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Ultrathin two-dimensional metal-organic framework nanosheets have emerged as a promising kind
of heterogeneous catalysts. Herein, we report a new kind of 2D porphyrinic metal-organic frame-
work nanosheets of Rh2-PCN-222, which was prepared from the self-assembly of the metallopor-
phyrin ligand Rh(TCPP)(DCB) (TCPP = 5,10,15,20-tetrakis(4-methoxycarbonylphenyl)porphyrin; DCB = 3,4-
dichlorobenzene) and ZrCl, in the presence of two kinds of monocarboxylic acids as the modulating
reagent. The thickness of Rh2-PCN-222 nanosheets was characterized by atomic force microscopy (AFM)
and determined to be 5.4-9.6 nm. It was found that the axial aryl dichlorophenyl substituent, which con-
trolled the anisotropic growth of MOFs, was essential for the formation of nanosheets. Catalytic results
showed that Rh2-PCN-222 nanosheets were efficient for CO, transformation.

© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

As a new class of materials with ultrathin thickness, large sur-
face area, highly accessible active sites and rich options for metal
ions and organic ligands, two-dimensional (2D) metal-organic
framework (MOF) nanosheets have fascinated researchers in their
synthesis strategies and applications in separation, catalysis, sens-
ing, electronic devices, etc. [1-5]. Particularly in the field of hetero-
geneous catalysis, 2D MOF nanosheets display high catalytic per-
formances due to the exposed active sites on the external surfaces,
which can well interact with the substrates and then efficiently
promote the catalytic reactions without diffusion constraints [6-9].
Nevertheless, the synthesis of 2D MOFs still remains a great chal-
lenge, requiring the selective growth of MOF crystals in the lateral
directions rather than along the vertical direction [10-18].

Being one of the most frequently found species in nature, por-
phyrins have been used as linkers, giving rise to porphyrinic metal-
organic frameworks (PMOFs) [19-23]. Porphyrins can accommo-
date various elements in the periodic table, ranging from transi-
tion metals to main group elements, and therefore, the catalytic
functionalities of PMOFs can be easily realized by modulating the
central atoms within the porphyrin macrocycles [24-26]. Up to
now, many 3D crystalline PMOFs with different topological struc-
tures have been studied [27-41]. However, due to the rigid and ro-
bust features of porphyrin-based ligands, it is of high challenge for
their anisotropic growth to generate 2D PMOFs, and especially the
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non-layer structured 2D PMOF nanosheets, which are reported to
be synthesized by a series of bottom-up methods, including inter-
facial synthesis [42,43], layer-by-layer growth [44-46], surfactant-
assisted synthesis [47-54] and modulated synthesis [55-58]. Re-
cently, our group has developed a new ligand mismatch method,
in which the formation of 2D MOF sheets is controlled by the lig-
and’s mismatch, giving rise to anisotropic growth [59].

Herein, we report the preparation of a new 2D Rh-porphyrin
metal-organic framework nanosheet, which is denoted as
Rh2-PCN-222, through the self-assembly of the metallopor-
phyrin  ligand  Rh(TCPP)(DCB)  (TCPP=5,10,15,20-tetrakis(4-
methoxycarbonylphenyl)porphyrin; DCB = 3,4-dichlorobenzene)
and ZrCly in the presence of two kinds of monocarboxylic acids
as the modulating reagent. The selection of the porphyrin ligand
Rh(TMCPP)(DCB) with axial dichlorophenyl substituent is crucial
for the synthesis of 2D porphyrinic MOF nanosheets of Rh2-PCN-
222 with csq topology. The axial substituent restricts the growth
of MOFs in one of three dimensions due to the large steric hin-
drance. The 2D Rh2-PCN-222 nanosheets display excellent thermal
and chemical stability, and the framework and crystallinity of
Rh2-PCN-222 nanosheets remain well upon combination with
metal nanoparticles by the in situ formation. Catalytic results
showed that it behaved as an efficient heterogeneous catalyst for
the chemical fixation of CO, into cyclic carbonates under mild
conditions (Fig. 1).

5,10,15,20-Tetrakis(4-methoxycarbonyl phenyl)porphyrin rhod-
ium (IlI) 3,4-dichlorobenzene (Rh(TMCPP)(DCB)) was synthesi-
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Fig. 1. Schematic illustration of the structure and catalytic behavior of Rh2-PCN-
222.

zed by the reaction of 5,10,15,20-tetrakis(4-methoxycarbony-
Iphenyl)porphyrin (TMCPP) and [Rh(COD)Cl], in the molar ratio
of 1:1.3 and in 1,2,4-trichlorobenzene at 196-200°C for 72 h
(Fig. 2a and Scheme S1 in Supporting information). It is noted
that in addition to the major product of Rh(TMCPP)(DCB) (~39%
yield), the minor product of Rh(TMCPP)Cl (~7% yield) was also
generated. The structure of Rh(TMCPP)(DCB) with an unsaturated
five-coordination mode of the Rh center has been confirmed by
the X-ray single crystallography (CCDC: 2168326) (Fig. 2b). The
crystal structure refinement data and selected bond angles and
distances are listed in Tables S1 and S2 (Supporting information),
respectively. Afterwards, the hydrolysis of Rh(TMCPP)(DCB) in KOH
solution afforded 5,10,15,20-tetrakis(4-carboxyphenyl)porphyrin
rhodium(IIl) 3,4-dichlorobenzene (Rh(TCPP)(DCB)).

(a) CO,CHj

[Rh(COD)Cl],
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A plausible formation mechanism was proposed (Fig. 2c).
Firstly, [Rh(COD)Cl], reacted with TMCPP to yield Rh(TMCPP)CI,
which then reacted with water contaminated in the solvent of
1,2,4-trichlorobenzene at 196-200 °C to generate Rh(TMCPP)OH
[60-64]. During the proposed process, HCl should be generated,
whose formation was confirmed via examination of the pH (~2)
of the evolved gas from the reaction flask (Figs. S1 and S2 in
Supporting information). Rh(TMCPP)OH then rapidly converted to
[Rh(TMCPP)], and H,0,. Considering that the bond dissociation
energy of Ar-Cl bond (95 kcal/mol) [65] is lower than the Ar-H
bond (113 kcal/mol) [66], [Rh(TMCPP)], preferred to cleave the
C-Cl bond of 1,2,4-trichlorobenzene to give Rh(TMCPP)(DCB) and
Rh(TMCPP)CI [67-69].

The X-ray photoelectron spectroscopy (XPS) analyses showed
that the valence of the central Rh atom in Rh(TCPP)(DCB) was
in the range of +2~+3, whose binding energies were located at
309.44 and 309.70 eV for Rh 3ds/, and 314.04 and 314.65 eV for Rh
3d;, (Fig. S3a in Supporting information). It was different from the
typical +3 charge in Rh(TCPP)Cl, which might be due to the lower
electronegativity of C (2.55) than Cl (3.16) and thus endowed the
Rh-C bond with covalent character. The XPS analyses further dis-
closed that there were no Rh-Cl bonds in Rh(TCPP)(DCB), because
Cl 2pyj; and Cl 2p3;; in Rh(TCPP)(DCB) were shifted to a higher
binding energy by about 2.6 eV compared to Rh(TCPP)CI (Figs. S3b-
d in Supporting information), which was consistent with the liter-
ature reports [70-73].

The existence of the axial dichlorophenyl substituent was fur-
ther confirmed by the ATR-IR spectra (Fig. S4 in Supporting infor-
mation). Compared to Rh(TCPP)Cl, a new absorption peak around
1455 cm~! appeared in the ATR-IR spectrum of Rh(TCPP)(DCB),
which was assigned to the C-H bending vibration of 1,2,4-
trichlorobenzene [74].

UV-vis absorption spectra were further examined (Fig. S5 and
Table S3 in Supporting information). Rh(TCPP)(DCB) displayed sig-
nificant Q-band absorption at 526.5 nm and a weak absorption
peak at 561.5 nm. The Soret and Q bands of Rh(TCPP)(DCB) ap-
peared blue-shifted compared to Rh(TCPP)Cl, that is from 419 nm

H3CO,C O O CO,CH3

1,2,4-trichlorobenzene

196-200 °C
CO,CH;3
TMCPP Rh(TMCPP)(DCB)
(b) (c) TMCPP H,0
4 [Rh(COD)CI], ;—Rh(TMCPP)Cl %[Rh(TMCPPHOH
f’}”"‘ » HCI
H,0,
[Rh(TMCPP)] - [Rh(TMCPP)],

r (:IQO
dl

Cl

Fig 2. The synthesis (a), crystal structure (b) and possible formation mechanism (c) of Rh(TMCPP)(DCB).
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Fig. 3. SEM (a, b), TEM (c), TEM-EDX elemental mapping (d), AFM (e), the Tyndall effect image (f), PXRD patterns (g) and the simulated crystal structure (h) of Rh2-PCN-222.

to 414 nm and from 531 nm to 527 nm, respectively. The UV-vis
absorption spectra of Rh(TCPP)(DCB) film and Rh(TCPP)CI film were
also examined (Fig. S5¢ and Table S4 in Supporting information).
The metalloporphyrin film was prepared by a simple solution-
processing quasi-Langmuir-Shafer (QLS) method [75]. It could be
found that the Soret and Q bands of Rh(TCPP)(DCB) film also dis-
played blue shift compared to Rh(TCPP)CI film. This indicated that
Rh(TCPP)(DCB) was more inclined to H aggregation and face-to-
face - interaction among tetrapyrrole rings (Fig. S6 in Support-
ing information) [76,77].

The self-assembly of Rh(TCPP)(DCB) and ZrCl, in the presence
of acetic acid and benzoic acid at 120°C for 24 h gave rise to 2D
Rh2-PCN-222 nanosheets. The morphology and structure of Rh2-
PCN-222 were investigated by various characterization techniques.
The scanning electron microscope (SEM) and transmission electron
microscopy (TEM) images disclosed that the inner core of Rh2-
PCN-222 was of the rod-like morphology whereas the outer was
covered with nanosheets (Figs. 3a-c). It was noted that when the
reaction mixture was heated for 6 h, uniform nanosheets were
formed (Figs. S7a-c in Supporting information). Prolonging the re-
action time to 12 h and then 24 h, the inner nanosheets gradually
aggregated into rods but the outer nanosheets remained (Figs. S7d-
f in Supporting information).

Energy dispersive X-ray spectroscopy (EDS) revealed that Cl, Rh
and Zr elements existed in Rh2-PCN-222 and the atomic ratio of
Cl:Rh was around 2:1 (Fig. 3d, Figs. S8 and S9 and Table S5 in Sup-
porting information). The thickness of Rh2-PCN-222 nanosheets
was characterized by atomic force microscopy (AFM) and deter-
mined to be 5.4-9.6 nm (Fig. 3e). The suspension of Rh2-PCN-222
in ethanol showed the typical Tyndall effect when a green laser
passes through it, indicative of the colloidal structures (Fig. 3f).

Then, the structure of Rh2-PCN-222 was confirmed by the
powder X-ray different (PXRD) patterns, which fit well with the
simulated patterns from the reported crystal structures of PCN-
222 (Figs. 3g and h) [78]. The weak diffraction intensity of peak
was ascribed to the nature of two-dimension nanosheets, which
was similar to other 2D-MOF materials. The surface area and
porosity of Rh2-PCN-222 were evaluated using N, adsorption-
desorption isotherms at 77 K (Fig. S10 in Supporting information).
The type I isotherms indicated the microporosity of the structure.
The Brunauer-Emmett-Teller (BET) surface areas of Rh2-PCN-222
were calculated to be 1342 m?/g. The XPS spectra of Rh2-PCN-222
showed that the valence of Rh atoms was in the range of +2~+3,
and the ratio of Rh2* and Rh3* was calculated to be 65:35 (Fig. S11
in Supporting information). In addition, there was no Rh-Cl bond.

Rh2-PCN-222 exhibited good thermal stability and could be
stable up to 347°C as suggested by the thermal gravimetric (TG)
analysis (Fig. S12 in Supporting information). The thermal stability
of Rh2-PCN-222 was further explored by the variable temperature
VT-PXRD measurement, which suggested that the crystallinity
of its framework could be maintained up to 300°C (Fig. S13 in
Supporting information). In addition, Rh2-PCN-222 possessed
good chemical stability. After the samples were soaked in organic
solvents such as acetone, dichloromethane (DCM), methanol,
acetonitrile (MeCN) and ethyl acetate for one week, the PXRD
patterns remained (Fig. S14 in Supporting information). Upon
digestion, the 'TH NMR spectroscopy of the dissolved Rh2-PCN-222
was consistent with the ligand Rh(TCPP)(DCB) before MOF syn-
thesis, suggesting that Rh(TCPP)(DCB) was stable during the MOF
synthesis (Fig. S15 in Supporting information).

The formation mechanism of Rh2-PCN-222 nanosheets was
studied, which was mainly influenced by two aspects. On one
hand, the design of Rh(TCPP)(DCB) was inspired by the surfactant-
assisted synthetic method (Fig. 4). The axial dichlorophenyl sub-
stituent displayed similar effects to surfactants such as PVP, which
could selectively cap the top faces of the MOFs, prevent the crys-
tals from growing along the axial direction due to the steric
hindrance and then lead to the formation of ultrathin MOF
nanosheets. For comparison, the self-assembly of Rh(TCPP)Cl and
ZrCly could only give rise to rod-shaped crystals (that is named
after Rh1-PCN-222) instead of nanosheets (Fig. S16 in Supporting
information).

On the other hand, modulators are also widely used in the syn-
thesis of MOFs. During the synthesis, the metal nodes first react
with modulators at the nucleation stage and then MOF crystals
form by the exchange of the modulators with the organic ligands.
In this work, Rh2-PCN-222 nanosheets could not be obtained by
using a single monocarboxylic acid (e.g., formic acid, acetic acid
and trifluoroacetic acid) as the modulator (Fig. S17 in Supporting
information). When benzoic acid was used as the sole modulator,
no crystal could be formed at all. To our delight, the desired Rh2-
PCN-222 nanosheets were obtained using acetic acid and benzoic
acid as the double modulator (Figs. 3a-c). However, when other
couples of monocarboxylic acids such as benzoic acid/formic acid
and benzoic acid/trifluoroacetic acid were employed as the modu-
lators, 3D rod-shaped MOF were produced instead (Fig. S18 in Sup-
porting information).

The MOF composites Ag/Rh2-PCN-222, Au/Rh2-PCN-222 and
Pd/Rh2-PCN-222 were prepared by the in situ formation of metal
nanoparticles (M NPs) at the surface of Rh2-PCN-222, which
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Fig. 4. The syntheses and structures of Rh1-PCN-222 and Rh2-PCN-222.
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Fig. 5. SEM (a), TEM (b), TEM-EDX elemental mapping (c), image of the as-
synthesized Ag/Rh2-PCN-222.

were accomplished by the solvothermal reaction of Rh2-PCN-222
and metal salts of AgNOs3, HAuCl; and Na,PdCl,, respectively,
with polyvinyl pyrrolidone (PVP) in DMF at 125°C for 30 min.
SEM and TEM images showed that metal nanoparticles were
uniformly dispersed on the surface of Rh2-PCN-222 (Figs. 5a and
b, Fig. S19 in Supporting information). Meanwhile, the TEM-EDX
elemental mapping images demonstrated the presence and uni-
form distribution of all of the elements in the composites of M
NPs/Rh2-PCN-222 (Fig. 5¢ and Fig. S20 in Supporting information).
The PXRD patterns of M NPs/Rh2-PCN-222 matched with those
of Rh2-PCN-222, indicating that the framework and crystallinity
of Rh2-PCN-222 remained upon the combination with metal
nanoparticles (Fig. S21 in Supporting information). The metallic
species with zero charge were clearly identified. As shown in the
XPS spectra of Ag/Rh2-PCN-222, the binding energies at 368.15
and 374.15 eV were assignable to the 3ds;, and 3ds, levels of
Ag(0), respectively (Fig. S22 in Supporting information). It is
noted that the Ag NPs on Rh2-PCN-222 were more stable than
on Rh1-PCN-222, indicating that the folded nanosheets provided
better support to load metal nanoparticles (Fig. S23 in Supporting
information).

Rh2-PCN-222 displayed good CO, adsorption capability, and the
amounts of CO, were 23.8 and 42.1 cm3/g at 1 bar at 273 and
298 K, respectively (Fig. S24a in Supporting information) [79]. The
corresponding isosteric adsorption enthalpy (Qst) value was 24.86

(o]
O -PCN-
/\ + co, Rh2-PCN-222 o .
R "BuyNBr R/‘\/
(¢] (¢]
O’/< (o] 5 o)

75%

e AP

79% 68%

Scheme 1. Cycloaddition reactions of different substituted epoxides and CO, pro-
moted by Rh2-PCN-222. Reaction conditions: epoxide (1 mmol), catalyst (0.0058
mmol), "BuyNBr (0.002 mmol), at 100 °C, under 1 bar CO,, 24 h. The yield is deter-
mined by "H NMR of the crude residue.

k]/mol at zero coverage by the virial fitting method (Fig. S24b
in Supporting information) [80], which was competent to the re-
ported porphyrinic MOFs such as 2D MOF-NS-Co (22.1 kJ/mol) [58],
PCN-601 (21.7 kJ/mol) [81], indicating that Rh2-PCN-222 exhibited
strong affinity towards CO, and the higher CO,-philicity would be
crucial for the catalytic conversion of CO,. It was noted that the Qs
values of CO, remained approximately constant as the CO, loading
increased, indicating that adsorption sites for CO, on Rh2-PCN-222
were of uniform distribution [82].

The good CO, adsorption uptakes of Rh2-PCN-222 promoted us
to investigate its catalytic performance of the cycloaddition of CO,
with epoxides for the efficient formation of cyclic carbonates un-
der mild conditions. The reaction of 2-(phenoxymethyl)oxirane and
CO, was chosen as the model reaction. Rh2-PCN-222 was an effi-
cient catalyst for the cycloaddition reaction with up to 88% con-
version of epoxide to 4-phenoxymethyl-1,3-dioxolan-2-one under
1 bar and 100°C for 24 h. The high catalytic performances could
be kept when using different batches of as-synthesized Rh2-PCN-
222 (Table S6 in Supporting information). For comparison, PCN-
222 built with metal-free porphyrin ligand displayed 37% yield
under similar reaction conditions. In the absence of any catalyst,
the conversion decreased significantly to only 29%. Therefore, the
rhodium-porphyrin was the catalytic site.

The catalytic reactions of CO, and epoxides containing
other functional groups were also carried out, including 2-
phenyloxirane,  2-(butoxymethyl)oxirane, oxiran-2-ylmethanol
and 2-(chloromethyl)oxirane. These catalytic reactions proceeded
smoothly and gave rise the corresponding cyclic carbonates with
yields of 66%-88% with larger than 99% selectivity (Scheme 1).
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The high thermal and chemical stability of Rh2-PCN-222 helped
it to behave as a robust and truly heterogeneous catalyst. After
the catalytic reaction, the crystalline catalyst samples were isolated
from the reaction mixture by centrifugation and reused for 3 times
without significant loss of activity (Fig. S25 in Supporting informa-
tion). Before each run, the Rh2-PCN-222 catalyst was washed with
dichloromethane to remove the absorbed organic compounds on
the exterior surfaces. During the three reaction runs, the yield of
the cyclic carbonate product remained around 88%. The PXRD pat-
terns of the recycled Rh2-PCN-222 nanosheets were retained after
catalysis (Fig. S26 in Supporting information). Analysis of the fil-
trate after catalytic reactions by inductively coupled plasma-atomic
emission spectrometry (ICP-AES) indicated that the amounts of Rh
and Zr leaching into the reaction solution were 0.23% and 0.86%,
respectively. In addition, after catalytic reaction, Rh2-PCN-222 was
recycled and dissolved in (CD3),SO. The TH NMR spectrum showed
that the axial aryl substituent (DCB) was present in the recycled
Rh2-PCN-222 sample after catalysis (Fig. S27 in Supporting infor-
mation).

In summary, through C-Cl bond dissociation, a new metallopor-
phyrin ligand Rh(TCPP)(DCB) with the dichlorophenyl substituent
in the axial position was prepared. Self-assembly of Rh(TCPP)(DCB)
and ZrCl, in the presence of a double modulating agent led to the
formation of 2D Rh2-PCN-222 nanosheets. This newly developed
synthesis protocol of 2D MOFs can avoid the uses of the surfac-
tant molecules, which might block the active sites. The prepared
2D Rh2-PCN-222 nanosheets displayed good CO, adsorption capa-
bility and behaved as an efficient heterogeneous catalyst towards
CO, transformations. Further work about the design and catalytic
applications of the 2D porphyrinic MOFs are in process.
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