.1 25 48

g from adsorption isotherms acquired at 273 and 293 K. d Gas selectivity

J. Mater. Chem. A, 2016, 4, 6259–6263 | 6261
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From the available single-gas adsorption isotherms, the CO2

selectivities over N2 or CH4 for CTF-TPC and CTF-FL were
calculated at 273 and 293 by using the Henry equation and the
ideal adsorbed solution theory (IAST). From the Henry equa-
tion, the adsorption selectivity for CO2 over N2 is 20 and 25 at
273 K (16 and 21 at 293 K) for CTF-TPC and CTF-FL, respectively,
whereas the corresponding CO2/CH4 selectivities were in the
range of 4–5 at 273 K and 293 K (Fig. S8 and S9 in the ESI; Tables
2 and S5 in the ESI†). From IAST (Fig. S10, S11 and Tables S6, S7
in the ESI†), the CO2/N2 selectivities of CTF-TPC and CTF-FL are
30 and 48 at 273 K (Table 2), which are higher than from the
Henry calculation. The selectivity of CTF-FL is high compared
with recent work by others.27 A trade-off relation is observed for
the CO2/N2 selectivity versus porosity: a higher surface area of
CTF-TPC (compared to CTF-FL) exhibits lower selectivity, as can
be generalized for other CTF-based polymers (see Table S8 in
the ESI†).

In summary, the AlCl3 catalyzed Friedel–Cras reaction can
be used for the aromatic linkers triptycene and uorene to
construct triazine-based frameworks. By using this approach,
the compound CTF-TPC with 1668 m2 g�1 gave the highest BET
surface area found for such AlCl3-catalyzed cyanuric-chloride
based CTFs, so far. It is suggested that the triptycene unit is
especially amenable to construct high surface-area porous
materials.35 CTF-TPC and CTF-FL adsorbed 4.24 mmol g�1 and
3.26 mmol g�1 (273 K/1 bar) of CO2, respectively. Such high CO2

uptake together with cost-effective synthesis make CTFs
a promising candidate for porous adsorbents. Porosity and gas
adsorption behavior can be tuned by changing the linker in this
cyanuric-acid/AlCl3-catalysis approach.
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