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Several examples of the pillaring of the 2-D layers having a linear
dicarboxylate unit such as a terphthalate group using additional
auxiliary linkers have been reported.15 Recently, two Cu-based
MOFs have been reported using the ligands containing both the
iph unit and either pyridyl or tetrazole group directly attached to
the iph unit as an auxiliary internal interlinking group.16 Both
frameworks are 3-D networks based on a 2-D sql network
pillared by the auxiliary internal interlinking group, pyridyl or
tetrazole unit.

We report herein the preparation of two size- and shape-
selective isostructural MOFs having micropores of the same
“static aperture size” but of different effective aperture size. The
MOFs have been prepared via hydrosolvothermal reaction of
Cu(II) ion or solvothermal reaction of Zn(II) ion as a metal
source and 5-(pyridin-3-ylethynyl)isophthalic acid (H2L) as a
ligand (Scheme 1). The ligand has two different functional units
simultaneously in a single ligand, an iph unit and the pyridyl unit
as an auxiliary internal connecting residue, where the two units
are interconnected via C�C triple bond of some degree of
rotational freedom. The combination of the iph unit and Cu (or
Zn) ion led to 2-D layers of a kgm net topology based on square
paddle-wheel as an SBU, and the layers were further pillared by
the pyridyl unit of the ligand to form a 3-D microporous
framework having two different types of cage-like pores with
different static aperture sizes and shapes. The size- and shape-
selective gas sorption characteristics of the two isostructural
MOFs as well as the effect of the framework’s flexibility on the
effective aperture size of the pores have been investigated.

’ EXPERIMENTAL SECTION

General Procedures. All reagents were purchased from commer-
cial sources and were used without further purification. Elemental
analyses were conducted at the Elemental Analysis Laboratory of the
Korean Basic Science Institute, Korea. Mass spectral data were obtained
on a Jeol JMS 700 high-resolution mass spectrometer (HRMS) at
the Korea Basic Science Institute (Daegu). FT�IR spectra were
recorded as KBr pellets with a Varian 1000 FT�IR spectrophotometer

(4000�400 cm�1). Thermogravimetric analyses (TGA) were per-
formed using a TA Instruments (Q200, USA) with a heating rate of
10 �C min�1 between ambient temperature and 500 �C in air. Nuclear
magnetic resonance (NMR) spectra were recorded on a Varian-500
spectrometer. Powder X-ray diffraction (PXRD) data were recorded
using a Rigaku D/M 2200T automated diffractometer at room tem-
perature, with a step size of 0.02� in 2θ angle. The variable temperature
PXRD (VT-PXRD) measurements were carried out in air, using a
Bruker D8 Advance system. Samples were gradually heated from room
temperature, with a holding time of at least 30 min at each temperature.
Simulated PXRD patterns were calculated with the Material Studio
program17 using the single crystal data.

Preparation of 5-(Pyridin-3-ylethynyl)isophthalic Acid Dimethyl
Ester. A solution of triethylamine (30 mL) in anhydrous tetrahydrofuran
(THF) (60 mL) was degassed by bubbling dry N2 through it for 30 min. To
this was added dimethyl-5-iodoisophthalate (3.201 g, 10.00 mmol),
dichlorobis(triphenylphosphine)palladium(II) (0.175 g, 0.249 mmol),
and copper(I) iodide (0.145 g, 0.761 mmol). The resulting mixture was
stirred at room temperature for 30 min, and then a solution of 3-ethynyl-
pyridine (1.031 g, 10.00 mmol) in anhydrous THF (15 mL) was added
dropwise over about 20 min, while bubbling. The reaction mixture was
stirred for an additional 12 h at room temperature. The light-orange
precipitate formed was separated by filtration and the filtrate was dissolved
in 50 mL of dichloromethane. The organic phase was washed three times
with 100 mL of water and then dried over anhydrous MgSO4. The volatiles
were removed by evaporation under reduced pressure, and the solid residue
was freeze-dried. Yield = 1.89 g, 64.1%. HRMS (FAB) m/z calcd for
C17H14NO4 [M þ 1]þ 296.0923, found 296.0923; 1H NMR spectrum
(500 MHz, CDCl3, δ ppm) 8.79 (s, 1H, Py-H), 8.66 (s, 1H, Ar-H), 8.60 (d,
1H, Py-H), 8.36 (s, 2H, Ar-H), 7.84 (d, 1H, Py-H), 7.32 (dd, 1H, Py-H),
3.98 (s, 6H, -CH3);

13C NMR spectrum (125 MHz, CDCl3, δ ppm):
165.67, 152.55, 149.33, 138.81, 136.75, 131.27, 130.74, 123.81, 123.35,
119.91, 90.70, 87.92, 52.81; IR spectrum (KBr, cm�1): 3007(w), 2954(w),
1727(s), 1598(w), 1561(w), 1477(m), 1437(s), 1422(w), 1406(w),
1352(m), 1276(s), 1246(s), 1195(m), 1157(m), 1121(w), 1104(m),
1044(w), 1022(w), 998(m), 912(w), 875(w), 802(m), 753(s), 723(m),
697(m), 670(w), 626(w), 558(w).

Preparation of 5-(Pyridin-3-ylethynyl)isophthalic Acid (H2L). A
sample of potassium hydroxide (5.611 g, 100.0 mmol) was dissolved in
100 mL of methanol. To this was added 5-(pyridin-3-ylethynyl)isophthalic
acid dimethyl ester (1.480 g, 5.017 mmol), after which the solution was
stirred for 8 h at 80 �C. The volatiles were removed by evaporation under
reduced pressure. The residue dissolved in 100 mL of water was acidified to
pH ∼2�3 using 1.0 M HCl and stirred for 5 h. The pale gray precipitate was
separated by filtration, washed with water, and freeze-dried. Yield = 1.28 g,
95.2%. HRMS (FAB) m/z calcd for C15H10NO4 [M þ 1]þ 269.0610, found
269.0656; 1H NMR spectrum (500 MHz, DMSO-d6, δ ppm) 13.56 (s, 2H,
�COOH), 8.83 (s, 1H, Py-H), 8.62 (d, 1H, Py-H), 8.46 (s, 1H, Ar-H), 8.29
(s, 2H, Ar-H), 8.06 (d, 1H, Py-H), 7.49 (dd, 1H, Py-H); 13C NMR spectrum
(125 MHz, DMSO-d6, δ ppm): 165.77 (C12), 151.90 (C1), 149.45 (C2),
138.85 (C4), 135.67 (C9), 132.10 (C11), 130.08 (C10), 123.66 (C3),
122.83 (C8), 118.84 (C5), 90.27 (C7), 87.78 (C6) (see Scheme S1 for the
atom labeling of the ligand); IR spectrum (KBr, cm�1): 3082(s), 2552(w),
2221(w) (�C�C�), 1716(s) (carboxyl �CdO), 1598(w), 1567(w),
1476(m), 1435(m), 1408(m), 1340(m), 1320(m), 1254(s), 1236(s),
1168(s), 1120(m), 1053(m), 915(m), 814(m), 760(s), 690(m), 676(m),
597(m), 552(m), 510(m).

Preparation of [CuL] 3 xDMF 3 yH2O, 1 (where x and y are the
numbers of solvent molecules). A solution of Cu(NO3)2 3 2.5H2O
(0.0230 g, 0.0989 mmol) in 0.10 mL of H2O was mixed with the H2L
(0.0027 g, 0.010 mmol) in 1.00 mL of N,N-dimethylformamide (DMF).
To this was added 0.10 mL of HCl (concentrated HCl/H2O (v/v): 1/5),
with stirring. The mixture was sealed in a Pyrex tube and heated to
85 �C for 12 h. The blue hexagonal plate crystals obtained were filtered

Scheme 1. The Ligand 5-(Pyridin-3-ylethynyl)isophthalic
Acid (H2L)
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and washed with DMF. IR spectrum (KBr, cm�1): 3412(m), 3070(m),
2962(m), 2216(w) (�C�C�), 1648(s) (amide �CdO in DMF),
1575(s) (�COOs), 1482(w), 1424(s), 1374(s) (�COOa), 1261(s),
1188(w), 1098(s), 1028(m), 917(w), 864(w), 805(s), 774(m), 730(m),
698(m), 555(w), 490(w). Note: The extent to which the solvent
molecules occupy the pores of 1 varies depending on the exposure time
of the sample to air. The activated sample, 1a, was prepared by
repeatedly soaking and desolvating 1 in DMF, then vacuum-drying at
200 �C overnight to yield 0.0018 g of product (54.2%, based on the
ligand). Elemental analysis of the sample of air-exposed 1a was carried
out. Calcd for [CuL], (C15H7NO4Cu, fw = 328.77): C 54.80, H 2.15, N
4.26%; found: C 54.91, H 2.25, N 4.15%. This EA result is consistent
with the TGA data of 1a (Figure S1, Supporting Information).

Preparation of [ZnL] 3 xDEF 3 yH2O, 2 (where x and y are the number
of solvent molecules). A solution of Zn(NO3)2 3 6H2O (0.0060 g,
0.0202 mmol) and H2L (0.0027 g, 0.0101 mmol) in 1.00 mL N,N-
diethylformamide (DEF) was sealed in a Pyrex tube and heated to 85 �C
for 12 h. The colorless block crystals obtained were filtered and washed
with DEF. IR spectrum (KBr, cm�1): 3415(m), 3075(m), 2967(m),
2220(w) (�C�C�), 1655(s) (amide �CdO in DMF), 1586(s)
(�COOs), 1482(w), 1430(s), 1374(s) (�COOa), 1261(s), 1191(w),
1103(s), 1030(m), 918(w), 864(w), 803(s), 776(m), 723(m), 697(m),
550(w), 455(w). Note: The extent to which the solvent molecules
occupy the pore again varies depending on the exposure time of the
sample to air. 2 was dried in air to yield 0.0016 g of product (35.3%, based
on the ligand). Elemental analysis of the sample of air-dried 2 was carried
out. Calcd for [ZnL] 3 DEF 3 H2O, (C20H20N2O6Zn, fw = 449.77): C 53.41,
H 4.48, N 6.23%; found: C 53.51, H 4.52, N 6.52%. This EA result is
consistent with the TGA data of 2 (Figure S1, Supporting Information).
The activated sample, 2a, was prepared by repeatedly soaking and
desolvating 2 in DEF, then vacuum-drying at 150 �C overnight to yield
0.0011 g of product (32.9%, based on the ligand).

Crystallographic Data Collection and Refinement of
Structures. The crystals of 1, 1a, and 2 were coated with paratone
oil and the diffraction data were measured at 99 (or 100) K with
synchrotron radiation (λ = 0.75000 Å) on a 6BMXW ADSC Quantum-
210 detector with a Pt-coated Si double crystal monochromator at the
Pohang Accelerator Laboratory, Korea. The ADSC Quantum-210 ADX
program18 was used for data collection; HKL2000 (Ver. 0.98.698a)19

was used for cell refinement, reduction, and absorption correction. A
crystal of 2a was coated with paratone oil and the diffraction data were

measured at 173 K with Mo KR radiation on an X-ray diffraction camera
system using an imaging plate equipped with a graphite crystal incident
beam monochromator. The RapidAuto software20 was used for data
collection and processing.

All the structures were solved by direct methods and refined by full-
matrix least-squares calculations with the SHELXTL software package.21

In the structure of 1, one copper cation, one ligand, a DMF molecule of
0.357 site occupancy, and a water molecule of 0.418 site occupancy were
observed as an asymmetric unit. All non-hydrogen atoms except the
atoms of the solvent molecules were refined anisotropically; the atoms of
the solvent molecules were refined isotropically. The hydrogen atoms
attached to the ligand and the solvent DMF molecule were assigned
isotropic displacement coefficients U(H) = 1.2U (or 1.5U) (C) and
their coordinates were allowed to ride on their respective atoms. The
hydrogen atoms of the solvent water molecule were not included in the
least-squares refinement. The distances and the angles in the DMF
molecule were restrained using DFIX and DANG during the least-
squares refinement because of poor geometry. The refinement con-
verged to R1 = 0.0921 and wR2 = 0.2574 for 7130 reflections with I >
2σ(I). Structure refinement after modification of the data for the solvent
molecules with the SQUEEZE routine of PLATON22 (after removing
solvent molecules, 11450 Å3, 54.7% of the crystal volume) led to better
refinement and data convergence. Refinement of the structure con-
verged at a final R1 = 0.0730 and wR2 = 0.1922 for 7242 reflections with
I > 2σ(I); R1 = 0.0875 and wR2 = 0.2013 for all reflections. The largest
differences in peak and hole were 3.246 and �1.885 e 3 Å

�3, respectively.
Crystal 1a was prepared by activating crystal 1 with vacuum-drying at

200 �C overnight. In the structure of 1a, one copper cation and one
ligand were observed as an asymmetric unit. All non-hydrogen atoms
were refined anisotropically; only the hydrogen atoms attached to the
ligand were assigned isotropic displacement coefficients U(H) = 1.2U
(C) and their coordinates were allowed to ride on their respective atoms.
The refinement of the structure converged at a final R1 = 0.0524 and
wR2 = 0.1279 for 6684 reflections with I > 2σ(I); R1 = 0.0802 and wR2 =
0.1412 for all reflections. The largest differences in peak and hole were
1.024 and �1.013 e 3 Å

�3, respectively.
In the structure of 2, one zinc cation and one ligand on the crystal-

lographic mirror plane and two water molecules on the crystallographic
3m symmetry sites were observed as an asymmetric unit. The pyridyl
group of the ligand was statistically disordered. All non-hydrogen atoms
were refined anisotropically; only the hydrogen atoms attached to the

Table 1. Crystal Data and Structure Refinements for 1, 1a, 2, and 2a

1 1a 2 2a

empirical formula C15H7NO4Cu C15H7NO4Cu C15H7NO4Zn C15H7NO4Zn

formula weight 328.76 328.76 330.59 330.59

space group R3c R3c R3m R3m

unit cell dimensions (Å) a 18.249(3) 18.218(3) 18.628(3) 18.667(3)

b 18.249(3) 18.218(3) 18.628(3) 18.667(3)

c 72.569(15) 72.761(15) 36.435(7) 36.398(7)

volume (Å3) 20928(6) 20913(6) 10950(3) 10984(3)

Z 36 36 18 18

Dcalcd (g cm�3) 0.939 0.940 0.902 0.900

μ (mm�1) 0.947 0.948 1.017 1.014

F(000) 5940 5940 2988 2988

total/unique reflections 68489, 8898 68384, 8891 28992, 2987 34878, 3051

Rint 0.1105 0.0913 0.0749 0.0405

R1, wR2 0.0730, 0.1922 0.0524, 0.1279 0.0628, 0.1849 0.0581, 0.2239

goodness-of-fit 1.053 1.074 1.128 1.088

difference Fourier map, max, min (e 3 Å
�3) 3.246, �1.885 1.024, �1.103 0.647, �0.460 1.087, �0.381
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ligand except one hydrogen atom of the statistically disordered pyridyl
group were assigned isotropic displacement coefficients U(H) = 1.2U
(C) and their coordinates were allowed to ride on their respective atoms.
The hydrogen atoms of the solvent water molecules and one hydrogen
atom of the disordered pyridyl group were not included in the least-
squares refinement. The refinement converged to R1 = 0.0790 and wR2 =
0.2310 for 2399 reflections with I > 2σ(I). Structure refinement after
modification of the data for the solvent molecules with the SQUEEZE
routine of PLATON (after removing solvent molecules, 5931 Å3, 54.2%

of the crystal volume) led to better refinement and data convergence.
Refinement of the structure converged at a final R1 = 0.0628 and wR2 =
0.1849 for 2581 reflections with I > 2σ(I); R1 = 0.0734 and wR2 = 0.1924
for all reflections. The largest differences in peak and hole were 0.647
and �0.460 e 3 Å

�3, respectively.
Crystal 2a was prepared by activating crystal 2 with vacuum-drying at

150 �C overnight. Only one zinc cation and one ligand on the crystal-
lographic mirror plane were observed as an asymmetric unit, and the
difference Fourier map did not indicate the presence of any solvent

Figure 1. A packing diagram of 1, (a) ball-and-stick and (b) space-filling drawings. All hydrogen atoms and guest molecules are omitted for clarity.

Figure 2. Views of the Kagom�e 2-D layers based on the paddle-wheel SBU, (a) a view of a 2-D layer along the crystallographic c-axis; (b) a view of the
2-D layer along the crystallographic a-axis; (c) a view of the two adjacent 2-D layers along the crystallographic c-axis; (d) a view of the two adjacent 2-D
layers along the crystallographic a-axis; (e) a view showing the pillaring between the two adjacent 2-D layers via the internal auxiliary pyridyl units; (f) a
view showing the coordination of pyridyl groups to the fifth coordination site of the metal centers of the paddle-wheel SBUs of the neighboring layers.
The pink and the green sticks are schematic representations of the 2-D Kagom�e layers.














