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A B S T R A C T

The chemical fixation of carbon dioxide to afford value added chemicals under solvent free and ambient con-
ditions has gained considerable attentions. In this work, we successfully synthesized the porphyrin-based porous
organic framework (PPOPs) through Schiff base reaction using 5,10,15,20-tetra(4-aminbiphenyl) porphyrin
(TAPP) and 4,40-biphenyldicarbaldehyde (BDA) as starting materials, which was then coordinated with cobalt to
yield related metal complex (Co-PPOPs). The chemical structure and morphology of Co-PPOPs were characterized
by absorption spectrum, FT-IR, X-ray photoelectron spectra (XPS), scanning electron microscopy (SEM), trans-
mission electron microscopy (TEM), X-ray powder diffraction (XRD) and nitrogen physisorption. Co-PPOPs
showed excellent catalytic activity towards the conversion of carbon dioxide to cyclic carbonates under
ambient conditions. Furthermore, Co-PPOPs was recovered easily and could be used repeatedly (more than five
times) without losing any catalytic activity. Thus, the as-prepared Co-PPOPs was a promising heterogeneous
catalyst for carbon dioxide conversion, providing high turnover number than the previously reported catalysts.
1. Introduction

As the main gas that causes the greenhouse effect, carbon dioxide
(CO2) has the characteristics of non-toxicity, abundant, and inexpensive
[1,2]. Therefore, the chemical conversion of carbon dioxide to synthesize
useful intermediates for pharmaceutical or chemical industries has
received considerable attentions [3–5]. Recently, the chemical fixation of
CO2 into epoxides to produce cyclic carbonates has drawn increasing
interest due to the 100% atomic utilization rate [6]. However, because of
the low reactivity of CO2, most of the reactions for the synthesis of cyclic
carbonates involved harsh conditions, such as high temperature and high
pressure of carbon dioxide, which limited their practical application [7].

Porous materials, including covalent organic frameworks (COF),
metal organic frameworks (MOFs), and porous organic frameworks
(POPs), had been widely explored in gas adsorption, storage, and sensing
ework (Co-PPOPs) was prepared
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f carbon dioxide to cyclic carbona

ng), wfs42@126.com (F. Wu).

2 October 2020; Accepted 3 Oc

.

due to their characteristics of high surface area, adjustable structure, and
easy preparation [8–15]. Moreover, the porous materials with metal
centers could be used as heterogeneous catalysts for gas capture and
transformation, benefiting from their high catalytic efficiency and easy
recovery [16–20]. Recently, many porous materials have been developed
as efficient catalysts for the conversion of CO2 into industrial raw ma-
terials, such as methanol, carbonate, and acetic acid [21–25]. However,
the heterogeneous catalysts with high catalytic efficiency and stability
for CO2 conversion were still desirable, especially under mild reaction
conditions [7].

Porphyrin and its derivatives were commonly used in photodynamic
therapy due to their significant photosensitizing effect, superior photo-
physical properties, and low side effects to the human body [26–29].
Because of their unique structure comprised of delocalized π-electrons
within a tetrapyrrolic skeleton, porphyrin compounds can chelate a vast
through Schiff base reaction, followed by the metal coordination. The chemical
FT-IR, XPS, SEM, TEM, XRD, and nitrogen physisorption. Co-PPOPs displayed
tes under ambient conditions, due to the presence of porous structure and cobalt
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Scheme 1. Illustration of the synthesis of Co-PPOPs by ketenimine condensation.
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number of metal ions to yield related metalloporphyrin complexes
[30–32]. Comparing with that of free base porphyrin, metalloporphyrin
exhibits higher thermal-, chemical-, and photo-stabilities due to its larger
conjugated system [20]. Furthermore, the metals in the core of porphyrin
rings endowed them with potential catalytic activity. For example, the
cytochrome P450 enzyme, bearing the structure of metalloporphyrin, can
catalyze the conversion of alcohols to aldehydes in some organisms [33,
34].

In this context, here we synthesized a porous organic framework
based on the Schiff base condensation between 5,10,15,20-tetra(4-ami-
nophenyl)porphyrin (TAPP) and 4,40-biphenyldicarbaldehyde (Scheme
1), which was then coordinated with cobalt to afford the related metal-
loporphyrin complexes (Co-PPOPs). The chemical composition and
morphology of Co-PPOPs were confirmed through various characteriza-
tion methods. Co-PPOPs exhibited high catalytic activity for carbon di-
oxide conversion to cycle carbonate under ambient conditions using a
variety of substrates. Moreover, Co-PPOPs could be reused for several
times without losing any significant activity, demonstrating its good
recycling performance.

2. Experiment section

2.1. Materials and measurements

All chemicals were reagent-grade, purchased from Aladdin (China)
and used without further purification. Scanning electron microscope
(SEM) images were captured through a JEOL630-F microscope. Trans-
mission electron microscope (TEM) images were recorded by using a
JEM-3010 instrument (JEOL) equipped with slow-scan CCD camera at
300 k eV. The absorption spectra of Co-PPOPs, PPOPs and TAPP
dispersed in DMSO were recorded on a UV–vis Spectrophotometer
(Shimadzu). The X-ray photoelectron spectra (XPS) were carried out by
Multifunctional imaging electron spectrometer (Thermo ESCALAB). The
Fourier transform infrared (FT-IR) spectra were recorded by NICO-
LET6700 spectrometer (ABB Bomen Canada) with KBr pellets. Powder X-
ray diffraction (XRD) patterns were collected on a D8 Advance X-ray
diffractometer (Bruker AXS Germany) with Cu Kr radiation at the speed
of 2�min �1. The NMR spectra of cycle carbonates were recorded on a
Varian Mercury-VX 400 spectrometer in CDCl3.

Synthesis of 5,10,15,20-tetra(4-aminophenyl) porphyrin (TAPP).
Under nitrogen atmosphere, a solution of p-nitrobenzaldehyde (11 g,

73 mmol) and acetic anhydride (12 mL, 127 mmol) were dissolved in
400 mL of propionic acid. After heated to 120 �C, pyrrole (5 mL, 73
mmol) was added dropwise and the reaction solution was stirred at 140
�C for 2 h. After cooling to room temperature, the mixture was placed in a
refrigerator overnight, followed by the filtration and washing with
methanol (100mL� 3) and deionized water (100mL� 3). Subsequently,
the obtained black solid was recrystallized from pyridine, which was then
washed with methanol/acetone (1:1) to obtain purple product (TNPP,
2

yield 20.5%). The TNPP (1.8 g, 2.26 mmol) was dissolved in concen-
trated HCl (30 mL), followed by the dropwise addition of the concen-
trated HCl solution (50 mL) of SnCl2 (7.0 g, 29 mol). The reaction
solution was stirred at room temperature for 2 h, and then heated to 80
�C for 0.5 h under nitrogen atmosphere. After the completion of reaction,
the mixture was cooled to 0 �C, and neutralized with ammonia water. The
purple product was obtained by filtering and Soxhlet extraction with
chloroform (yield 80%). 1HNMR (400 MHz, CDCl3) δ 8.90 (s, 8H), 7.99
(d, J ¼ 8.2 Hz, 8H),7.07 (d, J ¼ 8.2 Hz, 8H), 4.03 (s, 8H), �2.71 (s, 2H).
MALDI-TOF-MS spectrum of TAPP, calcd for C44H34N8: 674.3122;
Found: 674.3034.

2.2. Synthesis of PPOPs

A Pyrex tube (12 mL) was charged with TAPP (200 mg, 0.26 mmol),
4,40-biphenyldicarbaldehyde (55 mg, 0.52 mmol),1,2-dichlorobenzene
(4 mL), n-butanol (4 mL) and 6 M aqueous acetic acid (0.5 mL). After
sonication for 15 min, the tube was frozen under liquid nitrogen bath,
evacuated and flame sealed. The reaction mixture was then heated at
120 �C for 72 h to afford a reddish-brown precipitate, which was then
purified through Soxhlet extraction using anhydrous THF with solvent
(yield 75%).

2.3. Synthesis of Co-PPOPs

A solution of CoCl2⋅6H2O (200 mg 0.84 mmol) in N-Methyl pyrroli-
done (NMP) (15 mL) was added to a glass flask containing PPOPs (100
mg). After stirring at 80 �C for 48 h, the solution was filtered and the
obtained solid was washed repeatedly with dichloromethane (50mL� 3)
and chloroform (50mL� 3), respectively. The product was recrystallized
from methanol and then dried under vacuum to afford Co-PPOPs as a
black solid (yield 90%).

2.4. Catalytic test

The catalytic performances of Co-PPOPs were evaluated using various
substrates, such as styrene oxide, 2-(chloromethyl) oxirane, 2-(bromo-
methyl) oxirane and so on. Using styrene oxide as a representative sub-
strate, the catalytic reaction was carried out at room temperature in a 25
mL Schlenk flask. In general, a mixture of tetrabutyl ammonium bromide
(TBAB, 0.58 g, 1.8 mmol), Co-PPOPs (20 mg) and styrene oxide (3.00 g,
25 mmol) was successively added to the flask. CO2 at atmospheric
pressure was then injected through a gas bag. After stirring at room
temperature for 48 h, the reaction mixture was centrifuged and the
insoluble solid were washed with methanol and dichloromethane for
several times. The product yield was determined by gas chromatography
(GC) using chlorobenzene as an internal standard. Further purification of
the crude product was carried out by silica gel column chromatography
to obtain the pure styrene carbonate for NMR characterization.



Fig. 1. SEM images of (a) PPOPs, (b) Co-PPOPs, and TEM images of (c) PPOPs, (d) Co-PPOPs.

Fig. 2. The UV–vis absorption spectrum of Co-PPOPs (black), PPOPs (blue) and
TAPP (red), dispersed in DMSO. (For interpretation of the references to colour in
this figure legend, the reader is referred to the Web version of this article.)
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3. Results and discussion

3.1. Structural and morphological characterization

The synthetic routes of Co-PPOPs were outlined in Scheme 1. Under
solvothermal conditions, TAPP was reacted with BDA to afford PPOPs,
which was then coordinated with CoCl2⋅6H2O to afford Co-PPOP with
high yield. Both of PPOPs and Co-PPOPs were insoluble in water and
common organic solvents, such as methanol, dichloromethane, petro-
leum ether, tetrahydrofuran, and N, N-dimethylformamide. The X-ray
powder diffraction (XRD) patterns of Co-PPOPs exhibited a broad
diffraction peak centered around 22� (Fig. S1), revealing the amorphous
nature of porous structure. The functional groups of Co-PPOPs and PPOPs
were confirmed by FT-IR spectra. As shown in Fig. S2, both of Co-PPOPs
and PPOPs exhibited the apparent peak at 1602 cm�1, which could be
ascribed to the characteristic C––N stretching. Moreover, the –CHO
3

stretching bands (1688 cm�1) of BDA disappeared in Co-PPOPs, indi-
cating the success of ketenimine condensation.

The thermal behavior of PPOPs and Co-PPOPs was studied by ther-
mogravimetric analysis (TGA) under continuous flow of nitrogen gas. As
shown in Fig. S3, PPOPs and Co-PPOPs displayed the high thermal sta-
bility with the decomposition temperature up to 300 �C. The morphology
and porosity of PPOPs and Co-PPOPs were characterized through scan-
ning electron microscope (SEM) and transmission electron microscope
(TEM). Fig. 1a and Fig. 1b showed the SEM images of PPOPs and Co-
PPOPs respectively, giving direct evidence for the presence of porous
structures due to their highly crosslinked backbones. The TEM images of
PPOPs and Co-PPOPs exhibited the typical lamellar structure with reg-
ular shape as indicated in Fig. 1c and d. Moreover, the UV–vis spectrum
of both TAPP and Co-PPOPs exhibited characteristic Soret peak (425 nm)
and Q bands (500–700 nm), indicating the presence of porphyrin ring.
Comparing with that of TAPP, the Soret peak of Co-PPOPs and PPOPs
redshifted to some extent, probably ascribed to the increase of conjuga-
tion in porous organic polymer (Fig. 2).

The chemical composition of PPOPs and Co-PPOPs was characterized
by X-ray photoelectron spectroscopy (XPS). The elementary composition
of PPOPs was confirmed by XPS spectrum (Fig. S4), from which the
content of C and N was calculated to be 81.56% and 9.87%, respectively.
These values were consistent with that of theoretical values (C, 85.27%;
N, 10.29%) of PPOPs. The high-resolution N1s XPS spectrum of Co-
PPOPs showed two peaks at 399.3, 398.9 eV and 400.4 eV (Fig. 3),
assigned to pyridinic nitrogen and free amine (–C––N), respectively.
Compared with the XPS of PPOPs (Fig. S4), the asymmetric broad peak at
780.7 eV was observed in Co-PPOPs, corresponding to the characteristic
CoN4 center [7]. Moreover, the weak peaks at 288 eV in high resolution
of C1s spectrum and 406 eV in high resolution of N 1s spectrum were
probably caused by the background signal. Energy-dispersive X-ray
spectroscopy (EDS) of Co-PPOPs also verified the presence of Co element
(Fig. 4), indicating the successful coordination of cobalt ions in the core
of PPOPs. The cobalt content of Co-PPOPs was calculated to be 0.72 wt%
through the atoms absorption spectroscopy (AAS). Thus, not all the
porphyrin macrocycle in the porous organic polymer was chelated with
cobalt. The reason for this result was probably ascribed to the poor sol-
ubility of PPOPs in the general organic solvents. Thus, the heterogeneous
reaction between PPOPs and CoCl2⋅6H2O in N-Methyl pyrrolidone



Fig. 3. XPS spectra for Co-PPOPs (a), C1s of Co-PPOPs (b), N1s of Co-PPOPs (c) and Co2p of Co-PPOPs (d).

Fig. 4. Electron image and element mapping (C, N, Co) spectra of Co-PPOPs.
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Fig. 5. N2 adsorption isotherms of PPOPs (a) and Co-PPOPs (c) at 77 K; Pore size distributions of PPOPs (b) and Co-PPOPs (d).

Table 1
Coupling of CO2 and styrene oxide catalyzed by different catalytic systema.

Entry Catalyst TBAB Yield (%)b TON

1 None None 0 –

2 Co-PPOPs None 3 313
3 None 1.8 mmol 22 –

4 PPOPs 1.8 mmol 21 2188
5 Co-PPOPs 1.8 mmol 98 10,208

a Typical reaction conditions: a reactor with a 25 mL Schlenk flask; 25 mmol
styrene oxide with 20 mg catalyst, CO2 pressure (1 atm); room temperature;
reaction time (48 h).

b Yields determined by GC using chlorobenzene as internal standard.
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(NMP) would result in the low reaction efficiency. The reaction efficiency
might be improved by prolonging the reaction time.

Nitrogen adsorption-desorption isotherms of porous organic poly-
mers were shown in Fig. 5. Both of PPOPs and Co-PPOPs displayed type I
patterns with a sharp uptake under the low relative pressure region (P/
P0 < 0.1), which were reasonably associated with the presence of mes-
opores and micropores. The Brunauer-Emmett-Teller surface area of
PPOPs and Co-PPOPs were calculated to be 226 m2/g and 39 m2/g,
Table 2
The catalytic performance for chemical conversion of CO2 into styrene carbonate cat

Entry Catalyst Active center T (�C) P

1 Co-PPOPs Co 25 0
2 HUST-1-Co Co 25 0
3 Al-iPOP-1 Al 25 0
4 COF–HNU3 Imidazolium Salt 100 2
5 2,3-DhaTph Hydroxyl 110 1
6 TBA-TBD-P Phosphonate Salt 80 0

5

respectively. The DFT fitting of the adsorption branches suggested the
pore size was mainly around 4 nm (Fig. 3c and d), which were consistent
with the shape of nitrogen adsorption isotherms and SEM analysis.
3.2. Catalytic properties

With Co-PPOPs in hand, its ability to catalyze the cycloaddition of
epoxides and CO2 to synthesize the cyclic carbonates was examined. As
shown in Table 1, Co-PPOPs showed excellent catalytic activity in the
cycloaddition of CO2 with styrene oxide (SO) under ambient conditions.
no product was detected without the addition of catalyst and TBAB
(Table 1, entry 1). The yield of styrene carbonate (SC) was only 3% when
catalyzed by bare Co-PPOPs (Table 1, entry 2), even extending the re-
action time. Besides, only 22% yield was obtained when bare TBAB was
used (Table 1, entry 3). Moreover, the yield catalyzed by PPOPs and
TBAB was also only 21% after 48 h (Table 1, entry 4), indicating the
negligible catalytic activity of Co-free PPOPs. In contrast, the yield of SC
was promoted to 98% when the combined catalysts of Co-PPOPs and
TBABwas used (Table 1, entry 5). The high catalytic activity of Co-PPOPs
was probably derived from the cooperative effect of metal center (Co)
and nucleophilic halide anion (X-) in TBAB. Compared with other
alyzed by various catalytic systems.

(MPa) Time (h) Yield (%) TON Ref.

.1 48 98 10,208 This work

.1 48 93.2 2760 [7]

.1 9 52 156 [20]
72 94 470,000 [22]
12 98 490 [35]

.1 10 69.6 214 [36]



Table 3
Synthesis of various cyclic carbonates using Co-PPOPs as catalysta.

Entry Epoxides Products Time (h) Yields (%)b TON

1 48 98 10,208

2 36 96c 10,000

3 36 97 10,104

4 36 92 9583

a Reaction conditions: epoxide (25 mmol), Co-PPOPs (20 mg), TBAB (n-Bu4NBr, 1.8 mmol), room temperature under CO2.
b Yields determined by GC using chlorobenzene as internal standard.

Fig. 6. Yield of styrene carbonate catalyzed by Co-PPOPs (a); the recyclability of Co-PPOPs (b).
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reported catalysts with different active center, Co-PPOPs exhibited a
higher catalytic efficiency in the cycloaddition of epoxides and CO2, as
shown in Table 2. Although COF–HNU3 had a higher TON value (Table 2,
entry 4), the reaction required higher temperature (100 �C) and carbon
dioxide pressure (2 MPa), and longer reaction time (72 h) [19]. The yield
of cyclic carbonate catalyzed by 2,3-DhaTph also reached 98%. However,
the reaction temperature needed to be raised above 110 �C [32]. Since
Co-PPOPs exhibited high TON and catalytic yields under ambient con-
ditions, it was superior in terms of reaction temperature, CO2 pressure
and reaction time.

Generally, a catalyst showed different activity for different substrates.
Therefore, after establishing the high catalytic activity of Co-PPOPs for
styrene carbonate formation, a variety of substrates were further evalu-
ated under room temperature. As shown in Table 3, the yield of styrene
carbonate (98%) was highest among these substrates, and the related
TON (turnover number) was calculated to be 10,208. In contrast, 1,2-
epoxyhexane displayed the lowest yield when catalyzed by Co-PPOPs.
These results indicated that the electron-withdrawing substituents in
epoxy compound could activate the cycloaddition process to some extent.
The structure of various styrene carbonates was confirmed by NMR
6

spectrum (Figs. S7–S10).
Although reaction yields at long times are useful information for

synthetic purposes, to assess the utility of the catalyst, it is best to gather
kinetic profiles for the reactions. To this end, the kinetic experiments
were performed for the cycloaddition of styrene with CO2, as shown in
Fig. 6a. The kinetic profiles revealed the high reaction rate at the early
stage, with initial TOF (turnover frequency) about 121.5 h�1. After 48 h,
the yield of styrene carbonate reached 98%, and no appreciable change
in the yield of the product was found with the extension of reaction time.
Considering the heterogeneous nature of the synthesized polymeric
catalysts, the recyclability and reusability of Co-PPOPS were assessed by
performing styrene/CO2 cycloaddition under ambient conditions. After
each run, the insoluble catalyst can be easily recovered by simply
washing and drying, and reused directly for the next cycle. As shown in
Fig. 6b, Co-PPOPs can be recycled for at least five successive times
without any significant decrease in catalytic activity, and the yield of
product remained over 98% during each cycle, indicating the good
recycling performance. After three times recycle, the EDS and XPS
spectrum of recovered Co-PPOPs were measured. As shown in Fig. S5 and
Fig. S6, no obvious variation of chemical composition was found before
and after the catalyst was used, indicating the high stability of Co-PPOPs.

Based on the previous reports on the catalytic formation of carbonates
from CO2 [35–38], a tentative mechanism of Co-PPOPs was demon-
strated. As shown in Scheme 2, the high activity of the catalyst was
probably derived from the cooperative effect of Lewis acid metal center
(Co) and porous reticular structure of Co-PPOPs. Specifically, the oxygen
atom of the epoxide firstly combined with the metal center of Co-PPOPs
through electrostatic interaction to form the Co–O bond. The



Scheme 2. Proposed reaction mechanism for the synthesis of cyclic carbon
dioxide and epoxide with Co-PPOPs as a catalyst.
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nucleophilic addition reaction then occurred via halogen (Br) attack,
resulting in the ring opening of substrate. Subsequently, the enriched CO2
around the cobalt center inserted quickly into the Co–O bond of opened
epoxy to form an intermediate. With the departure of halogen and the
desorption of the intermediate from Co-PPOPs, the corresponding cyclic
carbonate was obtained. Meanwhile, the catalyst was recovered and
could work in the next cycle.

4. Conclusions

In summary, a metalloporphyrin-based porous organic polymer (Co-
PPOPs) was prepared through Schiff base reaction, followed by the
incorporation of Co ion. Co-PPOPs exhibited high catalytic efficiency for
the cycloaddition of various epoxides with CO2. The TON value for the
synthesis of styrene carbonate was as high as 10,208 at room temperature
and atmospheric pressure. The high catalytic activity was probably
derived from the cooperative effect of Lewis acid metal center (Co) and
porous reticular structure of Co-PPOPs. More importantly, Co-PPOPS can
be recycled for at least five successive times without any significant
decrease in catalytic activity, and the yield of product remained over 98%
during each cycle, indicating the good recycling performance. These
results could inspire more environmentally catalysts for fixation of car-
bon dioxide to yield valuable products at ambient conditions.
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