CRYSTAL

GROWTH
&DESIGN

pubs.acs.org/crystal

Reversible Single-Crystal-to-Single-Crystal Transformations of
Metal—-Organic Frameworks that Accompany Two-Dimensional

Framework Reorganizations

Published as part of a Crystal Growth and Design virtual special issue on Crystal Engineering of Nanoporous

Materials for Gas Storage and Separation

Sunyoung Shin, Seok Jeong, Dongwook Kim, and Myoung Soo Lah*

Department of Chemistry, UNIST, Ulsan 44919, Korea

© Supporting Information

ABSTRACT: A three-periodic (3-P) metal—organic frame-
work (MOF) based on a one-periodic (1-P) rhomboidal chain
as a supermolecular building block (SBB) can be transformed
to another stable 3-P MOF by a postsynthetic exchange of
ligands in a single-crystal-to-single-crystal (SCSC) fashion that
accompanies the unprecedented two-dimensional (2-D)
structural reorganization. The enhanced framework rigidity
of the new MOF allows partial but systematic deletion of some
organic linkers from the framework, which leads to the other
3-P MOEF. The SCSC transformations can occur reversibly by
postsynthetic exchange, deletion, and insertion of the ligands,
while the stable 1-P SBB plays a pivotal role during the

transformations that accompany significant 2-D reorganization of the framework structures.

B INTRODUCTION

Metal—organic frameworks (MOFs) are extended networks of
metal ions (or clusters) and organic linkers as building blocks.
Although there is significant progress in the design and
prediction for the preparation of a new MOF,' ™ it is still
difficult to synthesize a MOF with the desired physical and
chemical properties using de novo solvothermal reactions. A
postsynthetic modification is an alternative approach to prepare
a new MOF by modulating the building blocks of a MOF
prepared using a de novo solvothermal reaction.” " Both the
postsynthetic covalent modification of an organic linker''~**
and the postsynthetic dative modification of a metal
coordination environment™ > in a MOF are very efficient
ways to introduce a new functionality into the pore of the
MOF, where the framework itself is not altered during the
modification.

The framework can be altered either by exchanging the
building blocks of a MOF**™” or by inserting new building
blocks into a MOF.“"® When a framework metal ion is
exchanged by a different metal ion with the same or a similar
coordination property, an isostructural framework can be
obtained in a single-crystal-to-single-crystal (SCSC) fashion
with no significant structural reorganization.w_46 When an
organic linker of a MOF is exchanged by a different organic
linker of the same or similar length, an isostructural framework
can also be generated with no significant structural reorganiza-
tion, as in the case of framework metal ion exchangefw_59 In
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contrast, the exchange of an organic linker using another
organic linker of a different length can lead to an isoreticular
MOF with a significant reorganization of the framework
structure.”*””" The most successful postsynthetic exchanges of
the organic linkers that accompany one-dimensional (1-D)
structural reorganization occurred in three-periodic (3-P)
MOFs based on pillared sheets as two-periodic (2-P)
supermolecular building blocks (SBBs). During the exchange
of the pillaring linker, the 2-P SBB remains unaltered.*~*’ The
ligand exchange that results in the three-dimensional (3-D)
reorganization of the framework structure is reported in a 3-P
framework based on a metal—organic polyhedron as zero-
periodic (0-P) SBB, where the 0-P SBBs are triply connected to
the other SBBs. The multiple connectivity between the 0-P
SBBs allows even 3-D reorganization of the framework
structure in an SCSC fashion.”” However, a postsynthetic
exchange of the organic linker that accompanies the two-
dimensional (2-D) reorganization of the framework structure
has not been reported.

Here, we present a postsynthetic exchange of the organic
linker that involves an unprecedented 2-D reorganization of the
3-P framework structure, where the framework consists of a
one-periodic (1-P) chain as an SBB, and the SBBs are
interconnected to form the 3-P framework using both neutral
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Figure 1. Crystal structure of 1. (a) The coordination environments of the Ni ions and the ligands in 1. (b) A ball-and-stick model of a 1-P
rhomboidal chain structure and the corresponding node-and-linker diagram. (c) A ball-and-stick model of a 2-P sheet structure and the corresponding
node-and-linker diagram. (d) A ball-and-stick model of a 3-P pillared structure and the corresponding node-and-linker diagram. (e) A 3-c node based
on the btc ligand, a 4-c node based on the mononuclear Ni center, and a 6-c node based on the dinuclear [Ni,(COO),(N,),] SBU.

diptotic organic linkers and ditopic metal ions. The neutral
diptotic organic linker of the 3-P MOF can be replaced by
another neutral diptotic organic linker in an SCSC fashion
while keeping the 1-P chains as a stable SBB and unaltered
during the transformation. The subsequent reversible deletion
and insertion of the neutral organic linker and the reversible
exchange of the neutral organic linkers are also observed.

B EXPERIMENTAL SECTION

Preparation of MOFs. Preparation of the MOF, [Nis(btc),(bipy);-
(H,0),]-xDMF (1) (Where x is a Number of DMF Molecules in the
Solvent Pore Per Formula Unit), Using a de Novo Solvothermal
Reaction. A solid mixture of Ni(NO;),-6H,0 (0.0850 g, 0.292 mmol),
1,3,5-benzenetricarboxylic acid (Hsbtc, 0.0522 g, 0.248 mmol), and
4,4'-bipyridine (bipy, 0.0526 g, 0.337 mmol) was dissolved in 48 mL
of a N,N-dimethylformamide (DMF)/MeOH (3:1 ratio) mixed
solvent in a 50 mL glass vial. The solution was divided into five
portions, and each aliquot was heated to 120 °C in a flame-sealed glass
tube for 7 days to form dark cyan crystals. The collected crystals were
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washed with DMF and then air-dried in ambient conditions for 1 h.
Infrared (IR) spectrum of 1 (KBr, cm™): 3392 (vs, b), 3066 (w, b),
2932(m, sh), 1667 (vs), 1634 (s), 1610 (vs), 1558 (s, sh), 1543 (s),
1491 (m), 1433 (s), 1415 (s), 1370 (vs), 1255 (w), 1222 (m), 1101
(m), 1070 (m), 1047 (w), 1012 (w), 939 (w), 860 (w), 817 (m), 770
(m), 729 (m, sh), 718 (m), 662 (w), 636 (m), 573 (w). The activated
sample la was prepared by soaking the crystals of 1 in fresh DMF for
3—4 days and in methylene chloride (MC) for an additional 2 days,
and then vacuum-drying the crystals at S0 °C overnight. Elemental
analysis (EA) was performed using the activated sample re-exposed in
air for a couple of minutes before the analysis. EA calc. for
[Ni,(btc),(bipy);(H,0),]-18H,0 (C,gHgNgO30Niy, fw = 1377.10
g/mol). Found (Calc.): C = 41.56 (41.87) %; H = 4.13 (4.39) %; N =
6.56 (6.10) %.

Preparation of the MOF, [Nis(btc),(pz);(H,0),] (2), by a
Postsynthetic Ligand Exchange of 1. A 50—100 mg amount of the
crystals of 1 soaked in DMF was transferred into 10 mL of a 0.5 M
pyrazine (pz) DMF solution in a 20 mL vial, and the vial was kept in
an oven at 100 °C for 1—2 weeks, depending on the sample amount.
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The solution was refreshed 2—3 times during the soaking. The
progress of the ligand exchange was monitored using powder X-ray
diffraction (PXRD). When the ligand exchange was completed, the
greenish cyan crystals were harvested and washed more than three
times using fresh DMF, and then air-dried at ambient temperature for
1 h. IR spectrum of 2 (KBr, cm™): 3380 (vs, b), 3116 (m), 3068 (m),
2956 (w), 2932 (w), 2850 (w), 1679 (vs), 1640 (vs), 1611 (m), 1555
(m), 1534 (s), 1487 (w), 1464 (w), 1436 (m), 1418 (m, sh), 1385
(m), 1373 (m), 1257 (w), 1218 (vw), 1162 (w), 1115 (w), 1098 (m),
1062 (m), 1032 (vw), 980 (vw), 941 (w), 819 (m), 769 (s), 733 (s),
718 (s), 662 (m), 571 (w), 524 (w), 482 (m), 453 (w), 430 (vw). The
activated sample 2a was prepared by soaking the crystals of 2 in fresh
DMEF for 3—4 days and in MC for an additional 2 days, and then
vacuum-drying at room temperature for 1 day. EA was performed
using the sample of 2a re-exposed in air for several minutes before the
analysis. EA calc. for [Ni;(btc),(pz);(H,0),]-15SH,0
(C30H,NgO,;Ni;, fw = 1094.76 g/mol). Found (Calc.): C = 32.89
(32.91) %; H = 3.45 (3.87) %; N = 7.75 (7.68) %.

Preparation of the MOF, [Nig(btc),(pz),,5(H,0)s]-19H,0 (3), by a
Postsynthetic Ligand Deletion of 2. Method A. When the pale bluish-
green crystals of 2 (S0—100 mg) were heated to 200 °C at a 10 °C/
min heating rate, maintained for 1 h, and cooled to ambient
temperature under flowing N, the crystals turned brown. When the
brown crystals were exposed in air, they changed to the cyan crystals of
3 within several minutes (Figure S1). Method B. 3 can be alternatively
prepared by vacuum-drying 2, presoaked for 2 days in MC, at 200 °C
for 1 h, and then exposed to air for 2—3 min. IR of 3 (KBr, cm™):
3354 (vs, b), 3120 (m), 3072 (m), 1683 (w), 1652 (m), 1634 (vs),
1621 (m), 1615 (m),1574 (w), 1568 (w), 1558 (s), 1538 (m), 1532
(w), 1506 (w), 1435 (s), 1423 (m), 1373 (vs), 1162 (w), 1120 (m),
1088 (vw), 1064 (m), 939 (vw), 817 (vw), 769 (s), 733 (s), 719 (m),
560 (w), 483 (m), 451 (w), 440 (vw). EA calc. for 3,
[Nig(btc)4(pz) 475 (H,0)5]-19H,0 (CssHgNosO4sNig, fw = 198131
g/mol). Found (Calc.): C = 33.34 (31.82) %; H = 3.41 (3.25) %; N =
6.72 (6.96) %.

Reverse Transformations of the MOFs by a Postsynthetic
Insertion and Exchange of the Ligand. Reverse Transformation
of 3 to 2 by a Postsynthetic Ligand Insertion. A 50—100 mg amount
of 3 crystals was soaked in a 10 mL 0.5 M pz DMF solution in a 20 mL
vial and maintained at ambient conditions for 3—5 days, depending on
the sample amount. When the transformation process was completed,
the crystals were washed several times using fresh DMF, and then air-
dried for 1 h.

Reverse Transformation of 2 to 1 by a Postsynthetic Ligand
Exchange. A 50—100 mg amount of 2 crystals was immersed to 10
mL of a 0.5 M bipy DMF solution in a vial and kept at 100 °C for 1-2
weeks, depending on the sample amount. The solution was exchanged
2—3 times during the soaking period, and the progress of the ligand
exchange was monitored by PXRD. When the ligand exchange was
complete, the crystals were harvested and washed using fresh DMF
more than three times, and then air-dried at ambient temperature for 1
h.

Reverse Transformation of 3 to 1 by a Postsynthetic Ligand
Insertion and Exchange. A 50—100 mg amount of 3 crystals was
soaked in 10 mL of a 0.5 M bipy DMF solution in a vial and kept at
100 °C for 1-2 weeks, depending on the sample amount. The solution
was exchanged 2—3 times during the soaking period. When the
transformation process was complete, the crystals were harvested and
washed using fresh DMF several times, and then air-dried at ambient
conditions for 1 h.

B RESULTS AND DISCUSSION

De Novo Synthesis of 1 and Its Single Crystal
Structure. The microporous 3-P MOF 1 with the mixed
ligands was obtained by a simple one-pot solvothermal reaction.
The reaction of Ni(NO,),-6H,0 as a source for potential
metal-based nodes with two different types of ligands, btc as an
anionic tritopic node, and bipy as a neutral ditopic linker, in a
DMEF/MeOH mixed solvent at 120 °C for 7 days led to the
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formation of dark cyan crystals, [Niz(btc),(bipy);(H,0),] (1).
The single-crystal X-ray structural analysis of 1 reveals that the
two N jons (Nil and Ni2) in different coordination
environments adopt the same trans-[N,O4] octahedral
geometry (Figure la). For Nil, the equatorial plane of the
octahedron is defined by four oxygen atoms from three
carboxylates of btc ligands, and the axial positions are occupied
by two nitrogen atoms from bipy ligands. Ni2 is ligated by two
monodentate carboxylates, two nitrogen atoms from bipy
ligands, and two water molecules. Nil is bridged by
carboxylates in a bis(syn-syn) binding mode to form a dinuclear
nickel cluster, [Ni,(COO),(N,),], as a secondary building unit
(SBU). The SBUs are doubly linked using two btc ligands to
form a 1-P rhomboidal chain structure (Figure 1b). The 1-P
rhomboidal chains are further connected by mononuclear Ni2
centers to form a 2-P sheet with a (3,4)-c bex topology (Figure
Lc).”! The 2-P sheets are pillared by bipy linkers to form a 3-P
network (Figure 1d), where two different types of bipy
pillarings are observed. The first type of pillaring is through the
dinuclear nickel clusters. The dinuclear nickel clusters are
doubly connected to the dinuclear nickel clusters of the
adjacent 2-P sheets. The second type of pillaring is through the
mononuclear nickel centers (Ni2) that interconnect the 1-P
rhomboidal chains to form the 2-P sheet. The 3-P network 1 is a
rare (3,4,6)-c net of sqc130 topology’* consisting of the btc
ligand as a 3-c node, the mononuclear Ni center as a 4-c node,
and the dinuclear nickel cluster as a 6-c node (Figure le).

1 contains orthorhombic cage-like pores (cage dimension of
6.2 X 7.9 X 10.0 A%) that are interlinked by several different
kinds of narrow portals to form a 3-D porous structure (Figure
S2). The potential pore volume of 1 calculated using the SOLV
option of PLATON"® corresponds to 1670 A® per unit cell,
which is 44.2% of the total unit cell volume.

The bulk identity of the sample was checked by a comparison
of the observed PXRD pattern of the as-synthesized 1 and the
simulated PXRD pattern of the single-crystal structure model of
1 (Figure S3). The PXRD pattern of the as-synthesized 1
exposed at ambient conditions for approximately 10 min is not
the same as the simulated pattern of 1. Even a small amount of
the guest solvent loss in the pore leads to a slight distortion of
the framework. The sample, presoaked in MC and exposed to
ambient conditions for approximately 10 min, showed a
significant loss of crystallinity. However, the crystallinity of
the sample could be restored by simply soaking the amorphous
sample in DMF. The PXRD pattern of the restored sample is
the same as that of as-synthesized 1. The 'H nuclear magnetic
resonance (NMR) spectrum of as-synthesized 1 digested in a
DCl/dimethyl sulfoxide-dg solution also indicates that the ratio
of tritopic btc ligands and ditopic bipy linkers in the bulk
sample is the same as that in the single crystal structure (Figure
S4).

Preparation of the Isoreticular MOF, 2, by Post-
synthetic Ligand Exchange of a Single-Crystal-to-
Single-Crystal Transformation. Preparation of the Iso-
reticular MOF, 2. The 3-P MOF with the ditopic bipy pillars,
[Ni(btc),(bipy);(H,0),] (1), could be transformed to
another isoreticular MOF with ditopic pz pillars,
[Ni;(btc),(pz);(H,0),] (2), by pillar exchange. A simple
soaking of 1 in a pz DMF solution at 100 °C led to pillar
exchange. The dark cyan crystals of 1 turned to greenish cyan
crystals of 2 (Figure S6). The complete exchange of the
pillaring ligands was confirmed by '"H NMR spectroscopy. The
'"H NMR spectrum of activated 2a digested in a DCl/D,0
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solution showed that the bipy pillars are completely removed,
and the btc ligands and the pz pillars are present in a
stoichiometric ratio (Figure S7).

SCSC Transformation. To confirm whether the trans-
formation from 1 to 2 by the postsynthetic exchange of the
pillaring ligand is a SCSC transformation, one single crystal of 1
was soaked in a pz DMF solution for 1 day at 100 °C as for the
bulk transformation. There is no indication of either the
dissolution of the single crystal or the formation of new single
crystals during the soaking. One single crystal remained during
the whole transformation process, but its dimension was
reduced (Figure 2). One dimension of the crystal is ~30%

(a) (b)

1 2
50 um

Figure 2. Optical microscopic photographs of a single crystal of 1 (a)
before and (b) after soaking in a pz DMF solution for 1 day at 100 °C.

smaller after the soaking than the corresponding dimension of
the crystal before the soaking, while keeping the other
dimensions of the crystal unchanged.

Single Crystal Structure of 2. Though the space group of 2,
P2/c, is the same as that of 1, the lattice parameters of 2 are
significantly different from those of 1. The replacement of the

bipy pillars, aligned along the crystallographic b-axis in 1, with
pz pillars leads to a significant reduction of the b-axis parameter
in 2 (from 11.259(2) A to 6.941(1) A). Other noticeable
differences are also observed for the  angles together with the
a- and c-axis parameters, which imply that the pillar exchange
affects not only the pillaring distance but also the 2-P sheet
structure itself (Figure 1c). The single crystal structure analysis
of 2 confirmed the complete replacement of the pillaring
ligands. Even though the net topology of 2 is the same as that
of 1, the connectivity of 2 is not the same as that of 1 (Figure
3). During the pillaring ligand replacement, the interconnection
between the 1-P rhomboidal chains in the 2-P sheet was also
simultaneously changed. The relative interconnection between
the 1-P rhomboidal chains in 2 is different from that in 1. The
linkages between carboxylate pairs (dashed pale pink sticks) in
1, by mononuclear Ni2 centers interconnecting the adjacent 1-
P rhomboidal chains to form the 2-P sheet, has shifted to the
linkages of the other carboxylate pairs (solid purple sticks) in 2
(Figure 3a), which leads to a slight distortion of the 2-P sheet
structure in the crystallographic ac-plane.

2 also contains orthorhombic cage-like pores with
dimensions of 5.8 X 3.5 X 9.7 A% which are interlinked by
several different kinds of narrow portals to form a 3-D porous
structure as the orthorhombic cage-like pores of 1 (Figure S8).
The reduction of the orthorhombic pore dimension in 2
compared to that in 1 comes mainly from the replacement of
bipy pillars by short pz pillars. The potential pore volume of 2,
1127 A® per unit cell, is also significantly reduced compared to
that of 1, 1670 A® per unit cell.

Bulk Identity and Stability of 2. The bulk identity of 2 was
also verified by the comparison of the observed and simulated

() Ay

4

Figure 3. Crystal structure of 2. (a) A ball-and-stick model of a 2-P sheet structure formed with 1-P rhomboidal chains connected by mononuclear Ni
centers, and the corresponding node-and-linker diagram. The dashed pink sticks represent the old connectivity between carboxylate pairs of 1-P
rhomboidal chains in 1, and the solid purple sticks represent the new connectivity between the other carboxylate pairs of 1-P rhomboidal chains in 2.
(b) A ball-and-stick model of a 3-P pillared structure and the corresponding node-and-linker diagram.
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PXRD patterns (Figure S9). The observed PXRD pattern of as-
synthesized 2 matches well with the simulated pattern from the
single crystal structure model. Activated 2a is still crystalline
and its PXRD pattern is very similar to that of as-synthesized 2.
The slight shifts of most peaks to higher diffraction angles
indicate that the structure is quite rigid; however, there is a
small amount of shrinkage of the overall framework when the
solvent molecules are removed from the pore.

Thermal Properties of 2. The thermal properties of 2 were
evaluated using thermogravimetric analysis (TGA). The
analysis was performed using 2 presoaked in MC. The TGA
profile indicates at least a six-step weight loss (Figure S10). The
first two-step weight loss up to 150 °C (15.2 wt %) corresponds
to the loss of 1.5 MC molecules (caled. 12.7 wt %) and 1.5
H,O molecules (calcd. 2.5 wt %) in the pore. The next two-step
weight loss from 150 to 380 °C corresponds to some pz pillars
and water molecules. The weight loss from 150 to 270 °C (4.5
wt %) is the loss of a 0.6 pz pillar (caled. 4.7 wt %). The
amount of pz pillar loss during the heating process up to 270
°C was confirmed by the '"H NMR spectrum of the sample
prepared by the same manner used for the TGA heating
process. The weight loss from 270 to 300 °C (17.7 wt %)
matches with the loss of two coordinated water molecules
(caled. 3.5 wt %) and 1.8 pz pillars (caled. 14.2 wt %). Even
though the boiling point of pz is higher than that of water, the
loss of some pz linkers prior to that of the ligated water
molecules is due to the intramolecular hydrogen-bond
interaction of the water molecules with the carboxylate oxygens
of the btc ligands (Figure S11). The final two-step weight loss
that starts at 380 °C corresponds to the thermal decomposition
of the remaining structure together with the loss of the
remaining 0.6 pz pillar.

Preparation of the New MOF, 3, by Postsynthetic
Deletion of Ligand. PXRD Patterns of Heat-Treated 2. Heat-
treated samples were prepared using 2 crystals presoaked in
MC. The crystals were heated to a given temperature at a rate
of 10 °C min~" and maintained for 1 h under flowing N,. After
being cooled to ambient temperature, the crystals were exposed
in air before the PXRD measurement. 2 is stable up to 150 °C.
The PXRD pattern of the heat-treated 2 up to 150 °C did not
show any indications of the loss of crystallinity (Figure 4). A set
of new diffraction peaks appeared at 180 °C together with the
diffraction peaks from 2. The diffraction peaks corresponding
to 2 completely disappeared at 200 °C, and only the set of new
diffraction peaks was observed. The new crystalline phase is
stable at 220 °C but starts to lose its crystallinity at higher
temperatures.

Ligand Compositions of the Heat-Treated 2 Samples. The
ligand compositions of the heat-treated 2 samples were
analyzed using the '"H NMR spectra of the samples digested
in a DCI/D,0-d4 solution (Figure S12). The number of pz
linkers per btc ligand is temperature dependent, and it shows
stepwise losses of pz linkers (Figure S13). The amount of pz
linker loss up to the first step at 200 °C corresponds to one-
sixth of the total pz linkers in the framework. The second
stepwise loss up to 330 °C is two-thirds of the total pz linkers.
Even though the two different types of pz linkers are present in
a 2:1 ratio in the framework of 2, the loss of one-sixth of the
total pz linkers and the crystallinity of the heat-treated sample
up to 200 °C indicates the possibility of the preparation of a
new MOF with the pz linkers partially, but systematically,
removed from the framework of 2.
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Figure 4. PXRD patterns of heat-treated 2 crystals presoaked in MC.
The blue circles represent one set of the diffraction peaks from 2, and
the red asterisks represent another set of diffraction peaks from the
heat-treated 2.

Preparation of 3. Single crystals of 3 were obtained by
heating single crystals of 2 at 200 °C for 1 h under flowing N,,
cooling to ambient temperature, and then exposing the crystals
in air (Figure S14). The EA and the ratio of the btc ligand and
pz pillar from the '"H NMR spectrum of 3 indicate that the
generated formula unit of 3 is [Nig(btc),(pz)s7s(H,0)s]-
19H,0.

Crystal Structure of 3. A single crystal structure analysis
revealed that the lattice parameters of 3 were completely
different from those of 2. The space group of 2, P2/c, has
changed to C2/m in 3, and the framework structure of 3 is also
completely different from that of 2 (Figures 5 and S15). 2 with
a (3,46)-c sqcl30 net topology changed to 3 with an
unprecedented (3,6)-c net topology of a (4.5%),(5.10%)-
(4°.5*.6%8.9*) point symbol consisting of a btc ligand as a 3-c
node, the mononuclear Ni center as a 3-c node, and the
dinuclear nickel cluster as a 6-c node.”> Approximately half of
the pz pillars interconnecting the mononuclear Ni2 centers
along the crystallographic b-axis in 2 (Figure 3b), which are
one-sixth of the total pz linkers, are alternatively removed from
3 (Figures S and 6). The remaining pz pillars interconnecting
the mononuclear Ni2 centers lay along the crystallographic c-
axis. Each new Ni center interconnected by the remaining pz
linker is further connected by two carboxylates of two different
btc ligands, as shown in Figures Sa-b. The trans-coordination
mode of two carboxylates in the mononuclear Ni center in 2
changed to the cis-coordination mode in the octahedral Ni
center of the new dinuclear Ni cluster in 3 (Figure S16).
Though the connectivity of the other parts of the structure
itself does not change during the SCSC transformation from
the trans-coordination mode to the cis-coordination mode in
the octahedral Ni center, the geometry of the other parts of the
structure in 3 is slightly twisted from that in 2. The octahedral
Ni ion in the new dinuclear cluster has 0.75 site occupancy and
the other distorted tetrahedral Ni ion has 0.25 site occupancy.
The new dinuclear Ni cluster in the crystal structure of 3 is the
statistically disordered structure of the dinuclear Ni cluster of
0.25 site occupancy and of the mononuclear center of 0.50 site
occupancy.

3 has spherical cage-like pores (~6 A in diameter, Figure
S17). The spherical pores are interlinked to form a complicated
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Figure 5. Crystal structure of 3. (a) The projection view of 3 in a ball-
and-stick model along the crystallographic c-axis. (b) The same
projection view of the network of 3 in a node-and-linker diagram. (c)
A 3-c node based on the btc ligand, a 3-c node based on the
mononuclear Ni center, and a 6-c node based on the dinuclear

[Ni,(CO0),(N,),] SBU.

rearrangement
of pillar and

<

bond

weakening/'

new weak bond
formation

[

partial

bond
pillar deletionl -0.5 pz l

strengthening

[Ni3(btc),(pz)3(H;0).], 2 [Nig(btc)4(pz)475(H,0)s], 3

Figure 6. A proposed transformation process from 2 to 3.

3-D porous structure by several different narrow portals with
dimensions ranging up to 3.2 X 4.4 A%

Transformations of the MOFs. Transformations of the
MOFs by a Ligand Exchange and Deletion. 1 has a 3-P
(3,4,6)-c sqcl30 topology that contains bipy as a pillaring
ligand between the 2-P sheet of a (3,4)-c bex topology and
could be transformed to the isoreticular MOF 2 with pz as a
pillaring ligand (Figure 7). During the transformation from 1 to
2, the structural rearrangement occurs in two different ways,
both between the 2-P sheets of the bex topology and within the
sheet. The first structural rearrangement is between the sheets.
The intersheet distance is reduced by the pillar exchange. The
second structural rearrangement is within the 2-P sheet. The
interlinkage between the 1-P rhomboidal chains in the 2-P sheet
in 1 changes to a different interlinkage between the 1-P
rhomboidal chains in the 2-P sheet in 2. A set of the pairings
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Figure 7. A scheme of reversible SCSC transformations by ligand
exchange, deletion, and insertion.

between the two carboxylates in trans-binding mode in the
mononuclear Ni2 center in 1 shifts to another set of the
different pairings between the two different carboxylates in
trans-binding mode in the mononuclear Ni2 center in 2. 2
could be further transformed to 3 by deletion of some pillaring
pz ligands. The controlled heating of 2 leads to partial, but
systematic, removal of the pillaring ligands between the
mononuclear Ni centers and the subsequent rearrangement
of the remaining pillaring ligands between the mononuclear Ni
centers along the 2-P sheet.

Reverse Transformations of the MOFs by a Ligand
Insertion and Exchange. 3 can be transformed back to 2 by
pz linker insertion (Figure 7). A simple soaking of 3 in a pz
DME solution at ambient conditions produces 2. The PXRD
pattern of 2F3 (where nFm is the MOF n obtained from the
MOF m) is the same as that of as-synthesized 2 (Figure 8). 2

'15I o l20l o
2 theta (deg)

5 10

Figure 8. PXRD patterns of 1F2, 1F3, and 2F3 obtained by a reverse
transformation of 2 and 3.

can also be transformed back to 1 by pillar exchange. Soaking 2
in a bipy DMF solution at 100 °C leads to 1 by isoreticular
replacement of all pz pillars to bipy pillars. The PXRD pattern
of 1F2 is also the same as that of as-synthesized 1 obtained by
the de novo solvothermal reaction. 3 with the pz linker can also
be directly transformed back to 1 by simultaneous replacement
and insertion of bipy. The PXRD pattern of 1F3 is again
indistinguishable from that of as-synthesized 1.

Sorption Behaviors of the MOFs. Gas Sorption
Behaviors of 1a. Although the PXRD pattern of activated la
shows the loss of its crystallinity, it shows stepwise N,
adsorption and hysteric desorption at 77 K (Figure 9a). The
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Figure 9. (a) N, sorption isotherms on 1a at 77, 195, and 273 K. (b)
CO, sorption isotherms on 1a at 195, 273, and 298 K.

very steep N, adsorption reaches the first short plateau with
~100 cm’/g of uptake at ~0.01 P/P,. The second uptake starts
at 0.023 P/P, and reaches a total uptake of 392 cm?/g at 0.96
P/P,. While the specific pore volume of 1a that was estimated
from the uptake amount of 100 cm3/g at 0.01 P/P, (0.155 cm®/
g) is much smaller than the calculated specific pore volume of 1
from the single crystal structure (0.459 cm®/g), the specific
pore volume of la estimated from the uptake amount of 392
cm’/g at 0.96 P/P,, 0.606 cm’/g, is even larger than the
calculated specific pore volume. 1a, with a partially collapsed
pore, can be restored by N, at 77 K. The Brunauer—Emmett—
Teller (BET) surface area of the partially collapsed la was
calculated as 470 m*/g using the adsorption isotherm data of
P/P, between 0.0006 and 0.0229. The BET surface area of the
restored 1a calculated using the adsorption isotherm data of P/
P, between 0.031 and 0.084 is 1510 m?/g, which is again
slightly larger than the calculated BET surface area, 1260 m?/ g
using the crystal structure model of 1.”* The hysteric
desorption starts at the very low pressure, ~0.005P/P,. There
is only a negligible amount of N, adsorption at 273 K, which is
probably due to the weak interaction of N, with the pore
surface, even though la has some N, accessible pores. The
reversible N, sorptions on 1a at 195 K confirm the presence of
some N, accessible pores. There is no stepwise adsorption, and
the maximum adsorption amount at 1 bar is only 43 cm®/g.
The interaction of N, with the framework at 195 K is not
strong enough for complete pore restoration.

The CO, sorption behavior on 1a at 195 K is similar to the
N, sorption behavior at 77 K (Figure 9b). The CO, adsorption
is also stepwise. The first steep adsorption reaches a plateau of
~100 cm’/g uptake at ~0.1 bar. The second adsorption step
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starts at ~0.16 bar and reaches a total uptake of 360 cm?/g at
~0.99 bar. The hysteric first desorption starts at ~0.1 bar, and
the second desorption occurs at ~0.018 bar. In contrast, the
CO, sorptions on la at 273 and 298 K are different from that at
195 K. There is no hysteresis and no stepwise adsorptions. The
maximum uptakes at 273 and 298 K are 66 and 52 cm?®/g at 1.0
bar, respectively. The partially collapsed pore of la was not
restored by CO, adsorptions at both 273 and 298 K. The CO,
interactions with the framework of 1la at these temperatures
were not strong enough for restoration of the partially collapsed
pore. 1a shows reversible CH, sorption at 195, 273, and 298 K,
respectively, using its partially collapsed pore (Figure S18).
However, the partially collapsed pore of 1a was not restored by
CH, adsorption, even at 195 K.

The N, sorption isotherms on 2a and 3 at 77 K are typical
type 1 isotherms (Figure S19). The pore volumes estimated
from the maximum uptake amounts at the saturation pressure,
0.422 and 0.320 cm®/g, respectively, are approximately matched
with the calculated values from the corresponding single crystal
structures, 0.391 and 0.270 cm3/g,75 respectively. The BET
surface areas of 2a and 3, 1060 m’/g and 810 m?*/g,
respectively, were calculated using the adsorption isotherm
data of P/P, between 0.005 and 0.031 and between 0.0001 and
0.034, respectively. The isoreticular exchange of the long
pillaring ligand bipy in 1a by short pillaring ligand pz in 2a leads
to the reduction of the pore volume and the surface area. The
partial and systematic removal of the pz ligand in 2a and the
subsequent transformation of the framework structure to 3
further reduces the pore volume and the surface area.

The CO, sorption behavior on 2a and 3 at 195 K are also
similar to the corresponding N, sorption behaviors (Figure
$20). The CO, sorption isotherms are typical reversible type I
isotherms with no hysteresis. The maximum CO, uptake on 2a
and 3 at 1 bar is 247 and 193 cm®/g, respectively.

The CO, adsorption enthalpies of la, 2a, and 3 were
calculated using the CO, adsorption isotherms at 273 and 298
K, respectively, using virial-type fits (Figure 10a).”® 1a has the
largest CO, adsorption enthalpy, which ranges from 36.3 to
33.5 kJ/mol (Figure 10b). 1a has a partially collapsed pore that
can provide the most effective interaction with CO, because it
has the smallest pore dimension. The CO, adsorption
enthalpies of 2a and 3 range from 31.2 to 28.9 kJ/mol and
from 20.7 to 19.5 kJ/mol, respectively. Even though 2a has a
larger pore volume and surface area than 3, the 7pore size
analyses using nonlocalized density functional theory’” indicate
that the average pore dimension of 2a, ~0.60 nm, is smaller
than that of 3, ~0.65 nm (Figure 10c). The smaller pore
dimension of 2a than 3 is responsible for the larger CO,
adsorption enthalpy of 2a than 3.

B CONCLUSIONS

1 was prepared using a de novo solvothermal reaction with three
different kinds of building blocks: the Ni(II) ion as a potential
dicationic multitopic node, btc ligand as a potential trianionic
tritopic ligand, and bipy as a neutral ditopic linker. The network
of 1, with a rare (3,4,6)-c sqc130 topology, contains the btc
ligand as a 3-c node, a mononuclear Ni center as 4-c node, a
dinuclear nickel cluster [Ni,(COO),(N,),] as a 6-c node, and
bipy as a ditopic linker between the metal-based nodes. In 1,
the dinuclear nickel clusters are doubly linked by carboxylates
of the btc ligands to form a 1-P rhomboidal chain as a SBB, and
the SBBs are further connected to form a 3-P network using
both the mononuclear Ni centers and the two different types of
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bipy linkages. 1, which contains 3-D solvent pores, loses its
crystallinity when the pore solvent molecules are removed;
however, it still shows reversible N, and CO, gas sorption
behaviors with significant adsorption and desorption hysteresis.
The stepwise adsorptions of N, and CO, are due to the
flexibility of the framework.

1 can be transformed to 2 by a postsynthetic exchange of a
neutral ditopic ligand. All the ditopic bipy linkers in 1 are
replaced by similar but shorter ditopic pz linkers, which leads to
an increase in the framework rigidity of 2 compared to that of
1. The SCSC transformation from 1 to 2 accompanies the
unprecedented 2-D structural reorganization during the
exchange of the ligand. The major structural reorganization
occurs along the neutral ditopic linker direction. The
replacement from bipy to pz leads to the compressed stacking
of the 2-P sheets of a bex topology. The other structural
reorganization simultaneously occurred within the sheet. The
pairings between the 1-P rhomboidal chains by the mononuclear
Ni centers changed from one pairing between two close btc

2235

ligands to the other pairing between the other two close btc
ligands, as shown in Figure 3a. The stability of the 1-P
rhomboidal chain structure as an SBB allowed the 2-D structural
reorganization during the pillar exchange.

2 is much more stable than 1 because of the enhanced
framework rigidity with short pz pillars. The enhanced
framework rigidity and the presence of two different types of
neutral ditopic pz pillars allow the partial but systematic
removal of some pz linkers from the framework of 2. Even
though the coordination geometry of the bridging Ni center
between the 1-P rhomboidal chain structures is significantly
modified during the transformation from 2 to 3, the single
crystal crystallinity of the framework structure is maintained. In
addition, the SCSC transformations can occur reversibly by
postsynthetic insertion of the ligand and by postsynthetic
exchange of the ligand. The stable 1-P SBB plays a pivotal role
during the transformations that accompany significant 2-D
reorganization of the framework structures.
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