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Abstract
In recent decade, conjugated microporous polymers (CMPs) were treated as one of the superior porous materials for  CO2 
uptake. Herein, we prepared two azo-linked CMPs namely: azo-carbazole (Azo-Cz) and azo-phenothiazine (Azo-Tz) from 
the reduction of the corresponding nitro monomers using sodium borohydride  (NaBH4). The obtained polymers were well 
characterized using many spectroscopic techniques. According to TGA and BET analyses, our CMPs owned good specific 
surface areas (reaching 315  m2  g–1), and a significant thermal stability. It is also possessed pore sizes of 0.79 and 1.18 nm, 
respectively, and a reasonable char yields (max. 46 %). Based on  CO2 uptake measurements, the  CO2 adsorption capacities 
of these CMPs were very good: up to 40 and 94 mg  g–1 at the experiment temperatures 298 and 273 K, respectively. The 
great  CO2 uptake is due to high surface areas that facilitate powerful interactions with  CO2 molecules.
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Introduction

Carbon dioxide  (CO2) emission and its critical impacts 
such as global warming, sea level rising, and ocean acidity 
increasing were considered from the remarkable environ-
mental issues [1–3].  CO2 capturing and storage technology 
have garnered a considerable attention over the past two dec-
ades, due to increasing its level in atmosphere at an alarming 
rate which is currently recorded as 35 billion tons/year [4]. 
The master source of this abnormal elevation is attributed 
to fossil fuels that comprises about 85 % of all energy con-
sumption [5, 6], as apparent from the sharp decline in the 
daily international  CO2 emission at the beginning of the year 
2020 comparable to that of the previous year 2019, as a 
result of covid-19 situation that lockdown a great number 
of industries worldwide [7]. The first attempt for  CO2 cap-
ture was depend on liquid amine adsorption [8]. However, 
this strategy faced a lot of challenges including solvent loss, 

storage difficulty, corrosion nature, toxicity impact, insta-
bility at high temperature and high cost [9, 10]. Due to the 
above stated drawbacks, liquid amine method was replaced 
by other solid alternates containing pore network structures 
for  CO2 adsorption and separation via physisorption pro-
cess. These porous solid materials have many advantages of 
depressed energy consuming, outstanding cycling ability, 
and facile regeneration [11–15]. Activated carbons, zeolites, 
conjugated polymers, metal organic frameworks (MOFs), 
covalent organic frameworks (COFs), and covalent tria-
zine frameworks (CTFs) are few examples among the solid 
sorbents for gas uptaking and other potential applications 
[16–31]. The best example for this purpose was the versa-
tile materials called microporous organic polymers (MOPs) 
which combining high surface areas, tunable pore sizes, high 
chemical stability with diverse synthetic procedures [32–36]. 
MOPs have successfully applied in numerous applications 
including energy storage, hydrogen evolution from water, 
dye removal from wastewater, gas adsorption, and chemo-
sensing [32–38]. Therefore, such candidates have exhibited 
hopeful prospects in  CO2 uptake.

MOPs with tiny pore size (>2nm) are rated as hopeful materi-
als for  CO2 removal strategies, due to the closeness of their pore 
sizes to the molecular dimensions of  CO2 and other small gases 
[39]. Conjugated microporous polymers (CMPs) are a recently 
sub-divided category of MOPs that features a lot of merits over 
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other materials mentioned above, including molecular design 
flexibility, [40–44] inherent porosity, low structural density, sur-
face area rising, tailorable surface properties and useful applica-
tions, such as gas storage and separation, [45, 46] supercapaci-
tors, [47, 48] light emission, [49, 50] chemical sensing, [51, 52] 
and heterogeneous catalysis [53, 54]. Capturing and separation of 
 CO2 is considered one of the most studied applications of CMPs, 
[55–58] as they can be readily functionalized by the insertion 
of a particular  CO2-philic groups like rich-π moieties, acidic or 
basic units to promote  CO2 uptake and separation [59–62]. As 
an example, NPOF-4-NH2, which were yielded from the nitro-
electrophilic substitution of NPOF-4 followed by reduction of 
these nitro-groups, show high selectivity towards  CO2/N2 (139 
mol  mol−1) through Lewis acid-base interaction [63]. Moreover, 
some azo-linked porous polymers (ALPs) have been synthesized 
for  CO2 removal. For example, Arab et al. [64] prepared a group 
of new azo-bridged polymers, with a moderate BET surface area 
in the range of 412–801  m2  g-1, that displayed  CO2 adsorption 
capacities reached to 2.94 mmol  g-1 at 298 K/1 bar with a good 
selectivity. Another reported work of ALPs that presented both 
higher surface area of 862–1235  m2  g-1 and good  CO2 capture 
capacities of up to 5.37 mmol  g-1 at 237 K/1 bar, have been syn-
thesized by coupling of aniline-like molecules in the presence of 
copper(I) bromide and pyridine [65]. From these investigations, 
one can conclude that the porosity factors (surface area, pore size 
and pore volume) were from the major reasons affecting on  CO2 
uptake capacity and selectivity.

Considering the above aspects, herein, we have designed 
and synthesized two azo-containing CMPs namely: 

azo-carbazole (Azo-Cz) and azo-phenothiazine (Azo-Tz), 
through one-pot reductive reaction of car-3NO2 (Scheme 1a) 
and phenothiazine-3NO2 (Scheme 1b) monomers with sodium 
borohydride  (NaBH4) under relatively mild synthetic condi-
tions Scheme 2. We used a lot of techniques to elucidate their 
chemical structures, surface areas, pore size distributions, ther-
mal stability, microporous structures and surface morphology 
such as Fourier transform infrared (FTIR) spectroscopy, solid 
state 13C nuclear magnetic resonance (NMR) spectroscopy, 
the Brunauer−Emmett−Teller (BET) method, thermogravi-
metric analysis (TGA), scanning electron microscope (SEM) 
and transmittance electron microscope (TEM), respectively. 
These two CMPs possessed high porosity, large BET surface 
areas and moderate thermal stabilities. Interestingly, they also 
featured exceptional adsorption capacities toward carbon diox-
ide gas, achieving maximum uptake efficiency reaching to 40 
and 94 mg  g−1 at the experiment temperatures 298 and 273 K, 
respectively; a good value comparable with those of the best 
recently reported CMPs listed in Table 2.

Experimental section

Materials

All used solvents and chemicals were obtained from com-
mercial suppliers and used as received unless otherwise 
noted. Carbazole, copper (II) nitrate trihydrate (98 %), 
acetic anhydride (99 %), acetic acid (99.8 %) were ordered 

Scheme  1  Synthesis of (a) 3,6-dinitro-9-(4-nitrophenyl)carbazole (Cz-3NO2) and (b) 3,7-dinitro-10-(4-nitrophenyl)-10H-phenothiazine (Tz-
3NO2)
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from Sigma. 1-Fluoro-4-nitrobenzene (99 %) and potassium 
carbonate (99%) were purchased from Alfa Aesar. Sodium 
borohydride  (NaBH4, 99%), phenothiazine, dimethylforma-
mide (DMF) and dichloromethane (DCM) were purchased 
from J. T. Baker. Tetrahydrofuran (THF, 99.9%) was ordered 
from Showa (Tokyo, Japan), whereas ethanol was gained 
from ECHO chemical company, Taiwan.

Synthesis of 3,6‑dinitro‑9H‑carbazole (Cz‑2NO2) 
[Scheme 1(a) and Scheme S1]

In a 250 mL two neck round-bottomed f lask, 
Cu(NO3)2.2.5H2O (7.3 g, 30 mmol) was firstly dissolved 
in acetic anhydride/acetic acid mix (50 mL, 3:2 v/v) at 
room temperature. Carbazole (4.2 g, 25 mmol) was added 

progressively in small portions to this homogenous solu-
tion within 15 min at temperature of 15–20 °C. After that, 
the reaction temperature was allowed to warm to ambient 
temperature over a period of 30 min before heating to 90 
°C for an extra 30 min. Finally, quenching of the reaction 
mixture into distilled water (250 mL) was carried out to pro-
duce the solid precipitate which was gathered by filtration, 
and further washed five times with distilled water (100 mL). 
The obtained precipitate (2.0 g) was dissolved in alcoholic 
potassium hydroxide solution (130 mL, 6% wt/v) to isolate 
3,6-dinitro-9H-carbazole (Car-2NO2) from the other formed 
isomeric dinitrocarbazoles. After stirring the above solution 
for 30 min at 50 °C, the insoluble portion was collected by 
filtration and washed three times with distilled water (20 
mL). The alkaline alcoholic filtrate was neutralized with 

Scheme 2  Preparation of (a) Azo-Cz-CMP and (b) Azo-Tz-CMP
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concentrated hydrochloric acid to produce a yellow solid 
precipitate that isolated by filtration, washed three times 
with distilled water (20 mL) and dried at 100 °C under vac-
uum. The solid compound was purified by column chroma-
tographic technique, with petroleum ether/EtOAc (3:1) as 
eluents to finally yield the desired 3,6-dinitro-9H-carbazole 
(Cz-2NO2) as yellow solid 5.16 g (85 %). mp: 244-245 °C. 
FT-IR (powder): 3400, 3091, 1611, 1583, 1519, 1484, 1339, 
1310, 1245, 1098, 898, 812. 1H NMR (DMSO-d6, 25 °C, 
500 MHz): δ = 12.69 (s, 1H), 9.48 (d, J = 3.0 Hz, 2H), 8.39 
(dd, J = 9.0, 3.0 Hz, 2H), 7.76 (d, J = 9.0 Hz, 2H). 13C NMR 
(DMSO-d6, 25 °C, 125 MHz): δ = 161.67, 144.94, 127.13, 
120.48, 119.49, 117.21, 114.92, 112.64.

Synthesis of 3,6‑dinitro‑9‑(4‑nitrophenyl)carbazole 
(Cz‑3NO2) [Scheme 1(a) and Scheme S1]

In a 100 mL two necked bottle, a mixture of 3,6-dinitro-
9H-carbazole (2 g, 7.77 mmol) and potassium carbonate 
(5.37 g, 38.85 mmol) in dry DMSO (40 mL) was stirred for 
10 min. under  N2 atmosphere. Then, 1-fluoro-4-nitrobenzene 
(1.65 mL, 15.55 mmol) was added gradually with continu-
ous stirring, and the reaction mixture was allowed to heat 
under reflux at 140 °C for a period of 24 h. After cooling to 
ambient temperature and pouring slowly into distilled water 
(100 mL), a precipitate was formed. The obtained solid 
product was collected by filtration, washed thoroughly with 
distilled water (50 mL), and dried in oven under vacuum to 
give 3,6-dinitro-9-(4-nitrophenyl) carbazole as a brown solid 
2.35 g (80%), m.p: > 300 °C. FT-IR (powder): 3084, 1611, 
1591, 1587, 1510, 1335, 1300, 1273, 1231, 1170, 1104, 854, 
839. 1H NMR (DMSO-d6, 25 °C, 500 MHz): δ = 9.30 (s, 
1H), 9.07 (s, 1H), 8.83 (d, J = 7.8 Hz, 1H), 8.49 (d, J = 4.8 
Hz, 2H), 8.13 (d, J = 9.6 Hz, 1H), 7.93 (d, J = 7.8 Hz, 1H), 
7.91(d, J = 9.6 Hz, 1H), 7.75(d, J = 4.8 Hz, 2H). 13C NMR 
(DMSO-d6, 25 °C, 125 MHz): δ = 161.67, 144.94, 127.13, 
120.48, 119.49, 117.21, 114.92, 112.64. MS (m/e): (378, 
11%; 381, 100%).

Synthesis of 3,7‑dinitro‑10‑(4‑nitrophenyl)‑10H‑ 
phenothiazine (Tz‑3NO2) [Scheme 1(b) 
and Scheme S2]

In a 250 mL two neck flask, a mixture of 10H-phenothiazine 
(6.0 g, 30 mmol), dichloromethane (30 mL) and acetic acid 
(12 mL) had sodium nitrite (6.02 g, 87 mmol), were stirred 
for 10 min. at room temperature. Additional AcOH (12 mL), 
DCM (30 mL) and  NaNO2 (6.02 g) were then added. A fur-
ther (30 mL) of AcOH was added to try and break up the 
thick reaction mixture. Finally, the mixture was stirred for 
3 h. to give 3,7-dinitro-10H-phenothiazine derivative. In 
a 100 mL two necked bottle, charge dinitrophenothiazine 
(2.0 g, 7 mmol), p-fluoronitrobenzene (1.5 mL, 14 mmol) 

and potassium carbonate (4.8 g, 35 mmol) in DMSO (50 
mL). Heat the previous mixture with reflux at 120 °C under 
nitrogen atmosphere for 4 days to obtain the targeted com-
pound. After cooling to room temperature, the solution was 
poured into distilled water (150 mL), a colored solid was 
precipitated. The formed solid was collected by filtration, 
washed with distilled water (50 mL), and dried in oven 
under vacuum to produce 3,7-dinitro-10-(4-nitrophenyl)-
10H-phenothiazine as a red solid 2.36 g (83 %), m.p: > 300 
°C. FT-IR (powder): 3075, 1606, 1588, 1525, 1337, 1292, 
1129, 851. MS (m/e): (409, 13%).

Synthesis of Azo‑Cz‑CMP [Scheme 2(a) 
and Scheme S3]

In a 25 mL Pyrex tube, a suspension sodium borohydride 
(33 mg, 0.87 mmol) dissolved in DMF (5 mL) was gradu-
ally added to a solution of 3,6-dinitro-9-(4-nitrophenyl)- 
carbazole (110 mg, 0.29 mmol) dissolved in DMF (5 mL). 
The resulting mixture was then heated at 85 °C under atmos-
pheric pressure for 8 hrs. After cooling to room temperature 
(25 °C), the produced precipitate was collected by filtration, 
and washed 3 times with ethanol and 3 times with THF till 
colorless solution. Finally, the yielded precipitate was dried 
at oven overnight under vacuum to afford an orange solid of 
Azo-Cz-CMP, yield (89 %).

Synthesis of Azo‑Tz‑CMP [Scheme 2(b) 
and Scheme S4]

In a 25 mL Pyrex tube,  sodium borohydride (27.67 mg, 0.73 
mmol) dissolved in DMF (5 mL) was gradually added to a  
solution of 3,7-dinitro-10-(4-nitrophenyl)-10H-phenothiazine  
(100 mg, 0.24 mmol) dissolved in DMF (5 mL). The  
resulting mixture was then heated at 85 °C under atmos-
pheric pressure for 8 h. After cooling to room temperature 
(25°C), the produced precipitate was collected by filtration, 
and washed 3 times with ethanol and 3 times with THF till 
colorless solution. Finally, the yielded precipitate was dried 
at oven overnight under vacuum to afford a red solid of Azo-
Tz-CMP, yield (80%).

Characterization

FTIR spectra were recorded using a Bruker Tensor 27 FTIR 
spectrophotometer and the conventional KBr plate method; 
32 scans were collected at a resolution of 4  cm–1. Solid state 
NMR spectra were measured using a Bruker Avance 400 
NMR spectrometer and a Bruker magic-angle-spinning 
(MAS) probe, running 32,000 scans. Mass spectra were 
recorded using a Bruker Solarix spectrometer. TGA was car-
ried out by the utilizing of a TA Q-50 apparatus under  N2  
gas stream. The Pt cell was packed and sealed with the tested  
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samples and subjected to heat from 40 to 800 °C at a heat-
ing average of 20 °C  min–1 under  N2 atmosphere at a stream  
average of 50 mL  min–1. Specific surface areas and porosim-
etry investigations of the synthesized samples (ca. 20–100  
mg) were carried  by the utilization of a Micromeritics 
ASAP 2020 Surface Area and Porosity technique. The grad-
ual exposition of the tested samples to  N2 gas (up to ca. 1  
atm), in a bath of liquid  N2 (77 K) led to the generation of 
adsorption-desorption isotherms. A JEOL JSM-7610F scan-
ning electron microscope was used to afford SEM morphol-
ogy by subjecting the samples to Pt sputtering for a period 
of 100 s before the final observation. A JEOL-2100 scanning 
electron microscope was used to accomplish TEM analysis, 
that operated at 200 kV.

Results and discussions

Porous organic polymers (POPs) containing azo functional 
group as a linker between monomers can be synthesized 
either by aromatic amines oxidation polymerization reac-
tions [58] or homo coupling reductive polymerization of 
nitro aromatics [66, 67] in the presence of metal catalyst. 
Our objective was to obtain azo-connected polymers holding 
carbazole or phenothiazine moieties and thus we adapted 
a direct homo reductive coupling of 3,6-dinitro-9-(4-
nitrophenyl)-9H-carbazole or 3,7-dinitro-10-(4-nitrophenyl)-
10H-phenothiazine in DMF solvent in the presence of 
sodium borohydride  NaBH4, under mild conditions without 

need of transition metal catalysts (Scheme 2). These CMPs 
were yielded in excellent yields (≥ 80%) and were insoluble 
in various organic solvents such as DMF, THF, DCM, EtOH, 
MeOH, and acetone, indicating that their structure possesses 
hyper cross-linked networks. In addition, they have a chemi-
cal stability upon treatment with strong acids (4M HCl) and 
bases (4M NaOH). The chemical structure of the studied 
monomers and CMPs were characterized using FTIR, solid 
state 13C NMR and mass spectra. The starting monomer 
3,6-dinitro-9-(4-nitrophenyl)-carbazole (Cz-3NO2) has pre-
pared as our reported publication (Figs. 1a and S1) [68]. The  
second monomer 3,7-dinitro-10-(4-nitrophenyl)-10H- 
phenothiazine (Tz-3NO2) has synthesized by the stirring of  
a mixture of 10H-phenothiazine and sodium nitrite in the 
presence of both dichloromethane and acetic acid to afford 
3,7-dinitro-10H-phenothiazine derivative (Tz-2NO2), which 
further refluxed under nitrogen atmosphere for 4 days with 
p-fluoronitrobenzene and potassium carbonate in DMSO 
to yield the target material (Tz-3NO2) in high yield. FTIR 
spectra showed the existence of absorption bands at 1525, 
1337  cm-1 which attributed to the symmetric and asymmetric 
stretching vibrations of N-O bond respectively, as well as a 
band at 3075  cm-1 characteristic of C-H aromatic stretching 
bond (Figs. 1c and S2). Mass spectroscopy represented a 
molecular ion peak at 409 m/z which is about 13 % of the 
base peak at 397 m/z. The formation of the azo bond in 
the synthesized CMPs was elucidated by the presence of 
new absorption bands at 1470  cm-1 and 1462  cm-1 in FTIR 
spectra of Azo-Cz and Azo-Tz, respectively, attributed to 

Fig. 1  FTIR spectroscopy of (a) 
Cz-3NO2, (b) Azo-Cz-CMP, (c) 
Tz-3NO2 and (d) Azo-Tz-CMP
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asymmetric vibration of the N=N bond (Fig. 1b, d). Also, 
the IR spectra of CMPs displayed the disappearance of 
absorption bands at 1510  cm-1, and 1525  cm-1 for N-O 
symmetric stretching vibrations of Cz-3NO2 and Tz-3NO2, 
respectively, as well as vanishing two bands at 1332  cm-1, 
and 1337  cm-1 for N-O asymmetric stretching vibrations of 
Cz-3NO2 and Tz-3NO2, respectively, along with bands for 

aromatic rings at 3080 and 3071  cm-1 for Azo-Cz and Azo-
Tz, suggesting successful polymerization reaction (Figs. 1b, 
d, and S3, S4). Furthermore, the formation of azo-bridged 
functional group was more proved by the existence of a 
signal at ca. 162 and 165 ppm that assigned to -C-N=N-
C- linkage in solid state 13C NMR spectra of Azo-Cz and 
Azo-Tz-CMPs, respectively, in addition to other signals 
corresponding to the remaining aromatic carbons (150-110 
ppm) in their skeletons as shown in (Fig. 2a, b).

Thermal stability of these azo-linked CMPs was inves-
tigated by TGA (thermal gravimetric analysis). Measuring 
was carried out in a nitrogen atmosphere at heating average 
of 10 °C/min reaching to 800 °C. Thermal degradation tem-
perature (Td = 10 % weight loss) were confirmed to be 383 
°C, and 386 °C corresponding to Azo-Cz and Azo-Tz CMPs, 
respectively, which imply a significant thermal stability. 
Char yields of these obtained CMPs had intermediate values 
up to 41 % and 46 % for Azo-Cz and Azo-Tz CMPs, respec-
tively as shown in Fig. 3a, b and Table 1. The porosity of 
azo-bridged polymers was characterized by the utilization of 
nitrogen sorption isotherms measured at 77 K. Azo-Cz-CMP 
showed a combination of type-II sorption behaviors (Fig. 4a, 
c) according to the IUPAC ranking. Nitrogen gas adsorp-
tion was very rapidly at low relative pressure (P/P0), which 
prove the microporous feature of the Azo-Cz-CMP network. 
Reaching to the high pressure region, there is a directly pro-
portional between the nitrogen sorption with increasing 
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Fig. 2  Solid state 13C NMR spectra of (a) Azo-Cz-CMP and (b) Azo-
Tz-CMP

Fig. 3  TGA curves of (a) Azo-
Cz-CMP and (b) Azo-Tz-CMP
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relative pressure. Azo-Cz-CMP represented the BET surface 
area up to 315  m2  g-1, with total pore volume of 0.05  cm3 
 g-1, and the pore size centered at 0.79 nm, as obtained by 
the nonlocal density functional theory (NLDFT). However, 
Azo-Tz-CMP displayed the lower BET surface area of 225 
 m2  g-1, the total pore volume reaching 0.12  cm3  g-1, and 

the pore size mainly centered at 1.18 nm as well (Fig. 4b, 
d). The porosity properties of these two Azo-CMPs were 
also summarized in Table 1. The obtained results based on 
FTIR, solid state NMR, TGA and BET analyses were all 
confirmed the successful preparation of these two azo-based 
CMPs in this study. The morphology of these studied azo-
based CMPs was monitored using both FE-SEM and TEM 
analyses, which indicate the presence of irregular shapes 
with nanoscale aggregates based on SEM images (Fig. 5a, 
b). While, TEM images showed that these azo-based CMPs 
had microporous structures as shown in Fig. 5c−f, which is 
consistent with BET analyses.

Porous materials have N atoms within their structures 
display an excellent potency to interact with  CO2 molecules, 
resulting in enhancing the  CO2 uptake. Our synthesized azo-
based CMPs have a good nitrogen contents and good sur-
face areas that enabled them to be tested for their suitability 

Table 1  Thermal stability and porosity properties of Azo-Cz-CMP 
and Azo-Tz-CMP

Sample Td5 (oC) Td10 (oC) Char 
yield 
(wt%)

Surface 
area
(m2  g-1)

Pore size 
(nm)

Azo-Cz-
CMP

322 383 41 315 0.79

Azo-Tz-
CMP

346 386 46 225 1.18
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Fig. 4  Nitrogen adsorption/desorption isotherms of (a) Azo-Cz-CMP and (b) Azo-Tz-CMP. As well as curves of pore size distribution of (c) 
Azo-Cz-CMP and (d) Azo-Tz-CMP
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in  CO2 capture application. The prepared azo-based CMPs 
have been examined for the  CO2 adsorption capacities at 
temperatures of 298 K and 273 K and pressure reaching to 1 
bar as shown in Fig. 6a, b. From the obtained results, one can 
conclude that the Azo-Cz-CMP had the top  CO2 capture val-
ues: 40 and 94 mg  g–1 at the experiment temperatures 298 K 
and 273 K, respectively. On the other side, the Azo-Tz-CMP 
presented the lowest  CO2 values of 28 and 60 mg  g–1 at the 
same corresponding temperatures. The higher  CO2 uptake 
efficiencies of the Azo-Cz-CMP compared to the Azo-Tz-
CMP, was mainly attributed to its high surface area and large 
pore volumes that consume more  CO2 molecules. Notice-
ably, the  CO2 uptake efficacy of our tested CMPs are among 
the highest reported Azo-linked CMPs [69–71]. In addition, 

they represented a significant  CO2 adsorption capacity rela-
tive to other porous substances [27, 68, 72]. Moreover, the 
isosteric heats of adsorption (Qst) of these azo-based CMPs 
were calculated from their  CO2 adsorption at 298 K and 273 
K, by the aid of Clausius–Clapeyron equation as shown in 
Fig. 7a, b. The Azo-Cz-CMP provided good values of Qst up 
to 32.08 and 23.69 kJ  mol–1 at the minimum and maximum 
values of  CO2 uptake (ca. 0.1 and 0.8 mmol  g–1), respec-
tively. Whereas, the other Azo-Tz-CMP showed calculated 
values of Qst at low and high adsorptions of  CO2 (ca. 0.1 and 
0.8 mmol  g–1) of 18.36 and 10.90 kJ  mol–1, respectively. The 
observed values of Qst confirm our suggestion of the strong 
interaction between our CMPs and  CO2 molecules, similar 
to the behavior of activated carbons (Table 2) [73].

Fig. 5  SEM photos of (a) Azo-
Cz-CMP, (b) Azo-Tz-CMP. 
TEM images of (c, d) Azo-Cz-
CMP, (e, f) Azo-Tz-CMP
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Fig. 6  CO2 uptake curves of (a) 
the Azo-Cz-CMP and the Azo-
Tz-CMP measured at 273 K. (b) 
the Azo-Cz-CMP and the Azo-
Tz-CMP measured at 298 K
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Fig. 7  Isosteric heat of adsorption (Qst) for (a) Azo-Cz-CMP and (b) 
Azo-Tz-CMP obtained from the  CO2 uptake isotherms collected at 
298 and 273 K

Table 2  Adsorption capacity values of  CO2 in the pores of Azo-Cz-
CMP, and Azo-Tz-CMP, comparable with those of other reported 
adsorbents

Adsorbent CO2 uptake  
(mg  g‒1)
273 K

CO2 uptake  
(mg  g‒1)
298 K

Ref.

Azo-POF-2 84.5 55.1 61
Ene-POF-1 86.4 50.0 61
Ene-POF-2 70.7 40.2 61
Azo-CPP-4 94.3 ---- 62
Azo-CPP-5 94.3 ---- 62
Azo-CPP-6 81.5 ---- 62
Azo-CPP-7 82.9 ---- 62
Azo-MOP-3 81.2 ---- 63
Azo-MOP-4 77.7 ---- 63
Azo-MOP-1-Ru 59.5 ---- 63
Azo-MOP-3-Ru 82.1 ---- 63
Azo-MOP-4-Ru 52.8 ---- 63
TPA-COF-3 91.1 63.9 22
TPA-COF-2 82.4 45.9 22
TPT-COF-5 59.4 41 22
Car-TPP-COF 62 34 60
Car-TPT-COF 73 42 60
Mesoporous silica 90.2 ---- 64
Azo-Cz-CMP 94 40 This work
Azo-Tz-CMP 60 28 This work
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Conclusions

In this presented study, we reported the design and syn-
thesis of two novel azo-linked conjugated microporous 
polymers (Azo-Cz-CMP and Azo-Tz-CMP) via the reduc-
tive coupling of the corresponding nitro monomers. FTIR 
and solid state NMR spectroscopy were used to confirm 
their chemical structures. The Azo-Cz-CMP possessed 
good BET specific surface area up to 315  m2  g–1 and a 
considerable thermal stability. Our CMPs were tested 
for their suitability for  CO2 uptake as an environmental 
application. The Azo-Cz-CMP provided a very good  CO2 
adsorption efficiency up to 40 and 94 mg  g–1 at 298 and 
273 K, respectively, owing to its reasonable surface area, 
suitable pore volumes, and good Qst value for  CO2. The 
presence of N atoms within the chemical structures of the 
resultant CMPs encouraged the considerable quadrupo-
lar interactions with  CO2 molecules. On account of their 
high gas uptake efficacies, and good physicochemical 
stability, the studied CMPs considered among the most 
promised candidates for small gas storage and separation 
applications.
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