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§ Rational Design and Synthesis of a Highly Porous Copper-
Based Interpenetrated Metal-Organic Framework for High
CO, and H, Adsorption
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Interpenetrated metal-organic frameworks (MOFs) are often
observed to show lower porosity than their non-interpenetrat-
ing analogues. It would be highly desirable if the interpene-
trated MOFs could still provide high stability, high rigidity, and
optimal pore size for applications. In this work, an asymmetri-
cal tricarboxylate organic linker was rationally designed for the

Introduction

The development of novel organic-inorganic hybrid materials,
specifically metal-organic frameworks (MOFs), is very promis-
ing research fields on account of their diversity and a wide
range of applications. There are certain advantages that make
MOFs unique, including high porosity, tunable pore size, high
surface area, and diverse topologies. As a matter of fact, they
have been utilized in many fields for practical applications
such as gas storage and separation,”" catalysis,'”” magnetism,®
and molecular sensing.”

The rational design of organic linkers and choice of inorgan-
ic components are of great importance in order to obtain suit-
able MOF materials for practical applications.” For most of the
reported cases, coordinatively unsaturated metal sites have
been generated by the removal of coordinated solvent mole-
cules for better interactions with adsorbed gas molecules. On
the other hand, the porous nature of MOFs can be altered by
changing the dimension of the organic linkers. Generally,
larger organic linkers lead to more porous structures. However,
there are certain limitations to the enlargement of the size of
the organic linkers. For example, the elongation of organic
linkers often results in interpenetrated networks. Obviously,
the interpenetration decreases the porosity of MOFs relative to
that of non-interpenetrating networks. Thus, it would be
highly desirable if the interpenetrated MOFs could still present
high stability, high rigidity, and optimal pore size for significant
gas uptake.
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construction of a copper(ll)-based microporous MOF with
a twofold interpenetrated structure of Pt;0, topology. In spite
of having structural interpenetration, the activated MOF shows
high porosity with a Brunauer-Emmett-Teller surface area of
2297 m*g~", and high CO, (15.7 wt% at 273 K and 1 bar) and
H, uptake (1.64 wt% at 77 K and 1 bar).

Highly symmetrical aromatic tricarboxylates, that is, 1,3,5-
benzenetricarboxylic acid®® and its derivative 1,3,5-benzene-
trisbenzoate™” with identical vertices, have been extensively
utilized for the construction of porous MOFs. However, the uti-
lization of asymmetrical aromatic polycarboxylates for MOF
synthesis has been less well investigated.”’ In order to enrich
the library of organic linkers, some new strategies have been
developed. One of these strategies is to reduce the symmetry
by systematic and symmetrical extension of organic linkers
(Scheme 1). Matzger et al. reported how the organic linkers
can be tuned by the reduction of linker symmetry.®*¢ Al-
though the method is beneficial for the suppression of frame-
work interpenetration, the frameworks constructed by larger
organic linkers show a tendency to collapse when the guest is
removed.

COOH

Elongation

?‘ OOH 0

3
Symmetrical HOOC

Reduced symmetry  HOOC Reduced symmetry with

elongated arms

Scheme 1. Elongated tricarboxylate organic linkers.

Herein, we report a new asymmetrical tricarboxylate (HsL) as
an organic linker, which was synthesized by a strategy of sym-
metry-reduced extension. Under solvothermal conditions, the
organic linker H,L reacts with copper(ll) nitrate to form a two-
fold interpenetrated porous MOF (1) with a Pt;0, topological
structure. Despite the structural interpenetration, the activated
form of this MOF is highly porous, showing a high selectivity
for CO, uptake over CH, and N, and also a significant H,
uptake capability.

Results and Discussion

The organic linker H;L was prepared by a palladium-catalyzed
Sonogashira coupling between dialkyne and methyl 4-iodo-
benzoate, followed by base-catalyzed hydrolysis (Scheme 2).
The solvothermal reaction between H,;L and copper(ll) nitrate
in DMF/HNO; (4.0/0.6, v/v) mixed solution (DMF = N,N'-dimeth-
ylformamide) at 70°C for 2 d afforded blue block-like crystals.
Single-crystal X-ray diffraction analysis reveals that 1 crystallizes
in the /4/m space group with a tetragonal crystal system
(Table 1). The unit cell of 1 consists of two types of paddle-
wheel Cu,(COO0), secondary building units (SBUs), which are in-
terconnected by L*~ in order to make the twofold interpene-
trated three-dimensional (3D) network. One type of paddle-
wheel has two p-benzoate and two m-benzoate groups from

© 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Scheme 2. Synthetic route to linker HsL: a) 1. NaNO,/H,SO,, 2. KI;

b) (Me0),S0,, K,COs, acetone; c) trimethylsilylacetylene (TMSA),
[PACI,(PPh,),], Cul, N,N'-diisopropylethylamine (DIPEA), THF; d) n-tetrabutyl-
ammonium fluoride (TBAF), THF; e) [PdCl,(PPh;),], Cul, DIPEA, THF; f) KOH,
MeOH/THF, HCl.

Table 1. Crystallographic data and structural refinement summary of 1.

1

Molecular formula CsoH,,Cu30;5

Formula weight 1053.29

T (K) 103(2)

Wavelength (A) 0.71073

Crystal system tetragonal

Space group 14/m

Unit cell dimensions a=31.369(4) A, c=19.806(3) A,

a=F=y=90°
V(A% 19489(6)
Z 4
Deyc (@cm™) 0359
F (000) 2116
Crystal size (mm) 0.240%0.200x0.200
0 range (°) 1.779 to 25.838°
Reflections collected/ 9606/3671/317
unique/
parameters
R,/WR, 0.0874/0.2978
GOF on P 1.059

four different L3>~ units, whereas another Cu,(CO0), paddle-
wheel consists of only p-benzoate moieties. In the unit cell, the
ratio of the two types of paddlewheels is 2:1 in order to satisfy
the overall stoichiometry of L>~ (Figure 1a and Figure S1 in the
Supporting Information). One type of cage was observed in
the framework. Each cage is surrounded by six Cu,(COO), pad-
dlewheel motifs for the construction of an octahedron building
unit (Figure 1b). Eventually, these cage motifs are interpene-
trated in nature, leaving porous channels with the diameter
about 13.8 A along the c-axis (Figure S1 in the Supporting In-
formation). The binuclear paddlewheel copper cluster connect-
ed with four L*~ units can be considered as a 4-connected
node, and each L~ unit joint with three paddlewheel copper
clusters to form a 3-connected node.

To better understand such a complicated structure, the top-
ology of 1 was studied by Topos 4.0 software.”” The network
topology is based on 4-connected Cu paddlewheel clusters
and 3-connected ligands. The structure has a 3,4-connected
(3,4-c) net with stoichiometry (3-c),(4-c);. Therefore, it self-as-
sembles into a three-dimensional net with the point Schlafli
symbol of {8%,{8%, which is Pt;0, topology based on the Re-
ticular Chemistry Structure Resource (RCSR) database (Fig-
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Figure 1. Crystal view of 1: a) coordination environment of metal ions and
ligands in 1, b) molecular cage, c) twofold interpenetrated Pt;0, framework
topology, and d) space-filling model of the interpenetrated microporous
framework 1 along the c-axis: Cu aqua; C yellow; O red. Hydrogen atoms
were omitted for clarity.

ure 1¢,d)."” Total potential solvent-accessible volume calculat-
ed by PALTON was 12389 A3, which corresponds to 63.6% of
the unit cell volume. Thermogravimetric analysis (TGA) was
performed to examine the framework stability. The TGA curve
indicates that 1 is thermally stable up to 300°C (Figure S2 in
the Supporting Information).

Achieving permanent porosity upon the removal of solvent
guest molecules from the interpenetrated network is a chal-
lenging task. In some cases, the network collapses upon the
activation. Matzger et al. reported a copper-paddlewheel-con-
nected MOF, UMCM-151, using an unsymmetrical tritopic or-
ganic linker that is shorter than Hs;L (Scheme 1).2¢ The single-
crystal structure of UMCM-151 revealed a non-interpenetrated
porous network with 30 A oblong-shaped channels along the
c-axis. In spite of having a non-interpenetrated porous net-
work, UMCM-151 collapsed upon activation and cannot be uti-
lized for any further applications.®® The collapse of the net-
work may be attributed to insufficient junction points offered
by the coordination of three carboxylate groups with Cu" pad-
dlewheels in a stable conformation. In contrast, 1 with a two-
fold interpenetrating network shows high stability and porosity
even after the removal of solvent guest molecules. The perma-
nent porosity of activated 1 was confirmed by a N, sorption
isotherm recorded at 77 K, which displayed a reversible type |
isotherm. The measured Brunauer-Emmett-Teller (BET) surface
area is 2297 m*g~' with a pore volume of 0.845 cm*g™" (Fig-
ure 2a and Figure S3 in the Supporting Information). The cal-
culated pore width is about 14 A, which is in good agreement
with the value observed in crystallographic measurements (Fig-
ure 2a and Figure S1 in the Supporting Information). Although
this BET value is lower than that of some isoreticular MOFs,™

© 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 2. Gas sorption isotherms of activated 1 for a) N, at 77 K (inset shows
the pore-width distribution curve), b) CO,, CH,, and N, at 273 K and 298 K,
and ¢) H, at 77 K and 87 K. Filled symbols denote adsorption, and empty
symbols denote desorption.

for example, NOTT-102 (2942 m*g™ )" and NOTT-103
(2929 m?g "), it is surprisingly higher than that of some of
highly porous non-interpenetrated MOFs, for example, PCN-11

(1931 m?g™"),"™  NOTT-106 (1855 m?g~"),"?  NOTT-107
(1822 m?g"),Md PCN-16' (1760 m2g~"),Md PCN-14
(1753 m2g™"),"  NOTT-109 (1718 m*g™"),™¥  NOTT-100
(1661 m?g™"),"9  UTSA-40 (1630 m?>g~"),!"™ and PCN-10

(1407 m?g~")."! |n addition, 1 is also comparable to certain
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non-interpenetrated porous MOFs,"? namely, NOTT-105
(2387 m*g™"),M9  HNUST-2 (2366 m?*g~"),"®  NOTT-101
(2316 m?g "), and SNU-50 (2300 m*g~")."* To the best of
our knowledge, 1 possesses the highest BET surface area
among the reported interpenetrated MOFs (Table 2).

Table 2. Comparison of some microporous interpenetrated and non-in-
terpenetrated MOFs in terms of the surface area and pore volume.

Materials Sger [m?g7™'] Pore volume
Vp[a] [cm3g"]
Interpenetrated MOFs
1 2297 0.845
Juc-100"% 2081 0.808
PCN-12404 2002 0.579
[Cu4(L)1,(H,0) 1™ 1879 -
a-[Zn,0(L1);]" 1790 -
[Co,O(L);]"" 1355 0.700
PMOF-3 (1a and 1b)""® 1200, 1840 -

SUMOF-2,3,4"% 1167, 1163, 1612 0.421, 0.448, 0.580
HNUST-42% 1136 0.458
UTSA-382" 1060 0.610
mIm-MOF-14122 1011 -
Non-interpenetrated MOFs

PCN-111"*! 1931 0.910
NOTT-107"9 1822 0.767
PCN-16'1""9 1760 0.840
PCN-141" 1753 0.870
NOTT-109""¢ 1718 0.850
NOTT-100" 1661 0.677
UTSA-40"e! 1630 0.650
PCN-101""! 1407 0.670

1262

The high surface area, unsaturated metal sites, and alkyne
functionalities in the framework of activated 1 encouraged us
to explore its gas-uptake capability. As a result, we measured
low-pressure CO,, CH,, N,, and H, sorption isotherms of activat-
ed 1 at different temperatures (Figure 2b,c and Table S1 in the
Supporting Information). The CO, adsorption isotherm indi-
cates a relatively high CO, uptake of 79.9 cm®’g™" (15.7 wt %)
and 46.8 cm*g™" (9.2 wt%) under 1 bar at 273 K and 298 K, re-
spectively (Figure 2b). This relatively high uptake may be at-
tributed to the involvement of unsaturated metal sites and tet-
racarboxylate units. The CO, uptake value is relatively lower
than some of the reported interpenetrated MOFs, for example,
PCN-124 (204.0cm®g™" at 273K and 1bar)™ and HNUST-4
(100.9 cm®g " at 273 K and 1 bar),*” and is comparable to the
CO, uptake values some other reported interpenetrated MOFs,
for example, MOF-1 (63.5cm’®g™" at 298 K and 1 barn)” and
SUMOF-2, SUMOF-3, and SUMOF-4 (95.4, 77.1, and 80.6 cm*g™"
at 273 K and 1 bar)."” Interestingly, the CO, uptake capacity of
1 is comparable to that of some of the best-performing ZIF
materials (Table 3), for example, ZIF-20 (69.8 cm*g~' at 273 K
and 1 bar),*® ZIF-68 (37.6 cm®g~" at 298 K and 1 bar),** ZIF-69
(40.6 cm®*g~" at 298K and 1 bar),?¥ ZIF-70 (55.0cm’®g™" at
298 K and 1 bar),*¥ ZIF-78 (51.5 cm®*g~" at 298 K and 1 bar),*”
ZIF-79 (33.5cm®g ™" at 298 K and 1 bar),*? ZIF-81 (38.2 cm®g™"
at 298 K and 1 bar),?” and ZIF-82 (52.7 cm®g™' at 298 K and
1 bar).”* We also compared the uptake capacity of 1 with that

© 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Table 3. Comparison of some microporous interpenetrated and non-in-
terpenetrated MOFs in terms of their CO, uptake capacity.
Materials Surface area CO, uptake CO, Qst
[m*g™"] at 1 bar [cm®*g™"1  [kJmol™"]
273 K 298 K
Interpenetrated MOFs
1 2297 79.9 46.8 255
JucC-100"¥ 2081 - - -
PCN-124"4 2002 204.0 114.0 26.0
(295 K)
[CUy4(L);5(H,0);,]™ 1879 - 63.5 -
SUMOF-2,3,4" 1167, 1163, 954, 77.1, - -
1612 80.6
[Co,0(L)]"” 1355 76.6 - -
HNUST-42% 1136 100.9 62.9 27.2
Zn,0(2,6-NDC),- 1060 76.0 39.0 28.1
(DMF), 5(H,0)05 (295 K)
(or UTSA-38)2"
YO-MOF®2! 340 (CO, iso- 80 (hyste- - -
therm) resis)
Cy6H1oCUN,O, 550 124 93 17.5
(or [Cu(HL),])"® (30 bar) (30 bar)
MMCF-1%7 500 66.7 45.8 ~26.0
[Zn;L,(btc),(H,0)]-(guest), 239 46.0 - -
[CdL(bdc)]-(guest)® 31 (type II) - - -
{[Cd,(TPPBDA)(OBA),]- - 33.0 14.0 23-25
4DMA-8H,0},*
CAU-589 554 (N,) - 50.0 -
805 (Ar)
[Cu,L,(H,0),INa,(Me,NH,),- 132.7 - 259 -
[Cd,L,o]-9H,0-17 Me,NH
-2 DMFEY
[Zn,0(1);]*? 131 - - -
a-[Zn,0(L1),]"® 1790 - - -
mim-MOF-14%2 101 - - 24.0
{Zn,0[Cu(L),],}* 1300 - - -
(calculated)
ZJU-30%4 228 - - -
interpenetrated MOF-55°! 1130 - - -
(Langmuir)
Zn,(BBA),(CuPyen).G, 62.0 17.5 10.0 284
(or M'MOF-20)B¢ (295 K)
Zn, 5[L-13-](H,0) 368 (87 K) 27.0 - -
(or B-MOF-1)B" 406 (77 K)
[Co(pybz),]®¥ 765.2 133 - -
(Langmuir) (195 K)
260.5 44
(Langmuir) (195 K)
Zrg(u3-0),(u5-OH),,(OH),- 613 - - _
(H,0)¢(BTB),6 DMF-H,05%
Zn,0(RCO,), SBUXY ~580 - - -
(Langmuir)
Non-interpenetrated MOFs
ZIF-20% 800 70.0 - -
(Langmuir)
ZIF-68%4 1090 - 37.6 -
ZIF-69%4 950 - 40.6 -
ZIF-70%4 1730 - 55.0 -
ZIF-78%4 620 - 51.5 -
ZIF-79%4 810 - 335 -
ZIF-81%4 760 - 38.2 -
ZIF-8224 1300 - 52.7 -

of other reported interpenetrated MOFs (Table 3). The low CH,
(21.9 and 12.5cm?g™" at 273 K and 1 bar as well as 298 K and
1 bar, respectively) and N, (7.6 and 4.2cm?g ™' at 273K and
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1 bar as well as 298 K and 1 bar, respectively) uptake capacities
indicate that 1 selectively adsorbs CO, over N, and CH,. Based
on the initial slope of the adsorption isotherm, the measured
selective separation ratios of CO,/N, for 1 are 21.6 and 18.2 at
273 K and 298 K, respectively (Figure 3). The values for CO,/CH,
are 6.9 and 5.6 at 273 K and 298 K, respectively (Figure S4 in
the Supporting Information). The isosteric heats (Q,) of CO,
and CH, adsorption at zero surface coverage are 25.5 and
21.3 kJmol ™', respectively. The values decreased slowly with in-
creased loading (Figures S5 and S6 in the Supporting Informa-
tion).
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Figure 3. Initial slope calculation of CO, and N, isotherms for 1 at a) 273 K
and b) 298 K.

The interpenetrated network of activated 1 shows significant
H, uptake as well, that is, 1.64 and 1.05wt% (184.3 and
117.8 cm*g™") at 77 K and 87 K under 1 bar, respectively (Fig-
ure 2¢c). These values are higher than those of some well-
known MOFs, for example, PCN-9 (1.53 wt%),*" HNUST-4
(1.52 wt%),%” NOTT-119 (1.40 wt%),"*? IRMOF-2 (1.21 wt %),
IRMOF-6 (148 wt%),* IRMOF-8  (1.45 wt%),*?  HNUST-
1 (1.44 wt%),"* IRMOF-3 (1.42 wt%),"' PCN-6" (1.37 wt%),"*”
IRMOF-20 (1.35 wt%),*¥ MOF-177 (1.25 wt%),*”" IRMOF-9
(1.15 wt%),"*? and MOF-508 (0.80 wt%)“® at 77 K and 1 bar.
The calculated isosteric heat of H, adsorption at zero coverage

© 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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is 6.30 kimol™" (Figure S7 in the Supporting Information). This
value is in close agreement with that of most MOFs having ex-
posed metal sites."® The powder X-ray diffraction pattern of
a bulk crystalline sample of 1 after the gas adsorption experi-
ments was identical to the simulated pattern and the diffrac-
tion pattern of pristine 1 (Figure S8 in the Supporting Informa-
tion), further supporting the high stability and permanent po-
rosity of the network.

Conclusion

In summary, we have rationally designed and synthesized an
asymmetrical tricarboxylate organic linker with elongated arms
for the construction of a new twofold interpenetrated micro-
porous MOF with a Pt;0, topology. Upon activation, 1 shows
the highest BET surface area (2297 m*g™") among all the re-
ported interpenetrated MOFs. Interestingly, the value is compa-
rable and even higher than that of some well-known highly
porous non-interpenetrated MOFs. Despite its interpenetrated
framework, the activated 1 presents high CO, and H, uptake
capability, providing high CO,/N, and CO,/CH, selectivity at
ambient conditions. Thus, the high selectivity of 1 for CO, over
N, and CH, makes it promising for potential gas-separation
and -storage applications.

Experimental Section

Materials and methods: Copper nitrate trihydrate, 3,5-diamino-
benzoic acid, dimethyl sulfate, potassium iodide, sodium nitrite,
and trimethylsilylacetylene were purchased from Sigma-Aldrich
and were used as received. Methyl 4-iodobenzoate was purchased
from TCI chemicals. Dichloromethane (DCM) was freshly distilled
from calcium hydride. NMR spectra were recorded on either
a Bruker AV 300 or a Bruker AV400 at room temperature. Electro-
spray ionization mass spectrometry (ESI-MS) experiments were car-
ried out on a ThermoFinnigan LCQ Fleet MS. Thermogravimetric
analysis (TGA) was carried out on a TGA-Q500 thermoanalyzer with
a heating rate of 5°Cmin~" under nitrogen atmosphere. Powder X-
ray diffraction measurements were performed on a Bruker D8 dif-
fractometer using Cu-Ka. radiation (1=1.5418 A) at room tempera-
ture.

Synthesis of A: Compound A was synthesized by a modified litera-
ture procedure.® A 1L three-neck round-bottom flask equipped
with a mechanical stirrer and a thermometer was charged with 3,5-
diaminobenzoic acid (6.00 g, 39.40 mmol) and 25% H,SO, solution
(70 mL). The reaction mixture was cooled to —5°C with an ice-salt
bath. Then, the temperature of the reaction mixture was carefully
monitored. To this cooled reaction mixture, an ice-cooled solution
of NaNO, (6.53 g, 394 mmol, 10 mL) was added dropwise. After the
solution had been stirred at —5°C for 1h, urea (497 mg,
8.30 mmol) was added to get rid of excess NaNO,. Then, an aque-
ous solution of potassium iodide (65.50 g, 394 mmol) was added
dropwise, and the reaction mixture was stirred at —5°C for an ad-
ditional 2.5 h. It was heated to 60°C for 30 min. After cooling
down to room temperature, the reaction mixture was filtered. The
precipitate was dissolved in diethyl ether and the organic layer
was washed with Na,S,0; (3x) to remove iodine. The organic layer
was dried over anhydrous Na,SO, and the solvent was removed by
evaporation. The crude product was purified by chromatography
on silica gel using EtOAc/CH,Cl, (5:95 to 20:80, v/v) as the eluent
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to afford 3,5-diiodobenzoic acid (A) as a yellowish white solid
(yield 60%). "H NMR (300 MHz, [Dg]DMSO): 6 =13.49 (s, 1H, COOH),
835 (s, TH, 2,6-H), 821 ppm (s, 2H, 4-H); *CNMR ([Ds]DMSO,
75 MHz): 6 =165.12, 148.66, 137.45, 134.78, 96.60 ppm; HRMS (ESI-
TOF) m/z calcd for C,H,1,0, [M+H]": 374.8379, found 374.8376.

Synthesis of B: A suspension of 3,5-diiodobenzoic acid (A) (1.00 g,
2.67 mmol), K,CO; (437 mg), and dimethyl sulfate (0.27 mL) in an-
hydrous acetone (25 mL) was refluxed at 56°C for 12 h. After the
reaction mixture had cooled down to room temperature, water
(5 mL) was added. The mixture was stirred under ambient condi-
tions for 12 h. The solvent was removed by evaporation. The resi-
due was dissolved in CH,Cl, and the organic layer was washed
with water three times. Finally, the organic layer was dried over an-
hydrous Na,SO,, and the volatiles were removed by evaportation
leaving a crude solid. The solid was then purified on silica gel
using hexane as the eluent to afford compound B as a white solid
(yield 95%). '"H NMR (300 MHz, [D¢IDMSO): 6=8.38 (s, TH, 4-H),
8.20 (s, 2H, 2,6-H), 3.86 ppm(s, 3H, OCH,); *CNMR ([Dg]DMSO,
100 MHz): 6=164.11, 149.10, 137.07, 133.42, 96.76, 53.19 ppm;
HRMS (ESI-TOF) m/z calcd for CgH,1,0, [IM+H]*: 388.8536, found
388.8554.

Synthesis of C: A mixture of compound B (2.00 g, 5.17 mmol), tri-
methylsilylacetylene (2.19 mL, 15.51 mmol), [Pd(PPh,),Cl,] (181 mg,
0.25 mmol), and Cul (99 mg, 0.50 mmol) in diisopropylethyl amine
(DIPEA, 30 mL) and THF (30 mL) was heated at 60°C under nitro-
gen for 12 h and then cooled to room temperature. The mixture
was filtered and the solvent was removed by evaporation. The
crude product was deprotected without further purification.

In a 100 mL round-bottom flask, the trimethylsilylated compound
(1g) was dissolved in a mixture of THF (20 mL) and methanol
(10 mL). To this reaction mixture, tetrabutylammonium fluoride
(TBAF) solution (1M in THF, 2 mL) was added. The mixture was
stirred undert ambient conditions for 2 h. The solvent was re-
moved by evaporation, and the desilylated crude product was pu-
rified by column chromatography (silica gel, ethyl acetate/hexane
10-30% v/v). The pure product was obtained as brownish white
solid (yield 72%). '"H NMR (300 MHz, CDCl,): 6=8.10 (s, 2H, 2,6-H),
7.75 (s, TH, 4-H), 3.92 (s, 3H, OCH,), 3.13 ppm (s, 2H, ethynyl-H);
BCNMR (CDCl;, 100 MHz): 0=165.47, 139.32, 133.26, 130.84,
123.03, 81.59, 78.90, 52.51 ppm; HRMS (ESI-TOF) m/z calcd for
Cy,H 0, [M+H]*: 185.0603, found 185.0582.

Synthesis of D: A mixture of compound C (0.58 g, 3.15 mmol),
methyl 4-iodobenzoate (1.78 g, 6.78 mmol), [Pd(PPh,),Cl,] (166 mg,
0.24 mmol), and Cul (92 mg, 0.48 mmol) in DIPEA (15 mL) and THF
(15 mL) was stirred at room temperature under nitrogen atmos-
phere for 24 h. The mixture was filtered and the filtrate was evapo-
rated to dryness. The residue was purified by column chromatogra-
phy on silica gel using CH,Cl, as the eluent. The pure compound D
was isolated as a yellowish white solid (yield 70%). 'H NMR
(300 MHz, CDCl,): 6=8.19 (s, 2H), 8.05 (d, 4H, J=8.2 Hz), 7.89 (s,
1H), 7.60 (d, 4H, J=8.3 Hz), 3.97 (s, 3H, OCH,), 3.94 ppm (s, 6H,
OCH,); CNMR (CDCl, 100 MHz): 6=166.44, 165.58, 138.35,
132.67, 131.65, 131.04, 130.01, 129.61, 127.20, 123.76, 90.20, 90.18,
52.55, 52.29 pm; HRMS (ESI) m/z: [M+H]* caled for C,gH,,Os,
453.1338; found, 453.1326.

Synthesis of H;L: A mixture of compound D (400 mg, 0.88 mmol),
NaOH (500 mg, 12.50 mmol), THF (20 mL), and water (5 mL) was
stirred at ambient temperature for 12 h. The mixture was then con-
centrated under reduced pressure. The concentrated reaction mix-
ture was acidified with cold 3m HCl in an ice bath. The white pre-
cipitate that appeared was filtered and washed with plenty of dis-
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tilled water. The precipitate was then dried under reduced pressure
in order to get pure H,L as a white solid (yield 90%). 'H NMR
(300 MHz, [Dg]IDMSO): 6=13.31 (s, 3H), 8.11 (s, 2H), 8.05 (s, TH),
8.00 (d, 4H, J=83Hz), 7.73ppm (d, 4H, J=8.2Hz); *CNMR
([DgIDMSO, 100 MHz): 6=167.27, 166.51, 137.41, 134.71, 132.85,
132.16, 132.00, 130.02, 126.29, 123.31, 90.47, 90.43 ppm; HRMS
(ESI) m/z: [M+H]™" calcd for C,5H,504 411.0869; found, 411.0874.

Synthesis of 1: A mixture of H;L (10.0 mg, 0.024 mmol) and
Cu(NO;),:3H,0 (23.2 mg, 0.096 mmol) was dissolved in DMF (4 mL)
in a 10 mL screw-capped vial. To this solution, HNO; (0.6 mL) was
added, and the vial was tightly capped and placed in an oven at
70°C for 3 days. The obtained block-like blue crystals were washed
twice with DMF and dried in air to afford 1 (yield~60% based on
H;L). IR (KBr): 7=1658, 1602, 1398, 1257, 1176, 1101, 1016, 862,
781, 738, 698, 665 cm™ .

X-ray crystallography: A suitable single crystal was selected for
single-crystal X-ray diffraction analysis. Crystallographic data were
collected on an Agilent SuperNova diffractometer with an Atlas
CCD equipped with Mo-Ka. radiation (1=0.71073 A) at 103 K. The
single crystal of 1 for X-ray diffraction analyses was mounted onto
a glass fiber. The program SAINT was used for integration of the
diffraction profiles,"'® and the data were corrected for absorption
by using the SADABS program.”® The structure was solved by
direct methods using the SHELXS program of the SHELXTL pack-
age and refined by full-matrix least-squares analyses on F?
(SHELXTL-97).** Metal atoms in each complex were located from
the E-maps, and other non-hydrogen atoms were located in suc-
cessive difference Fourier syntheses. The hydrogen atoms of the li-
gands were generated theoretically onto the specific atoms and re-
fined isotropically with fixed thermal factors. The solvent molecules
were highly disordered and cannot be modeled, thus the SQUEEZE
routine of PLATON was used to remove the contributions of the
solvent molecules to the scattering.”” Further details of crystallo-
graphic data and structural analyses for 1 are summarized in
Table 1. CCDC 1033100 contains the supplementary crystallograph-
ic data for 1. These data can be obtained free of charge from The
Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/
data_request/cif.

Gas adsorption studies: Low-pressure gas sorption measurements
were performed by using Quantachrome Instruments AutosorbiQ
(Boynton Beach, Florida USA) with extra-high-purity gases. The
nonvolatile solvents were exchanged by soaking the MOF crystals
in CH,Cl, for 3 days, during which CH,Cl, was replaced three times
each day. Then, the sample was placed into a sample cell and
dried for 8 h under vacuum at 90°C by using the “outgasser” func-
tion before the measurements. The BET surface area, total pore
volume, and pore size distribution were calculated from the N,
sorption isotherms at 77 K. The pore size distribution was calculat-
ed based on the Non-Local Density Functional Theory (NL-DFT,
a zeolite/silica model containing spherical/cylindrical pores) model
in the Quantachrome ASiQwin 2.01 software package. The isosteric
heats of adsorption (Q,,) for CO,, CH,, and H,, defined by the Clau-
sius—Claperyon equation [Eq. (1)],

a2 9lnp
o, —rr (%5 ) 1)

were determined by using the CO, and CH, adsorption isotherms
at 273 and 298 K, respectively, and the H, adsorption isotherms at
77 and 87 K.
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