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ABSTRACT: Three porous (3,24)-connected rht-type metal—organic frameworks
(MOFs), [CusL(H,0);]-xsolvents (H,L°" = 4,4',4”-(hydroxysilanetriyl)tris-
(triphenyl-3,5-dicarboxylic acid), SDU—6; H,LM® = 4,4',4"-(methylsilanetriyl)tris-
(triphenyl-3,5-dicarboxylic acid), SDU-7; H,L®" = 4,4',4"(isobutylsilanetriyl ) tris-
(triphenyl-3,5-dicarboxylic acid), SDU—8), have been successfully prepared from
[Cu,(COO),] paddlewheel SBUs (secondary building units) and C;-symmetric Si-
based hexatopic carboxylatelinkers. All porous MOFs are constructed from 3D
packing of nanosized cuboctahedral, truncated tetrahedral, and truncated octahedral
cages. SDU—6—8 differ only in the functionality of the central Si atom of the
hexacarboxylate ligands with hydroxyl, methyl, and isobutyl groups, respectively. Gas
adsorption measurements of activated MOFs suggested that decoration of the cage
walls with strong polar groups can enhance the adsorption capacities for N,, H,, and
CH,. SDU—6 with —OH as the functional group possesses high CH, uptake (172
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cm® cm™ at 35 bar), which is very close to DOE target of 180 cm® cm™.

B INTRODUCTION

Metal—organic frameworks (MOFs) built from metal-based
nodes and organic polycarboxylate linkers are of enormous
interest as a novel class of microporous material due to their
important applications in a wide range of fields including gas
storage/separation, catalysis, nonlinear optics, electronics, and
drug delivery.'~® So far, construction of MOFs with high gas-
uptake capacity remains a great challenge. On the basis of
current research on how to improve the gas-uptake for a
desired MOF, two eflicient strategies can be achieved: one is to
predesign the organic ligand by decorating it with a functional
organic group that has high binding affinity to gas molecules;”
the other one is the postsynthesis modification of the organic
ligand after the framework was formed.® The latter strategy
requires the porous frameworks possessing high stability that
can sustain the organic reaction on the ligands under certain
condition. Since most of the porous MOFs are sensitive to acid
and base and cannot keep their frameworks during the
postsynthesis modification, hence, the former one becomes a
promising strategy on design and synthesis of porous materials
with improved gas adsorption capacity. Recently, a large
number of porous MOFs with enhanced gas uptake have been
designed and synthesized through predesigning the organic
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ligand. Notable examples include (3,24)-connected nets or rht-
type MOFs based on copper paddlewheel [Cu,(COO),]
building blocks and C;-symmetric hexacarboxylate linkers.””
This family of porous materials possesses highly attractive
because they normally have high surface area and can be easily
constructed from Cj-symmetric hexacarboxylate linkers. Such
MOFs were first reported by Eddaoudi and co-workers in
CuTZl (HTZI = S-tetrazolylisophthalic acid) based on
supermolecular building blocks.'® Thereafter, some remarkable
results were reported by several other research groups. In
particular, Zhou reported an isoreticular PCN-6X series
generated from a series of hexacarboxylate ligands incorporat-
ing rigid C=C triple bonds.” ™ The de novo synthesis of NU-
100 with ultrahigh surface area and gas storage capacities was
also documented by Hupp and co-workers.” In this family of
porous materials, there contain three types of cages (Figure 1):
a cuboctahedron (Cage A), a truncated tetrahedron (Cage B),
and a truncated octahedron (Cage C). Cage A is made up of 24
Cu" ions (12 paddlewheel SBUs) and 24 isophthalate moieties,
hence, the volume of Cage A is fixed and would not be changed
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Figure 1. Schematic representation of the cuboctahedron (Cage A,
left), truncated tetrahedron (Cage B, middle), and truncated
octahedron (Cage C, right) existing in rht-type MOFs based on
copper paddlewheel [Cu,(COO),] building blocks and C;-symmetric
hexacarboxylate linkers.

no matter what size of organic ligands is used. However, the
volumes of Cages B and C are adjustable if different sizes of
organic ligands are used in the assembly of the porous
materials. Thus, the gas adsorption capacity of this family of
materials can be tuned by functionalizing the central core of the
hexacarboxylate ligands or enlarging the volumes of Cages B
and C. Very recently, Bai and co-workers reported a rht-type
MOF with enhanced CO, binding affinity by decorating the
central core of the hexacarboxylate ligand with anacylamide-
group.” ® Schroder and co-workers compared the effect of the
functionality of the central core of the hexacarboxylate ligands
on the gas adsorption capacity.’ Although the volume of Cage
A is fixed in their work, the organic ligands used differ in the
size, resulting in the different volumes of Cages B and C.

In this contribution, we mainly focus our attention on the
study of the effect of functional central core of the
hexacarboxylate ligands (Figure 2) on the gas adsorption
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Figure 2. The chemical structure of H¢L ligands.

capacity by fixing the volumes of Cages A and B and modifying
the inner wall of Cage C. Our work is illustrated with the design
and synthesis of three isostructural rht-type MOFs, Cu,L
[HL°" = 4,4',4”- (hydroxysilanetriyl)tris(triphenyl-3,5-dicar-
boxylic acid), SDU—6; H,LM® = 4,4’,4”-(methylsilanetriyl)tris-
(triphenyl-3,5-dicarboxylic acid), SDU-7; HL™ = 4,4'4"-
(isobutylsilanetriyl)tris(triphenyl- 3,5-dicarboxylic acid), SDU—
8; SDU stands for Shandong University], based on three well-
designed organic ligands decorated with —OH, —CHj;, and
—CH,CH(CHj,), on the central core of the hexacarboxylate
ligands, respectively, which possess the same length. The effect
of the functional groups [~OH, —CH,, —CH,CH(CH,),] on

10351

the adsorption capacities of N,, H,, and CH, has been fully
studied.

B RESULTS AND DISCUSSION

Synthesis. In the past decade, a series of porous MOFs
based on trigonal hexatopic carboxylate ligands and paddle-
wheel SBUs have been designed and synthesized. All these
porous materials possess (3, 24)-connected nets or rht-type
topologies. As far as is known, most of the organic ligands used
to construct rht-type MOFs have C; symmetry in which the
three isophthalate units are almost coplanar. We are particularly
interested in the construction of highly porous materials based
on C;-symmetric hexacarboxylate ligands with three isophtha-
late units being noncoplanar. Very recently, we reported a
(4,8)-connected flu-type network based on a tetrapodal silicon-
based linker.'" In this contribution, continuing our previous
work on organosiliconcarboxylate ligands, we designed and
synthesized a new type of tapered hexacarboxylate ligands
through modifying the tetrahedral silicon center by replacing
one of its four benzoic acid moieties with an arbitrary functional
group, such as —OH, —CH,, and —CH,CH(CH,;),, and their
solvothermal assembly with copper SBU resulted in the
formation of three isostructural MOFs with the same rht- type
network. The size of the three ligands is comparable to 5,5’,5"-
benzene-1,3,5-triyltris(1-ethynyl- 2-isophthalate) in PCN-61. ok

Structural Description. SDU—6—8 were characterized by
single-crystal X-ray crystallography, powder X-ray diffraction
(PXRD), thermogravimetric analysis (TGA), and elemental
analysis. The PXRD confirmed the phase purities of the bulk
samples (Figures S4—6). The dissimilarities intensity may be
due to the preferred orientation of the crystalline powder
samples. Moreover, the PXRD patterns of bulky crystalline
samples after the adsorption experiments are also similar to
those simulated patterns, which further supported the sustained
porosity. TGA curves revealed that SDU—6—8 loses all solvents
before 304 °C (Figures S1—3).

Single-crystal X-ray structural studies confirmed that the
frameworks of SDU—6—8 are isostructural, and they differ only
in the functional group of Si-based hexatopic carboxylate. All
crystallize in the cubic space group Fm3m with large unit cells
(~43 A). SDU-6—8 have the same (3, 24)-connected rht
topology as reported structures. In all cases, each carboxyl
group of the ligand bridges two Cu" ions to form a dicopper
paddlewheel [Cu,(COO),] SBU. Each ligand connects six
[Cu,(COO0),] SBUs to form a hexagonal face of the truncated
tetrahedron and truncated octahedron (Figure 3a and 3b). The
ligands can be considered as a 3-connected node, containing
three noncoplanar isophthalate units. Different from other
coplanar rigid hexatopic carboxylates, the Si-based hexatopic
carboxylates adopt a tripod-like geometry with Si atom
deviating the plane defined by 12 O atoms of 3.44, 3.54, and
3.70 A for LOH 1M and LB respectively, which can create the
curvature of pores or nonlinearity of channels and effectively
enlarge the interior surface area, potentially enhancing the gas
uptake abilities.

All frameworks have the similar sized cuboctahedral cage
(Figure 3c), constructed from 24 isophthalate fragments and 12
[Cu,(COO0),] paddlewheels, which serves as a 24-connected
node. Thus, the isostructural frameworks in SDU—6—8 form
(3, 24)-connected networks. The frameworks can also be
viewed in terms of nanosized cages packed through sharing
faces with three types of cages, Cage A, Cage B, and Cage C, in
a 1:2:1 ratio (Figure 3d). In details, each Cage B is connected
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Figure 3. Structural features of SDU—6: (a) truncated tetrahedral
cage, (b) truncated octahedral cage, (c) cuboctahedral cage (Cu: cyan;
Si: green; C: gray; O: red), (d) 3D packing of three types of polyhedra
in SDU-6, and (e) (3,24)-connected rht topology.

to four Cage A by sharing of triangular windows, and each Cage
A is surrounded by eight Cage C, and each Cage C is connected
to six Cage A by sharing the truncated vertices which are the
square windows formed by the [Cu,(COO),] paddlewheels.
Different from other reports that the sizes of Cages B and C are
distinct when different organic ligands are used, Cages A and B
are fixed in SDU—6—8, with the approximate cavity radius of
6.6 and 6.7 A, respectively (Table 1). The functional groups
such as —OH, —CH;, —CH,CH(CH,), in SDU—6—8 hange
on the inner wall of Cage C and point toward the center of the

Table 1. Cage Sizes, Surface Areas, Pore Volumes, and
Porosities of SDU—6—8

SDU-6 SDU-7 SDU-8
Cage A (A)” 6.57 6.57 6.62
Cage B (A)° 6.67 6.73 6.61
Cage C (A)° 5.96 5.61 4.47
porosity” 70.6% 70.3% 68.2%
pore volume (cm® g7') calc.”/  1.15/1.17 1.16/1.10 1.06/1.02
exptl.
surface area (m? g™!) cale.’/ 2987/2826  2960/2713  2741/2516
BET

“Calculated using Platon. bCalculated using poreblazer.

cage (Figure 4). It is clear that the cavity size of Cage C
decreases with the increase of the size of the inner functional

Figure 4. Highlighting Cage C showing all the functional groups on
the center core of the ligands pointing toward the center of the cage.
Green ball, Si atom; light blue ball, functional groups such as —OH,
—CH,, and —CH,CH(CHS,),.

groups, which results in the changes of the cavity radius from
6.0, 5.6 to 4.5 A in SDU—6-8, respectively. Thus, the only
difference among SDU—6—8 is the existence of different
functional groups in Cage C, which provide us a great chance to
systematically compare the effect of the functional groups on
the gas adsorption capacity and pore structure (see below). The
total solvent-accessible volumes for the desolvated frameworks
after removal of guest solvents and coordinated water
molecules are estimated to be 70.6% (SDU-6), 70.3%
(SDU-7), and 68.2% (SDU-8) calculated by the PLATON/
VOID routine (probe radius = 1.80 A)."”> The calculated pore
volume of the desolvated frameworks are 1.15, 1.16, and 1.06
cm® g~' for SDU—6—8, respectively (Table 1).

N, Adsorption of SDU—-6—8. To check the permanent
porosities of SDU—6—8, the freshly prepared samples were
soaked in methanol and dichloromethane to exchange the less
volatile DEF solvent, followed by evacuation under a dynamic
vacuum at 80 °C overnight. A color change from bright-blue to
purple-blue occurred, indicating that open Cu(Il) sites have
been %enerated similar to those observed for other frame-
works."® As shown in Figure 5, desolvated SDU—6—8 display
typical Type-I adsorption isotherms, suggesting the retention of
the microporous structures after the removal of solvents from
the crystalline samples. All sets of isotherms show slight
changes of slope between 0.01 to 0.1 bar, indicating that the
different sized pores are filled in sequence as the pressure
increases from below 0.01 to 0.1 bar. SDU—6—8 adsorb 753,
713, and 659 cm® ¢! of N, at 77 K, respectively. These values
are comparable to those of NOTT-102 (736 cm® g”'), NOTT-
110 (768 cm® g™*), and NOTT-111 (790 cm® g™*)."* The total
pore volumes of 1.17, 1.10, and 1.02 cm? g_1 for SDU—-6-8,
respectively, were calculated from the N, isotherms (P/P, =
0.98), which are very close to the theoretical results (Table 1).
Fitting the N, isotherms using the low-pressure region data
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Figure S. The N, sorption isotherms at 77 K for SDU—6—8 (solid
circles: adsorption; open circles: desorption).

afforded Brunauer—Emmett—Teller (BET) surface areas of
2826, 2713, and 2516 m* g_1 for SDU—6—8, respectively
(Figures S7—9), which show a good agreement with the
calculated data using the crystal data by poreblazer V1.2 (Table
1)."® The maximum N, uptake decreases from 756 cm® g™ for
SDU—-6 to 659 cm? g_1 for SDU—8 at 77 K, consistent with
their respective surface areas and pore volumes. The BET
surface areas of them are much smaller than the record for
MOF-210 (6240 m* ¢g”') and are comparable to NOTT-103
(2929 m? g71).14>16

In order to have a preliminary understanding of the effect of
functional group on pore structure, the pore size distribution
data of SDU—6—8 were calculated by nonlocal density
functional theory (NLDFT) using N, isotherm data (Figure
6). The pore size distributions of SDU—6—8 are very similar,
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Figure 6. Pore size distribution of SDU—6—8.

and the major pore size distributes between 9 and 13 A, which
correspond with the crystal model. Due to the lack of suitable
models for MOFs in NLDFT, the difference of pore size
distribution among SDU-6—8 is not distinct. Therefore, the
theoretic pore size distributions were calculated using the
Monte Carlo procedure (Figure $10),'” in which the effect of
the functional group is clear. The contribution of Cages A and
B in SDU—6—8 to pore size distribution are almost the same in
the range of 12—14 A, while the values for Cage C shift from

11.5, 10.9 to 8.3 A. The results indicate that the bulky group in
silicon can reduce the effective pore size of Cage C.

H, Adsorption of SDU—6—8. Low-pressure H, uptakes of
desolvated samples of SDU—6—8 were continuously deter-
mined using volumetric gas adsorption measurements. As
demonstrated in Figure 7, the desolvated SDU—6—8 exhibit
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Figure 7. Low-pressure H, adsorption isotherms for SDU—6—8 at 77
K. For clarity, the desorption data are not plotted. Insert shows the
isosteric heat of adsorption for H, in SDU—-6—8.

the classical reversible Type-I for H, adsorption isotherms
expected for microporous materials. The adsorption isotherms
exhibit 21.5, 21.3, and 20.3 mg g_1 H, uptake for SDU—6-8,
respectively, under the conditions of 77 K and 1 bar, which are
comparable or even superior to previously reported MOFs
incorporating Cu(1I) paddlewheel SBUs, such as PCN-61 (23.0
mg ¢! at 77 K, 1 bar) and NOTT-112 (23.5 mg g™* at 77 K,
800 mmHg).”*" The higher H, uptake capability of SDU—6
compared to the other two is attributed to its larger surface
areas as well as the stronger polar hydroxyl group, producing
stronger dipole—induced dipole interaction between H, and the
hydroxyl group. However, in the low-pressure region (<200
mmHg), the H, uptake of SDU-S8 is slightly larger than SDU—
7 (Figure S11), which shows that the isobutyl group increases
the hydrogen affinity toward the framework compared with
methyl group. It can be interpreted as the bulky functional
group decreases the pore size and enhances the roughness of
pore surface, which will be quantified by the H, isosteric heat of
adsorption (Q). The Q.. of SDU—6—8 were calculated by
fitting the H, adsorption isotherms at 77 and 87 K to a Virial-
type expression (Figures S12—14). The Q have the estimated
value of 6.43, 5.84, and 6.25 k] mol™' for SDU-6-8 (Figure
7), respectively, at the lowest coverage, which values can be
compared with other (3, 24)-connected nets.” The trend is
identical with the proposed analysis: the order of contribution
to hydrogen affinity in SDU—6—8 is polar hydroxyl group >
isobutyl group > methyl group.

In the high pressure range, it can be found that the surface
area dominates the maximum excess gravimetric H, uptake
capacity in SDU—6—8 (Figure 8). This correlation has also
been observed in other isostructural MOFs series.””'* The
excess H, uptakes reach up to the maximum at about 32 bar
and 77 K for all three MOFs. Due to the highest surface area of
SDU—6, it has the highest maximum excess H, uptake capacity
(57.3 mg g~"), which value is slightly lower than that of PCN-
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Figure 8. Excess H, adsorption isotherms for SDU—6—8 at 77 K up to
60 bar. Insert shows total adsorption isotherm. (Solid symbols:
adsorption; empty symbols: desorption).

61 (62.4 mg g~'). Also, SDU—6 and —7 have the saturation
hydrogen uptakes of 53.1 and 49.1 mg g™, respectively. Taking
into consideration of the gaseous hydrogen compressed within
the framework void, the total gravimetric and volumetric H,
uptake of SDU—6—8 will be 76.3, 71.6, and 64.5 mg ¢! and
46.6, 43.5, and 39.2 g L', respectively, at S5 bar (Figure 8).
CH, Adsorption of SDU—6—8. As shown in Figure 9, at
298 K and 35 bar, the excess gravimetric CH, uptake capacity
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Figure 9. Excess CH, adsorption isotherms for SDU—6—8 at 298 K
up to 45 bar.

of SDU-6-8 is 10.8, 10.1, and 9.1 mmol g, which
correspond to the volumetric values of 148, 137, and 125
cm® cm™ based on the crystallographic density (Figure S15).
The total volumetric CH, uptake capacity of SDU—6 is as high
as 172 cm® cm™ at 35 bar (Figure S16), which is close to the
DOE target of 180 cm® cm ™ and is among the highest methane
uptakes of all the reported MOFs materials.'” Like the H,
uptake, in the case of SDU—6—8, the CH, uptake capacity is
controlled mainly by the surface area and polar functional

group.

B CONCLUSION

In conclusion, we prepared three (3, 24)-connected MOFs
using [Cu,(COO),] paddlewheel SBUs and C;-symmetric Si-
based hexatopic carboxylates decorated by strong polar
hydroxyl and weak polar methyl and isobutyl groups,

respectively. Results and conclusions of these investigations
are summarized as follows: 1) by introducing different
functional groups on the central Si atom, a series of tapered
hexatopic carboxylates have been synthesized, and their
assembly with rigid paddlewheel SBUs resulted in the
formation of rht-type MOFs; 2) the effect of functional groups
on the gas adsorption capacities has been systemically studied
for the first time by fixing the sizes of Cages A and B and
modifying the inner wall of Cage C in rht-type MOFs; 3) they
show similar high H,, N,, and CH,, adsorption capacities, which
are dependent on not only the larger surface areas and pore
volumes but also the polarity decorated on the organic linkers.
Our research results presented here further indicate that the
polarity of the functional groups has a significant effect on the
gas adsorption of an MOF and provide the information on the
design and synthesis of porous MOFs with high gas adsorption

capacity.
B EXPERIMENTAL SECTION

All chemicals and solvents used in the syntheses were of analytical
grade and used without further purification. H{L°H, HJL™®, and H,L®"*
were synthesized using the literature method (see the Supporting
Information). "H NMR spectra was measured on a Bruker AVANCE-
300 NMR spectrometer. The thermogravimetric analysis (TGA) was
carried out between room temperature and 800 °C in a static N, with
a heating rate of 10 °C/min (Figures S1—3). Intensity data of the
SDU—6 and SDU-7 were collected on a Bruker Apex II CCD
diffractometer equipped with a fine-focus sealed-tube X-ray source
(Mo Ka radiation, graphite monochromated). Intensity data of the
SDU—8 were collected on an Agilent Xcalibur Eos Gemini
diffractometer equipped with Enhance (Cu) X-ray Source (Cu—Ka,
A = 1.54178 A). X-ray powder diffractions were measured on a Bruker
AXS D8 Advance. The low-pressure N, and H, sorption isotherm
measurements were performed on an ASAP 2020 M accelerated
surface area and porosimetry analyzer. High-pressure H, and CH,
sorption isotherm measurements were performed using a Hydrogen
Storage Analyzer HTP1-V.

The intensity data of SDU—6 and SDU—7 were collected at 173 K
on a Bruker Apex II area detector diffractometer (Mo—Ka, A =
0.71073 A). The intensity data of SDU—8 were collected at 140 K on
an Agilent Xcalibur Eos Gemini diffractometer with Enhance (Cu) X-
ray Source (Cu—Ka, 4 = 1.54178 A). Absorption corrections were
applied by using the multiscan method. Data were integrated and
corrected for Lorentz, polarization, and absorption effects. Space group
determinations were made based on systematic absences, E statistics,
and successful refinement of the structure. Structures were solved by
direct method and refined by full-matrix least-squares on F* using
SHELXTL. Non-hydrogen atoms were refined with anisotropic
displacement parameters during the final cycles. Organic hydrogen
atoms were placed in calculated positions with isotropic displacement
parameters set to 1.2 or 1.5 X U, of the attached atom. In the
structure of SDU—S8, the isobutyl group is severly disordered around
the C; axis, and attempts to locate and refine the isobutyl group were
unsuccessful. Therefore, the theoretical model of the isobutyl group
was attached to an Si atom. There are large solvent accessible void
volumes in the crystals of SDU—6—8 which are occupied by
disordered DEF and water molecules. No satisfactory disorder
model could be achieved, and therefore the PLATON/SQUEEZE

routine was used to remove these electron densities.

B ASSOCIATED CONTENT

© Supporting Information

Crystallographic data in CIF format, additional figures of gas
adsorptions, powder X-ray diffractions (PXRD) patterns, and
the thermogravimetric analysis for SDU-6—8. This material is
available free of charge via the Internet at http://pubs.acs.org.
CCDC Nos. 880865—880867 for SDU—6—8.
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