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ABSTRACT: Presented here is a new porous metal−
organic framework based on a nanosized tris((4-carboxyl)-
phenylduryl)amine ligand, which features a 2-fold inter-
penetrating hms network and shows distinct gas
adsorption behaviors dependent on different activation
methods.

Recently, porous metal−organic framework materials
(MOFs) have been considered as very promising

candidate for gas storage and separation because of their
permanent microporosity and large internal surface areas.1 For
general applicability, MOFs should have high thermal stability
to keep permanent porosity after removal of the solvent
molecules.2 Unfortunately, frameworks constructed from the
large ligands often collapse or distort into nonporous
frameworks upon guest removal by conventional activation
methods such as evacuation or heating. Therefore, how to
retain the pores and avoid structural shrinking may be
extremely challenging. Up to now, some activated treatment
methods, such as heat activation,3 solvent-exchange,4 and
supercritical carbon dioxide (SCD),5 have been recognized as
effective physical approaches to enhance the permanent
porosity of MOFs. For example, Suh’s group successfully
tuned the N2 uptakes of IRMOF-3 by conventional heating
activation, CHCl3 exchange, and SCD activation.1a Recently,
Lin and his co-workers reported another special freeze-benzene
drying treatment method to improve the surface areas of two
MOFs.6 Compared to the use of toxic benzene, cyclohexane
may be a more suitable choice for such freeze-drying treatment.
Moreover, cyclohexane has very weak interaction with many
aromatic host frameworks, so that the guest removal process
must be easy too. However, little experimental effort has been
concerned with the use of a freeze-cyclohexane drying
treatment to tune porosity of MOFs for gas sorption.
In this work, we first employ such a freeze-cyclohexane

drying treatment to activate the porosity of a new porous MOF,
namely [Zn2L(Im)]·7(DMF) (FIR-3; L = Tris((4-carboxyl)-
phenylduryl)amine, Im = imidazole, DMF = N,N-dimethylfor-
mamide; FIR denotes Fujian Institute of Research). As a novel
nanosized ligand, tris((4-carboxyl)phenylduryl)amine is rarely
explored to construct MOFs with satisfying stability.7

Compound FIR-3 reported here features a 2-fold inter-
penetrating pillared layer structure where the short Im ligands
act as the pillars. Three different activation methods, such as
solvent-exchange, freeze-cyclohexane drying, and SCD activa-

tion, were carefully performed to investigate their impact on the
tuning porosity of FIR-3.
Crystals of FIR-3 were prepared using the solvothermal

reaction of Zn(NO3)2·6H2O, Im, and H3L in DMF/ethanol
(3:1, v/v).8 Single-crystal X-ray diffraction reveals that FIR-3
crystallized in the space group C2/c.9 The L ligand looks like a
propeller because the average dihedral angle between two duryl
planes is 21.5°, and that between the duryl plane and the outer
phenyl plane is 63.1° (Figure 1). The central N atom of L

exhibits sp2 hybridization, showing C−N−C average angles of
120.0° and short N−C bond lengths (average 1.417 Å). In the
structure of FIR-3, each Zn center is four-coordinate with three
carboxylate O atoms from three different L ligands and one N
atom from an Im ligand, showing tetrahedral geometry. Two
tetrahedral Zn centers are bridged by three carboxylate groups
to form a Zn2(COO)3 unit with Zn···Zn distance of 3.3789(5)
Å. This Zn2(COO)3 unit is interesting and rarely observed in
other coordination compounds.10 Each L ligand links to three
Zn2(COO)3 units in a bidentate fashion, forming a layer with a
hexahydric ring giving a border length of about 12.4 Å (Figure
2a). Each layer can be topologically represented as a uninodal
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Figure 1. Coordination environment in FIR-3 (Zn, green; C, black; O,
red; N, blue).
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three-connected hcb net by reducing each L ligand and each
Zn2(COO)3 unit into three-connected nodes (Figure 2a).

Interestingly, the Zn2(COO)3 units are further connected by
the Im ligands into infinite chains along the c axis (Figure 2b).
Through the Im ligand, the hcb-type layers are further pillared
into a 3D framework with the biggest pore size of 18.5 Å along
the c axis (Figure 2d). The large intraframework spaces are
occupied by another identical but independent framework,
giving a 2-fold interpenetrating structure (Figure 2c).
Considering the bridging Im ligands, each Zn2(COO)3 unit
acts as a five-connected node, and the trigonal L ligand keeps its
three-connectivity. Thus, the network topology of FIR-3 can be
described as a (3,5)-connected hms net (Figure 2e).
Despite the 2-fold interpenetration, the whole structure still

shows honeycomb-like channels with an effective window size
of 13 × 17 Å2 along the c axis (Figure 2d). The solvent-
accessible volume of FIR-3 is estimated by the PLATON
program to be about 62.0% of the total crystal volume. The free
spaces are occupied by the structurally disordered solvent
molecules. Thermogravimetric analysis (TGA) on the as-
synthesized sample of FIR-3 indicated a weight loss of 39.47%
in the temperature range 20−350 °C (Figure S3, Supporting
Information), which is consistent with the release of seven
DMF guest molecules per Zn2L(Im) unit.
For gas adsorption studies, the sample of FIR-3 was

completely exchanged by dichloromethane (CH2Cl2) after
soaking FIR-3 in CH2Cl2 under ambient conditions for 48 h,
and the CH2Cl2-exchanged sample was further activated by
heating at 30 °C for 12 h under vacuum conditions, giving a
hollow framework FIR-3a-ht. The powder X-ray diffraction
(PXRD) pattern of FIR-3a-ht is obviously changed, as
compared to that of the as-synthesized sample, which indicates
that framework distortion or structural transformation may
occur (Figure S4, Supporting Information). It can be attributed
to the detrimental effect of surface tension in inducing
nanopore collapse during the vacuum process.
In order to avoid the MOF framework experiencing the

deleterious effect of solvent surface tension, a freeze-drying

experiment was carried out. The sample of FIR-3 was dipped in
cyclohexane (C6H12) at 60 °C, and this process was repeated
every 24 h for 3 days, forming a fully C6H12-loading sample
FIR-3b attested by TGA. The suspension of FIR-3b in C6H12
was transferred to a sample cell. After being frozen at 0 °C
about 5 h, the sample cell was placed under dynamic vacuum
conditions in an ice/H2O bath for 24 h, and the included
solvent molecules underwent sublimation in the freeze-drying
process. A hollow phase of FIR-3b-ht was obtained, and the
TGA measurement confirmed that all of the C6H12 had been
removed during the freeze-drying course. The PXRD pattern of
FIR-3b-ht was much better than that of FIR-3a-ht, but the
PXRD pattern becomes broad and a shift in peak positions
happens.
To attain a more complete evacuation and best structural

integrity, SCD was used to activate the original FIR-3a, and the
third new hollow phase FIR-3c-ht was obtained. Compared to
the as-synthesized sample, structural change was also observed,
but that is much better than those of FIR-3a-ht and FIR-3b-ht.
These results illustrate that framework distortion or shrinking is
always present in this interpenetrating framework.
Different activation treatments of FIR-3 provide a great

opportunity to make a comparative study on tuning porosity for
gas sorption. First, the N2 adsorption isotherms for activated
samples of FIR-3a-ht, FIR-3b-ht, and FIR-3c-ht were collected
to determine how the activation treatment impacts the pore
volume and surface area (Figure 3). The N2 sorption isotherm

shows that the desolvated solid FIR-3a-ht can hardly adsorb N2
at 77 K. However, the isotherms of FIR-3b-ht and FIR-3c-ht
reveal reversible type-I adsorption/desorption behaviors,
demonstrating their permanent microporosity. The BET and
Langmuir surface areas as well as the micropore volumes of
FIR-3a-ht, FIR-3b-ht, and FIR-3c-ht are listed in Table 1. The
results are all consistent with the anticipation. The more that
mild active conditions were used, the greater the pore volume
and surface area of an active framework that could be obtained.
The Langmuir surface area increased to 288.6 m2/g for the
freeze-dried sample of FIR-3b-ht and 544.3 m2/g for the
supercritical CO2 dried sample of FIR-3c-ht, which are about
an 11 times and 20 times enhancement over the regular
vacuum-dried sample FIR-3a-ht. However, they are all greatly

Figure 2. (a) The hcb-type layer in FIR-3. (b) The chain with
Zn2(COO)3 units linked by the Im ligands. (c) The 2-fold
interpenetrating framework of FIR-3. (d) The channel in FIR-3. (e)
The 2-fold interpenetrating (3,5)-connected hms net derived from the
structure of FIR-3.

Figure 3. N2 sorption isotherms for FIR-3a-ht (a), FIR-3b-ht (b), and
FIR-3c-ht (c) at 77 K.
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lower than the theoretical surface area of 1722.6 m2/g
calculated by Materials Studio 5.0. Single point adsorption
total pore volumes at P = 0.98 bar from the N2 sorption are
0.01 cm3/g for FIR-3a-ht, 0.11 cm3/g for FIR-3b-ht, and 0.20
cm3/g for FIR-3c-ht, which are all much lower than that of
0.902 cm3/g estimated from the single crystal structure. The
lower surface area and pore volumes indicate that the host
framework appears to undergo significant pore collapse
regardless of the activation method. However, the degree of
pore collapse appears to be less when activated with
supercritical CO2 or the cyclohexane freeze/pump method.
The surface areas are only a small fraction of what is predicted
based on their structures. The above results indicate that the
elimination of the detrimental effect of surface tension can
avoid the collapse or shrinking of porous framework, thereby
enhancing the permanent porosity and gas uptake of
MOFs.5,6,11

The CO2 sorption isotherms were also measured at 273 K
(Figure 4). The CO2 uptakes of these compounds follow a

similar increasing trend. As shown in Figure 4, the adsorption
and desorption isotherm curves do not overlap with each other
with small hysteresis. The capacity of FIR-3c-ht to adsorb CO2
is 33.1 cm3/g at 273 K and 1 bar, a value surpassing that of
FIR-3b-ht (23.8 cm3/g) and FIR-3a-ht (17.0 cm3/g).
In summary, a comparative study of activation methods on

tuning gas sorption properties of FIR-3 with a nanosized
tris[(4-carboxyl)phenylduryl]amine ligand is successfully inves-
tigated. A novel freeze-cyclohexane drying treatment was used
to improve the porosity of MOFs for the first time. The results
demonstrate the importance of activation treatment on
controlling the framework stability and porosity.
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Table 1. Sorption Data for FIR-3 under Different Activation
Methods

compounds langmuira BETa Vpb

FIR-3a-ht 29.4 24.3 0.01
FIR-3b-ht 288.6 266.0 0.11
FIR-3c-ht 544.3 497.2 0.20

aSurface area, m2/g, bVp is the measured pore volume, cm3/g.

Figure 4. CO2 sorption isotherms for FIR-3a-ht (a), FIR-3b-ht (b),
and FIR-3c-ht (c) at 273 K.
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