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Abstract
Part A
Ⅱ
Metal-organic frameworks (MOFs), [(MnⅡ3O)L3S3] (1) and [(Mn 5O2)L4S8] (2), were

prepared using a new ligand, 2,6-di(1H-tetrazol-5-yl)naphthalene (2,6-H2NDT), in which two
tetrazole units are connected via the naphthalene group. The ligands in HNDT -1/NDT2deprotonation states offer a very rich coordination chemistry as a result of having two
tetrazolate rings, each with three/four possible donor nitrogen atoms and may supply diverse
coordination modes. The single crystal diffraction study reveals that 1 is constructed from a
trinuclear {MnⅡ3} building-block as a 6-connected secondary building unit (SBU) and the
ligand in HNDT -1 and NDT2- deprotonation states as a linker. It shows that the tetrazolate
groups adopt a bidentate (1,2-μ bridging) binding mode with the MnⅡ centers in 1. The
trinuclear SBU is connected to six neighboring SBUs, which can be considered a sixconnected node, to form the 3D MOF of an acs net topology, 1. 2 is constructed from a
pentanuclear {MnⅡ5} building-block as a SBU and the ligand in HNDT-1 and NDT2deprotonation states. It shows that the tetrazolate groups adopt a monodentate binding mode,
bidentate (1,2-μ and 2,3-μ bridging) binding modes, and a tridentate binding mode with the
MnⅡ centers in 2. The pentanuclear SBU is connected to eight neighboring SBUs, which can
be considered an eight-connected node, to form the 3D MOF of a bcu net topology, 2. The
structural characteristics and sorption behaviors of the two MOFs of different net topologies
will be discussed in the paper.

Part B. Section 1
The

preparations

of the

two

isoreticular

MOFs,

Ni(HBTC)(dabco)]

(2)

and

[Ni2(HBTC)2(bipy)0.6(dabco)1.4] (3) (where, H3BTC = 1,3,5-benzenetricarboxylic acid; dabco
= 1,4-diazabicyclo[2.2.2]octane; and bipy = 4,4’-bipyridine), were demonstrated via the
postsynthetic ligand exchange of [Ni(HBTC)(bipy)] (1). By soaking 1 in a high concentration
of dabco DMF solution, all of the aromatic bipy pillaring linkers in 1 were completely
exchanged by the shorter aliphatic dabco pillaring linkers to form the isoreticular MOF, 2,
with reduced pore dimension and volume. In contrast, the soaking of 1 in a low concentration
4

of dabco DMF solution led to the MOF, 3, with the partially and selectively exchanged
additional component, dabco linker. Controlling the concentration of dabco, not only 2 with
completely exchanged dabco but also 3 with selectively exchanged dabco in the alternating
layers could be obtained. The structural characteristics, PXRD patterns and sorption
behaviors of the three MOFs will be discussed in the presentation.

Part B. Section 2
The metal-organic frameworks (MOFs), [Ni(HBTC)(pz)] (3) (hms net topology) (where,
H3BTC = 1,3,4-benzenetricarboxylicacid; pz = pyrazine) and [Ni(HBTC)(bipy)] (4) (gra net
topology) (where, bipy = 4,4’-bipyridine) that were unattainable via conventional synthetic
approach, were prepared via the postsynthetic ligand exchanges of 3-D MOFs,
[Ni(HBTC)(bipy)] (1) (hms net topology) and [Ni(HBTC)(pz)] (2) (gra net topology),
respectively. The MOFs, [Ni(HBTC)(pz)] (5) (gra net topology) and [Ni(HBTC)(bipy)] (6)
(gra net topology) that are the same as 2 and 4, respectively, were prepared via the
postsynthetic ligand insertions into 2-D MOF [Ni(HBTC)(DMF)] (hcb net topology). 1 and 4
(or 6) are the polymorphic MOFs of the same 3,5-connected but of different net topologies,
hms and gra net topologies, respectively, with the same [Ni(HBTC)(bipy)] formula. 2 (or 5)
and 3 are also the polymorphic MOFs of the same formula unit, [Ni(HBTC)(pz)]. 1 and 3 are
the isoreticular structures of the same hms net topology and 2 and 5 also are the isoreticular
structures of the same gra net topology.
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Part A
Microporous 3D metal-organic frameworks
having an trinuclear and pentanuclear
secondary building unit

16

1. Introduction
Metal–organic frameworks (MOFs) can be used in diverse applications such as catalysis, delivery
and gas storage and separation.1 Predicting and designing a MOFs of a certain net topology from
organic and inorganic building parts are critical for the preparation of MOFs with the desired
characteristics and properties. The network structures of MOFs are generally described as extended
structures made up of nodes and linkers.2 Connectivity and symmetry of the organic and inorganic
linkers and nodes probably act a main part in determining the framework structures of a certain
specific net topology. Reticular MOFs can be obtained with the same secondary building unit (SBU)
of specific symmetry and connectivity as a node.3,4
Synthesizing a new type of metal cluster as an SBU is important for developing a new MOF of a
certain net topology. Tetrazole groups can have various metal-binding modes because of its four
nitrogen donor atoms (Scheme 1)5–13 and its metal clusters have potential to use as diverse SBUs of
varying connectivity and symmetry (Scheme 2).7a,9d,10a–c,g,11a,d,13a,e,14 Depending on the reaction
conditions, including counter anions as potential auxiliary donors, MOFs of various net topologies
could be synthesized based on a 3-connected di-nuclear cluster with a M2(CN4)3 unit (where CN4
represents the tetrazole group),7a 3-connected m3-oxo-bridged tri-nuclear cluster with a M3O(CN4)3
unit,14 4-connected bis-m-chloro-bridged linear tri-nuclear cluster with a M3Cl2(CN4)4 unit,7a 6connected linear tri-nuclear cluster with a M3(CN4)6 unit,7a 6-connected penta-nuclear cluster with a
M5(CN4)6 unit,11a 6-connected hexa-nuclear cluster with a M6(CN4)6 unit,7a,9d,10c,g 8-connected m4chloro-bridged tetra-nuclear cluster with a M4Cl(CN4)8 unit,10a–c,13a and a chloro-bridged linear
chain7a,10e,11d,13e as SBUs.
In here, we synthesized a 2,6-di(1H-tetrazol-5-yl)naphthalene (H2NDT), bis-tetrazole ligand,
containing two tetrazole units and a naphthyl group as a rigid linear residue. This new ligand is
similar to the well-known 1,4-benzeneditetrazol-5-yl (H2BDT), which has also two tetrazole units and
a phenyl group, except that it has a slightly longer naphthyl group as the connecting residue. The
solvothermal reactions at two different temperatures led to two different MOFs base on two kinds of
17

topology. The MOFs have two kinds of clusters, [Mn3O(CN4)6] and [Mn5O2(CN4)8], as unprecedented
6-connected and 8-connected SBUs, respectively.

Scheme 1. Various types of tetrazole binding modes

18

Scheme 2. Diverse multinuclear tetrazole clusters as SBUs of varying connectivity and symmetry.
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2. Experimental Section
2.1. General Procedures
All reagents which were used in this research, were prepared from commercial sources and utilized
without additional refinement. Elemental analyses were performed on an elemental analyzer, Flash
2000, at the Ulsan National Institute of Science and Technology, Korea. Nuclear magnetic resonance
(NMR) spectra were recorded on a Varian 600 NMR spectrometer. Fourier Transform–Infrared (FT–
IR) spectra were obtained as KBr pellets with a Varian 1000 FT–IR spectrophotometer (4000–400
cm–1). Powder X-ray diffraction (PXRD) data were obtained from a Rigaku D/M 2200T automated
diffractometer at ambient temperature with a step size of 0.02° in 2q angle. Simulated PXRD patterns
were collected and measured with the Material Studio program15 using single-crystal structures.

2.2. Ligand synthesis
Naphthalene-2,6-dicarboxamide
A mixture of 2,6-naphthalenedicarboxylic acid (2.50 g, 11.6 mmol) and thionyl chloride (10.12 mL,
139.3 mmol) was stirred for 15 h at 75 °C. After removing the excess thionyl chloride under reduced
pressure, the remaining solid was dissolved in 28 wt% aqueous ammonia (100 mL) at –20 °C (using
an ice–salt bath). The reaction mixture was then warmed to room temperature. After being stirred for
12 h, the solid was collected by filtration and washed using distilled water (3 ´ 10 mL) and diethyl
ether (3 ´ 10 mL). The product was dried at 120 °C for 12 h. Yield is 2.33 g, 93.8 %. Elemental
Analysis Calcd for C12H10N2O2 (fw = 214.22): C, 67.28; H, 4.71; N, 13.08 %. Found: C, 67.08; H,
4.73; N, 13.03 %. 1H NMR (dmso-d6): d 8.521 (s, 2H), 8.191 (s, 2H), 8.065 (d, 2H), 8.010 (d, 2H),
7.537 (s, 2H) ppm. 13C NMR (dmso-d6): d 125.96, 127.44, 128.83, 133.00, 133.28, 167.73 ppm. IR
(cm–1, KBr pellet): 3354(s), 3163(s), 1652(s), 1616(s), 1500(m), 1409(s), 1366(m), 1350(m), 1195(m),
1127(m), 902(s), 790(s), 750(s), 696(m).
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Scheme 3. Synthesis of Naphthalene-2,6-dicarboxamide

Fig. 1. 1H NMR Spectrum of Naphthalene-2,6-dicarboxamide
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Naphthalene-2,6-dicarbonitrile. Naphthalene-2,6-dicarboxamide (2.25 g, 10.5 mmol) was added
in 20 mL N,N¢-dimethylformamide (DMF), and thionyl chloride (4.75 mL, 65.4 mmol) was poured
into the solution for over 1 h, keeping the temperature at 60 °C. The mixture was stirred for 2 d at the
constant temperature until the mixture became clear. After then, the completed mixture was poured
into 50 mL of 1 M HCl solution to remove the excess thionyl chloride, appearing a dense pale-gray
precipitate. The precipitate was harvested by filtration, and washed using distilled water. When the
product became neutral as monitored with pH paper, the filtering process was additional washed with
diethyl ether, and then dried at oven for 120 °C for 12 h to produce 1.80 g (96.2 %) of product.
Elemental Analysis Calcd for C12H6N2 (fw = 178.19): C, 80.89; H, 3.39; N, 15.72 %. Found: C, 80.85;
H, 3.36; N, 15.80 %. 1H NMR (dmso-d6): d 8.727 (s, 2H), 8.254 (d, 2H), 7.969 (d, 2H) ppm. 13C NMR
(dmso-d6): d 111.38, 118.45, 128.01, 129.94, 133.09, 134.36 ppm. IR (cm–1, KBr pellet): 3079(s),
3034(s), 2226(vs, C≡N), 1951(m), 1882(w), 1880(s), 1657(m), 1596(s), 1488(s), 1369(s), 1344(s),
1279(s), 1208(s), 1157(m), 1136(m), 980(m), 902(vs), 825(vs), 662(s).

Scheme 4. Synthesis of Naphthalene-2,6-dicarbonitrile
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Fig. 2. 1H NMR Spectrum of Naphthalene-2,6-dicarbonitrile

H2NDT. (Caution: H2NDT must be handled carefully. It is known that several tetrazoles explode
whey they are heated above their melting points.) A mixture of naphthalene-2,6-dicarbonitrile (1.632
g, 9.159 mmol), NaN3 (1.560 g, 24.00 mmol), and triethylamine hydrochloride (3.304 g, 24.00 mmol)
in 20 mL / methanol/toluene mixed solvent (1:4 ratio) was refluxed for 4 d in a 250 mL round-bottom
flask, and then cooled to ambient condition. 30mL of 1 M NaOH solution was poured into the resulted
solution, and stirred for 2 h additionally. The aqueous layer was treated with ca. 30 mL of 1 M
aqueous HCl solution until no additional precipitate formed. The precipitate was harvested by
filtration, and dried in air. After then, the result dissolved in 50 mL of an aqueous NaOH solution (1
M). When the solution became clear, the brown-colored solution was titrated with ca. 50 mL of
aqueous HCl (1 M) solution until the pH of the solution was ~7. The product was washed with
successive aliquots of distilled water (3 ´ 50 mL) and diethyl ether (2 ´ 30 mL) and dried in air to
23

produce 1.700 g (70.24 %) of product. Elemental Analysis Calcd for C12H8N8 (fw = 264.25): C, 54.54;
H, 3.05; N, 42.40 %. Found: C, 54.52; H, 3.13; N, 42.74 %. 1H NMR (dmso-d6): d 8.770 (s, 2H),
8.297 (d, 2H), 8.240 (d, 2H) ppm.

C NMR (dmso-d6): d 123.34, 124.85, 126.84, 130.03, 133.47,
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155.66 ppm. IR (cm–1, KBr pellet): 3562(s), 3377(s), 3218(m), 2948(w), 2879(w), 1633(s), 1559(w),
1475(s), 1387(s), 1359(m), 1307(m), 1186(s), 1121(w), 1025(w), 965(w), 899(s), 880(m), 811(s),
759(s), 665(w).

Scheme 5. Synthesis of 2,6-di(1H-tetrazol-5-yl)naphthalene (H2NDT)

Fig. 3. 1H NMR Spectrum of 2,6-di(1H-tetrazol-5-yl)naphthalene (H2NDT)
24

2.3. Preparation of MOFs
[Mn3O(HNDT)2(NDT)(DMF)3]·3DMF·15H2O, 1. A solution of H2NDT (13.2 mg, 0.050 mmol) in
2.0 mL DMF was added to a solution of MnCl2·4H2O (29.7 mg, 0.150 mmol) in 0.5 mL of methanol.
The 2.5 mL solution was poured into a 4 mL vial and heated at a 75 °C oven for 4 d. Block-shaped
pale-brown single crystals were acquired and washed the sample with DMF. And then dried the
results in air to generate the crystalline product of 21.0 mg (75.1 %, based on ligand). Elemental
Analysis Calcd for [Mn3O(C12H6N8)3(C3H7NO)3 + 2H+]·3C3H7NO·15H2O (fw = 1678.33): C, 38.65; H,
5.53; N, 25.04 %. Found: C, 38.44; H, 5.40; N, 24.88 %. IR (cm–1, KBr pellet): 3200(s), 2882(w),
2830(w), 1666(s, DMF C=O stretching), 1470(s), 1436(w), 1382(s), 1309(w), 1249(w), 1184(m),
1151(w), 1102(s), 1027(w), 909(s), 880(s), 767(s), 729(w), 669(m).

Fig. 4. TGA of 1.
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[Mn5O2(HNDT)2(NDT)2(DMF)8]·2DMF·5H2O, 2. 2 was prepared depending on the synthetic
process of 1 except for heating the solution at 100 °C for 4 h. Flake-shaped pale-brown single crystals
were acquired and washed with DMF. After then dried the sample in air to generate the crystalline
product

of

18.1

mg

(66.5

%,

based

on

ligand).

Elemental

Analysis

Calcd

for

[Mn5O2(C12H6N8)4(C3H7NO)8 + 2H+]·2C3H7NO·5H2O (fw = 2178.66): C, 43.00; H, 4.90; N, 27.00 %.
Found: C, 43.03; H, 4.87; N, 26.62 %. IR (cm–1, KBr pellet): 2935(w), 1672(s, C=O stretching of
lattice DMF), 1648(vs, C=O stretching of ligated DMF), 1603(s), 1500(w), 1468(m), 1384(s), 1345(s),
1255(m), 1179(m), 1140(w), 1111(s), 1061(w), 1023(w), 909(m), 878(m), 835(m), 767(s), 683(s).

Fig. 5. TGA of 2.

26

2.4. Crystallographic Data Collection and Refinement of Structures
Crystal structure determination for Mn3O(HNDT)2(NDT)(DMF)3, 1. The diffraction data for a
crystal covered with paratone oil were measured at 143 K with Mo Ka radiation on a Bruker SMART
CCD equipped with a graphite-crystal, incident-beam monochromator. The SMART and SAINT
software packages16 were utilized for data collection and integration, individually. The measured data
were corrected for absorbance using SADABS17 according to Laue symmetry using corresponding
reflections. Structures were revised by full-matrix least-squares calculations with the SHELXTLPLUS (ver. 5.1) software package and solved by direct approach.18 A manganese ion, a ligand on a
crystallographic inversion center and a ligated DMF on the crystallographic mirror plane, and a m3oxo oxygen atom of the Mn3O cluster unit on the crystallographic –6 symmetry site were detected as
an asymmetric unit. Three partially identified solvent sites were also found in the difference Fourier
map. All nonhydrogen atoms were refined anisotropically except the lattice solvent molecules;
hydrogen atoms 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 tetrazole unit
of the ligand, the methyl groups of the ligated DMF molecule, and the lattice solvent molecules were
not included in the least-squares refinement. The refinement converged to R1= 0.1377, and wR2 =
0.3385 for 3487 reflections of I > 2s(I). Structure refinement after modification of the data for the
noncoordinate lattice solvent molecules with the SQUEEZE routine of PLATON (3057 Å3, 59.0 % of
the crystal volume, 1032 solvent electrons [~26 DMF molecules] per unit cell)19 led to better
refinement and data convergence. Refinement of the structure converged to a final R1 = 0.0629, and
wR2 = 0.1368 for 3244 reflections of I > 2s(I); R1 = 0.0943, and wR2 = 0.1488 for all reflections.
Crystal and intensity data are given in Table 1.
Crystal structure determination for Mn5O2(HNDT)2(NDT)2(DMF)8, 2. A single crystal of 2 was
covered with paratone oil. The diffraction data were measured at 153 K with synchrotron radiation (l
= 0.75000 Å) on a 6B MX-I ADSC Quantum-210 detector with a silicon (111) double-crystal
monochromator at the Pohang Accelerator Laboratory, Korea. The ADSC Quantum-210 ADX
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program (Ver. 1.92)20 was used for data collection, and HKL2000 (Ver. 0.98.699)21 was used for cell
refinement, reduction, and absorption correction. The crystal structure of 2 was solved by a direct
method and refined by full-matrix least-squares calculation with the SHELXTL-Plus (Ver. 5.1)
software package.18 Two ligands, three manganese ions including one on a crystallographic 2-fold
axis, four ligated DMF molecules including two statistically disordered ones, two lattice DMF
molecules including one statistically disordered one, and four partially occupied lattice water sites
(some of them could be partially identified as methanol or DMF molecules) were found as an
asymmetric unit. All nonhydrogen atoms were refined anisotropically except two lattice water
molecules; hydrogen atoms were assigned isotropic displacement coefficients (U(H) = 1.2U (C) or
1.5U (Cmethyl)), and their coordinates were allowed to ride on their respective atoms. The hydrogen
atoms of the tetrazole unit of the ligand and the lattice water molecules were not included in the leastsquares refinement. The refinement of the model converged to R1= 0.2078 and wR2 = 0.4870 for
15379 reflections of I > 2s(I). Structure refinement after modification of the data for the lattice
solvent sites with the SQUEEZE routine of PLATON (3524 Å3, 30.2 % of the crystal volume, 364
solvent electrons [~10 DMF molecules] per unit cell)19 led to better refinement and data convergence.
Refinement converged to a final R1 = 0.0816 and wR2 = 0.2472 for 10897 reflections of I > 2s(I); R1
= 0.0932 and wR2 = 0.2598 for all reflections. Crystal and intensity data are given in Table 1.
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Table 1. Crystal data and structure refinements for 1.
Empirical formula

C45H41N27O4Mn3

Formula weight

1188.87

Temperature (K)

143(2)

Wavelength (Å)

0.71073

Crystal system

Hexagonal

Space group

P63/m

Unit cell dimensions (Å & °)

a = 20.792(4)

 α = 90

b = 20.792(4)

 β = 90

c = 13.814(3)

 γ = 120

3

Volume (Å )

5172(2)

Z

2

Density (calculated) (Mg/m3)

0.763

–1

Absorption coefficient (mm )

0.397

F(000)

1214

Crystal size (mm3)

0.50 x 0.40 x 0.35

Reflections collected

27598

Independent reflections

4410 [R(int) = 0.0865]

Completeness (%)

96.9 (θ = 28.48°)

Goodness-of-fit on F2

1.029

Final R indices [I>2σ(I)]

R1 = 0.0629, wR2 = 0.1368

R indices (all data)

R1 = 0.0943, wR2 = 0.1488

Largest diff. peak and hole (e·Å–3)

0.743 and –0.667
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Table 2. Crystal data and structure refinements for 2.
Empirical formula

C72H82N40O10Mn5

Formula weight

1942.48

Temperature (K)

153(2)

Wavelength (Å)

0.75000

Crystal system

Monoclinic

Space group

C2/c

Unit cell dimensions (Å & °)

a = 36.795(7)

α = 90

b = 15.904(3)

β = 131.73(3)

c = 26.761(5)

γ = 90

3

Volume (Å )

11688(4)

Z

4

Density (calculated) (Mg/m3)

1.104

–1

Absorption coefficient (mm )

0.585

F(000)

3996

Crystal size (mm3)

0.35 x 0.22 x 0.11

Reflections collected

51411

Independent reflections

14503 [R(int) = 0.0901]

Completeness (%)

99.9 (theta = 30.00°)

Goodness-of-fit on F2

1.097

Final R indices [I>2σ(I)]

R1 = 0.0816, wR2 = 0.2472

R indices (all data)

R1 = 0.0932, wR2 = 0.2598

Largest diff. peak and hole (e·Å–3)

1.355 and –1.504
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2.5. Low-pressure Gas Sorption Measurements
All gas sorption isotherms were measured using a BELSORP-max (BEL Japan, Inc.) with a
standard volumetric technique up to saturated pressure. The N2 (with purity of 99.999 %) sorption
isotherms were monitored at 77 K. The adsorption data in the pressure range lower than ~0.1 P/P0
were fitted to the Brunauer–Emmett–Teller (BET) equation to determine the BET surface areas. For
the Langmuir surface areas, data from the whole adsorption data were used. The H2 (99.999 %)
sorption isotherms were measured at both 77 K and 87 K; the CO2 (99.99 %) and CH4 (99.99 %)
sorption isotherms were measured at 195 K.

3. Results and discussion
A solvothermal reaction of H2NDT with Mn(II)Cl2·4H2O in DMF/methanol mixed solvent at 75 °C
afforded pale-brown rectangular crystals of Mn3O(HNDT)2(NDT)(DMF)3, 1 (Figure 6). The m3-oxo
bridged three manganese ions with six 1,2-bridged tetrazole groups (type III binding mode in Scheme
1) of the ligand to form a [MnII3O(CN4)6] SBU of local C3h site symmetry (Figure 6a). The SBU is
structurally similar to the well-known [M3O(COO)6] SBU (M = Cr(III), Fe(III), Al(III))23,24 but the
oxidation state of the manganese ion is +2. There is no indication of counteranionic species in the
difference Fourier map of the single-crystal structure or from the elemental analysis. Matching a
structural model with no counteranionic species suggests that two-thirds of the tetrazole units of the
ligands in the network are protonated for charge balance. Although the local site symmetry of the
[MnII3O(CN4)6] SBU with six 1,2-bridged tetrazole groups is C3h, the topological site symmetry of the
SBU is trigonal prismatic D3h (Figure 6b, 6d). The topological trigonal prismatic 6-connected
[MnII3O(CN4)6] SBUs in 1 are interconnected via the naphthyl group of the ligand with a network of a
uninodal acs net topology (Figure 6c, 6d). Although acs net is a semiregular net, only a few examples
of MOFs of acs net topology with a trigonal prismatic 6-connected node have been reported.25 The
network of the acs net topology with ~60 volume % lattice solvent pores has 1-D cylindrical channels
of ~1.2 nm in diameter along the crystallographic c-axis (Figure 6e) and the 1-D channels are
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interconnected with a 3-D microporous network structure (Figure 6f).

Fig. 6. A network structure of 1 with acs net topology. (a) Mn3O(CN4)6(DMF)3 cluster as a 6connected SBU of local C3h site symmetry. (b) Ball-and-stick diagram of a central 6-connected node
of topological D3h site symmetry surrounded by six SBUs, where the red balls represent the 6connected nodes and the purple sticks represent the connectivity between the nodes. (c) Ball-and-stick
packing diagram of 1 viewed along the crystallographic c-axis. (d) Schematic diagram of 1 with acs
net topology viewed along the approximate crystallographic c-axis. (e) Space-filling packing diagram
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of 1 viewed along the crystallographic c-axis. (f) Space-filling packing diagram of 1 viewed along the
crystallographic b-axis.

The same solvothermal reaction of H2NDT with Mn(II)Cl2·4H2O in DMF/methanol mixed solvent
but at 100 °C afforded pale-brown flake-shaped crystals of Mn5O2(HNDT)2(NDT)2(DMF)8, 2 (Figure
7). A pentanuclear manganese cluster, [MnII5O2(CN4)8] unit, is made of corner-shared two m3-oxobridged Mn3O units with six tetrazole groups in three different bridging modes (types III, VI, and VII)
and two additional tetrazole groups in a monodentate binding mode (type II). The 8-connected
pentanuclear manganese cluster serves as a C2 site symmetric SBU (Figure 7a). The SBUs serving as
a topological tetragonal prismatic 8-connected node (Figure 7b, 7d) are interconnected with a network
of bcu net topology (Figure 7c, 7d). Although bcu net is a textbook example of one of five regular
nets, MOFs of bcu net topology with an 8-connected node have only appeared in a few examples.26
The network of 2 with ~30 volume % lattice solvent pores also has 1-D channels along the
crystallographic c-axis partially packed with the flexible ligated solvent DMF molecules (Figure 7e,
7f).
The PXRD patterns of as-synthesized 1 and 2 show that the single crystals of 1 and 2 are
representatives of the corresponding bulk samples, respectively (Figure 8).
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Fig. 7. A network structure of 2 with bcu net topology. (a) Mn5O2(CN4)8(solvent)8 cluster as an 8connected SBU of local C2 site symmetry. (b) Ball-and-stick diagram of a central 8-connected node of
topological D4h site symmetry surrounded by eight SBUs, where the bright green balls represent the 6connected nodes and the purple sticks represent the connectivity between the nodes. (c) Ball-and-stick
packing diagram of 2 viewed along the crystallographic c-axis. (d) Schematic diagram of 2 with bcu
net topology viewed along the approximate crystallographic c-axis. (e) Space-filling packing diagram
of 2 viewed along the crystallographic c-axis. (f) Space-filling packing diagram of 2 viewed along the
crystallographic b-axis.
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Figure 8. PXRD patterns of 1 and 2. (a) A simulated PXRD pattern from a single-crystal structure
model of 1. (b) A simulated PXRD pattern of 1 with (0 1 0) preferred orientation. (c) A PXRD pattern
of as-synthesized sample of 1. (d) A simulated PXRD pattern from a single-crystal structure model of
2. (e) A simulated PXRD pattern of 2 with (0 2 1) preferred orientation. (f) A PXRD pattern of assynthesized sample of 2.
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Sorption behaviors
The activated sample 1a was prepared by keeping as-synthesized 1 in fresh DMF for 3 d, and then
the DMF was exchanged with methanol by gradually replacing a small portion of the (mixed) solvent
with methanol until a final purely methanol solvent was achieved. The soaking solvent of the sample
was decanted and freshly replenished using dichloromethane several times, after which the sample
was vacuum-dried at 80 °C for 1 d. The N2 sorption isotherm of 1a shows a typical type I adsorption
isotherm at 77 K, and 1 atm (Figure 9a). The amount of N2 adsorbed is ~433 cm3 g–1 at ~1 P/P0 and
the BET and Langmuir surface areas are 1400 m2 g–1 and 1810 m2 g–1, respectively. Noticeably, the
specific pore volume occupied by N2, 0.669 cm3 g–1,27 is slightly less than the specific pore volume
calculated from the single-crystal structure of 1, 0.773 cm3 g–1 (Table 1), which reflects partial
defectiveness in the pore structure of the sample that either originated from the as-synthesized sample
or was generated during the activation process.
The amount of adsorbed CO2 and CH4 on 1a at 195 K and 1 bar are 362 cm3 g–1 (542 g L) and 94 cm3 g–1 (51 g L-1), respectively (Figure 9b). The amount of hydrogen uptake on 1a is 1.2

1

wt% at 77 K and 1 bar, which is within the range expected based on the specific surface area (Figure
9c).28 The isosteric heat of adsorption calculated from the H2 isotherms at 77 K and 87 K using the
virial method29 is in the range of 6.8–5.7 kJ mol–1 for 1a (coverage of 0.005–0.8 wt% H2 uptake)
depending on the degree of H2 loading (Figure 9d). Despite the lack of so-called unsaturated metal
sites for effective adsorbent–adsorbate interaction, the relatively high isosteric heats of H2 adsorption
might be related to the high content of electronegative nitrogen atoms in the ligand.
Although the activated samples of 2 were prepared using several different activation procedures
including the procedure employed for sample 1a, none of them showed N2 sorption behavior (2a is
shown in Figure 4a as an example). The activation process of 2 with eight ligated solvent molecules
per pentanuclear cluster probably leads to collapse of the pore structure.
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Figure 9. Gas sorption isotherms on 1a (blue symbols) and 2a (red symbols), where filled symbols
represent adsorption isotherms and open symbols represent desorption isotherms. (a) N2 sorption
isotherms on 1a and 2a at 77 K. (b) CO2 and CH4 sorption isotherms on 1a at 196 K. (c) H2 sorption
isotherms on 1a at 77 K and 87 K. (d) H2 adsorption enthalpy on 1a.
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4. Conclusions
The tetrazole unit of the ligand in the HNDT–1/NDT2– deprotonation states with four possible donor
nitrogen atoms of diverse coordination modes offers very rich coordination chemistry. The same
solvothermal reactions of a bis-tetrazole ligand, H2NDT, with manganese(II) chloride tetrahydrate in
DMF/MeOH mixed solvent but at two slightly different temperatures led to two MOFs, 1 and 2, of
different net topologies with two unprecedented Mn3O(CN4)6 and Mn5O2(CN4)8 clusters as 6- and 8connected SBUs, respectively. While the reaction at 75 °C generated 1, Mn3O(HNDT)2(NDT)(DMF)3,
of acs net topology using a [Mn3O(CN4)6] cluster as a topological D3h symmetric 6-connected SBU
with three additional ligated solvent molecules, the reaction at 100 °C generated 2,
Mn5O2(HNDT)2(NDT)2(DMF)8, of bcu net topology using a [Mn5O2(CN4)8] cluster as a topological
D4h symmetric 8-connected SBU with eight additional ligated solvent molecules. Corner-sharing of a
manganese atom of the two 6-connected trinuclear units, [Mn3O(CN4)6(DMF)3], in 1 resulted in the C2
symmetric 8-connected pentanuclear unit, [Mn5O2(CN4)8(DMF)8], in 2. The reaction at the increased
temperature merged the two trinuclear units in 1 into a single pentanuclear unit in 2.
While the gas sorption behaviors of the activated sample 1a indicate that it is microporous, we could
not find any proper activation condition for 2 probably because of the instability of the framework.
Although the approximate solvent pore volume of 2 was about half that of 1, the larger number of
ligated solvent molecules of the SBU in 2 than in 1 might be responsible for the framework instability.
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Part B. Modification of Metal-Organic
Frameworks Based on Ligand Exchange and
Insertion
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Introduction
Microporous metal–organic frameworks (MOFs) are valuable materials for potential applications such
as gas absorption/separation, catalysis, drug delivery, and sensing. Different from other porous
materials like zeolite, active carbon, and mesoporous silica, MOFs have positive effects because these
can be easily functionalized and allow good structural diversity using modifications.
The MOFs that are difficult to synthesize by conventional solvothermal reactions could be obtained
via postsynthetic modification (PSM) of MOFs. The coordinative postsynthetic modifications like
postsynthetic exchange (PSE) and postsynthetic insertion (PSI) are new approaches for the MOFs
unobtainable via conventional approaches. PSE of MOFs has been discovered via the exchange of
organic linkers as well as metal ions in the secondary-building units (SBUs) of MOFs, while retaining
structural integrity and porosity. Postsynthetic ligand insertion (PSLI) is an approach for the
modification of the net topology of MOFs by inserting new linkers between the existing nodes
In this study, based on postsynthetic liand exchange (PSLE), we have synthesized iso-reticular
MOFs,

[Ni(HBTC)(dabco)],

[Ni(HBTC)(bipy)(dabco)],

[Ni(HBTC)(pz)]-hms

from

[Ni(HBTC)(bipy)]-hms and [Ni(HBTC)(bipy)]-gra from [Ni(HBTC)(pz)]-gra. Also, based on PSSI,
we have synthesized [Ni(HBTC)(pz)]-gra, [Ni(HBTC)(bipy)]-gra from [Ni(HBTC)(DMF)].
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Section 1
Entropically and Enthalpically Favorable
Postsynthetic Exchanges of Pillaring Ligand in
3-D Metal-Organic Framework
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1. Introduction
Metal-organic framework (MOF)’s post-synthetic modification (PSM) is a handy synthesis method
to prepare for new isoreticular MOFs that is hard to attain or unattainable via the conventional one-pot
reaction or a single-step self-assembly.1 The systematic modifications of an organic linker’s the
reactive residue in a MOF can lead to new iso-reticular MOFs with systematically various
characteristics. Lately, a new type of dative PSMs, structural organic linker’s post-synthetic convert
that was directly participating in the network connectivity, were reported.2,3 The post-synthetic ligand
exchange (PSLE) induce a new iso-reticular MOFs with a reduced pore dimension and a hybrid MOF
with mixed linker ligands in a single framework.
Lately, a report published about the solvothermal preparation of a three-dimensional (3D) MOF,
[Ni(HBTC)(bipy)] (1) (where H3BTC is 1,3,5-benzenetricarboxylic acid and bipy is 4,4′-bipyridine).4
In the network structure, both HBTC ligand and NiII ion as 3-connected nodes formed twodimensional
(2D) sheets of a honeycomb (hcb) net topology, and the 2D sheets are further pillared using 2connected bipy linkers via the metal nodes to form a 3D network structure.
In this study, we research the entropically favorable PSLE of 1 toward a new iso-reticular MOF,
[Ni(HBTC)(dabco)] (2), that is unattainable via conventional synthetic approach. By controlling the
concentration of dabco DMF solution, both the MOF with alternatively converted pillaring layers via
the enthalpically favorable selective exchange of bipy linker and a new isoreticular MOF with
completely exchanged pillaring layers by shorter pillaring ligand dabco could be obtained. The series
of the isoreticular MOFs being prepared via both a conventional one-pot synthetic approach and the
PSLE approach have been investigated to reveal the relation the pore size to the sorption property like
adsorption enthalpy and adsorbate uptake amount.
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2. Experimental Section
2.1 General procedures.
All reagents were purchased from commercial sources and used without further purification.
Elemental analysis (EA) (C, H, and N) was performed at the Central Research Facilities of the Ulsan
National Institute of Science & Technology (Ulsan, Korea). Powder X-ray diffraction (PXRD) data
were recorded using a Bruker D2 Phaser automated diffractometer at room temperature, with a step
size of 2q = 0.02°. Simulated PXRD patterns were calculated using the Material Studio software
package5 employing a structural model from single crystal data.
2.2 Preparation of the MOF.
1, [Ni(HBTC)(bipy)] was prepared according to the reported solvothermal synthetic procedure but
slightly modified.4 A mixture of Ni(NO3)2·6H2O (3.78×10-2 g, 1.30×10-4 mol), bipy (1.72×10-2 g,
1.10×10-4 mol), and H3BTC (2.32×10-2 g, 1.10×10-4 mol) was dissolved in a solvent of 4×10-3 L of
DMF and added 4×10-3 L of MeOH, and the solution was divided into two parts. Each part was put
into a 10 mL vial closed a cap tightly. The vials were heated at 70 °C for 48 hours to make cyan
hexagonal crystals. The crystals of 1 were collected and washed using fresh DMF and then air-dried at
room temperature for about two hours. The activated sample, 1a, was prepared by vacuum drying 1 at
150 °C overnight. EA was performed on the sample of 1a, which had been exposed to air for a couple
of hours. EA calcd for [Ni(HBTC)(bipy)]·2H2O (C19H16N2O8Ni, fw = 459.03 g/mol). Calcd: C,
49.71%; H, 3.51%; N, 6.10%. Found: C, 49.84%; H, 4.00%; N, 6.62%.
2.3 PSLE of the MOF.
3, [Ni2(HBTC)2(bipy)0.6(dabco)1.4]. The MOFs of 1 were presoaked in DMF for a couple of days
before the ligand exchange of the MOF. 3 was obtained by soaking about 10 mg of 1 in a 10 mL
amount of 0.05 M dabco DMF solution for 3 d at 100 °C. After removing the solvent, the crystals of 3
were washed using DMF and were air-dried at ambient temperature for a couple of hours. The crystal
color turns from cyan to pale green during the soaking. 3a, the activated sample, was prepared by
vacuum-drying the crystals of 3 at 150 °C for 12h. EA calcd for [Ni2(HBTC)2(bipy)0.6(dabco)1.4]·5H2O
48

(C32.4H39.6N4O17Ni2, fw = 874.47 g/mol). Calcd: C, 44.50%; H, 4.56%; N, 6.41%. Found: C, 44.21%;
H, 4.77%; N, 6.82%.
4, [Ni2(HBTC)2(bipy)(dabco)]. The MOFs of 4 were prepared by soaking an approximate amount
of 30 mg of 3 in 10 mL of a 0.1 M bipy DMF solution at room temperature for 7 days. EA was
calculated on the activated sample that had been exposed to air for 2 hours, where the activated
sample was prepared by soaking the crystals in fresh DMF for 2−3 days and methylene chloride for
24

h

and

then

vacuum

drying

at

room

temperature

overnight.

EA

calcd

for

[Ni2(HBTC)2(bipy)(dabco)]·7.5H2O (C34H43N4O19.5Ni2, fw = 937.11 g/mol). Calcd: C, 43.58%; H,
4.63%; N, 5.98%. Found: C, 43.17%; H, 5.08%; N, 6.30%.
2, [Ni(HBTC)(dabco)]. The preparation of 2 by the PSLE procedure was similar to 3 except the use
of a 1.0 M dabco DMF solution as a soaking solution for 30 h. The crystals slowly turn their color
from cyan to pale yellow while keeping the crystallinity during the soaking. The harvested crystals of
2 were air-dried at room temperature for approximately 2 hours. 2a, the activated sample, was
prepared by vacuum-drying 2 at 150 °C 12 h. EA was calculated on the sample of 2a re-exposed in air
for a couple of hours. EA calc. for [Ni(HBTC)(dabco)]·2H2O (C15H20N2O8Ni, fw = 415.02 g/mol).
Calc.: C = 43.41; H = 4.86; N = 6.75%. Found: C = 42.98; H = 4.97; N = 6.95%.
2.4 Crystallographic Data Collection and Refinement of the Structures.
Crystals of 2, 3 and 4 were covered with Paratone oil and the diffraction data were performed using
Mo Ka radiation in an X-ray diffraction imaging plate system equipped with a graphite crystal
incident beam monochromator at -100 °C. The Rapid Auto software package6 was executed for data
collection and processing. Structure was initially solved by direct methods importing SIR2008.7 The
structure was refined using full-matrix least-squares calculation employing the SHELXL program of
the SHELXTL PLUS software package.8
2, [Ni2(HBTC)2(dabco)2]. Quarter of a nickel ion on a crystallographic m2m site, one twelfth of a
BTC3− ligand on a crystallographic − 62m site, one sixth of a H1.5BTC1.5 − ligand on a
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crystallographic −6 site, and quarter of a pillaring dabco ligand on a crystallographic m2m site were
observed as an asymmetric unit. All nonhydrogen atoms were anisotropically refined; the hydrogen
atoms were appointed isotropic displacement coefficients U(H) = 1.2U(C), and their coordinates were
allowed to ride on their respective atoms. The final refinement was carried out modification of the
structural factors for the electron densities of the disordered void volume region (744 Å3, 44.2% of the
crystal volume) by the SQUEEZE option from the PLATON software package.9 The structure
refinement converged as the following final values: R1 = 0.0866 and wR2 = 0.2182 for 1261
reflections for which I > 2σ(I), and R1 = 0.0975 and wR2 = 0.2762 for all 1476 reflections. The
largest difference peak and hole were 1.914 and −0.750 e/Å3, respectively. (table 1)
3, [Ni2(HBTC)2(bipy)0.6(dabco)1.4]. Two nickel ions, two thirds of a BTC3− ligand, and four thirds
of a H1.5BTC1.5− ligand on six different crystallographic C3-axes, a pillaring dabco ligand, and a
pillaring bipy site were observed as an asymmetric unit. The pillaring bipy site in the asymmetric unit
was statistically disordered together with two other ligated dabco sites and two lattice water sites with
a total site occupancy of 1. Nickel, oxygen, and nitrogen atoms were refined anisotropically, and
carbon atoms were refined isotropically. The hydrogen atoms were appointeded isotropic
displacement coefficients U(H) = 1.2U(C), and their coordinates were allowed to ride on their
respective atoms. The least-squares refinement of the structural model was treated under geometry
restraints and displacement parameter restraints, such as DFIX, DANG, EXYZ, EADP, and ISOR for
pillaring the dabco and bipy molecules. The final refinement was carried out modification of the
structural factors for the electron densities of the disordered void volume region (2093 Å3, 48.5% of
the crystal volume) using the SQUEEZE option of the PLATON software package. The structure
refinement converged as the following final values: R1 = 0.1172 and wR2 = 0.2531 for 3155
reflections for which I > 2σ(I), and R1 = 0.2403 and wR2 = 0.3168 for all 10006 reflections. The
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largest difference peak and hole were 1.368 and −0.450 e/Å3, respectively. The Flack parameter
value of 0.47(4) that was obtained indicated that the structure is racemic twinned.
4, [Ni2(HBTC)2(bipy)(dabco)]. Two nickel ions, two thirds of a BTC3− ligand, and four thirds of a
H1.5BTC1.5− ligand on six different crystallographic 3 sites, a pillaring dabco ligand, and a pillaring
bipy ligand were observed as an asymmetric unit of hexagonal space group P3. The pillaring bipy
ligand is statistically disordered. All nonhydrogen atoms were refined anisotropically. The hydrogen
atoms were appointed isotropic displacement coefficients U(H) = 1.2U(C), and their coordinates were
allowed to ride on their respective atoms. A hydrogen atom attached to a carboxylate group of a
HBTC ligand was not discovered in the least-squares refinement of the structural model, which was
treated under geometry restraints and displacement parameter restraints, such as DFIX, DANG,
EXYZ, EADP, and ISOR for the disordered bipy sites. The final refinement was carried out
modification of the structural factors for the electron densities of the disordered void volume region
(2219 Å3, 50.9% of the crystal volume) using the SQUEEZE option of the PLATON software
package. The structure refinement converged as the following final values: R1 = 0.0945 and wR2 =
0.2337 for 5571 reflections for which I > 2σ(I), and R1 = 0.1403 and wR2 = 0.2700 for all 10213
reflections. The largest difference peak and hole were 1.631 and −0.787 e/Å3, respectively. The
Flack parameter value of 0.49(3) that was obtained indicated that the structure is racemic twinned.
(table 2)
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Table 1.

Crystal data and structure refinement for 2.

Formula weight

379.01

Temperature

173(2) K

Wavelength

0.71073 Å

Crystal system

Hexagonal

Space group

P-62m

Unit cell dimensions

a = 16.666(2) Å

α = 90°

b = 16.666(2) Å

β = 90°

c = 7.0012(14) Å

γ = 120°

3

Volume

1684.1(5) Å

Z

3

Density (calculated)

1.121 Mg/m3

Absorption coefficient

0.888 mm-1

F(000)

588

Crystal size

0.22 x 0.14 x 0.05 mm3

Theta range for data collection

3.23 to 27.48°.

Index ranges

-21<=h<=21, -21<=k<=21, -9<=l<=7

Reflections collected

16600

Independent reflections

1476 [R(int) = 0.1531]

Completeness to theta = 27.48°

99.4 %

Absorption correction

Semi-empirical from equivalents

Max. and min. transmission

0.9569 and 0.8285

Refinement method

Full-matrix least-squares on F2

Data / restraints / parameters

1476 / 0 / 75

Goodness-of-fit on F2

1.081

Final R indices [I>2sigma(I)]

R1 = 0.0866, wR2 = 0.2182

R indices (all data)

R1 = 0.0975, wR2 = 0.2362

Absolute structure parameter

0.50(5)

Largest diff. peak and hole

1.914 and -0.750 e·Å-3
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Table 2.

Crystal data and structure refinement for 4.

Empirical formula

C31.67H31.67N4O12.67Ni2

Formula weight

788.36

Temperature

173(2) K

Wavelength

0.71073 Å

Crystal system

Hexagonal

Space group

P3

Unit cell dimensions

a = 16.586(5) Å

α = 90°

b = 16.586(5) Å

β = 90°

c = 18.124(7) Å

γ = 120°

Volume

4318(2) Å

Z

3

Density (calculated)

0.910 Mg/m3

Absorption coefficient

0.696 mm–1

F(000)

1221

Crystal size

0.17 x 0.13 x 0.09 mm3

Theta range for data collection

3.05 to 24.99°.

Index ranges

-19<=h<=19, -18<=k<=19, -21<=l<=21

Reflections collected

32591

Independent reflections

10006 [R(int) = 0.2427]

Completeness to theta = 24.99°

99.4 %

Absorption correction

Semi-empirical from equivalents

Max. and min. transmission

0.9400 and 0.8909

Refinement method

Full-matrix least-squares on F2

Data / restraints / parameters

10006 / 168 / 321

Goodness-of-fit on F2

0.877

Final R indices [I>2sigma(I)]

R1 = 0.1172, wR2 = 0.2531

R indices (all data)

R1 = 0.2403, wR2 = 0.3168

Absolute structure parameter

0.47(4)

Largest diff. peak and hole

1.368 and –0.450 e·Å–3
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2.5 Gas Sorption Measurements.
All the gas sorption isotherms were measured using a BELSORP-max (BEL Japan, Inc.) absorption
system employing a standard volumetric technique up to saturated pressure. The N2 (purity =
99.999%) sorption isotherms were monitored at 77 K. The adsorption data in the pressure range < 0.1
P/P0

were

fitted

to

the

Brunauer–Emmett–Teller

(BET)

equation

to

determine

the

Brunauer−Emmett−Teller (BET) surface area. The entire set of adsorption data was used to obtain the
Langmuir specific surface area. The H2 (purity = 99.9999%) sorption isotherms were measured at 77
and 87 K, and the CO2 (purity = 99.999 %) and CH4 (purity = 99.95 %) sorption isotherms were
measured at 195 and 273 K.
2.6 Computations.
The Vienna Ab initio Simulation Package was used to calculate the ground state of many-electron
systems in the framework of density functional theory.10 The plane-wave basis set with an energy
cutoff of 400 eV and the Perdew−Burke−Ernzerhoftype gradient-corrected exchange-correlation
potential were employed.11

3. Result and Discussion
3.1 Attempt To Synthesize the Isoreticular MOFs via the Conventional Approachl.
The attempts to prepare the isoreticular MOFs, 2 and 3 via one-pot solvothermal reactions were not
successful. While the solvothermal reaction of H3BTC with ~1.2 equivalent amounts of NiII ion in
DMF at 130 °C for 3 d in the presence of an equivalent amount of bipy as a pillaring linker led to the
3-D MOF, 1, of a hms net topology,12 a similar solvothermal reaction in the presence of dabco as a
potential pillaring linker only produced the reported 2-D MOF, [Ni(HBTC)(DMF)2] (Figure 1) ,4
where the 2-D sheet of the MOF made of NiII ion and HBTC ligand is the same as that of 1, but the 3connected nickel centers of an hcb net topology are ligated with two additional monodentate DMF
molecules. A similar reaction but in the presence of excess amounts of dabco at ambient temperature
resulted in the immediate precipitation of a cyan crystalline powder of an unidentified phase. Further
solvothermal reaction of the reaction mixture with the crystalline powder in DMF solvent at 130 °C
54

for 3 d did not indicate any phase change of the crystalline powder. Also an attempt to synthesize 3
via a conventional reaction was not successful. The product, obtained using reaction conditions
similar to those for the preparation of 1 but in the simultaneous presence of the two pillaring linkers,
bipy and dabco, turned out to be a heterogeneous mixture of 1 and [Ni(HBTC)(DMF)2] (Figure 2).
While bipy was incorporated as a pillaring linker in the structure of 1, dabco was not.

Figure 1. PXRD patterns of the cyan crystalline powders obtained via one-pot reactions of H3BTC
with ~1.2 equivalent amounts of NiII ion in DMF in the presence of excess amount of dabco at
ambient temperature and at 130 °C for 3 d, respectively, and the comparison with those of assynthesized [Ni(HBTC)(DMF)2] and [Ni(HBTC)(dabco)] (2) obtained via postsynthetic modification
of [Ni(HBTC)(bipy)] (1).
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Figure 2. PXRD pattern of the heterogeneous mixture, [Ni(BTC)(HBTC)(bipy)] (1) and
[Ni(BTC)(DMF)2] (2), obtained via one-pot solvothermal reaction of NiII, H3BTC, bipy, and dabco in
DMF solvent at 100 °C.
3.2. PSLE of the MOF.
Isoreticular MOF 2 could be obtained only by soaking 1 in dabco DMF solution via the PSLE of the
structural organic linker of 1, bipy. When a ~10 mg amount of the cyan colored single crystals of 1
was soaked in a 10 mL amount of 1.0 M dabco DMF solution at ambient temperature for more than a
week, there was no indication of any pillaring ligand exchange from bipy to dabco. However, the
soaking of the crystals at 100 °C showed the color change of the crystals from cyan to pale yellow
(Figure 3). The PXRD patterns of the crystals soaked in the dabco solution showed gradual intensity
decreases of the (h, k, l) reflections with non-zero l index while keeping the intensities of the (h, k, 0)
reflections as the soaking proceeds (Figure 4). Two new broad peaks at 2θ = ~12.5°, ~25° and ~38.5°
corresponding to (0, 0, 1), (0, 0, 2) and (0, 0, 3) reflections indicated that the c-axis dimension of the
crystal decreased from ~ 11 Å to ~ 7 Å while keeping the dimensions of the ab-plane intact and the
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longer bipy pillaring linkers between the 2-D sheets made of Ni-BTC honeycomb network structure
were replaced by the shorter dabco linkers. The exchange was completed within 30 h. The singlecrystal to single-crystal (SCSC) transformation from 1 to 2 was checked by soaking one single crystal
of 1 in a dabco DMF solution. During the transformation there were no indication of the dissolution of
the crystal and the formation of any new crystals.
The complete exchange of pillaring ligand was confirmed by the X-ray diffraction analysis of a
single crystal of 2 (Figure 5). The ~7 Å intersheet distance caused by the dabco pillaring linker agrees
with the PXRD pattern of 2.

Figure 3. Optical microscopic photographs of the activated samples of (a) [Ni(HBTC)(bipy)], 1, (b)
[Ni(HBTC)(dabco)], 2, and (c) [Ni2(HBTC)2(bipy)0.6(dabco)1.4], 3, crystals.
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Figure 4. (a) Time-dependent PXRD patterns of approximately 10 mg of single crystals of 1 soaked
in 10 mL of 1.0 M dabco DMF solution at 100 °C. (b) The PXRD patterns of 1 and
[Ni(HBTC)(dabco)] (2) obtained via PSM of 1 for 30 h at 100 °C, and the simulated PXRD patterns
from the corresponding single crystal structures with (h, k, l) indexes.
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Figure 5. Crystal structure of 2: (a) top view of the structure as a ball-and-stick diagram; (b) the
space-filling model showing the 2-D hcb network structure; (c) side view of the structure as a balland-stick diagram; and (d) the space-filling model showing the 2-D sheets pillared via dabco organic
linker. Color codes: nickel, cyan; carbon, gray; oxygen, red; dabco, green.

3 could also only be obtained by the PSLE of 1 in a DMF solution containing dabco as an
additional potential pillaring ligand via partial and selective exchange of the existing pillaring ligand,
bipy. Soaking the crystals of 1 in a 0.05 M dabco DMF solution at 100 °C showed a change in the
color of the crystals from cyan to pale green (Figure 3). The SCSC transformation from 1 to 3 was
also checked by soaking one single crystal of 1 in a 0.05 M dabco DMF solution. The PXRD patterns
of the crystals of 1 soaked in the dabco solution also showed gradual intensity decreases of the (h, k, l)
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reflections with a non-zero l index while the intensities of the (h, k, 0) reflections were retained as the
soaking proceeded, and the change to the postsynthetically modified crystals 3 was completed within
48 h(Figure 6a). New broad peaks appeared at 2θ ≈ 4.9°, 9.8°, 14.7°, and 24.5° that could be assigned
as the peaks of (0, 0, 1), (0, 0, 2), (0, 0, 3), and (0, 0, 5) reflections, respectively; the c-axis dimension
of the crystal increased from ∼11 to ∼18 Å(Figure 6b). The elongated c-axis dimension of the
crystal suggests that the alternating pillaring bipy layers have been selectively exchanged for the
dabco linkers.
Although the random substitution of the pillaring ligand from bipy to dabco linker is an entropically
more favorable process, the exchange in a lower-concentration dabco DMF solution occurs via the
entropically less favorable selective substitution of the alternating pillaring layers. While the exchange
of the pillaring ligand in a 1.0 M dabco DMF solution occurs via the random substitution of the
pillaring ligand, the exchange in a 0.05 M dabco DMF solution occurs via the selective and systematic
substitution of the alternating bipy/dabco pillaring layers. The single-crystal X-ray diffraction analysis
showed that 3 has a [Ni2(HBTC)2(bipy)0.6(dabco)1.4] structure, where the ligand exchange from bipy to
dabco had occurred only in the alternating layers (Figure 7). Even though the intersheet distance
pillared by bipy linkers is ∼11 Å, the occupancy factor for the bipy site in the single-crystal structure
indicated that more than 60% of the bipy sites were replaced by either dabco or solvent DMF/water
molecules, which agrees with the EA result.
When single crystals of 3 were soaked in a 0.1 M bipy DMF solution at ambient temperature for 7
days, there was no apparent change in the PXRD pattern of the sample. The X-ray diffraction analysis
of a single crystal of the soaked sample, 4, also showed no apparent changes in its lattice parameters
or the space group. However, the structural refinement of 4 of with a formula unit of
[Ni2(HBTC)2(bipy)(dabco)] could be performed with the fully occupied bipy site in the alternating
pillaring layer. The EA result also supports the formula unit of 4.
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Figure 6. (a) Time-dependent PXRD patterns of approximately 10 mg of single crystals of 1 soaked
in 10 mL of a 0.05 M dabco DMF solution at 100 °C. (b) PXRD patterns of as-synthesized 1 and
assynthesized [Ni2(HBTC)2(bipy)0.6(dabco)1.4] (3) obtained via PSM of 1 for 48 h and simulated
PXRD patterns from the corresponding single-crystal structures with (h, k, l) indices.
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Figure 7. Crystal structure of 4. Top view of the structure in (a) a ball-and-stick diagram and in (b) the
space-filling model showing the 2-D network structure of an hcb net topology. Side view of the
structure in (c) a ball-and-stick diagram and in (d) the space-filling model showing the 2-D sheets
pillared via alternating bipy and dabco organic linkers. Color codes: cyan, nickel; carbon, gray;
oxygen, red; bipy, pink; dabco, green.
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When the crystals of 1 were soaked in a 0.3 M dabco DMF solution for 8 h at 100 °C, the PXRD
pattern of the crystals showed simultaneous appearance of the peaks related to 1, 2, and 3 structures
[the peaks at 2θ = ~7.9°, ~15.8°, and ~23.8° for (0, 0, 1), (0, 0, 2), and (0, 0, 3) reflections of 1; the
peaks at 2θ = ~12.6° and ~24.6° for (0, 0, 1) and (0, 0, 2) reflections of 2; the peaks at 2θ = ~ 4.9°,
9.8°, 14.7°, and 25.2° for (0, 0, 1), (0, 0, 2), (0, 0, 3), and (0, 0, 5) reflections of 3] (Figure 8). In the
substitution of the pillaring linkers of 1 soaked in the intermediate concentration of dabco DMF
solution, the reaction proceeds via both the systematically alternating substitution of the bipy pillaring
linkers and the random substitution of the bipy pillaring linkers. The extended soaking of 1 in the 0.3
M dabco DMF solution for more than a month completely exchanges all bipy pillaring linkers in 1 to
dabco pillaring linkers to form 2 as in the soaking of 1 in the 1.0 M dabco DMF solution.

Figure 8. PXRD patterns of an approximate 10 mg amount of the single crystals of 1 soaked in a 10
mL amount of 0.3 M dabco DMF solution at 100 C.
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3.3. Reverse PSLE of the MOFs.
2 and 3 could be reversibly transformed back to 1 by soaking the MOFs in a bipy DMF solution
(Figure 9). While the soaking of the crystals of 3 in a 0.05 M bipy DMF solution at 100 °C led to
complete replacement of the pillaring dabco linker back with the bipy linker within 6 h, a similar
soaking of the crystals of 2 in a 0.1 M bipy DMF solution at 100 °C led to incomplete replacement of
the pillaring dabco linker and generated a crystalline mixture of 1−3. The PXRD pattern of the
mixture showed the simultaneous presence of three sets of (0, 0, l) reflections related to the crystals of
1−3. The soaking of the crystals of 2 in a higher-concentration bipy DMF solution (1.0 M) for 1 day
at 100 °C finally led to complete exchange of the pillaring linker.

Figure 9. (a) PXRD patterns obtained by soaking 2 in 1.0 M bipy DMF solution and 3 in 0.05 M bipy
DMF solution at 100 °C.
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3.4. Entropically and Enthalpically Favorable Pillaring Ligand Exchanges.
The PXRD pattern of the reaction intermediate obtained by soaking the single crystals of 1 in a
lower concentration of dabco DMF solution supports the systematic and selective exchange toward
the entropically unfavorable alternating bipy/dabco pillared MOF structure, 3. However, reaction
intermediate 3* with randomly exchanged pillaring dabco was obtained by soaking the single crystals
of 1 in a higher concentration of dabco DMF solution (Scheme 1). The PXRD pattern of the reaction
intermediate indicates that the exchange of the pillaring ligand is occurring randomly with no
selectivity for the replacement site and is occurring simultaneously at multiple pillaring sites, which is
entropically favorable process. we constructed three different types of 2D sheet structural models of
an hcb net topology consisting of [bipy−NiII−bipy], [bipy−NiII−dabco], and [dabco−NiII−dabco]
coordination ites (Figure 10).

Figure 10. (a−f) Top and side views of the three different coordination sites, [bipy−NiII−bipy],
[bipy−NiII−dabco], and [dabco−NiII−dabco], of the structural models consisting of 2D hexagonal
lattices based on [bipy−NiII−bipy], [bipy−NiII−dabco], and [dabco−NiII−dabco] coordination sites.
The NiII coordination sites in the structures with two different types of carboxylate binding modes, a
chelating bindentate and two monodentate binding modes, are of a distorted octahedral geometry.
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While the selectively exchanged structure, 3, contains only the [bipy−NiII−dabco] coordination site,
he [bipy−NiII−bipy], [bipy−NiII−dabco], and [dabco−NiII−dabco] coordination sites can be observed
in the randomly exchanged structural model, 3*. Using the total energies of the three aforementioned
structural models and isolated bipy and dabco,11 we evaluated the formation enthalpy of the
coordination sites. Compared with the [bipy−NiII−bipy] coordination site, the [bipy−NiII−dabco] and
[dabco−NiII−dabco] coordination sites are unfavorable by ∼11.12 and ∼34.30 kJ/mol, respectively
(Figure 11). The energy difference obviously originates from the difference in the coordination
strength of NiII−bipy and NiII−dabco sites. Even though dabco is a stronger base than bipy, the
calculation shows that the Ni−Ndabco bond at the [bipy−NiII−dabco] coordination site is ∼0.15 Å more
longer than the Ni−Nbipy bond at the [bipy−NiII−bipy] coordination site. More interestingly, there is
∼0.05 Å more elongation of the Ni−Ndabco bond at the [dabco−NiII−dabco] coordination site than at
the [bipy−NiII−dabco] coordination site. Similar elongations of the Ni−Ndabco bond were also observed
in the single-crystal structures of 2−4. The elongation is caused by the repulsion of the sterically more
demanding ligated dabco linker with the BTC ligands. While the BTC plane in the [bipy−NiII−bipy]
coordination site is almost planar, that in the [bipy−NiII−dabco] coordination site is distorted to
release the strain incurred by the steric repulsion. The puckering of the BTC plane in the
[dabco−NiII−dabco] coordination site is unavailable because of the symmetry, and thus, the strain
originated from the steric repulsion is instead released by increasing the NiII−dabco bond length.
Although the random replacement of the pillaring bipy linker by dabco is entropically favorable, the
formation of a [dabco−NiII−dabco] coordination site is enthalpically less favorable than the formation
of a [bipy−NiII−dabco] coordination site. Hence, the selective replacement occurs as an enthalpically
favorable process in the lower-concentration dabco DMF solution.
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Scheme 1. Schematic drawing of entropically driven and enthalpically driven postsynthetic pillar
exchanges.

Figure 11. Potential energy profile for the rigid displacement of (a) bipy and (b) dabco from the
HBTC plane consisting of [bipy–NiII–bipy] and [bipy–NiII–dabco] coordination sites.a
a

The effect of the zero point vibration energy (ZPE) was estimated from the fitting of the potential energy to the quadratic form of the

bond lengths. The fitted results (in the unit of eV and A) are given in the insets. If the acoustic vibration of the bipy and dabco is assumed to
be from the rigid HBTC plane, the ZPE is about 1.09 and 1.07 kJ/mol, respectively. On the other hand, the bond stretching of Ni–N in these
potential wells, with all other degree of freedom being frozen, correspond to 4.06 and 3.35 kJ/mol, respectively. Thus, the inclusion of ZPE
does not make a meaningful alternation of the energy difference between three different types of 2-D sheet structural models consisting of
[bipy–NiII–bipy], [bipy–NiII– dabco] and [dabco–NiII–dabco] coordination sites.
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3.5. Attempts To Interconvert the Entropically and Enthalpically Favorable Pillaring Ligand
Exchange Processes.
To find out whether the entropically favorable random exchange in the higher-dabco concentration
solution could be converted to an enthalpically favorable selective exchange, the reaction temperature
was lowered to 40 °C with no indication of the formation of the enthalpically favorable product, 3. At
temperatures lower than 40 °C, no appreciable exchange reaction occurred over a period of more than
1 week. Similarly, to find out whether the enthalpically favorable selective exchange could be
converted to an entropically favorable random exchange, the reaction temperature was increased to
200 °C in an autoclave. There was no indication of the formation of the entropically favorable product.
The entropic contribution of the reaction is probably not large enough to convert the reaction process
in the experimentally allowed temperature range.
3.6. Gas Sorption Behaviors of the MOFs
N2 Sorption Behaviors of the MOFs. The pore size and the specific surface area of activated 2a
were accessed using N2 sorption isotherms and were compared with the reported values of activated
1a and 3a (Figure 12). The complete exchange of the longer pillaring ligand bipy to the shorter
pillaring ligand dabco led to the reduction of the pore size and the specific surface area. While the N2
uptake amount and the BET specific area of 1a are 391 cm3/g and 1540 m2/g, 13 those of 2a are 251
cm3/g and 930 m2/g, respectively. The exchange of the pillaring ligand to shorter pillaring ligand
dabco in 3a led to the significantly reduced N2 uptake amount and BET surface area compared to
those in 1a with longer pillaring ligand bipy. These values are even smaller than the reported N2
uptake amount and BET surface of 3a with the selectively exchanged, alternatively layered structure,
305 cm3/g and 1150 m2/g, respectively.
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Figure 12. N2 sorption isotherms of 1a, 2a, and 3a at 77 K.
CO2 and CH4 Sorption Behaviors of the MOFs. The effects of the reduced pore sizes of 2a and
3a compared to that of 1a are reflected on the sorption behaviors of CH4, and CO2, such as uptake
amounts and adsorption enthalpies of the adsorbates (Figures 13, 14). The alternative and the
complete exchanges from the longer pillaring bipy ligand to the shorter pillaring dabco ligand led to
the reduction of the pore sizes. The reductions of the pore sizes in 2a and 3a also led the reduced CH4
uptake amounts at 195 K, 106 and 118 mg/g, respectively. These uptake amounts are slightly smaller
than that of 1a, 152 mg/g. However, the CH4 uptake amounts of 2a and 3a at 273 K were slightly
increased compared with that on 1a (Figures 13a). The reduction of the pore sizes results in the
increase of the adsorption enthalpies of 2a and 3a (approximately -21 and -23 kJ/mol, respectively)
compared to that of 1a (approximately -17 kJ/mol) (Figure 13b). The increased adsorption enthalpies
come from the more extensive interaction of the adsorbate CH4 with the pore surface of the reduced
pore sizes.
The sorption behaviors of CO2 on 1a, 2a and 3a are slightly different from that of CH4 (Figures 14).
The qualitative CO2 uptake behaviors on 1a, 2a and 3a at 195 and 273 K are similar to the CH4 uptake
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behaviors (Figure 14a). Although, at 195 K, the CO2 uptake amount on 3a (447 mg/g) is ∼1.2 times
that on 2a (379 mg/g), at 273 K the CO2 uptake amount on 3a (261 mg/g) is ∼2.2 times that on 2a
(119 mg/g), which is caused by the larger CO2 adsorption enthalpy on 3a (approximately −27 kJ/mol)
than that on 2a (approximately −22 kJ/mol) (Figure 14b).
Even though the pore size of 2a based on the N2 uptake amount is smaller than that of 3a, the more
hydrophobic nature of dabco as a pillaring ligand in the pore surface of 2a than the less hydrophobic
nature of the mixed pillaring ligands, bipy and dabco, in the pore surface of 3a is responsible for the
smaller adsorption enthalpy of CO2, with larger polarizability and quadrupole moment, on 2a than 3a.
The CO2 uptake amount of 1a at 1 bar, 273 K is 316 mg/g, which is the second largest value yet
reported at the this temperature14a and almost comparable to the largest CO2 uptake amount of SNU-5,
385 mg/g.14b More interestingly, though the uptake amount of 3a at 1 bar and 273 K is smaller than
those of 1a and SNU-5, the uptake amount of 3a at ~ 0.15 bar (which is the partial pressure of CO2 of
the flue gas), 141 mg/g, is even larger than the uptake amount of 1a and SMU-5 at the same pressure,
72 and 73 mg/g, respectively.
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Figure 13. (a) CH4 sorption isotherms of 1a (black), 2a (blue), and 3a (red) at 195 K and 273 K, and
(b) the adsorption enthalpies.
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Figure 14. (a) CO2 sorption isotherms of 1a (black), 2a (blue), and 3a (red) at 195 K and 273 K, and
(b) the adsorption enthalpies.
H2 Sorption Behaviors of the MOFs. At 77 K, interestingly, although the specific surface areas
and the pore dimensions of 2a and 3a were significantly reduced compared with those of 1a, the H2
uptake amounts of 2a and 3a (19.5 and 21.1 mg/g, respectively) were only slightly reduced compared
with that of 1a (23.1 mg/g) (Figure 11a). At 87 K, more interestingly, the H2 uptake amounts of 2a
and 3a (16.5 and 16.6 mg/g, respectively) are even slightly larger than that of 1a (16.0 mg/g). The
increased adsorption enthalpies of 2a and 3a (Figure 11b), which come from the more extensive
interaction of the adsorbate H2 with the pore surface of the reduced pore dimensions, are responsible
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for the H2 sorption behaviors.15 Surprisingly, the H2 adsorption enthalpy of 2a with no unsaturated
metal sites is slightly larger than that of 3a with the unsaturated metal sites. The interaction of H2 with
the pore surface of 2a with the smaller pore dimension compared with that of 3a with the larger pore
dimension is responsible for the slightly larger H2 adsorption enthalpy of 2a versus that of 3a.

Figure 15. (a) H2 sorption isotherms of 1a (black), 2a (blue), and 3a (red) at 77 and 87 K, and (b) the
adsorption enthalpies.
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4. Conclusions
The preparation of the isoreticular MOF, [Ni(HBTC)(dabco)] (3), that was unattainable via
conventional synthetic approach, was demonstrated via the PSLE of 3-D MOF [Ni(HBTC)(bipy)] (1),
where 2-D sheets of honeycomb network topology based on NiII and BTC ligand were pillared by
bipy linker to form the 3-D network structure (Scheme 1). The soaking of 1 in 0.05 M dabco DMF
solution at 100 °C led to the enthalpically favorable isoreticular MOF with alternatively exchanged
pillaring layers, 2. On the other hand, by soaking 1 in 1.0 M dabco DMF solution at 100 °C, all the
pillaring aromatic bipy linkers in 1 were completely exchanged by the shorter pillaring aliphatic
dabco linkers to form the isoreticular 3-D MOF, 3, with reduced pore size and pore dimension. During
the exchange of the pillaring linkers, the 2-D [Ni3(BTC)(H1.5BTC)2] sheet structure was kept intact.
The reaction proceeded via the random substitution of the pillaring linker. This reaction process is
enthalpically unfavorable because of the formation of the sterically more demanding [dabco-NiIIdabco] coordination site at the 2-D sheet.4 However, the entropic contribution was large enough for
the random substitution in the higher concentration of dabco DMF solution.
While the pillaring linkers in 1 are all aromatic bipy linkers and the pillaring linkers in 3 are all
hydrophobic aliphatic dabco linkers, 2 has both the aromatic and the aliphatic pillaring linkers. The
MOFs, 2 and 3, prepared via the PSLE together with the parent MOF, 1, provided an opportunity to
assess the relationship between the pore size / hydrophobicity of the pore surface and the adsorption
enthalpies of adsorbates such as H2, CH4, and CO2. The adsorption enthalpies of H2 and CH4 increase
as the pore size of the MOF decreases because of the more extensive interaction of the adsorbate with
the pore surface in the pore with reduced pore size. As expected, 3 with the smallest pore size showed
the largest adsorption enthalpies of H2 and CH4, and 1 with the largest pore size showed the smallest
adsorption enthalpies of H2 and CH4. However, 2 with the intermediate pore size and the mixed pore
surface property showed the largest adsorption enthalpies of CO2. The adsorption enthalpy is affected
not only by the pore size but also by the pore surface property.
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Postsynthetic complete and selective exchanges of a ligand involving in the network connectivity
can be used as a general strategy for the preparation of a series of isoreticular MOFs that were
difficult to obtain or even unattainable via the conventional one-pot solvothermal reaction or a single
step self-assembly approach.
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Section 2
Isoreticular and Polymorphic Metal-Organic
Frameworks via Combination of Solvothermal
Reactions and Subsequent Postsynthetic Ligand
Exchanges and Insertions
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1. Introduction
Porous metal–organic frameworks (MOFs) are attractive materials due to their large surface areas
and the tunability of the surface properties.1 The pore geometries and surface properties of the MOFs
have potential for use in various applications such as gas storage and separation.2 Recent trend of
investigations on MOFs as CO2 capture materials have mainly concentrated on their large CO2 storage
capacities.3 However, the more realistic role of the MOFs is CO2 capture rather than long term storage
and sequestratio. Potential industrial postcombustion CO2 capture processes require various pore traits
of the MOFs, according to the specific process conditions.4 A strong adsorption site in the MOF is
very crucial for CO2 capture in vacuum swing adsorption (VSA) and temperature swing adsorption
(TSA) processes of real flue gases with typical ~ 15% CO2 fraction.5 The large adsorption enthalpy of
the MOFs with strong adsorption sites, including open metal sites6 and amine functional groups7 is
one of the most main factors determining the working CO2 capture capacities in these processes. On
the other hand, for the pressure swing adsorption (PSA) process between the pressurized real flue gas
of ~ 6 bar and the depressurized gas of ~ 1 bar, a moderate adsorption enthalpy of MOFs with tuned
pore geometry and surface property is more principal in determining the working CO2 capture
capacities than a large surface area and/or large adsorption enthalpy.4
The traditional approach for the preparation of MOFs is a one-pot solvothermal reaction with proper
building blocks at a given solvent condition. However, the modulation of the pore geometry with
desired surface property via a direct one-pot solvothermal reaction is a challenging work.
Postsynthetic modification of MOFs is an alternative way to obtaining MOFs with a modified pore
property.8 Postsynthetic covalent modification of the organic linker of the MOF or postsynthetic
dative modification on the framework metal center can be used for the modulation of pore geometry
and surface property. Postsynthetic exchanges of the framework metal ions9 and the linker ligands10 in
MOFs have also been reported as new way for the modulation of pore properties.
Here, we report the preparation and characterization of a series of isoreticular and polymorphic
MOFs with tuned pore geometries and surface properties via combinational synthetic methods, direct
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one-pot solvothermal reactions and subsequent postsynthetic ligand exchanges and insertions of the
MOFs prepared through the direct one-pot solvothermal reactions. The pore properties, including the
pore dimensions and geometries and the specific surface areas of a series of MOFs prepared via the
combinational synthetic methods, were investigated. The potentials of the MOFs as postcombustion
CO2 capture materials based on the working CO2 capture capacities in VSA and PSA processes are
discussed.

2. Experimental Section
2.1. General procedures.
All reagents were purchased from commercial sources and used without further purification.
Elemental analysis (EA) (C, H and N) was performed at the Central Research Facilities of the Ulsan
National Institute of Science & Technology (Ulsan, Korea). Fourier transform-infrared (FT-IR)
spectra were recorded as KBr pellets with a NICOLET iS 10 FT-IR spectrophotometer (4000–400
cm–1). Nuclear magnetic resonance (NMR) spectra were obtained on a Varian-600 NMR spectrometer.
Thermal gravimetric analysis (TGA) data were recorded using a TA Instruments Q-600 series thermal
gravimetric analyzer under flowing nitrogen gas. Powder X-ray diffraction (PXRD) data were
recorded using a Bruker D2 Phaser automated diffractometer at room temperature, with a step size of
2q = 0.02°. Simulated PXRD patterns were calculated using the Material Studio software packageS1
employing a structural model from single-crystal data.
2.2. Preparation of MOFs via solvothermal reactions.
[Ni(HBTC)(DMF)2] and [Ni(HBTC)(bipy)]-hms (1).11 [Ni(HBTC)(DMF)2] (where H3BTC =
1,3,5-benzenetricarboxylic acid) and 1 (where bipy = 4,4¢-bipyridine) were prepared in DMF
according to the reported procedure.12 The crystals of [Ni(HBTC)(DMF)2] and 1 were harvested and
washed using N,N¢-dimethylformamide (DMF) and then air-dried at ambient temperature for a couple
of hours. The activated sample 1a was prepared by soaking the crystals of 1 in fresh DMF for 2–3 d
and in methylene chloride for 1 d, and then vacuum-drying at ambient temperature overnight.
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[Ni(HBTC)(pz)]-gra (2). 2 was prepared using a procedure that was a little bit modified from the
reported

procedure.13

A

mixture

of

Ni(NO3)2·6H2O

(0.0955

g,

0.328

mmol),

1,3,5-

benzenetricarboxylic acid (H3BTC) (0.0583 g, 0.277 mmol) and pyrazine (pz) (0.0660 g, 0.824 mmol)
was dissolved in 10 mL DMF. The solution kept in a sealed 20 mL vial was heated at 70 °C for 2 d to
crystallize greenish cyan crystals. The crystals obtained were washed using fresh DMF, and then airdried in ambient temperature for an hour. Yield = 0.087 g. The activated sample 2a was prepared by
soaking the crystals of 2 in fresh DMF for 2–3 days and in methylene chloride for 1 d, after then
vacuum-drying at 50 °C for 2 d. The elemental analysis (EA) was carried out using the activated
sample 2a exposed in air for a couple of minutes before the analysis. EA calc. for
[Ni(HBTC)(pz)]·1.6H2O (C13H11.2N2O7.6Ni, fw = 375.73 g/mol). Found. (Calc.): C = 41.63 (41.56) %;
H = 3.01 (3.00) %; N = 7.45 (7.46) %. IR of 2a (KBr, cm–1): 3379 (vs, b), 3123 (w, b), 2928 (vw, b),
1881 (w, b), 1707 (s, sh), 1658 (vs), 1612 (vs), 1544 (s), 1441 (vs), 1421 (s, sh), 1373 (vs), 1261 (m,
b), 1233 (w, sh), 1188 (vw), 1162 (m), 1125 (m), 1096 (m), 1065 (m), 1022 (w), 937 (w), 904 (w),
866 (w), 815 (m), 797 (w, sh), 760 (m), 745 (m), 719 (m), 667 (w), 543 (m, b), 520 (w, sh), 481 (m),
453 (w), 417 (w).
2.3. Preparation of MOFs via postsynthetic ligand exchanges.
Before the ligand exchange, the as-synthesized single crystals were presoaked in DMF for a couple
of days to clear reactants and side products remaining in the solvent cavities. After decanting the
solvent, the crystals were air-dried at ambient condition for a couple of hours.
[Ni(HBTC)(pz)]-hms (3). A 100–200 mg amount of the crystals of 1 presoaked in DMF was moved
to a vial of 40 mL of 1.0 M pz DMF solution, and the solution in the vial was held in an oven at
100 °C for 1–2 weeks according to the sample amount. The solution was refreshed 4–7 times during
the soaking. The progress of the ligand exchange was checked using PXRD. When the ligand
exchange was completed, the obtained crystals were washed using fresh DMF more than five times
and then air-dried at ambient condition for 1 h. IR of 3 (KBr, cm–1): 3396 (vs, b), 3124 (w, b), 3087
(w, b), 3065 (w, b), 2934 (w, b), 1698 (s, b), 1667 (m, sh), 1660 (m), 1616 (s), 1557 (s, sh), 1538 (s),
1453 (m, sh), 1436 (s), 1422 (s), 1402 (m), 1376 (vs), 1322 (w, b), 1276 (m, b), 1238 (m, sh), 1189
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(vw), 1162 (w), 1125 (w), 1109 (vw), 1091 (w), 1065 (m), 832 (vw), 811 (w), 767 (w, sh), 751 (s),
732 (m), 722 (w, sh), 685 (w), 661 (vw), 609 (vw), 548 (vw), 516 (vw), 482 (m), 417 (vw). The
activated sample 3a was prepared by soaking the crystals of 3 in fresh DMF for 2–3 d and in
methylene chloride for 1 d, and then vacuum-drying at ambient temperature for 3 d. EA was
performed on the sample of 3a reexposed in air for a couple of minutes before the analysis. EA calc.
for [Ni(HBTC)(pz)]·1.2H2O (C13H10.4N2O7.2Ni, fw = 368.53 g/mol). Found (Calc.): C = 42.67
(42.37) %; H = 2.92 (2.84) %; N = 7.52 (7.60) %. IR of 3a (KBr, cm–1): 3396 (vs, b), 3126 (w, b),
3082 (w, b), 2932 (w, b), 1705 (m, sh), 1664 (vs), 1613 (vs), 1541 (s), 1444 (vs), 1422 (s), 1379 (vs),
1261 (m, b), 1184 (w, sh), 1163 (m), 1124 (m), 1095 (m), 1065 (m), 1022 (w), 936 (vw), 914 (w), 858
(vw), 816 (m), 797 (vw, sh), 760 (w, sh), 747 (m), 720 (m), 689 (w, sh), 669 (vw), 544 (w), 522 (w,
sh), 483 (m), 455 (vw, sh), 418 (w).
[Ni(HBTC)(bipy)]-gra (4). Approximately 200 mg of the crystals of 2 presoaked in DMF was
moved to a vial of 20 mL of 0.2 M bipy DMF solution, and the solution in the vial was held in an
oven at 70 °C for 4 d. When the ligand exchange was completed, the obtained crystals were washed
using fresh DMF more than five times and then air-dried at ambient condition for an hour. Single
crystals that were sufficient for structure analysis were obtained by soaking approximately 100 mg of
the crystals of 2 presoaked in DMF in a closed vial of a 10 mL amount of 0.1 M bipy DMF solution at
ambient condition for three months. The activated sample 4a was prepared by soaking the crystals of
4 in fresh DMF for 2–3 d and in methylene chloride for 2 d. During the soaking in methylene chloride,
the solvent was refreshed more than seven times, after then the sample was vacuum-dried at ambient
condition for 2 d. EA was operated on the sample of 4a reexposed to air for a couple of minutes
before the analysis. EA calc. for [Ni(HBTC)(bipy)]·3.3H2O (C19H18.6N2O9.3Ni, fw = 482.46 g/mol).
Found (Calc.): C = 47.23 (47.30) %; H = 3.84 (3.89) %; N = 5.75 (5.81) %. IR of 4a (KBr, cm–1):
3357 (vs, b), 3238 (vs, b), 3101 (s, b), 1953 (vw, b), 1872 (vw, b), 1700 (m), 1656 (m), 1611 (vs),
1550 (vs), 1492 (w), 1433 (m), 1417 (m), 1365 (vs), 1320 (w, sh), 1262 (m), 1221 (m), 1188 (w),
1103 (w), 1069 (w), 1047 (vw), 1011 (w), 933 (w), 900 (vw, sh), 857 (w), 814 (m), 764 (m), 717 (s),
684 (m, sh), 636 (m), 574 (w), 542 (vw, b), 518 (vw, b), 460 (vw), 416 (vw).
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2.4. Preparation of MOFs via postsynthetic ligand insertions.
[Ni(HBTC)(pz)]-gra (5). 5 could be prepared through postsynthetic pz insertion into 2-D
[Ni(HBTC)(DMF)2] in DMF. Approximately 200 mg of the crystals of [Ni(HBTC)(DMF)2] was
moved to a vial of 20 mL of 0.5 M pz DMF solution, and the solution kept in the vial was held in an
oven at 100 °C for 11 d. The advance of the ligand insertion was checked using PXRD data. When the
ligand insertion was done, the obtained crystals were washed using fresh DMF more than 3–4 times,
after then air-dried at ambient condition for 1 h. The crystals presoaked in DMF were soaked in
methylene chloride for 2 d, and the solvent was refreshed five times during the soaking. The complete
replacement of the solvent DMF by methylene chloride was checked using 1H NMR spectroscopy.
[Ni(HBTC)(bipy)]-gra (6). 6 could be prepared through postsynthetic bipy insertion into 2-D
[Ni(HBTC)(DMF)2] in DMF. Approximately 200 mg of the crystals of [Ni(HBTC)(DMF)2] was
moved to a vial of 20 mL of 0.5 M bipy DMF solution, and the solution kept in the vial was held in an
oven at 100 °C for 11 d. The advance of the ligand insertion was checked using PXRD. When the
ligand insertion was done, the obtained crystals were washed using fresh DMF more than 3–4 times
after then air-dried at ambient condition for an hour. The crystals presoaked in DMF were soaked in
methylene chloride for 2 d, and the solvent was refreshed five times during the soaking. The complete
replacement of the solvent DMF by methylene chloride was checked using 1H NMR spectroscopy.
The activated sample 6a was prepared by vacuum-drying 6 at ambient condition for 2 d. EA calc. for
[Ni(HBTC)(bipy)]·1.9H2O (C19H15.8N2O7.9Ni, fw = 456.23 g/mol). Found (Calc.): C = 49.91
(49.91) %; H = 3.45 (3.48) %; N = 6.25 (6.13) %.

3. Result and discussions
3.1. Direct solvothermal reactions
1 of an hms (hexagonal mesoporous silica) topology could be acquired via direct solvothermal
reaction of Ni(II) ion with H3BTC in the presence of bipy as a pillaring linker.14 Though it is reported
that a similar reaction in the presence of pz could also result in an isoreticular MOF, [Ni(HBTC)(pz)],
82

of the same hms topology,13 the experiment to reproduce the isoreticular MOF using the reported
synthetic procedure with Ni(II), H3BTC and pz in 1:1:1 mole ratio produced a mixture of
[Ni(HBTC)(DMF)2] and 2 (Figure 1c). Where as the reaction in 1:1:0.5 mole ratio only produced
[Ni(HBTC)(DMF)2] (Figure 1b), the similar reaction in 1:1:1.5 mole ratio or in higher pz mole ratio
resulted in 2 as a pure phase (Figure 1d,e). The PXRD pattern of 2 is similar to that of 1 reported as
the hms topology but not identical (Figure 1g).15 A little bit modified synthetic procedure, as reported
in the experimental section with the modified mole ratio of the reactants at a slightly lower
temperature, could also produce single crystals of 2 (Figure 1f) that were sufficient for single-crystal
structure analysis.

Figure 1. PXRD patterns of the samples prepared according to the reported synthetic procedure for
[Ni(HBTC)(pz)] of Ni(NO3)2·6H2O, H3BTC and pz in 1:1:1 mole ratio and other mole ratios, and of
the sample prepared via the slightly modified procedure described in the experimental section.
3.2. Postsynthetic ligand exchanges
Exchange of bipy to pz. 3 of an hms topology could be acquired by soaking 1 in 1.0 M pz DMF
solution at 100 °C. The pillaring bipy ligand in 1 was slowly replaced by pz ligand during six days of
soaking (Figure 2).
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The PXRD pattern of the MOF obtained via the pillaring ligand exchange, 3, is very similar to that
of 2 but is not identical (Figure 3). The peaks at ~ 12.3° and ~ 22.0° in 2 are not observed in 3. In
addition, the color of 3a is also a little bit different from that of 2a (Figure 4).

Figure 2. PXRD patterns of 3 obtained by soaking 1 in 1.0 M pz DMF solution at 100 °C for 6 d. The
peaks designated with * at 4.9°, 10.0°, 14.4° and 24.5° are for (0,0,1), (0,0,2), (0,0,3) and (0,0,5)
reflections, respectively, of [Ni2(HBTC)2(bipy)(pz)] intermediate with the c-axis dimension of 18.2
Å.16
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Figure 3. PXRD patterns of 2 prepared via direct solvothermal reaction and of 3 prepared via
postsynthetic ligand exchange by soaking 1 in 1.0 M pz DMF solution at 100 °C for 1–2 weeks, and
their simulated PXRD patterns from the corresponding single-crystal structure models.

Figure 4. Optical photographs of (a) [Ni(HBTC)(bipy)]-hms (1a), (b) [Ni(HBTC)(pz)]-gra (2a), (c)
[Ni(HBTC)(pz)]-hms (3a), and (d) [Ni(HBTC)(bipy)]-gra (4a).
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Crystallographic data collection and refinement of the structure. The diffraction data of single
crystals of 2, 4 and 5 coated with Paratone oil were measured at 100 K with synchrotron radiation on
an ADSC Quantum-210 detector at 2D SMC with a silicon (111) double crystal monochromator
(DCM) at the Pohang Accelerator Laboratory, Korea. The ADSC Q210 ADX programS2 was used for
data collection, and HKL3000sm (Ver. 703r)S3 was used for cell refinement, reduction and absorption
correction. The diffraction data of a single crystal of 3 coated with Paratone oil were measured at 173
K with Mo Ka radiation on an X-ray diffraction camera system using an imaging plate equipped with
a graphite crystal incident beam monochromator. The Rapid Auto softwareS4 was used for data
collection and data processing. The crystal structures of 2, 3 and 5 were solved by the direct method
with the SHELXTL-XS program and were refined by full-matrix least-squares calculations with the
SHELXTL-XL (Ver. 2008) program package.S5 The crystal structure of 4 was solved by difference
Fourier synthesis using the 2-D sheet part of 2 structure model and refined by subsequent full-matrix
least-squares calculations with the SHELXTL-XL (Ver. 2008) program package.
Crystal structures of 2 and 3. The single-crystal structure analysis of 2 and 3 revealed that they
are polymorphic MOFs of the same [Ni(HBTC)(pz)] formula with the same 3,5-connection but
different net topologies, gra (graphite) and hms topologies, individually (Figure 5).17
In 2, the Ni(II) ions in the 2-D sheet, [Ni(HBTC)], of an hcb (honeycomb) topology are
interconnected to the Ni(II) ions of the neighboring 2-D sheets by pillaring pz linkers to combine the
3,5-connected network of a gra topology (Figure 5a–c). The 2-D sheets in the framework are piled in
an alternating –(AB)n– staggered fashion just as the graphene sheets in a hexagonal graphite structure,
and the Ni(II) ions in all sheets are aligned along the crystallographic c-axis, and only the HBTC2–
ligands in every alternative sheet are aligned along the crystallographic c-axis. The framework of the
gra topology produces a cage-like pore with four portals (Figure 6a,b; Figure 7a,b), where one of the
portals is along the crystallographic c-axis and the three other portals are along the crystallographic
ab-plane. The cage-like pores are interconnected to make a three-dimensional microporous structure
with the total pore volume consisting of 41.3% of the total unit cell volume (calculated pore volume:
0.39 cm3/g).
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In 3, the Ni(II) ions in the 2-D sheet of the same hcb topology are also interconnected to the Ni(II)
ions of the neighboring 2-D sheets by pillaring pz linkers, as in 2. However, the 2-D sheets in 3 are
piled in an –(A)n– eclipsed fashion to form the framework of a 3,5-connected hms topology (Figure
5d–f). Not only the Ni(II) ions but also the centers of the HBTC2– ligands are aligned along the
crystallographic c-axis. The polymorphic framework of the hms topology generates a different kind
of cage-like pore with five portals (Figure 6c,d; Figure 7c,d), where two of the portals are along the
crystallographic c-axis and the three other portals are along the crystallographic ab-plane. The
eclipsed stacking of the layers in 3 results in the cage-like pores being aligned along the
crystallographic c-axis to form a 1-D channel. The channels are interconnected by the portals along
the crystallographic ab-plane to make a 3-D microporous structure with the pore volume consisting of
46.9% of the total unit cell volume (calculated pore volume: 0.45 cm3/g), which is a little bit larger
than the pore volume of 2.
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Table 1. Crystal data and structure refinement for 2.
Empirical formula

C13H8N2O6Ni

Formula weight

346.92

Temperature

173(2) K

Wavelength

0.66999 Å

Crystal system

Hexagonal

Space group

P63/mmc

Unit cell dimensions

a = 9.5935(14) Å

α = 90°

b = 9.5935(14) Å

β = 90°

c = 13.836(3) Å

γ = 120°

3

Volume

1102.8(3) Å

Z

2

Density (calculated)

1.045 Mg/m3

Absorption coefficient

0.727 mm-1

F(000)

352

Crystal size

0.06 ´ 0.06 ´ 0.05 mm3

Theta range for data collection

2.31 to 27.49°

Index ranges

-13<=h<=13, -13<=k<=13, -18<=l<=18

Reflections collected

9345

Independent reflections

604 [R(int) = 0.0634]

Completeness to theta = 27.49°

97.9 %

Absorption correction

Semi-empirical from equivalents

Max. and min. transmission

0.9646 and 0.9577

Refinement method

Full-matrix least-squares on F2

Data / restraints / parameters

604 / 39 / 57

Goodness-of-fit on F2

1.124

Final R indices [I>2sigma(I)]

R1 = 0.0811, wR2 = 0.2371

R indices (all data)

R1 = 0.0989, wR2 = 0.2491

Largest diff. peak and hole

0.390 and -0.246 e·Å-3
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Table 2. Crystal data and structure refinement for 3.
Empirical formula

C13H8N2O6Ni

Formula weight

346.92

Temperature

173(2) K

Wavelength

0.71073 Å

Crystal system

Hexagonal

Space group

P-62m

Unit cell dimensions

a = 16.571(2) Å

α = 90°

b = 16.571(2) Å

β = 90°

c = 6.9253(14) Å

γ = 120°

3

Volume

1646.9(5) Å

Z

3

Density (calculated)

1.049 Mg/m3

Absorption coefficient

0.903 mm-1

F(000)

528

Crystal size

0.27 ´ 0.20 ´ 0.09 mm3

Theta range for data collection

3.27 to 27.56°

Index ranges

-21<=h<=19, -21<=k<=21, -8<=l<=8

Reflections collected

15921

Independent reflections

1449 [R(int) = 0.1378]

Completeness to theta = 27.56°

99.3 %

Absorption correction

Semi-empirical from equivalents

Max. and min. transmission

0.9231 and 0.7925

Refinement method

Full-matrix least-squares on F2

Data / restraints / parameters

1449 / 62 / 87

Goodness-of-fit on F2

1.104

Final R indices [I>2sigma(I)]

R1 = 0.0990, wR2 = 0.2459

R indices (all data)

R1 = 0.1034, wR2 = 0.2496

Absolute structure parameter

0.57(7)

Largest diff. peak and hole

1.974 and -0.709 e·Å-3
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Figure 5. Ball-and-stick diagrams of 2 of a gra topology and 3 of an hms topology. (a) Top and (b)
side views of the ball-and-stick diagram of 2. (c) A schematic drawing of 2 that shows a 3,5connected gra topology. (d) Top and (e) side views of the ball-and-stick diagram of 3. (f) A schematic
drawing of 3 that shows a 3,5-connected hms topology. In (c) and (f), the 5-connected metal ion is
shown as a cyan ball, and the 3-connected HBTC2– ligand is shown as a green ball.
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Figure 6. (a) The ball-and-stick model of the cage-like pore of 2 of a gra topology with a
yellow dummy ball in the center of the cavity and (b) the corresponding tile with the net. (c)
The ball-and-stick model of the cage-like pore of 3 of an hms topology with a yellow dummy
ball in the center of the cavity and (d) the corresponding tile with the net.

Figure 7. The space-filling models of the cage-like pores of 2 of a gra net topology and 3 of an hms
net topology. (a) Top and (b) side views of the space-filling model of the cage-like pore of 2. (c) Top
and (d) side views of the space-filling model of the cage-like pore of 3.
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Exchange of pz to bipy. While the direct solvothermal reaction of Ni(II) with H3BTC in DMF only
produced 1 of an hms topology, 4 of a gra topology could be obtained though postsynthetic ligand
exchange. 4 could be prepared by soaking 2 in 0.2 M bipy DMF solution at 70 °C. The pillaring pz
ligand in 2 was slowly replaced by the bipy ligand during soaking for four days (Figure 8).
A careful examination of the PXRD patterns of the polymorphic MOFs of [Ni(HBTC)(bipy)]
formula, 1 and 4, (Figure 8) indicates that they are a little bit different from each other, as in the
polymorphic MOFs of [Ni(HBTC)(pz)] formula, 2 and 3 (Figure 3). While a peak at ~ 11.5° was
observed in 4, there is no corresponding peak in 1. Moreover there is a peak at ~ 22.3° in 1, no
corresponding peak is observed in 4. The two peaks observed at ~ 21.4° and ~ 22.8° in 1 were shifted
to ~ 21.6° and ~ 22.7°, individually, in 4. In addition, the crystal color of 4a is also a little bit different
from that of 1a (Figure 4).

Figure 8. PXRD patterns of 1 and 4.
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Crystal structure of 4. The single-crystal structure analysis of 4 identified that the reported
4 and 1 are also polymorphic MOFs of the same 3,5-connection but different net topologies,
gra and hms topologies, individually (Figure 9).
The relationship between 4 and 1 is the same as that between 2 and 3. 1 is isoreticular to 3,
and 2 is isoreticular to 4. The only difference between the isoreticular structures is the
pillaring linkers. While the pillaring linker in 2 and 3 is pz, the pillaring linker in 1 and 4 is
bipy. 4 of the longer bipy has a larger solvent cavity (47.9% of the total unit cell volume
(calculated pore volume: 0.59 cm3/g) than that of 2 of the same net topology, gra, but of the
shorter pz (41.3% of the total unit cell volume (calculated pore volume: 0.391 cm3/g)). On the
other hand, the solvent cavity volume of 4 of the gra topology is smaller than that of 1 of the
same bipy pillar but of different net topology, hms, (54.8% of the total unit cell volume
(calculated pore volume: 0.72 cm3/g)) (Figures 10,11).12
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Table 3.

Crystal data and structure refinement for 4.

Empirical formula

C19H12N2O6Ni

Formula weight

423.02

Temperature

100(2) K

Wavelength

0.89999 Å

Crystal system

Hexagonal

Space group

P63/mmc

Unit cell dimensions

a = 9.4690(13) Å

α = 90°

b = 9.4690(13) Å

β = 90°

c = 22.233(4) Å

γ = 120°

3

Volume

1726.4(5) Å

Z

2

Density (calculated)

0.814 Mg/m3

Absorption coefficient

1.066 mm-1

F(000)

432

Crystal size

0.02 ´ 0.02 ´ 0.01 mm3

Theta range for data collection

3.35 to 25.97°

Index ranges

-9<=h<=9, -9<=k<=9, -21<=l<=21

Reflections collected

5053

Independent reflections

355 [R(int) = 0.1578]

Completeness to theta = 25.97°

98.1 %

Absorption correction

Semi-empirical from equivalents

Max. and min. transmission

0.9894 and 0.9790

Refinement method

Full-matrix least-squares on F2

Data / restraints / parameters

355 / 137 / 86

Goodness-of-fit on F2

1.844

Final R indices [I>2sigma(I)]

R1 = 0.1715, wR2 = 0.4489

R indices (all data)

R1 = 0.1953, wR2 = 0.4735

Extinction coefficient

0.13(10)

Largest diff. peak and hole

0.507 and -0.266 e·Å-3
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Figure 9. Ball-and-stick diagrams of 4 of a gra net topology and 1 of an hms net topology. (a) Top
and (b) side views of the ball-and-stick diagram of 4. (c) The schematic drawing of 4 that shows a 3,5conneted gra net topology. (d) Top and (e) side views of the ball-and-stick diagram of 1. (f) A
schematic drawing of 1 that shows a 3,5-conneted hms net topology. In (c) and (f), the 5-connected
metal ion is a cyan ball and the 3-connected HBTC2– ligand is a green ball.
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Figure 10. (a) The ball-and-stick model of the cage-like pore of 4 of a gra topology with a yellow
dummy ball in the center of the cavity and (b) the corresponding tile with the net. (c) The ball-andstick model of the cage-like pore of 1 of an hms topology with a yellow dummy ball in the center of
the cavity and (d) the corresponding tile with the net.

Figure 11. The space-filling models of the cage-like pores of 4 of a gra net topology and 1 of an hms
net topology. (a) Top and (b) side views of the space-filling model of the cage-like pore of 4. (c) Top
and (d) side views of the space-filling model of the cage-like pore of 1.
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3.3. Postsynthetic ligand insertions
Insertion of pz into 2-D MOF. 5 of a gra topology could also be acquired through the insertion of
pz into the 2-D MOF of an hcb topology. In the reported 2-D MOF [Ni(HBTC)(DMF)2], the 2-D
sheets with both Ni(II) ion and HBTC2– as 3-connected nodes are piled in a staggered fashion to form
–(AB)n– layered structure just as the graphene sheets in a hexagonal graphite structure (Figure 12a–c).
However, the alternating –(AB)n– staggered stacking of the 2-D sheets is different from that of the 2D sheets in the 3-D MOFs of the gra topology. While the Ni(II) ions in all of the sheets at the 3-D
MOFs of the gra topology are aligned along the crystallographic c-axis (Figure 12d–f), the HBTC2–
ligands in all of the sheets of 2-D [Ni(HBTC)(DMF)2] are aligned along the crystallographic c-axis
(Figure 12a–c). For the formation of a 3-D MOF through the insertion of a pillaring ligand, two
different types of structural reorganization of the 2-D sheets are possible. The first case of structural
reorganization is the rotation of the 2-D sheets to align the Ni(II) ions along the crystallographic caxis with the adjustment of the intersheet distance for the formation of an MOF of an hms topology,
which is unlikely to occur by the reason of the extensive movement of the parts of the sheets away
from the rotation axis. The other case of structural reorganization is a translational structural
reorganization, which is a sliding of the sheets parallel to the crystallographic ab-plane to align the
Ni(II) ions along the crystallographic c-axis with a marginal adjustment of the intersheet distance to
accommodate the pillaring linker between the sheets, which leads to the MOF of the gra topology.
Soaking the crystals of the 2-D MOF, [Ni(HBTC)(DMF)2], in 0.5 M pz DMF solution for 11 d at
100 °C resulted in the insertion of pz between the 2-D sheets to generate crystalline product of 3-D
MOF, 5. The PXRD pattern of the product is a little bit different from the PXRD pattern of 3 of an
hms topology but very similar to that of 2 of a gra topology (Figure 13). The structure analysis of a
single crystal of 5 indicates that 5 is isostructural to 2.18
Insertion of bipy into 2-D MOF. The postsynthetic insertion of bipy into 2-D [Ni(HBTC)(DMF)2]
also leads to 6, which is isostructural to 4 of a gra topology. The PXRD pattern of 6 shows the
identical peaks observed in the PXRD pattern of 4 at ~ 11.5° (Figure 14), which indicates us that the
postsynthetically inserted MOF is the 3-D MOF, [Ni(HBTC)(bipy)], of the gra topology.
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Table 4.

Crystal data and structure refinement for 5.

Empirical formula

C39H24N6O18Ni3

Formula weight

1040.77

Temperature

173(2) K

Wavelength

0.65000 Å

Crystal system

Monoclinic

Space group

Cc

Unit cell dimensions

a = 28.773(6) Å

 α = 90°

b = 16.615(3) Å

 β = 124.45(3)°

c = 16.794(3) Å

 γ = 90°

Volume

6620(2) Å3

Z

4

Density (calculated)

1.044 Mg/m3

Absorption coefficient

0.667 mm-1

F(000)

2112

Crystal size

0.06 ´ 0.05 ´ 0.01 mm3

Theta range for data collection

2.21 to 25.00°

Index ranges

-37<=h<=37, -21<=k<=21, -21<=l<=21

Reflections collected

24717

Independent reflections

14528 [R(int) = 0.1313]

Completeness to theta = 25.00°

97.6 %

Absorption correction

Semi-empirical from equivalents

Max. and min. transmission

0.9934 and 0.9611

Refinement method

Full-matrix least-squares on F2

Data / restraints / parameters

14528 / 544 / 530

Goodness-of-fit on F2

1.007

Final R indices [I>2sigma(I)]

R1 = 0.1554, wR2 = 0.3540

R indices (all data)

R1 = 0.2404, wR2 = 0.4137

Absolute structure parameter

0.41(8)

Largest diff. peak and hole

5.401 and -2.019 e·Å-3
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Figure 12. Ball-and-stick diagrams of the 2-D MOF, [Ni(HBTC)(DMF)2], of an hcb topology and the
3-D MOF, 5 of a gra topology.
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Figure 13. PXRD pattern of 5 prepared via postsynthetic pz insertion into 2-D [Ni(HBTC)(DMF)2]
and a comparison with those of 2 and 3.

Figure 14. PXRD pattern of 6 via postsynthetic bipy insertion into 2-D [Ni(HBTC)(DMF)2] and a
comparison with those of 1 and 4.
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Isoreticular and polymorphic MOFs via the combination of direct solvothermal reactions and
postsynthetic modifications. Though the combination of one-pot solvothermal reactions and
postsynthetic ligand exchanges and insertions, either two sets of isoreticular MOFs, 1 and 3 of the
coincident hms topology and 2 (or 5) and 4 (or 6) of the coincident gra topology, or two sets of
polymorphic MOFs, 1 and 4 (or 6) of the same [Ni(II)(HBTC)(bipy)] formula and 2 (or 5) and 3 of
the same [Ni(II)(HBTC)(pz)] formula, could be acquired (Scheme 1). 1 could be prepared through a
one-pot solvothermal reaction using Ni(II) ion and HBTC2– as components for the 2-D sheet of an hcb
topology and using bipy as a pillaring component between the 2-D sheets for the 3-D MOF of an hms
topology. However, the similar one-pot solvothermal reaction in the presence of pz as a pillaring
component only produced 2 of a gra topology rather than isoreticular 3 of the same hms topology. 3
with the pz as a pillaring linker could only be acquired via the postsynthetic ligand exchange of the
bipy pillar of 1 with the same hms topology. 3 acquired via the postsynthetic ligand exchange is
polymorphic to 2 that is prepared via the solvothermal reaction. 4 of a gra topology could also be
acquired via the postsynthetic ligand exchange of the pillaring pz linker of 2 of the same gra topology
and is isoreticular to 2.

Scheme 1. Syntheses of 1, 2 (5), 3, and 4 (6) via the combination of one-pot solvothermal reaction
and postsynthetic ligand exchange and insertion.
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3.4. Gas sorption behaviors
Gas sorption measurements. All the gas sorption isotherms were evaluated using a BELSORPmax (BEL Japan, Inc.) and an ASAP 2020 (Micromeritics Instrument Corporation) absorption system
applying to a standard volumetric technique up to saturated pressure. The N2 (purity = 99.9999 %)
sorption isotherms were observed at 77 K. The adsorption data in the pressure range < 0.1 P/P0 were
fitted to the Brunauer–Emmett–Teller (BET) equation to get the BET specific surface area. The whole
set of adsorption data was utilized to obtain the Langmuir specific surface area. The CO2 (purity =
99.999 %) sorption isotherms were measured at 195, 273 and 298 K.
Activation of the MOFs. The solvent molecules in the pores can be eliminated by soaking the
MOFs in volatile methylene chloride and vacuuming at either ambient conidtion or 50 °C. The
appropriate activation of the samples was affirmed by using the 1H NMR spectra (Figures 15 and 16),
TGA data (Figures 17 and 18) and the PXRD studies of the activated samples (Figure 19). The 1H
NMR spectra confirmed the complete elimination of the DMF and methylene chloride in the solvent
pores while sustating the ratio of HBTC2– in the 2-D layer and the pillaring linker, pz or bipy, in the
stoichiometric ratio, 1:1. The PXRD patterns of the activated samples are very similar to those of the
corresponding as-synthesized samples except for the slight broadening of the low-angle diffraction
peaks and the weakening of the high-angle diffraction peaks, which indicates that the framework
structures are sustained after the perfect removal of the guest molecules in the solvent pore.
The proper activation of the samples was confirmed by using the 1H NMR spectra of the activated
samples. Approximately 1–2 mg amounts of the activated samples, 2a and 3a, were dissolved in 5–6
mL amount of D2O solvent containing 2–3 drops of DCl solution, respectively. The 1H NMR spectra
of 2a and 3a dissolved in DCl/D2O assigned the perfect removal of the DMF and methylene chloride
in the solvent pores while retaining the ratio of HBTC2– in the 2-D layer and pz as the pillaring linker
in the stoichiometric ratio, 1:1 (Figure 3). The 1H NMR spectra of 1a and 4a dissolved in DCl/D2O
also identified the complete elimination of the DMF and methylene chloride in the solvent pores while
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maintaining the ratio of HBTC2– in the 2-D layer and bipy as the pillaring linker in the stoichiometric
ratio, 1:1 (Figure 4).

Figure 15. 1H NMR spectra of (a) 2a and (b) 3a digested in DCl/D2O.
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Figure 16. 1H NMR spectra of (a) 1a, (b) 4a and (c) 6a digested in DCl/D2O.
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Figure 17. TGA data of (a) 2a and (b) 3a.
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Figure 18. TGA data of (a) 1a, (b) 4a and (c) 6a.
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Figure 19. PXRD patterns of (a) 1 and 1a, (b) 2 and 2a, (c) 3 and 3a, (d) 4 and 4a and (e) 5 and 5a.
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N2 adsorptions. The N2 sorption behavior on the two polymorphic MOFs, 2a and 3a, at 77 K
identified the microporosity of the frameworks expected from their single-crystal structures. Both
adsorption isotherms of N2 on 2a and 3a are typical type I (Figure 20). The N2 uptake amount on 3a of
an hms topology at P/P0 » 1 is a little bit larger than the N2 uptake the amount on 2a of a gra net
topology (Table 1), which fits well with the different solvent cavity volumes calculated depending on
the single-crystal structures of the two polymorphic frameworks of different net topologies. The pore
volume of 3a depending on the N2 adsorption amount is a little bit larger than the pore volume of 2a.
The pore size distribution of 2a calculated from the SF model is similar to that of 3a (Figure 21).19
Although the total pore volume of 3a is a little bit larger than the total pore volume of 2a, the average
pore dimension of 3a (9.1 Å) is smaller than the average pore dimension of 2a (9.3 Å). The BET and
the Langmuir surface areas of 3a calculated using the N2 adsorption isotherm are also a little bit larger
than those of 2a (Table 1 and Figure 22). As expected from the weak interaction of N2 with the pore
surface of the MOFs, the adsorption amounts of N2 on 2a and 3a at 293 K are negligible. The N2
adsorption isotherms of the other two polymorphic MOFs, 1a and 4a (or 6a), at 77 K are also typical
type I (Figure 20), which indicates that all of the MOFs are as microporous as 2a and 3a, even if the
pore volumes of 1a and 4a (or 6a) with the longer bipy pillar are larger than the pore volumes of 2a
and 3a with the shorter pz pillar. The N2 uptake amount on 4a (or 6a) of a gra topology with the bipy
pillar at P/P0 » 1 is considerably larger than those on 2a and 3a with the shorter pz pillar and similar
to that on 1a with the same bipy pillar but of a different hms topology (Table 1).20 The measured pore
volume of 4a (0.77 cm3/g) is significantly larger than the calculated pore volume of 4 (0.59 cm3/g)
prepared through the postsynthetic ligand exchange (Table 1). During the soaking of 2 in bipy
solution, not only the pillar exchange from pz to bipy to generate 4a but also the localized removal of
some [Ni(HBTC)(pz)] fragments in the 2-D sheets have simultaneously occurred to form the
framework of the larger pore volume while sustaining the overall framework integrity. The pore size
distribution of 4a supports the presence of the additional mesopores of the pore diameter of ~ 2.5 nm
(Figure 21). The measured pore volume of 6a (0.74 cm3/g) prepared via the postsynthetic ligand
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insertion is a little bit smaller than that of 4a but still much larger than the calculated pore volume
based on the single-crystal structure of isostructural 4. The pore size distribution of 6a also supports
the presence of the additional mesopores of the pore diameter of ~ 2.5 nm.21 The N2 adsorption
amounts on 1a and 4a (or 6a) are also negligible at 298 K, as on 2a and 3a.

Figure 20. N2 sorption isotherms on 1a–4a and 6a at 77 K and 293 K (or 298 K).

Table 5. The N2 sorption behaviors and the pore properties of the MOFs, 1a–4a and 6a.

MOFs
1a
2a
3a
4a
6a

N2 uptake
(cm3/g),
77 K, ~1 bar
490
267
293
498
465

BET surface
area
(m2/g)
1940
1090
1210
1840
1790

Langmuir
surface area
(m2/g)
2130
1160
1270
2160
2010
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Vp, measured
(cm3/g)

Vp, calculated
(cm3/g)

dp, avg (Å)

0.76
0.41
0.45
0.77
0.74

0.72
0.39
0.45
0.59
–

10.2
9.3
9.1
9.8
8.8

Figure 21. Pore size distributions of the MOFs, 1a–4a and 6a.

Figure 22. BET and Langmuir specific surface areas of polymorphic 2a and 3a, respectively,
calculated from the N2 adsorption isotherms on 2a and 3a at 77 K. In the figure, Q is the amount of N2
adsorbed at pressure P/P0 or P.
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Figure 23. BET and Langmuir specific surface areas of polymorphic 1a, 4a and 6a, respectively,
calculated from the N2 adsorption isotherms on 1a, 4a and 6a at 77 K. In the figure, Q is the amount
of N2 adsorbed at pressure P/P0 or P.
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CO2 adsorptions. CO2 adsorption behaviors on 1a–4a and 6a at 195 K are expected from the
single-crystal structures of the MOFs (Figure 25). The CO2 uptake amounts are associated to the pore
volumes of the MOFs, which are related to the lengths of the pillaring linkers, bipy and pz. 1a and 4a
(or 6a) with the longer bipy pillar tell us the larger uptake amounts of CO2 at 1 bar than those of 2a
and 3a with the shorter pz pillar.
The CO2 adsorption behaviors at 273 and 298 K are different from those at 195 K (Figures 24 and
S16; Tables 6 and 7). 3a of the hms topology with pz as a pillar has the largest uptakes at both ~ 0.15
bar (the approximate CO2 partial pressure of flue gas) and 1 bar. The CO2 sorption behavior on 2a of
the gra topology with the same pz pillar is similar to that on 3a, but the adsorption amounts at both ~
0.15 bar and 1 bar are smaller than the corresponding amounts on 3a. The CO2 sorption behaviors of
1a and 4a (or 6a) with bipy pillar at 273 and 298 K are slightly different from the CO2 sorption
behaviors of 2a and 3a with a pz pillar. While the CO2 uptakes on 1a and 4a (or 6a) at ~ 0.15 bar are
considerably smaller than the CO2 uptake amounts on 2a and 3a, the uptakes at ~ 1 bar are
comparable to those on 2a and 3a. The frameworks of 1a and 4a (or 6a) with the larger pore
dimensions have smaller CO2 adsorption enthalpies than those of 2a and 3a. The smaller CO2
adsorption enthalpies of 1a and 4a (or 6a) than those of 2a and 3a resulted to the smaller CO2 uptakes
at ~ 0.15 bar, and the larger pore volumes of 1a and 4a (or 6a) than those of 2a and 3a, and the proper
CO2 adsorption enthalpies led in comparable CO2 uptakes at ~ 1 bar.
Working CO2 capture capacity. The CO2 uptakes of 3a at 298 K and ~ 1 bar (23.6% (157 cm3/g))
is a little bit smaller than the CO2 uptake amounts of the best MOF, Mg-MOF-74 (27.4%), in the same
condition.22 However, the working CO2 capture capacity, means the difference in adsorbed amounts
between two specific conditions, two different temperatures for TSA process and two different
pressures for VSA and PSA processes, is more crucial for the true CO2 capture working. Even for the
same MOF, the working CO2 capture capacity is related to the type of the capture processes employed.
For the VSA process, the presence of a strong adsorption site is needed for large working CO2 capture
capacity by the reason of the low partial pressure of CO2 in the flue gas.5 Mg-MOF-74 with strongly
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interacting open metal sites indicates the largest CO2 uptake in the low-pressure region,22 and the
VSA working CO2 capture capacity (between 0.3 bar and 0.01 bar) is 4.1 mmol/g, which is the largest
reported (Table 7).4 Though 3a does not have any open metal sites, its CO2 adsorption enthalpy is
relatively high (35.2 kJ/mol), and the VSA working CO2 capture capacity is 3.9 mmol/g, which is
only a little bit lower than the largest capture capacity of Mg-MOF-74. For the PSA process between
the pressurized real flue gas of ~ 6 bar and the depressurized gas of ~ 1 bar, a moderate adsorption
enthalpy of MOFs with modified pore geometries and surface properties is more influential in
determining the working CO2 capture capacity than the large adsorption enthalpy.4 The reason why
the CO2 partial pressures of the pressurized and depressurized real flue gas correspond to 1.0–1.2 bar
and 0.15–0.2 bar, individually, the working CO2 capture capacity of an MOF in the PSA process
agrees to the difference in the adsorbed amounts between 1.0–1.2 bar and 0.15–0.2 bar of pure CO2
gas. The PSA working CO2 capture capacity of 3a (between 1.2 bar and 0.2 bar) is 4.6 mmol/g
(Figure 26 and Tables 6 and 7), which is even a little bit larger than the largest PSA capture capacity
of HKUST-1, 4.5 mmol/g, at the same condition. The PSA working CO2 capture capacity of 3a
between 1.0 bar to 0.15 bar (4.7 mmol/g) is even a little bit larger than the PSA capture capacity of the
same 3a between 1.2 bar to 0.2 bar (4.6 mmol/g). The capture performance of an MOF can be varied
according to the specific process conditions. The working CO2 capture capacity of an MOF varies
slightly according to the exact adsorption and desorption conditions chosen. The VSA working CO2
capture capacity of 1a with the larger pore volume and BET surface area than those of 3a is only 1.8
mmol/g. The small VSA working CO2 capture capacity is depending on the small adsorption enthalpy
of 1a. However, the PSA working CO2 capture capacity of 1a between 1.2 bar to 0.2 bar is the largest,
4.7 mmol/g.
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Figure 24. CO2 sorption isotherms on 1a–4a and 6a at (a) 273 K, (a) 298 K and (c) their adsorption
enthalpies.
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Figure 25. CO2 sorption isotherms on 1a–4a and 6a at 195K.

Figure 26. CO2 sorption isotherms on 1a–4a up to ~ 1.2 bar at 298K.
115

Table 6. The CO2 sorption behavior of the MOFs, 1a–4a and 6a.
CO2 uptake
3

MOFs

a

(cm /g, 195 K)
~ 0.15

~1

CO2 uptake

CO2 uptake

(cm /g, 298 K)

(cm /g, 273 K)
~ 0.15

~1

Adsorption

3

3

~ 0.01 ~ 0.15 ~ 0.3

Enthalpy of

~1

~ 0.2

~ 1.2

a

a

bar

CO2
(kJ/mol)

bar

bar

bar

bar

bar

bar

bar

bar

bar

1a

357

428

44

195

2

22

42

118

28

133

19.6

2a

239

244

100

167

4

44

72

116

45

119

37.8

3a

252

255

126

209

3

52

90

157

74

178

35.2

4a

355

411

40

190

1

18

34

101

19

108

24.7

6a

326

379

37

165

2

18

34

91

-

-

22.2

The CO2 sorption measurements were performed using an ASAP 2020 (Micromeritics Instrument Corporation)

absorption system.

Table 7. PSA and VSA CO2 working capacities of MOFs.

MOFs
1a
2a
3a
4a
6a
HKUST-1
PCN-11
PCN-16
Zn-MOF-74
Mg-MOF-74
MOF-5
ZIF-8
a

BET surface area
(m2 g-1)
1940
1090
1210
1840
1790
1690
1931
2273
885
1332
3500
1980

PSA
(mmol g-1)
4.7 (4.3)a
3.3 (3.2)a
4.6 (4.7)a
4.0 (3.7)a
- (3.3)a
4.5
4.0
3.3
3.6
2.1
0.7
0.7

VSA
(mmol g-1)
1.8
3.0
3.9
1.5
1.4
1.6
1.4
1.1
2.7
4.1
0.2
0.2

Qst
(kJ mol-1)
19.6
37.8
35.2
24.7
22.2
26
23
23
30
45
15
17

reference
this work
this work
this work
this work
this work
4
4
4
4
4
4
4

The PSA working CO2 capture capacities were calculated as the differences of the CO2 adsorption amounts at

1.2 and 0.2 bar, and the PSA working CO2 capture capacities in parentheses are the values calculated as the
differences of the CO2 adsorption amounts at 1.0 and 0.15 bar.
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4. Conclusions
A series of isoreticular 3-D MOFs and polymorphic 3-D MOFs could be prepared through the
combination of (a) direct solvothermal reactions using Ni(II) ion and H3BTC as building consistents
for the 2-D sheet of an hcb topology and bipy or pz as a pillar between the sheets and (b)
postsynthetic ligand exchanges of, and postsynthetic ligand insertions into, the MOFs prepared via the
direct solvothermal reactions. The microporous 3-D MOF, [Ni(HBTC)(bipy)] (1), of a 3,5-connected
hms topology could be prepared through a one-pot solvothermal reaction in DMF in the presence of
the three building consistents, Ni(II) ion, H3BTC and bipy, where the bipy pillar interconnects the
Ni(II) centers of the 2-D sheets of the hcb topology arranged in an eclipsed fashion. However, a
similar solvothermal reaction in the presence of pz instead of bipy as a pillar only formed another
microporous 3-D MOF, [Ni(HBTC)(pz)] (2), of the same 3,5-connection but different net topology,
gra topology, where the pz linker interconnects the Ni(II) centers of the same 2-D sheets of the hcb
topology but arranged in a staggered fashion, just as in the graphene sheets in the graphite structure.
[Ni(HBTC)(pz)] (3) with pz as a pillar, which is isoreticular to 1 of the hms topology, could only be
acquired via the postsynthetic pillar exchange by simply soaking 1 in pz DMF solution. Similarly,
[Ni(HBTC)(pz)] (4 or 6) with bipy as a pillar, which is isoreticular to 2 of the gra topology, could
only be acquired through either the postsynthetic pillar exchange by simply soaking 2 in bipy DMF
solution or the postsynthetic pillar insertion by simply soaking 2-D [Ni(HBTC)(DMF)2] in bipy DMF
solution. 1 and 4 (or 6) are polymorphic structures of the same formula unit, [Ni(HBTC)(bipy)], and 2
and 3 are also polymorphic structures of the same formula unit, [Ni(HBTC)(pz)]. All of the activated
MOFs of the series of isoreticular and/or polymorphic MOFs are microporous and show relatively
interesting CO2 sorption behaviors. Though the BET surface areas of the MOFs are not quite large
(1090–1940 m2 g–1 range), the MOFs do not have any open metal sites, and the adsorption enthalpies
are not quite high (19.6–37.8 kJ mol–1), the PSA working CO2 capture capacities of 1a and 3a, 4.7
mmol/g for 1a (0.2 bar to 1.2 bar) and 4.7 mmol/g for 3a (0.15 bar to 1 bar), are the largest among the
reported MOFs. While large adsorption enthalpy is one of the most influential properties for large
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working CO2 capture capacity via TSA and VSA processes, the proper pore dimension, surface area
and adsorption enthalpy could perform better for the larger working CO2 capture capacity via the PSA
process.
This work demonstrates the utility of the combinational synthetic approaches for the modifying of
the pore geometry with desired surface property.
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/HBTC2– states with all carboxylate groups in a monodentate binding mode. The ligands in
the partially deprotonated H2BTC1–/HBTC2– states are involved in interligand hydrogen
bonding in the 2-D sheet of an hcb (honeycomb) topology.
(12) Gao, C.; Liu, S.; Xie, L.; Ren, Y.; Cao, J.; Sun, C. CrystEngComm 2007, 9, 545-547.
(13) Gao, C.; Liu, S.; Xie, L.; Sun, C.; Cao, J.; Ren, Y.; Feng, D.; Su, Z. CrystEngComm, 2009,
11, 177-182.
(14) V. A. Blatov IUCr CompComm Newsletter 2006, 7, 4-38, TOPOS is available at
http://www.topos.ssu.samara.ru/.
(15) Unfortunately, the quality of the crystals obtained via the reported procedure was not good
enough for single-crystal structure analysis.
(16) The diffraction peaks designated as asterisks in the PXRD pattern of the crystals soaked
for ~ 24 h indicate the formation of an intermediate with systematically alternating
pillaring linkers, [Ni2(HBTC)2(bipy)(pz)], which is similar to the reported MOF,
[Ni2(HBTC)2(bipy)(dabco)], obtained by soaking 1 in dabco DMF solution.10h
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(17) The polymorphic MOFs of (3,5)-connected hms and gra topologies are of the same long
vertex

symbol,

[(63)(69·8)][(63·63·63)(6·6·6·62·62·62·62·62·62·*)]

but

have

different

connectivities between 2-D sheets of an hcb topology with eclipsed and staggered
arrangements, respectively. Please see the web site, http:// rcsr.anu.edu.au/rcsr_nets/search.
(18) While the three different protonated forms of the ligands in 2, BTC3-/HBTC2-/H2BTC-, are
statistically disordered in the hexagonal P63/mmc space group, all of the ligands in 5
belonging to the lower symmetry monoclinic Cc space group are structurally well resolved
in the BTC3- and two HBTC2-/H2BTC- forms (Figure 8).
(19) Saito, A.; Foley, H. C. AIChE Journal, 1991, 37, 429-436.
(20) The N2 uptake amount of 1a is significantly larger than that of 1b (391 cm3/g), which was
prepared by soaking the crystals of 1 in fresh DMF for 2–3 d and by vacuum-drying at 150
°C overnight.10h The different activation process significantly affects the porosity of 1.
(21) The possibility of the open-metal site generation by the partial removal of the pillaring
ligands while keeping the sheet structures intact during the soaking for the pillar exchange
or insertion could be excluded based on the stoichiometric 1:1 ratio of HBTC and bipy in
the 1H NMR spectra of the activated MOFs.
(22) McDonald, T. M.; D'Alessandro, D. M.; Krishna, R.; Long, J. R. Chem. Sci. 2011, 2, 20222028.
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Conclusion of Part B
The findings we have shown here tell us that PSLE or PSLI can generate the products which cannot
be synthesized by conventional one-pot solvothermal reaction.
We have synthesized two kinds of MOFs through PSLE method, which have either entropically
favorable or enthalpically favorable characteristics. One of the MOF, [Ni(HBTC)(dabco)], which is
entropically favorable, was synthesized via PSLE under higher concentration of dabco in DMF
solution because enough amounts of pillar ligand is needed for the random substitution. While the
other product, [Ni(HBTC)(bipy)(dabco)], which is enthalpically favorable, was obtained via PSLE
under lower concentration of dabco in DMF solution. Furthermore, the isoreticular and the
polymorphic structures could be obtained via combination of direct solvothermal reactions, PSLE and
PSLI methods.
The results presented here demonstrate that the modification in MOFs using PSLE and PSI
methods could be resulted in the formation of new MOFs which are difficult to obtain by
conventional methods.
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