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Various metal-organic frameworks (MOFs) have been pre-
pared to obtain materials that show specific or multifunc-
tional properties. Porous MOFs that contain free space where
guest molecules can be accommodated are of particular
interest because they can be applied in gas storage!™ and
separation, selective adsorption and separation of organic
molecules,"” ion exchange,® catalysis,” sensor technol-
ogy,l'' and for the fabrication of metal nanoparticles."'!!
Secondary building units (SBUs) with a specific geometry
have often been employed!'?! for the modular construction of
porous MOFs as they make the design and prediction of
molecular architectures simple and easy. In particular, {M,-
(CO,),}-type paddlewheel clusters that can be formed from
the solvothermal reaction of M*" ions and the appropriate
carboxylic acid are widely used for the construction of porous
frameworks. Three-dimensional porous frameworks with
various topologies (Pt;O,, boracites, NbO, and PtS nets) can
be built from paddlewheel-type metal cluster SBUs and tri- or
tetracarboxylates,*'% whereas pillared square-grid networks
can be constructed from paddlewheel cluster SBUs and
dicarboxylates in the presence of diamine ligands.!'”!

Porous MOFs with accessible metal sites (AMSs) should
have a higher hydrogen storage capacity than those without
AMSs,1418 although there are not yet enough experimental
data to support this assumption. To determine the effect of
AMSs in a MOF on H, adsorption, the H, uptakes should be
compared for the same framework in the absence and
presence of AMSs, or for two independent isostructural
MOFs with and without AMSs. H, uptake has previously been
measured under several different outgassing conditions.!
Unfortunately, these experiments could not clearly demon-
strate the effect of AMSs as the exact formula and structure at
each stage were not known. Furthermore, even when
coordinating solvent molecules are successfully removed
with retention of the porous framework structure, the metal
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ion sometimes transforms its coordination geometry to the
thermodynamically most stable form instead of keeping the
AMSs.*

Herein we report two porous MOFs with the same NbO-
type net topology, namely [{Zn,(abtc)(dmf),};]-4 H,0-10 dmf
(1) and [{Cuy(abtc)(H,0),};]-10dmf-6 (1,4-dioxane) (2;
H,abtc = 1,1"-azobenzene-3,3',5,5 -tetracarboxylic ~ acid®)),
and compare the gas adsorption data for the MOFs with
and without AMSs.”!! Heating crystals of 1 and 2 under
precisely controlled conditions allowed us to prepare [{Zn,-
(abtc)(dmf),};] (1a; SNU-4) and [{Cu,(abtc)(dmf),};] (2a;
SNU-5'), which have no AMSs, as well as [{Cu,(abtc)}s] (2b;
SNU-5), which has AMSs. The framework structure of 1a is
the same as that of 1 and those of 2a and 2b are the same as
that of 2, as evidenced by the PXRD patterns. Solid 1a, 2a,
and 2b exhibit higher adsorption capabilities for N,, CO,,
CH,, and H, than other previously reported MOFs. In
particular, 2b adsorbs 2.87 wt% of H, gas at 77K and
1 atm, which is the highest value for H, sorption under these
conditions amongst a variety of other MOFs. The N,, CO,,
and CH, adsorption capacities per unit sample volume for 2b,
which has AMSs, are 140-160 % higher than those for 1a and
2a, which have no AMSs. The H, adsorption capacity of 2b is
also higher than those of 1a and 2a [at 77K and 1 atm,
2.87 wt% for 2b vs. 2.07 wt% for 1a and 1.83 wt% for 2a;
excess adsorbed H, at 77 K and 50 bar: 522 wt% (total
6.76 wt %) for 2b vs. 3.70 wt% (total 4.49 wt %) for 1a],
although this is mainly due to the lower molecular weight
effect of 2b. The H, sorption capacity ratios 2b/1a and 2b/2a
per unit sample volume at 77 K and 1 atm are 105% and
120 %, respectively, and the ratio 2b/1a at 77 K and 50 bar is
106 %. Our measurements of the isosteric heat of H,
adsorption (zero-coverage isosteric heats are 7.24, 6.53, and
11.60 kJmol™ for 1a,2a, and 2b, respectively) suggest that the
enhanced H, adsorption in 2b can be attributed to the
stronger interaction of H, molecules with the AMSs of the
MOF.

Yellowish ~ block-shaped crystals of [{Zn,(abtc)-
(dmf),};]-4H,0-10dmf (1) were prepared by heating a dmf
solution of Zn(NO;),-6H,0 and H,abtc at 100°C for 12 h.
Greenish  block-shaped  crystals  of  [{Cu,(abtc)-
(H,0),}5]-10dmf-6 (1,4-dioxane) (2) were prepared by heating
Cu(NOs),x H,O and H,abtc in a dmf/1,4-dioxane/H,O (4:3:1
v/v) mixture at 80°C for 24 h. Solid 1 is insoluble in common
organic solvents but is slightly soluble in water, where it
dissociates into its building blocks. Solid 2 is insoluble in all
common organic solvents and water. The temperature-
dependent PXRD patterns show that the framework struc-
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tures of 1 and 2 are retained up to 200 and 230 °C, respectively
(see the Supporting Information).

The X-ray crystal structures of 1 and 2 are shown in
Figure 1 and the Supporting Information.”” A pair of Zn"

Figure 1. X-ray crystal structures of a) 1 and b) 2 showing their NbO-
type 3D frameworks. The two kinds of spheres (in light blue and gray)
represent the open spaces that can be occupied by the guest
molecules without touching the framework. Hydrogen atoms and
guest molecules have been omitted for clarity. The coordinated water
molecules in 2 have also been omitted. Color scheme: Zn orange,

Cu green, C gray, O red, N blue, coordinated dmf yellowish green.

centers in 1 forms a paddlewheel-shaped {Zn,(O,CR),}
cluster, with a Zn-Zn distance of 2.999(1) A, upon coordi-
nation by four carboxylato groups from four independent
abtc*” ions. Each Zn" ion is also coordinated to a dmf
molecule at the axial site of the paddlewheel cluster. The Zn—
O, bond length averages 2.033(1) A and the Zn—0,,; bond
length averages 1.977(2) A. The abtc*™ ion is coplanar and
acts as a rectangular building block. Every square-shaped
SBU in the {Zn,(O,CR),} cluster is linked by four rectangular
abtc*™ ions, which extend infinitely to give rise to an NbO-
type 3D network. Large rhombic cavities with an effective
diameter of 9.1 A(estimated by Material Studio software,
version 4.1) are formed in the structure, with Zn, SBUs as the
nodes and organic ligands as the struts of the cube. Smaller
cavities with an effective diameter of around 3.0 A are also
formed by paddlewheel SBUs as the coordinated dmf
molecules point into the cavities and reduce the space
available (see the Supporting Information). Since the coor-
dinated dmf molecules block the channels parallel to the [101]
direction, these cavities are only connected in the [102]
direction to generate undulating 1D channels, which are
occupied by the guest molecules. The void volume of 1 with
and without coordinated dmf molecules is 49.1 % and 68.1 %,
respectively, as estimated by PLATON.?!

Thermogravimetric analysis of 1 reveals a 28.5 % weight
loss at 25-175°C, which corresponds to the loss of all (four
H,O and ten dmf) guest molecules (calcd 29.8 %) per formula
unit. This step is followed by an additional weight loss of
152% at 175-370°C, which corresponds to the loss of six
coordinated dmf molecules (calcd. 16.3%).

The X-ray structure of 2% indicates that it is isostructural
with 1. A pair of Cu" centers form a {Cu,(O,CR),} paddle-
wheel cluster similar to that in 1, but a water molecule is
coordinated to the axial site of each square-pyramidal Cu"ion
instead of dmf. The Cu--Cu distance in the paddlewheel
cluster averages 2.659(1) A. The Cu—O,,. bond distance
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averages 1.980(2) A and is therefore much shorter than the
average Zn—O,y+ bond distance in 1. The Cu—O,,,, bond
distance averages 2.155(3) A. The framework of 2 contains
two kinds of cavities, one of which is formed from Cu, SBUs
located at the nodes and organic ligands as the struts of the
cube, and the other of which is formed from paddlewheel
SBUs (see the Supporting Information). The coordinated
water molecules point towards the inside of the smaller
cavities and do not block the 3D channels. The sizes of the two
different cavities are almost the same (10.2 A as estimated by
Material Studio software, version 4.1) after removal of all
coordinated water molecules. The void volume of 2 with and
without coordinated water molecules is 67.2% and 71.1%,
respectively, as estimated by PLATON.!

Thermogravimetric analysis of 2 reveals a 29.6 % weight
loss at 25-200°C, which corresponds to the loss of two
coordinated H,O molecules, six 1,4-dioxane and four dmf
guest molecules (calcd 33.0% ) per formula unit. This step is
followed by an additional 15.8% weight loss at 200-310°C,
which corresponds to the loss of six dmf guest molecules
(caled 15.6 %). This result indicates that once the coordinated
water molecules have been removed at lower temperature,
the dmf guest molecules move to the vacant coordination sites
of Cu" to generate 2a, from which the dmf molecules can only
be removed at higher temperatures.

Compounds 1a,2a, and 2b were prepared for gas sorption
studies as follows. 1a was prepared by heating 1 at 100°C
under vacuum for 18 h. Further heating of 1a to remove the
coordinated dmf molecules leads to collapse of the frame-
work, as evidenced by the PXRD patterns. The desolvated
compounds 2a and 2b were prepared by heating 2 at 155°C
under N, flow for 3 h and at 170°C under vacuum for 24 h,
respectively. Preparation of the water-containing compound
[{Cu,(abtc)(H,0),};] was unsuccessful—heat treatment of 2
produced only 2a, and guest exchange of 2 with MeOH and
CH,Cl,, followed by evacuation at room temperature, led to
collapse of the framework (see the Supporting Information).
The PXRD patterns (see Supporting Information) indicate
that the framework structure of 1a is the same as that of 1 and
that those of 2a and 2b are the same as that of 2. Care should
be taken when handling 2b because the PXRD pattern
indicates that the framework structure of 2b is destroyed
upon exposure to air.

The N,, CO,, CH,, and H, gas sorption capabilities of 1a,
2a, and 2b are summarized in Table 1. To eliminate the mass
effect of the solid with no coordinated dmf (2b) compared to
those with dmf (1a and 2a), gas sorption capacities are also
provided in terms of mass of adsorbed gas per unit sample
volume (gL™') in addition to wt%. The IR spectra and
elemental analyses indicated that 1a and 2a still contain
coordinated dmf molecules even after the gas sorption
experiments (see the Supporting Information).

Solid 1a, 2a, and 2b adsorb N, gas (362 (462), 322 (404),
and 669 cm’g™! (642 gL ™), respectively) at 77 K and 1 atm
and show reversible type I isotherms, thus indicating micro-
porosity. The surface area and pore volume, as estimated by
applying the Langmuir and Dubinin—Radushkevich equa-
tions, are, respectively, 1460 m?’g~' (1491 m?’cm™) and
053cm’g!  (0.54cm’cm™)  for 1la, 1260 m’g”!
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Table 1: Gas-adsorption data for 1a, 2a, and 2b.

Gas TIK] wt% gas® Gas adsorbed per unit host
volume® [gL™]
1a 2a 2b Ta 2a 2b
N, 77 45.3 40.3 83.7 463 403 643
H, 77 2.07 1.83 2.87 21.1 18.3 22.0
3.701 522 3780 40.11
4.499 6.761 453 51.91
CO, 195 55.1 53.8 112.3 563 539 862
CO, 273 206 19.2 38.5 210 192 295
CH, 195 114 10.9 21.8 116 109 167
CH, 273 1.74 1.85 2.56 17.8 18.5 20.0

[a] Amount of gas adsorbed at a pressure of 0.95 atm for N, and 1 atm
for all other gases. [b] The values are calculated by multiplying the mass
of adsorbed gas per gram by the density of the sample (1021 gL~ for 1a,
1001 gL' for 2a, and 768 gL' for 2b), assuming that the cell volumes
of 1 and 2 are retained in 1a, 2a, and 2b. [c] Excess adsorption capacity
at 77 K and 50 bar. [d] Total adsorption capacity at 77 K and 50 bar.?%?"]

(1261 m*cm ™) and 0.48 cm’g™"' (0.48 cm*cm ™) for 2a, and
2850 m*g~" (2189 m?’cm™) and 1.00 cm®*g~! (0.77 cm*cm ™)
for 2b. The available surface area and pore volume in 2b,
which has AMSs, are 1.4-1.7 times greater than those of 1a
and 2a, which contain no AMSs. The fact that 2a has a lower
porosity than 1a must be due to the fact that the Cu—Oy;
bond in 2a is longer than the Zn—Oy,, bond in 1a due to the
Jahn-Teller distortion, which reduces the free space in 2a.
The pore-size distributions derived from the N, isotherms at
77 K by the Saito-Foley (SF) method® suggest that the pore
sizes for 1a,2a, and 2b are 12.8,10.5, and 12.9 A, respectively
(see the Supporting Information). Although the X-ray
structure of 1a indicates that it contains two different sizes
of cavities (9.1 and 3.0 A), presence of the smaller cavity
cannot be demonstrated from the N, sorption data because
the N, molecule has a kinetic diameter (3.64 A) greater than
the cavity size.

Solid 1a, 2a, and 2b also have high CO, and CH, sorption
capacities at 1 atm of gas pressure and at 195 and 273 K
(Table 1 and Figure 2). The adsorption data are superior to
those for other MOFs measured under similar conditions. At
273 K and 1 atm, 2b adsorbs 295 g of CO, per liter of sample,
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Figure 2. a) CO, and b) CH, adsorption isotherms for Ta (orange),
2a (green), and 2b (blue) at 195 (m) and 273 K (A). Filled shape:
adsorption; open shape: desorption.

which is equivalent to 150.2 LL™". This value is almost twice
as high as the highest CO, uptake reported to date (83 LL™'
for ZIF-69).”! The CO, and CH, adsorption capacities of 2b
are higher than those of 1a and 2a (140-160% per unit
sample volume), as is the case for N, adsorption. That
sorption capacity of 2b for N,, CO,, and CH, is greater than
that of 1a and 2a is probably because N,, CO,, and CH,
molecules, whose kinetic diameters are 3.64, 3.3, and 3.8 A,
respectively, are accessible to all channels in 2b (pore size:
102 A), whilst they cannot enter the smaller channels
(aperture size: 3.0 A) in 1a and 2a.

Solid 1a, 2a, and 2b show high H, sorption capacities of
2.07, 1.83, and 2.87 wt %, respectively, at 77 K and 1 atm
(Figure 3). The H, sorption isotherms show no hysteresis on
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Figure 3. a) H, gas sorption isotherms measured at 77 (@) and 87 K (A) up to 1 atm of H, for 1a (orange), 2a (green), and 2b (blue).
b) Excess (——) and total (-++++) H, adsorption isotherms at 77 K and high pressure.” Filled shape: adsorption; open shape: desorption.
c) Isosteric heat of H, adsorption for 1a (orange), 2a (green), and 2b (blue).
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adsorption and desorption. To the best of our knowledge, the
H, adsorption capacity (2.87 wt %) of 2b at 77 K and 1 atm is
the highest of any MOF measured under the same condi-
tions.'"**1¥1 When the H, pressure is increased to 50 bar at
77 K, the excess adsorption capacities of 1a and 2b become
3.70 and 5.22 wt%, respectively (Figure 3b), which gives
maximum capacities of 4.30 and 6.37 wt %, respectively, on
fitting the data to the Langmuir equation. The total adsorp-
tion capacities of 1a and 2b at 77 K and 50 bar are 4.49 (45.8)
and 6.76 wt% (51.9 gL ™), respectively.”*?”! The H, adsorp-
tion capacity of 2b (in wt %) is distinctly higher than that of
1a or 2a, although this is mainly due to the lower molecular
weight effect as the sorption capacity ratios 2b:1a and 2b:2a
per unit sample volume (Table 1) are only 105% and 120 %,
respectively, at 77 K and 1 atm.

The H, sorption behavior was also measured at 87 K and
the isosteric heats of adsorption were estimated according to
the virial equation® to verify the effect of the AMSs. The
isosteric heats (Figure 3¢) are 5.96-7.24kJmol ! for 1a, 5.91-
6.53 kJmol ™' for 2a, and 4.43-11.60 kJ mol~' for 2b, depend-
ing on the degree of H, loading. The zero-coverage isosteric
heat of H, adsorption for 2b (11.60 kImol™!) is greater than
those for 1a (7.24 kJmol™") and 2a (6.53 kJmol ™), and the
highest yet observed for the MOFs, thus clearly suggesting
that the interaction between the host and H, molecules is
stronger for the MOF containing AMSs than those without
AMS:s.

In conclusion, we have demonstrated the gas sorption
properties of isostructural NbO-type MOFs with AMSs
([{Cuy(abtc)};] (2b)) and without AMSs ([{Zn,(abtc)(dmf),};]
(1a), [{Cu,(abtc)(dmf),};] (2a)). All these compounds show
much higher H, and CO, uptake capacities than other MOFs.
The MOF with AMSs (2b) clearly has a higher H, adsorption
in terms of wt% as well as per unit sample volume (gL™")
compared to those with no AMSs (1a and 2a). This is likely to
be due to a stronger interaction with H, molecules in the
former, although its lower molecular weight is the major
contributor to the higher wt % of adsorbed H,.
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