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Abstract: Combination of capture and simultaneous conversion of CO, into valuable chemicals is a
fascinating strategy for reducing CO, emissions. Therefore, searching for heterogeneous catalysts
for efficient catalytic conversion of CO; is of great importance for carbon capture and utilization.
Herein, we report a metalloporphyrin-based covalent organic framework (Co(II)@TA-TF COF)
that can capture CO, and simultaneously convert it into cyclic carbonates under mild conditions.
The COF was designed to possess micropores for the adsorption of CO, and integrated with cobalt(II)
porphyrin (Co(I)@TAPP) units as catalytic sites into the vertices of the layered tetragonal networks.
The structure of the Co(II)@TA-TF COF is unique where Co(I)@TAPP units are alternately stacked
along the z direction with a slipped distance of 1.7 A, which gives an accessible space to accommodate
small molecules, making it possible to expose catalytic sites to substrates within the adjacent stacked
layers. As a result, this COF is found to be highly effective for the addition of CO, and epoxides.
Importantly, the Co(II)@TA-TF COF exhibited a dramatic size selectivity for substrates. In conjunction
with its reusability, our results highlight the development of a new function of COFs for targeting
simultaneous CO; absorption and utilization upon complementary exploration of the structural
features of skeletons and pores. Such promising catalytic performance of the COF makes it possible
for its potential practical application.

Keywords: covalent organic framework; carbon dioxide capture; cyclic carbonate; heterogeneous
catalysts; carbon dioxide conversion; size-selectivity; carbon resource

1. Introduction

In the past few decades, the wanton emission of greenhouse gases has caused many
serious environmental issues such as global warming, climate change, etc. Among all the
greenhouse gases, carbon dioxide (CO,) is recognized as the major anthropogenic green-
house gas. Therefore, CO, capture has attracted much interest in the scientific community
in order to reduce the implications for global warming. Meanwhile, CO, is the most
abundant and renewable carbon resource on the earth. It is expected that effective capture
and simultaneous conversion of CO; into valuable chemicals would definitely contribute
to the development of the low-carbon economy [1,2]. As an attractive C; building block
in organic synthesis, CO, has been converted into a variety of useable chemicals [3,4].
One of the most attractive products in this area is cyclic carbonates, which have been
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synthesized from CO, and epoxides with high atom efficiency and have been widely used
as raw materials for the production of polycarbonates, as aprotic polar solvents, and as
pharmaceutical/fine chemical intermediates [5,6].

To date, a plethora of catalysts have been developed for this transformation. In earlier
research, homogeneous organocatalysts, such as Schiff bases and organic bases [7], organic
salts [8,9], metal Salen complexes [10,11] and metalloporphyrin complexes [12,13] have
been used as effective catalysts for this reaction. However, difficult recycle of homogeneous
catalysts limits their practical application. To this end, a variety of heterogeneous catalysts
have been developed in the last ten years [14-19]. For instance, Ahmed and Sakthivel syn-
thesized a series of amine functionalized silicoaluminophosphate (SAPO-34) materials that
exhibited promising catalytic capability with high epichlorohydrin conversion (>80%) and
selectivity to cyclic carbonate (>94%) [20]. Bhin et al. [21] prepared ZIF-95 and evaluated
its catalytic performance in the addition of CO, to epoxides. Their research demonstrated
that 83.2% conversion for propylene oxide (PO) was achieved with a selectivity of >99%.
Methylated nitrogen-substituted silica SBA-15 [22], and amine incorporating organosilica
nanotubes [23] were also found to be promising catalysts for the cycloaddition of CO,
and epoxides. Moreover, a highly cross-linked microporous polymer matrix with grafted
ionic liquid was developed as promising catalyst for the reaction by Han group [24]. Vari-
ous CO,-attracting groups and catalytically active sites were later incorporated onto the
polymers to facilitate CO, adsorption and thus catalytic transformation [25-28]. Moreover,
metal oxides were also attempted for the cyclic carbonate synthesis. For example, tetraoxo-
coordinated zinc oxides were found to be highly active and the TOF can even reach up to
22,000 h~! for the reaction of 1,2-epoxyhexane with CO, at 120 °C and 3 MPa pressure [29].
In addition, metal organic frameworks (MOFs) have been shown to be highly active for
cyclic carbonate synthesis. High porosity and unsaturated metal sites of MOFs make them
ideal candidates for epoxide activation. However, poor availability and accessibility of
active sites of MOFs limit their applications [30].

Although great progress and development have been made in heterogeneous catalysts,
most of them are active only at high temperatures and high pressures. The development of
an efficient heterogeneous catalyst for synthesizing cyclic carbonates under mild reaction
conditions is of immense significance nowadays [31,32]. Thus, there is considerable inter-
est to design and synthesize a material that is capable of capturing and simultaneously
converting CO; into cyclic carbonates under mild conditions.

Covalent organic frameworks (COFs), a class of porous crystalline materials that allow
the atomically precise integration of building units into porous structure, have gained much
attention in gas storage and separation [33—40], heterogeneous catalysis [41-50], and op-
toelectronics [51,52]. COFs are entirely composed of light elements that are linked by
strong covalent bonds to make highly porous materials with predictable structures [53-55].
With these features, COFs possess not only extremely high surface areas but also extraor-
dinarily low densities, thus rendering them promising candidates for CO, adsorption
materials [56-58]. Moreover, their properties can be tailored to fulfill a specific purpose
through the choice of appropriate building units or pore surface functionalization. As such,
COFs have been employed as catalysts or catalyst supports for the cyclic carbonate synthe-
sis [59,60]. Using a bottom-up synthesis strategy, two-dimensional (2D) COF (OMe-OH-
TPBP-COF) with both hydroxyl and methoxyl groups were designed by Chen group and
exhibited good catalytic activity and efficiency for CO, cycloaddition (91% yield) under
mild conditions (40 °C, 0.1 MPa CO,) [59]. A triazine-linked COF (COF-JLU7) was also
found to be a highly effective catalyst to convert CO;, into cyclic carbonates under mild
conditions [60]. Zhang et al. introduced ionic moiety into a metalloporphyrin-based COF
through a post-synthesis strategy [61]. Although a high yield of propylene carbonate (>97%)
was achieved, a rush high-temperature and high-pressure condition (120 °C, 2.5 MPa CO5)
was required. Similarly, a zinc—porphyrin COF (COF-366-Zn) also gave good cyclic car-
bonates yield, but the reaction needs acetonitrile as solvent and the reaction condition is
still harsh (120 °C, 1.5 MPa CO,) [62]. Due to pre-designability and easy-modification,
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COFs have been used as catalyst supports for cyclic carbonate synthesis, ionic liquid [63,64]
or poly (ionic liquid)s [65], copper oxide nanoparticles [66] and ionic polymer [67] were
grafted within the frameworks of COFs that provided promising catalytic performance.
However, it is difficult to realize substrate size for such catalytic systems as reactions pro-
ceed through one-dimensional (1D) channels of COFs. Therefore, searching for a catalyst
with high selectivity of target products remains a challenge.

Herein, we fabricate a cobalt-porphyrin COF, termed Co(II)@TA-TF COF, that was
constructed based on positive-charged cobalt—porphyrin building block and negative-
charged pyrene building block. Electrostatic attraction of two different type building
blocks leads to their alternately stacked arrangement, which affords an accessible space to
accommodate small-molecular substrates for CO, cycloaddition reaction. High porosity
and Lewis acidity of cobalt-porphyrin in this material allows for strong CO, adsorption
and high efficiency in catalysis reaction. More importantly, the unique structure of the COF
also leads to high substrate-size-selective performance towards cycloaddition reactions.

2. Results and Discussion
2.1. Synthesis and Characterization of the COF

In this work, Co(II)@TA-TF COF was synthesized by solvothermal reaction of cobalt(II)
5,10,15,20-tetrakis(4-aminophenyl)porphyrin (Co(I[)@TAPP) and 1,3,6,8-tetrakis(4-formyl
phenyl)pyrene (TFPPy) (Scheme 1) in a mixture of 1,4-dioxane/mesitylene/N,N-dimethy
lacetamide (7:7:5 by volume) in the presence of 3 M acetic acid, followed by heating
at 140 °C for 3 days, which afforded a brownish solid in 85% yield (see details in the
supporting information, SI, Section S1). Although both building units bear four linker
groups, which is disadvantageous to the “error checking” and “proof-reading” processes
for the formation of COFs in principle, a crystalline Co(II)@TA-TF COF solid has still been
obtained. Elemental analysis confirmed that the C, H and N contents of the Co(I[)@TA-TF
COF were close to the theoretical values (Table S1). Fourier-transform infrared (FT-IR)
spectra showed a C=N stretching vibration band at 1620 cm~!, indicative of the formation
of imine linkages (Figure S1).

Scheme 1. Synthesis of the Co(II)@TA-TF COF.

The crystalline structure of the Co(II)@TA-TF COF was revealed by powder X-ray
diffraction (PXRD) in combination with structural simulations (Figure 1). In a general
way, a most possible eclipsed AA stacking structure (space group: Pmmm) was firstly
simulated, where Co(I)@TAPP units were stacked vertically with adjacent Co(I[)@TAPP
units along z direction, and so do TFPPy units (Figure S2). We denominate this stacking
as TA-TA + TF-TF AA structure. Based on this arrangement, a horizontal offset between
layers was also simulated, as previously reported [68]. (Figure S3). Clearly, the shoulder
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peak at 5.4° is absent in the two structures. Then, two possible staggered AB packing
models were calculated; however the simulated PXRD patterns did not match the experi-
mentally observed one (Figures 54 and S5). In this case, an alternative TA-TF AA stacking
model was imaginatively constructed and optimized. In this distinctive stacking structure,
the Co(I)@TAPP and TFPPy vertices are alternately stacked along the z direction. In other
words, a Co(II)@TAPP unit in one layer is stacked with two TFPPy units in adjacent layers
along z direction. Our simulation reveals that this TA-TF AA structure is more stable than
the TA-TA + TF-TF AA stacking model (48 kcal/mol lower), which can attribute to the
strong interaction between positive Co(II)@TAPP and negative TFPPy. A slipped TA-TF
AA structure was considered by optimizing the slipping distance Ad. The minimum (space
group: P-1) was located at Ad = 1.7 A along xy direction, the energy is further lowered
by 6 kcal/mol (Figure 1 insert, Figure S6). It is clear that the theoretical XRD pattern
matches the experimental graph very well (Figure 1). The detailed simulation analysis was
described in Section 54 in SI. Diffraction peaks at 3.6°,4.9°,5.4°,7.6°,9.7° and 11.2° were
assigned to the (001), (011), (01-1), (020), (022) and (101) facets, respectively. A unit cell
after refinement (space group: Triclinic P-1) with the parameters of 2 = 8.59 A, b = 23.09 A,
c=2589 A, « = 83.74, B =95.01° and y = 97.65° was deduced (Table S2). The interlayer
distance was calculated to be 3.8 A, which is known that it is difficult for molecules to enter
the interlayers of 7— stacking architecture, while in the special structure of Co(II)@TA-
TF COF, the alternately arrangement of Co(II)@TAPP and TFPPy units along z direction,
as well as a 1.7 A slipping along xy direction gives an accessible space for small molecules
(Figure 1b). As a result, it is possible to expose metal catalytic sites of Co(II)@TAPP to
substrates within the adjacent stacked layers.

The cobalt content in the Co(II)@TA-TF COF was measured by inductively coupled
plasma optical emission spectroscopy (ICP-OES) to be 4.2 wt%, which is less than the
theoretical value of 4.6 wt%, indicating that about 91% porphyrin units were coordinated.
X-ray photoelectron spectroscopy (XPS) was performed to determine the valence state of
loaded cobalt (Figure S7). In comparison with cobalt acetate, both the Co 2p;,, and Co
2p3/, signals for Co(II)@TAPP and the Co(II)@TA-TF COF shifted to lower energy values,
indicating the coordination of cobalt with porphyrin units. The binding energy values of
the two signals were rather close, confirming that the Co?" was not oxidized to higher
valence state during the COF synthesis process.

Thermogravimetric analysis (TGA) exhibited that the Co(II)@TA-TF COF was stable up
to 400 °C (Figure S8). The chemical stability of the Co(I)@TA-TF COF was also investigated.
The COF samples were dispersed in different solvents including THF, MeOH, water (25 °C
and 100 °C), aqueous HCl (12 M) and NaOH (14 M) solutions for 7 days. It was found that
no decomposition occurred to the Co(I)@TA-TF COF under these conditions. The samples
were subjected to PXRD measurements after washing with THF and drying under vacuum
at 120 °C for overnight. All the samples exhibited similar PXRD patterns to its pristine
Co(II)@TA-TF COF (Figure S9), indicating that the crystallinity of the COF was retained
under these harsh conditions. Such a high chemical stability of the COF could be attributed
to the aromatic imines with extended 7— conjugation structure that significantly improves
the stability of imine linkages in acidic or basic media [50,69]. Note that, although the
framework of the COF was remained, Co(II) was leached out completely after treatment
in aqueous HCI (12 M) and NaOH (14 M) solutions for 7 days. Even so, our following
catalytic reactions were carried out under mild conditions, the Co(II) did not leach out under
the reaction conditions, as detected by CP-OES. Quasi-spherical shaped particles were
observed for the Co(II)@TA-TF COF by scanning electron microscopy (SEM) (Figure S10)
and transmission electron microscopy (TEM) (Figure S11), respectively. Moreover, energy
dispersive X-ray spectroscopy (EDS) was also performed (Figure 512). It is clear that Co
was uniformly dispersed in the COF sample.
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Figure 1. (a) PXRD patterns of Co(II)TA-TF COF with the observed profiles in red, refined in black,
difference in green and calculated in blue. Insert: the TA-TF AA structure with a slipping distance of
1.7 A along xy direction, and Co(I)@TAPP and TFPPy vertices are alternately stacked along the z
direction. (b) Schematic representation of metal active sites of Co(II)@TAPP exposed in the pores of
Co(I)@TA-TF COF.

Nitrogen sorption isotherm was measured at 77 K to further investigate the porosity
of Co(I)@TA-TF COF (Figure 2a). The Brunauer-Emmett-Teller (BET) surface area of
the COF was calculated to be 1076 m? g~1. The pore size distribution was evaluated by
using the nonlocal density functional theory (NLDFT) method and yielded a pore size of
1.6 nm (Figure 2a, insert). These results suggest that Co(II)@TA-TF COF is a crystalline
material with ordered stacking of the metalloporphyrin units. The high surface area,
good stability and single type of micropores reveal that the COF could be used as catalysts
for applications.

The CO, adsorption isotherm of the Co(II)@TA-TF COF exhibited a strong adsorption
capacity of 169 mg-g~! (i.e., 16.9 wt%) at 298 K (Figure 2b). We believe that the existence
of cobalt may promote CO; harvesting in COF skeleton, because the incorporation of
unsaturated metal sites into porous materials can dramatically increase the affinity to
CO, [70,71]. It is worth mentioning that the CO, adsorption performance of the Co(Il)@TA-
TF COF is better than most of the COFs reported thus far (Table S3). These results pave
the way towards the subsequent transformation of the adsorbed CO, into cyclic carbonate
products catalyzed by the metalloporphyrin.
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Figure 2. (a) Nitrogen sorption curves of Co(II)@TA-TF COF at 77 K (filled circles for adsorption,
open circles for desorption). Insert: the pore size distribution of Co(I)@TA-TF COF and (b) CO,
uptake ability of the Co(II)@TA-TF COF at 298 K.

2.2. Catalytic Performance of Co(I[)@TA-TF COF

We employed the Co(II)@TA-TF COF for heterogeneous catalysis by taking advantage
of its Lewis acid sites of metalloporphyrins, which showed excellent catalytic activity
towards the cycloaddition of CO, and epoxides. We first investigated the effect of CO,
pressure on the COF-catalyzed reaction under solvent-free conditions. The cycloaddition
of CO; and epichlorohydrin was chosen as model reaction (Table 1). The yield of cyclic
carbonate was higher than 90% at CO, pressures in the range of 0.1-0.5 MPa and tempera-
ture of 313 K, suggesting that the Co(II)@TA-TF COF exhibited excellent catalytic activity
at low pressures (Table 1, entries 1-3). Temperature was found to play a crucial role in the
cycloaddition of CO, and epichlorohydrin at 0.1 MPa. The yield increased remarkably
with increasing temperature (Table 1, entries 1,4-7), which is in accordance with the results
reported previously [5,24,72]. Co-catalysts were reported to have an important effect on the
cycloaddition of CO, and epoxides [5,12,13]. In this work, co-catalyst tetrabutylammonium
iodine (TBAI) exhibited a little better performance than tetrabutylammonium bromide
(TBAB) and tetrabutylammonium chloride (TBAC) (Table 1, entries 1,8 and 9) because the
former has a stronger nucleophilicity than the latter (i.e., Br~ and Cl7) according to the
principle of hard and soft acids and bases. High porosity and exposed cobalt sites of the
COF may contribute to the promising catalytic performance. The catalytic performance
of Co(II)@TE-TA COF was compared with previously reported COFs and MOFs catalysts
(Table 54). Evidently, Co(II)@TF-TA COF has great advantages over other COFs and MOFs
catalysts either in catalytic performance or in reaction conditions. Thus, the following
reactions were all carried out under the conditions (0.1 MPa, 313 K, TBAI as co-catalyst).
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Table 1. Influence of various experimental conditions on cycloaddition reaction 2.
o
/& + co, Co(il@c':\—TFv COF O)k o
R -calytasis
Entry Substrate Pressure Temperature Yield P TON TOF
(MPa) (K) (%) (h™)
1 a A 0.1 313 92 460 9.6
2 AN 02 313 94 470 9.8
3 c.\/A 0.5 313 99 495 10.3
4 AN 0.1 298 25 125 26
5 C|\/A 0.1 303 60 300 6.3
6 c.\/A 0.1 323 94 470 9.8
7 c.\/A 0.1 343 99 495 10.3
8¢ c.\/A 0.1 313 83 415 8.6
9d AN 0.1 313 89 445 9.3
10¢ AN 0.1 313 76 380 79
1e AN 02 313 86 430 8.9
12¢ c|\/A 0.5 313 92 460 9.6
13 A 01 313 99 495 103
14 /A 0.1 298 92 460 9.6
15 \/\/A 0.1 313 25 125 2.6
16 e A 0.1 313 2 110 23
17 \/\/\/A 0.1 313 14 70 1.5
18 @A 0.1 313 5 25 0.52

2 Reaction conditions: Epoxide (7.5 mmol), Co(II)@TF-TA COF (32.6 mg, Co content: 0.015 mmol), co-catalyst
TBAI (1.5 x 10~ mmol), reaction time: 48 h, no additional solvent. ® Isolated yield of the product obtained after

column chromatography. ¢ TBAC was used as co-catalyst. 4 TBAB was used as co-catalyst. © Co(II)TAPP unit was
conducted as catalyst.

We also investigated the catalytic performance of the Co(II)@TAPP unit. A yield
of 76% was obtained when this building unit was used as catalyst at 0.1 MPa (Table 1,
entry 10). Obviously, the catalytic ability of the Co(II)@TA-TF COF is even superior to the
molecular counterpart Co(I)@TAPP. We reasoned that such higher catalytic activity of the
Co(II)@TA-TF COF should be mainly ascribed to the enrichment of CO, concentrations near
the Co(II) catalytic centers in the Co(II)@TA-TF COF. To support this argument, the catalytic
performance of the Co(II)@TAPP unit was tested at different CO; pressures. When the
CO; pressure was increased to 0.2 MPa, a yield of 86.0% was obtained (Table 1, entry 11).
With further increasing the pressure up to 0.5 MPa, the yield was enhanced to 92.0% (Table 1,
entry 12). This result thus proved that the strong CO, adsorption capacity of the COF led to
promotion in the catalytic performance. Based on the previous reports [5,12,13,70,71,73-75],
it can be proposed that the cycloaddition reaction is mainly catalyzed by metalloporphyrin
in conjunction with halide ions as the nucleophile [5,76]. The possible COF-based catalytic
mechanism is discussed in the SI (Figure S13). To confirm the heterogeneous nature of
the catalyst, an experiment was conducted in which the catalyst was removed after 20 h
and the reaction was allowed to continue. As expected, the reaction did not proceed at all.
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At the end of the reaction, ICP measurement of the reaction mixture filtrate showed no Co
leaching, thereby establishing the truly heterogeneous nature of the catalyst.

The catalytic performance of the Co(II)@TA-TF COF in cycloaddition of CO, with
other different epoxides under identical conditions has been examined. A higher catalytic
activity was observed for cycloaddition of PO and CO, to form propylene carbonate with a
yield of 99.0% (Table 1, entry 13). The yield of product was still high (92.0%) even when the
reaction was carried out at room temperature of 298 K under 0.1 MPa (Table 1, entry 14),
indicating that the Co(II)@TA-TF COF reported herein possessed excellent catalytic per-
formance for the PO/CO; cycloaddition reaction at the mild reaction conditions [31,77].
Surprisingly, with increasing the molecular sizes of epoxide substrates, a remarkable de-
crease in the yield of cyclic carbonate was observed, as indicated by the 25% yield of
4-butyl-1,3-dioxolan-2-one (Table 1, entry 15), 21% yield of 4-(butoxymethyl)-1,3-dioxolan-
2-one (Table 1, entry 16), 13% yield of 4-hexyl-1,3-dioxolan-2-one (Table 1, entry 17) and 4%
yield of 4-phenyl-1,3-dioxolan-2-one (Table 1, entry 18), respectively. This result is differ-
ent from the homogeneous metalloporphyrins, which generally exhibited good catalytic
performance towards various epoxide substrates with less size selectivity [5,6].

The size selectivity of COFs could be ascribed to the limited space for large-sized
epoxide molecules to interact with the active metalloporphyrin sites [77], as shown in
Figure 1b. Due to the special structure of Co(II)@TA-TF COF, the size of epoxide substrates
would be a significant factor in deciding their reaction activity and final yields. Although
such a limited space is disadvantageous to the synthesis of large-sized cyclic carbonates,
there was still a little amount of products obtained, which could be ascribed to the Co(Il)
exposed on the surface of the COFs. To verify our speculations, Raman spectra were
conducted to monitor the C=C (on pyrrole moiety) stretching vibration within metallopor-
phyrin when the Co(II)@TA-TF COF and Co(II)@TAPP were exposed to epoxide steams for
12 h under the treatment by heating before measurement. Smaller sized epichlorohydrin
and PO could interact with cobalt-porphyrin, and this caused a blue-shifting of C=C
stretching vibration originally located at 1589.5 cm~! (Figure 3a). On the contrary, larger
sized 1,2-epoxyoctane and styrene oxide could hardly contact Co(II) active sites, hence
the C=C stretching vibration was unchanged. Since there is no steric hindrance to the
interaction between the Co(I[)@TAPP unit and the epoxides, blue-shifting happened to all
epoxides when compared to the Co(II)@TAPP units (Figure 3b). FT-IR analysis was further
carried out to confirm our speculations. The samples were treated in a same way to Raman
spectra measurements. Similarly, smaller sized PO and epichlorohydrin could enter the
space between adjacent COF layers and interact with cobalt-porphyrin, and this led to the
disappearance of ring vibration of C-O-C epoxy group located at 1260 cm~! (Figure 4a,c).
However, larger sized 1,2-epoxyoctane and styrene oxide could hardly contact Co(Il) atoms,
and as a result the ring vibration of epoxy group can still be observed clearly (Figure 4e,g).
In the case of Co(I)@TAPP, the ring vibration peaks disappeared for all epoxides because
all epoxides could interact easily with Co(I)@TAPP (Figure 4b,d,fh).

The recyclability of the Co(II)@TA-TF COF catalyst was also evaluated. Excellent catalytic
activity was maintained by this catalyst for up to five cycles (Figure S14). The crystalline
structure of the COF was also found to be well preserved after each settlement (Figure S15),
which highlighted the high resistance of the catalysts to the catalytic environment.



Catalysts 2021, 11, 1133

9o0f 16

PO
4.4%X2.8X2.7A

1589.5

]
@
@
w
-

Epichlorohydrin
4.9X2.9X2.8A

1,2-Epoxyoctane
10.7X3.1X2.9A

Styrene Oxide
7.3X4.4X3.1A

o

o #
2 o
=S 9
RS
mo3
> 3
o 79
o

-

Figure 3. Raman spectra patterns of (a) Co(I)@TAPP and their epoxide complexes and (b) Co(II)@TF-TA
COF and their epoxide complexes. The dimensions of epoxides are determined using MOPAC 7.

— COF

—— Epichlarohydrin
— Epchlarahydrin@COF

a PRV
—_—— — AT
\\_), = l‘- . "’Hll / “3
— Vol L Ta A { 'f g
Propylens@COF '1\_/ W ! \ v¥
——COF 5\
Y
2000 1800 1600 1400 1200 1000 800
Wavenumbers (cm 1]
c

2000

1800

1600 1400 1200

Wavenumbers (cm ')

s

Vo Anamen
7 PR, — {
W R mlY

1000 800

™\

~ AN ARAS N
\ul"’rl'l \\‘“. L ‘\f\‘."

il X

————— L f I ‘L,'I'F
— Epaxyocmne@COF v
— COF

p r - - v - .
2000 1800 1600 1400 1200 1000 800

Wavenumbers (cm ')

g

1600 1400 1200

Wavenumbers (cm ')

— Propylene

—— TAPP

— Prapylene@TAPP

W

VA gl

1400 1200 1000 800

Wavenumbers (cm 1)

—— Emchiarahydnn - 4

— Epichlarahydrin @ TAPP - -

—— TAPP

2000 1800 1600 1400 1200 1000 800

— Styrene
— Siyrene@TAPP
— TAPP

2000 1800

1400 1200 1000 800

Wavenumbers (cm ')

Figure 4. FT-IR spectra patterns of different sized epoxides, Co(I)@TF-TA COF, Co(II)@TAPP and their epoxide complexes.
Left column: interaction information of epoxides with COF; Right column: interaction information of epoxides with TAPP.
(a-d) Disappearance of ring vibration of C-O-C epoxy group located at 1260 cm ™!, as marked by circle (The reason is due
to the interaction of small-sized epoxides with cobalt-porphyrin); (e,g) Retention of ring vibration of C-O-C epoxy group
(because large-sized epoxyoctane and styrene cannot interact with cobalt-porphyrin of COF); (f,h) Disappearance of ring

vibration of C-O-C epoxy group when interacting with TAPP.
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3. Materials and Methods
3.1. Chemicals and Materials

Tetrakis-(triphenylphosphine) palladium (0), 4-formylbenzeneboronic acid, 1,3,6,8-
tetrabromopyrene, epichlorohydrin, propylene oxide, 1,2-hexylene oxide, 1,2-epoxydecane,
styrene oxide, butyl glycidyl ether, 1,3,5-mesitylene, N,N’-dimethylacetamide, dioxide,
tetrabutylammonium iodide (TBAI) tetrabutylammonium chloride (TBAC) and tetrabuty-
lammonium bromide (TBAB) were purchased from TCI chemicals. Other chemicals were
purchased from Sinopharm Co, Shanghai, China. Carbon dioxide (99.998% purity) was
purchased from the Hainan Chemical Physics of Special Gases and used as received.

3.2. Synthesis of COF Catalyst
3.2.1. Synthesis of 5,10,15,20-Tetrakis(4-aminophenyl)porphyrin (TAPP)

TAPP was synthesized according to the reported literature [78]. Typically, 4-Nitroben
zaldehyde (22.0 g, 1.45 x 10~! mol) and acetic anhydride (24.0 mL, 2.54 x 10! mol) were
dissolved in propionic acid (600 mL). The solution was then refluxed, to which pyrrole
(10.0 mL, 1.44 x 10~! mol) was slowly added. After refluxing for 30 min, the resulting mix-
ture was cooled to give a precipitate which was collected by filtration, washed with H,O
and methanol, and dried under vacuum. The resulting powder was dissolved in pyridine
(160 mL), which was refluxed for 1 h. After cooling, the precipitate was collected by filtra-
tion and washed with acetone to give 5,10,15,20-tetrakis(4-nitrophenyl)-21H,23H-porphine
as a purple crystal in 14% yield. The product (4.13 g, 5.19 x 103 mol) was dissolved in hot
HCI (500 mL) at 70 °C, to which was added SnCl,-2H,0O (18.0 g, 7.97 x 1072 mol). The re-
sulting mixture was stirred at 70 °C for 30 min and then cooled to 0 °C. After neutralization
with aqueous NH3, the resulting gray crystalline product was collected by filtration and
dissolved in acetone. Rotary evaporation of the solution followed by drying under vacuum
yielded product as a purple crystal. Yield: 92%. 'H NMR (CDCl;, 300 MHz, ppm): & -2.7 (s,
2H), 4.0 (s, 8H), 7.1-8.0 (m, 16H), 8.9 (s, 8H). MS (FAB, m-nitrobenzyl alcohol, m/z): Calcd
for M+ 674.8; Found 675. Anal. Calcd for C44H34Ng: C, 78.31; H, 5.08; N, 16.61%. Found: C,
77.88;, H,5.29; N, 16.30%. UV-vis. (DMAC, Amax, nm): 435, 526, 573, 665.

3.2.2. Synthesis of Cobalt(Il) 5,10,15,20-Tetrakis(4-aminophenyl)porphyrin (Co(I)@TAPP)

Co(I)@TAPP was synthesized following modified procedure from reference [78].
TAPP (100 mg, 6.84 x 10~° mol) and cobalt(Il) acetate tetrahydrate (20.5 mg, 8.20 x 10~> mol)
were dissolved in DMF (20 mL), and the solution was refluxed for 5 h under argon at 130 °C.
After cooling to room temperature, the resulting precipitate was collected by filtration,
washed with deionized water (20 mL x 3), acetone (20 mL x 3), respectively, and dried
under vacuum to yield Co(II)@TAPP as a dark purple crystal. Yield: 84%. Anal. Calcd for
C112H160NgO4Co: C, 77.24; H, 9.26; N, 6.44%. Found: C, 77.89; H, 8.98; N, 6.68%. UV-vis.
(DMAC, Amax, nm): 440, 552, 599.

3.2.3. Synthesis of 1,3,6,8-Tetrakis(p-formylphenyl)pyrene (TFPPy)

TFPPy was synthesized according to modified procedure from reference [79]. A mix-
ture of 1,3,6,8-tetrabromopyrene (1.00 g, 1.93 mmol), 4-formylphenylboronic acid (1.74 g,
11.6 mmol), palladium tetrakis(triphenylphosphine) (0.12 g, 0.10 mmol, 5.2 mol%) and
potassium carbonate (2.1 g, 15 mmol) in dry dioxane (30 mL) was stirred under argon for
3 days at 85 °C. The yellow suspension reaction mixture was poured into a solution of
ice-containing concentrated hydrochloric acid. The yellow solid was filtered, and washed
with 2 M HC1 (20 mL) three times. The product was washed with acetone (10 mL x 3),
and then extracted with CHCl3 (5 x 100 mL). The solvent was removed under reduced
pressure and the resultant solid residue was recrystallized from hot CHCl; to afford TFPPy
as a bright yellow powder (0.85 g, 72%). 'H NMR (300 MHz, CDCl3, d): 10.17 (s, 4H, Ar
H), 8.18 (s, 4H, Ar H), 8.09 (d, ] = 6 Hz, 8H, Ar H), 8.05 (s, 2H, Ar H), 7.86 (d, ] = 6 Hz, 8H,
Ar H).
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3.2.4. Synthesis of Co(II)@TF-TA COF

In a typical procedure for the synthesis of Co(I[)@TF-TA COF, a mixture of Co(II)TAPP
(36.6 mg, 0.05 mmol) and TFPPy (30.9 mg, 0.05 mmol) in 1,4-dioxane/mesitylene/N,N-
dimethylacetamide (DMAc) (7:7:5 by volume, 1.9 mL) in the presence of 0.1 mL (3 M)
acetic acid in a 10 mL glass ampule vessel was degassed through three freeze-pump-thaw
cycles. The vessel was evacuated to an inner pressure of ~20 Pa, flame-sealed and heated in
isotherm oven at 140 °C for 3 days. The resulting precipitate was collected by centrifugation,
washed thoroughly with anhydrous DMAc, tetrahydrofuran (THF), and acetone. The prod-
uct was dried at 100 °C overnight under vacuum to give Co(I[)@TA-TF COF (54.3 mg) in
85% yield as a brownish solid. Elemental analysis (%) calcd. for (CggHsoNgCo)n: C (82.42),
H (4.24), N (8.74), Co (4.6); Found: C (80.90), H (4.01), N (8.14). The Co content was
measured to be 4.2 wt% by inductively coupled plasma optical emission spectroscopy
(ICP-OES).

3.3. Catalyst Characterization

Elemental analysis was performed by organic elemental analyzer (vario MACRO
cube, Elementar, Germany). Fourier transform infrared (FTIR) measurements were carried
out on a Bruker spectrophotometer (Model TENSOR27) with powder pressed KBr pellets.
Powder X-ray diffraction (PXRD) analysis was carried out on a Rigaku RINT D/Max 2500
powder diffraction system, using a Cu K« radiation (A = 1.54 A). Inductively coupled
plasma optical emission spectroscopy (ICP-OES) was conducted by ICP-OES 7300 DV
(PerkinElmer). The sample was firstly calcinated at 1000 °C in the air for 12 h to burn out
organic moieties. The residue was dissolved by aqua regia and then diluted by water for
ICP-OES testing. X-ray photoelectron spectroscopy (XPS) was recorded by ESCALAB 250Xi
equipped with Al K« radiation (1486.6 eV, 200 W) on sample powder pressed pellet. Ther-
mogravimetric analysis (TGA, STA449F3, NETZSCH, Newcastle, Germany) was performed
from room temperature to above 850 °C at a heating rate of 10 °C min~! and a N, flow
rate of 20 mL min~!. The morphology of sample was observed by a transmission electron
microscope (TEM, Tecnai G2 F30, FEI Company, operating at 120 kV) as well as a scanning
electron microscope (SEM, Netherlands QUANTA 200 FEG) equipped with a cold field
emission gun operating at 20 kV. The nitrogen physisorption experiment was conducted at
77 K on a QUADRASORSB Sl gas sorption system (Quantachrome Instruments), which was
degassed at 120 °C under vacuum before testing. The fresh sample was activated at 100 °C
for 15 h under high-vacuum conditions prior to analysis to make the pores guest-free.
The specific surface areas were calculated by the Brunauer-Emmett-Teller (BET) method.
The pore size distribution was evaluated by the nonlocal density function theory (NLDFT)
method. Nuclear magnetic resonance (NMR) spectra were recorded by a Bruker Advance
III 400 MHz NMR spectrometer (Bruker BioSpin Corporation, Fallanden, Switzerland).
CO, adsorption measurements were conducted at 77 K. Raman spectra were performed on
the Raman spectrometer (Bruker, SENTERRA) using 532 nm laser excitation.

3.4. Simulation of PXRD Patterns for Co(I1)@TA-TF COF Structures

The COF models were generated using the vertex positions from the Reticular Chem-
istry Structure Resource. The unit cell structures (e.g., cell parameters, atomic positions,
and total energies) of Co(II)@TA-TF COF were calculated using the density-functional
tight-binding method including Lennard-Jones dispersion (DFTB-D), as implemented in
the DFTB+ program package. Pawley refinement was carried out using Reflex, a software
package for crystal determination from XRD pattern. Unit cell dimension was set to the
theoretical parameters. The Pawley refinement was performed to optimize the lattice
parameters iteratively until the wR,, value converges. The pseudo-Voigt profile function
was used for whole profile fitting and Berrar-Baldinozzi function was used for asymmetry
correction during the refinement processes. Line broadening from crystallite size and lattice
strain was both considered.
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3.5. General Procedures for CO, Cycloaddition Reaction with Epoxides

A microscale round-bottom flask was pre-dried and then charged with Co(II)@TA-TF
COF (32.6 mg, containing 1.5 x 1072 mmol of Co), co-catalyst (1.5 x 10~2 mmol) and
epoxide (7.5 mmol). The flask was then equipped with a magnetic stirrer and sealed in a
50 mL Parr autoclave. The autoclave was pressurized to the appropriate pressure with CO,
and then placed in an oil bath at desired temperature. After the reaction, a small amount
of the resultant reaction mixture was removed from the autoclave for nuclear magnetic
resonance (NMR) analysis to quantitatively give the conversion of epoxide. The crude
product was filtered to get rid of COFs, and then purified by column chromatography.
The isolated yield was calculated based on the weight of the obtained product.

4. Conclusions

In summary, a novel metalloporphyrin-containing Co(I)@TA-TF COF was designed
and synthesized and this COF presented strong CO, adsorption capacity and high catalytic
performance in cycloaddition of CO, and epoxides. A high yield of cyclic carbonate
(i.e., 92% for chloropropene carbonate and 99% for propylene carbonate) was observed
under mild conditions (at 313 K and 0.1 MPa), which is superior than the most reported COF
and MOF catalytic systems. The enrichment of CO, concentration near the Co(Il) active
sites likely contributes to its enhanced catalytic performance. In the structure of Co(Il)@TA-
TF COF, positively charged Co(II)@TAPP and negatively charged TFPPy vertices are
alternately stacked along the z direction with a slipping distance of 1.7 A, which provides
an access to small-sized substrates. Therefore, a significant substrate-size-selectivity effect
was observed with Co(Il)@TA-TF COF. This approach is the first example of size-selective
catalysis observed in a two-dimensional COF, revealing its potential in practical application.
The overall recyclability of the COF with almost unchanged reactivity for five cycles
provides potential for commercially important transformation reactions.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10.3
390/ catal11091133/s1, Table S1: Elemental analysis of Co(I)@TA-TF COF, Figure S1: FTIR spectra
of Co(IN@TA-TF COF, Co(II)@TAPP, TAPP and TFPPy, Figure S2: Comparison of experimentally
observed PXRD pattern and calculated profile based on the true TA-TA + TF-TF AA eclipsed packing
structure, Figure S3: Comparison of experimentally observed PXRD pattern and calculated profile
based on the one staggered AB-stacking structure, Figure S4: Comparison of experimentally ob-
served PXRD pattern and calculated profile based on the alternative staggered AB-stacking structure,
Figure S5: Comparison of experimentally observed PXRD pattern and calculated profile based on the
true TA-TF AA stacking model, Figure S6: Comparison of experimentally observed PXRD pattern
and calculated profile based on the slipped TA-TF AA structure with a slight interlayer horizontal
offset of 1.7 A. This structure was described in the text, as shown by Figure 1, Table S2: Frac-
tional atomic coordinates for unit cell of Co(II)@TA-TF COF calculated using the density-functional
tight-binding method after performing the Pawley refinement, Figure S7: XPS results (Co 2p) for
Co(OAc);, Co(II)@TAPP and Co(II)@TA-TF COF, Figure S8: TGA curve of Co(II)@TA-TF COF under
Ny, Figure S9: PXRD patterns of Co(I)@TA-TF COF after treatment for one week at different con-
ditions, Figure S10: SEM images of Co(I)@TA-TF COF, Figure S11: TEM images of Co(I)@TA-TF
COF, Figure 512: EDS of Co(II)@TA-TF COF, Table S3: Comparison of CO, uptake ability of various
COFs at 298 K, Table S4: Comparison of catalytic performance of Co(II)@TA-TF COF with previously
reported COFs and MOFs, Figure S13: Scheme of possible catalytic mechanism for the reaction of
epoxide and CO; into cyclic carbonate catalyzed by Co(II)@TA-TF COF, Figure S14: Recyclability
test of the Co(II)@TA-TF COF as catalyst for the cycloaddition reaction, Figure S15: PXRD patterns
of the Co(II)@TA-TF COF before and after the recycling test. Epichlorohydrin was selected as a
model substrate for this reaction, and all of the other experimental parameters were identical to those
presented in Table 1 in the body text.
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