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Two rare indium-based porous metal–metalloporphyrin
frameworks exhibiting interesting CO2 uptake†

Wen-Yang Gao,‡a Zhuxiu Zhang,‡a Lindsay Cash,a Lukasz Wojtas,a Yu-Sheng Chenb

and Shengqian Ma*a
Two rare indium-based porous metal–metalloporphyrin frame-

works (MMPFs), MMPF-7 and MMPF-8, were constructed by

self-assembly of In(III) and two custom-designed porphyrin–

tetracarboxylate ligands. MMPF-7 and MMPF-8 possess the pts

topology and exhibit interesting CO2 adsorption properties.

Metal–organic frameworks (MOFs)1 have been intensively
developed as a promising new type of functional porous
materials over the past two decades. The features of their
designability of structures, tunability of pore sizes and
modularity of properties,2 by virtue of crystal engineering
strategies3 as well as their unprecedented permanent porosity
afford them great potential for applications in gas storage,4

gas separation,5 heterocatalysis,6 sensors7 and other areas.8

In addition, under the concept of “reticular synthesis”,9 the
properties of prototypal MOF platforms could be targeted via
versatile functionalization or the custom-design of organic
linkers, e.g. metallosalen ligands,10 metalloporphyrin-based
ligands.11,12

Metal–metalloporphyrin frameworks (MMPFs), as one
expanding branch of MOFs recently demonstrated by our
group11 and several other groups,12 have been explored as
candidates for a promising platform for the aforementioned
applications, particularly towards biomimetic catalysis,11e,13

light harvesting14 and gas storage.15 Among the various
metalloporphyrins, In–metallated porphyrins are known as
anion carriers for ion-selective electrodes based on polymeric
membranes.16 However, it occurred to us that indium-based
MMPFs still remain underexplored. In this contribution, we
report two rare indium-based porous MMPFs, dubbed
MMPF-7 and MMPF-8, which are based upon 5,10,15,20-
tetrakis(4-carboxyphenyl)porphyrin (tcpp) and 5,10,15,20-
tetrakis(4-carboxybiphenyl)porphyrin (tcbpp), respectively
(Scheme 1).

Dark red block crystals of MMPF-7 and MMPF-8 were
harvested by reacting In(NO3)2·xH2O with the tcpp ligand and
tcbpp ligand, respectively, in N,N-dimethylformamide (DMF)
under solvothermal conditions for 48 hours (see ESI†).
Single-crystal X-ray crystallographic analysis revealed that
MMPF-7 crystallizes in the space group of C2/c.§ The asym-
metric unit (Fig. 1a) of MMPF-7 contains one tcpp ligand and
two In(III) cations, one of which resides in the porphyrin ring
center of the tcpp ligand. The other In(III) ion is eight-
coordinate via chelation in a bidentate manner with four car-
boxylate groups from four different tcpp ligands. Every
indium–metallated tcpp ligand connects with four In(III) ions
to form an overall three-dimensional (3D) structure for
MMPF-7 (Fig. 1b and c). Due to the strong π–π interactions
among the porphyrin macrocycles (the distance between
every two porphyrin rings is ∼4.2 Å), three-fold
s(4-carboxyphenyl)porphyrin ligand

nyl)porphyrin (tcbpp, right) ligand.
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Fig. 1 (a) The asymmetric unit in MMPF-7; (b) the non-interpenetrating structure

from the a direction; (c) the non-interpenetrating structure from the b direction; (d)

the three-fold interpenetrating structure of MMPF-7.
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interpenetration is observed in the structure of MMPF-7
(Fig. 1d). Single-crystal X-ray crystallographic studies
conducted using synchrotron radiation at the Advanced Pho-
ton Source, Argonne National Laboratory, revealed that
MMPF-8 crystallizes in the space group Cc.§ With regard to
MMPF-8, the asymmetric unit is comprised of four tcbpp
ligands and eight In(III) ions, four of which are located in the
porphyrin macrocycles (Fig. 2a). Similar to the coordination
mode in MMPF-7, each of the remaining four In(III) ions is
eight-coordinate with eight oxygen atoms of four carboxyl
groups from four different tcbpp ligands via a bidentate che-
lation manner (Fig. 2b,c). In contrast, the extension from
tcpp to tcbpp via the phenyl ring leads to a four-fold inter-
penetrating 3D structure in MMPF-8 (Fig. 2d).

Topologically, both MMPF-7 and MMPF-8 can be
described as 4,4-connected pts networks, in which each In(III)
ion, serving as the 4-connected node, is bridged by four
Fig. 2 (a) The asymmetric unit in MMPF-8; (b) the non-interpenetrating structure

from the a direction; (c) the non-interpenetrating structure from the b direction; (d)

the four-fold interpenetrating structure of MMPF-8.

This journal is © The Royal Society of Chemistry 2013
In(III)–metallated porphyrin ligands (tcpp or tcbpp) serving as
the 4-connected linkers through the carboxylate groups.17a

Both MMPF-7 and MMPF-8 are porous and have a solvent
accessible volume of 40.2% and 52.1%, respectively, calcu-
lated using PLATON.17b

The phase purity of MMPF-7 and MMPF-8 was verified by
powder X-ray diffraction studies, which revealed that the dif-
fraction patterns of the fresh samples are consistent with the
calculated ones (Fig. S1 and S2, ESI†). Thermogravimetric
analysis (TGA) studies were conducted on fresh MMPF-7 and
MMPF-8 samples. MMPF-7 exhibits a continuous weight loss
of ∼17% from 30 °C to ∼200 °C, corresponding to the loss of
guest solvent molecules trapped in the channels and coordi-
nated water molecules of the In ions within the porphyrin
rings. The plot is followed by a relatively steady plateau from
200 to 400 °C before complete decomposition of the frame-
work (Fig. S3, ESI†). MMPF-8 demonstrates a weight loss of
∼38% from 30 °C to ∼180 °C, corresponding to the loss of
guest molecules. The plot is followed by a steady plateau
from 180 to 400 °C before complete decomposition of the
framework (Fig. S3, ESI†). On the basis of the
thermogravimetric plots of these two samples, both of them
share the same decomposition temperature of around
400 °C. The thermal behavior characterized by the TGA indi-
cates the robustness of these frameworks.

To evaluate the permanent porosity of MMPF-7 and
MMPF-8, gas adsorption studies were performed on the acti-
vated samples. As shown in Fig. S4, ESI,† the N2 adsorption
isotherm collected at 77 K reveals that MMPF-8 exhibits an
uptake capacity of ∼150 cm3 g−1 at one atmosphere pressure
with typical type-I adsorption behaviour, as expected for
microporous materials. Derived from the N2 adsorption data
at 77 K, MMPF-8 possesses a Brunauer–Emmett–Teller (BET)
surface area of ∼440 m2 g−1 (P/P0 = 0.01–0.10), corresponding
to a Langmuir surface area of ∼510 m2 g−1 (P/P0 = 0.9). How-
ever, the activated MMPF-7 did not show a significant uptake
of N2 at 77 K, which can be presumably due to the relatively
small pore size precluding the access of N2 molecules.

We evaluated the CO2 uptake performances of MMPF-7
and MMPF-8. As shown in Fig. 3a, MMPF-7 can adsorb sub-
stantial amounts of CO2 with an uptake capacity of 10.7 wt%
(55 cm3 g−1) at 273 K and 6.6 wt% (34 cm3 g−1) at 298 K
under 1 atm pressure. These values are moderate compared
to some porous MOFs with open metal sites or amine func-
tional groups. In comparison, MMPF-8, with a higher num-
ber of interpenetration folds, demonstrated an enhanced CO2

uptake capacity with 16.2 wt% (82 cm3 g−1) at 273 K and
9.3 wt% (47 cm3 g−1) at 298 K under 1 atm pressure. Different
from other reports of enhancing CO2 uptake via interpenetra-
tion,18 we speculate that the higher CO2 uptake capacity of
MMPF-8 should be mainly due to its larger surface area com-
pared to MMPF-7 (910 m2 g−1 vs. 600 m2 g−1 calculated by
non-local density functional theory19 on the basis of the CO2

adsorption isotherm at 273 K), since the calculated heat of
adsorption of CO2 of MMPF-8 is lower than that of MMPF-7
(∼28 kJ mol−1 vs. ∼32 kJ mol−1) (Fig. 3b).
CrystEngComm, 2013, 15, 9320–9323 | 9321
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Fig. 3 (a) CO2 adsorption isotherms of MMPF-7 and MMPF-8 at 273 K and 298 K;

(b) Qst of CO2 for MMPF-7 and MMPF-8.
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In summary, two rare examples of indium-based porous
metal–metalloporphyrin frameworks with pts topology,
MMPF-7 and MMPF-8, have been constructed based upon
custom-designed porphyrin ligands featuring tetra-
carboxylate groups. MMPF-7 and MMPF-8 exhibit permanent
porosity and demonstrate interesting CO2 adsorption perfor-
mances. Ongoing work in our laboratories includes the
custom-design of new variants of porphyrin-based ligands
for the construction of functional MMPF materials and
exploring them for applications in sensors, catalysis and
photoreaction systems.

The authors acknowledge the University of South Florida
for financial support of this work. The crystal data of
MMPF-8 was collected at the Advanced Photon Source on a
beamline 15ID-B of ChemMatCARS Sector 15, which is prin-
cipally supported by the National Science Foundation/
Department of Energy under grant number NSF/CHE-
0822838. Use of the Advanced Photon Source was supported
by the U. S. Department of Energy, Office of Science, Office
of Basic Energy Sciences, under Contract No. DE-AC02-
06CH11357.

Notes and references

§ X-ray crystal data for MMPF-7: C48H24N4O8.57In1.29, FW= 941.38, monoclinic,
C2/c, a = 7.6333(3) Å, b = 24.1332(11) Å, c = 30.5291(14) Å, V = 5613.4(4) Å,
Z = 4, T = 228 K, ρcalcd = 1.114 g cm

−3
, R1 (I > 2σ(I)) = 0.0535, ωR2 (all data) =

0.1367. X-ray crystal data for MMPF-8: C72H40N4O10In2, FW = 1350.72, mono-
clinic, Cc, a = 41.982(2) Å, b = 21.5588(12) Å, c = 43.755(2) Å, V = 39 560(4) Å,
Z = 16, T = 100 K, ρcalcd = 0.907 g cm

−3
, R1 (I > 2σ(I)) = 0.0699, ωR2 (all data) =

0.1891.
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