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Metal-Metalloporphyrin Framework Modified with Flexible
tert-Butyl Groups for Selective Gas Adsorption

Weijie Zhang,® "' Lukasz Wojtas,™ Briana Aguila,”” Pingping Jiang,

The rational design of multitopic organic linkers and access to
the single-crystal structures of their metal-organic frameworks
violate a long-standing thesis where it is expected to steer the
system toward multifunctional MOFs. Here, a porphyrin that is
covalently functionalized with pendant tert-butyl groups is
used as a ligand having conformational freedom. The utiliza-
tion of this custom-designed porphyrinic derivative in MOF
synthesis yields a novel metal-metalloporphyrin framework
(MMPF-14). As expected, the channels of MMPF-14, which are
filled with flexible tert-butyl groups, act as molecular gates for
the selective adsorption of gas molecules.

Over the past two decades metal-organic frameworks (MOFs)™"

have been intensively developed as a promising class of func-
tional porous materials. In particular, MOFs with specific com-
position and topology can be targeted by judicious selection
of organic linkers and metal-based molecular building blocks
(MBBs) that serve as nodes.” These materials have received
considerable attention due to the designability of their struc-
tures, tenability of pore sizes and modularity of properties, as
well as great potential for applications in gas storage,”’ gas
separation,”! heterogeneous catalysis,” sensors®® and other
areas.”” In the reticular chemistry of MOFs where versatile
custom-designed organic linkers are used, for example, metal-
losalen ligands® and metalloporphyirin-based ligands,””” MOFs
with a variety of functionalities can be expected.
Metal-metalloporphyrin frameworks (MMPFs), a subclass of
MOFs recently demonstrated by our group"” and several other
groups,"" have not only enriched the domain of porous mate-
rials, but have also been explored as promising candidates for
the aforementioned applications. Although MMPF materials
with various properties can be easily realized by modulating
the metal sites and tailoring the coordination environments of
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the metalloporphyrins, modification of MMPFs by the use of
predesigned linkers has not been widely studied. One possible
reason is that it is hard to achieve crystalline porous materials
possessing the preferred interior decoration with organic func-
tionalities. Therefore, the application of a modified porphyrin
linker is much more desired.

It has been reported that the introduction of alkyl chains
into MOFs could be used to tune the pore size which would
result in better confinement of gas molecules in the pores.'”
This prompted us to modify our established strategy based on
the previously designed linker, 5,15-bis(3,5-dicarboxyphenyl)-
10,20-bis(2,6-dibromophenyl)porphyrin  (H,dcdbp).!'® Herein,
we report an MMPF that is based upon a reported PtS topolo-
gy net built from 4-connected building blocks of the 5,15-
bis(3,5-dicarboxyphenyl)-10,20-bis(3,5-di-tert-butylphenyl)por-
phyrin (H,dcdtp) linker (Scheme 1). Details on the chemical
synthesis and characterization of the H,dcdtp ligand are given
in the Supporting Information.

Purple block crystals of [Zng(u,-HCO,)1(Zn-DCDTP),[EtOH]
[DMF],, MMPF-14, were obtained by reacting Zn(NOs),:xH,0
with the H,dcdtp ligand in N,N-dimethylformamide (DMF), eth-
anol, and HNO; (2m) under solvothermal conditions for 72 h.
Single-crystal X-ray diffraction analysis revealed that compound
MMPF-14 crystallizes in the monoclinic space group C2/c. As
expected, not all atoms of the flexible tert-butyl substituents
can be located in the single-crystal structure refinement due to
the high disorder. Zinc(ll) in the porphyrin core is located in
close to perfect square-planar {N,} geometry, coordinated to
four nitrogen atoms (four porphyrinic nitrogens). The Zn—N
bond lengths range from 2.027 A to 2.040 A. In MMPF-14, the
inorganic building unit is the Zn,(u,-HCO,)(CO0), dimer MBB

Scheme 1. 5,15-Bis(3,5-dicarboxyphenyl)-10,20-bis(3,5-di-tert-butylphenyl)-
porphyrin (H,dcdtp): the custom-designed ligand that serves as a linker in
MMPF-14.
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Figure 1. From the crystal structure of [Zng(u,-HCO,)1(Zn-DCDTP),+[EtOH]
[DMF], (MMPF-14): a) H,dcdtp (red rectangle) and b) Zn,(u,-HCO,)(CO0),
(green rhombus or diamond) building units form a PtS net c) in the periodic
crystal structure. Hydrogen atoms, guest molecules, and HCO?~ ions on
MMBs have been omitted for clarity. Zn purple, C in porphyrin ligand gray, C
in tert-butyl groups green, O red, N blue.

that is linked by carboxylate oxygens and HCO*™ ions arising
from DMF (Figure 1b). To be more specific, Zn is five-coordi-
nate with five oxygen atoms from one monodentate chelating
-1, carboxylate, two bidentate bridging w,-1,7, carboxylates,
and HCO? ions. The other Zn ion is also five-coordinate and
has the same coordination environment. The two pentacoordi-
nate Zn atoms are linked by two u,-1,7, carboxylate groups
and HCO”™ ions to form a dimer. Considering the points-of-ex-
tension of the carboxylate C atoms of MBBs and four carbon
atoms of the organic unit, they can be simplified as a rhombus
and a rectangle as shown in Figure 1a,b, respectively. In the
overall crystal structures, the rhombus and rectangle units are
linked to produce a 3D periodic structure (Figure 1c). Overall,
the asymmetric unit of MMPF-14 consists of a dimeric Zn clus-
ter and a metallic dcdtb ligand, which gives rise to the well-
known 4,4-connected PtS network with the point symbol
(428403

Obviously, the flexible tert-butyl units of the H,dcdtp linkers
point into the channels along the c axis, forming a molecular
gate for gas separation and adsorption (Figure 2). The size of
the pores in MMPF-14 is about 3.7 A. The dihedral angles be-
tween the phenyl rings bearing the carboxylates in the por-
phyrin ligand and the porphyrin plane are 72.34° and 76.81°,
respectively. Notably, for the other two phenyl rings, the angle
value decreases to 55.83° and 57.60°, which is much lower
than some existing data."®' Due to the steric repulsion in-
duced by 3,5-disubstitution, coplanarity of the phenyl ring
with the porphyrin plane caused by conjugation is no longer
preferred. This strongly indicates that the conformational free-
dom in H,dcdtp is much greater than that in a conventional
porphyrin ligand. In addition, the solvent-accessible volume in
MMPF-14 is 47.6 % calculated using the PLATON routine." This
provides sufficient space for solvent molecules and charge-bal-
ancing counterions for the framework.
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Figure 2. View of the 3D structure of MMPF-14 along the c-axis. Zn purple,
C in porphyrin ligand gray, C in tert-butyl groups green, O red, N blue; H
atoms are omitted for clarity.

Thermogravimetric analysis (TGA) of MMPF-14 reveals a mod-
erate 13% weight loss within the temperature range of 50-
360°C, corresponding to the loss of H,0O, ethanol, and DMF
molecules (Figure 3a). A sharp weight-loss step of over 47%
was observed as the temperature increased from 360 to
700°C, indicating the structural decomposition of MMPF-14.
Additionally, TGA traces for MMPF-14 crystals after activation
with supercritical CO, fluid do not show significant weight loss
up to 360°C, and the PXRD patterns of MMPF-14 after activa-
tion is also similar to the simulated pattern, indicating that the
pores are fully evacuated while the framework integrity re-
mains and is thermally stable (Figures S3 and S4). The purity of
bulk samples of MMPF-14 is confirmed by the agreement of
the experimental and calculated powder X-ray diffraction
(PXRD) patterns.

N, adsorption isotherms of MMPF-14 were collected at 77 K,
and a very limited amount of N, (28 cm®g™") can be adsorbed
as shown in Figure4a. In contrast, greater H, uptake
(85cm?g™") is observed and substantial O, uptake of
107 cm®g~" is also found at the saturation pressure of 150 Torr
at 77 K. At 273K and 1 atmosphere pressure, MMPF-14 can
adsorb 54 cm®g™" CO, (Figure 4b), whereas its uptake capacity
for CH, (ca. 7ecm®g™") and N, (ca. 2cm’®g™) is very low. In
order to confirm that CO, is adsorbed within the intralattice
voids of the MOF rather than on the surface of the solid, the
gas sorption of MMPF-14 for CO, at 195 K was examined; CO,
adsorption on this MOF increased at a relatively low pressure
(Figure S5). The interesting selective adsorption of H, and O,
over N,, as well as CO, over CH, and N, observed for MMPF-14
can be presumably attributed to the effect of the tert-butyl
groups in the channels. These serve as gates®! to exclude the
larger molecules of N, and CH, with kinetic diameters of 3.64
and 3.8 A, respectively, and allow the entry of the smaller mol-
ecules H, (kinetic diameter 2.89 A), O, (kinetic diameter 3.46 A),
and CO, (kinetic diameter 3.3 A).*! We also estimate the isoste-
ric heats of adsorption (Q,) for CO, based upon the Clausius-
Clapeyron equation by differentiation of the dual-Langmuir-
Freundlich fits of the isotherms at temperatures of 273 and
298 K with temperature-dependent parameters.™ As shown in
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Figure 3. a) TG profile of MMPF-14 before activation, b) PXRD patterns for
as-synthesized MMPF-14 and calculated pattern.

Figure S7, at close to zero loading, for CO, in MMPF-14 Q,
~34 kimol™', which is comparable to the highest of the re-
ported porphyrin-based MOFs.'%47 We tentatively attribute
the relatively high Q, value to the modified tert-butyl groups,
since pendant tert-butyl groups can boost the interactions
with CO, molecules more in a porous framework.!"?

In summary, a rare example of Zn-based porous metal metal-
loporphyrin—organic framework with PtS topology, MMPF-14,
has been constructed based upon a custom-designed porphy-
rin ligand featuring pendant tert-butyl groups. MMPF-14 exhib-
its permanent porosity and demonstrates interesting selective
gas adsorption behavior. Ongoing work in our laboratories in-
cludes designing new variants of porphyrin-based ligands for
the construction of functional MMPF materials and exploring
their applications in sensor, catalysis and photoreaction sys-
tems.

Experimental Section

Purple block  crystals of  MMPF-14, [Zng(u,-HCO,)1(Zn-
DCDTP),[EtOH][DMF], were prepared by reacting Zn(NO,),.xH,O
with H,dcdtp in N,N-dimethylformamide (0.8 mL of DMF, 0.2 mL of
ethanol, and 50 uL 2m HNO;) under solvothermal conditions for
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Figure 4. a) Gas adsorption isotherms of MMPF-14 at a) 77 K and b) 273 K.

72 h. Crystal details, PXRD, TG analysis, gas sorption, and catalytic
details are provided supplied in the Supporting Information.
CCDC 1408968 contains the supplementary crystallographic data
for this paper. These data can be obtained free of charge from The
Cambridge Crystallographic Data Centre.
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