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Reversible Structure Transformations**
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Materials that show reversible structure transformation and
a characteristic response toward specific external stimuli are
vitally important for applications in sensing, molecular
capture, switches, and so on.'! In particular, any change of
physical properties (such as color, magnetism, and electric
resistance) associated with the transformation that could be
monitored to indicate the state of these materials, are factors
for sensor and other applications. Moreover, owing to the
convenience and detail concerning solid-state structure trans-
formation that can be obtained by diffraction methods, single-
crystal to single-crystal (SC-SC) structure transformations of
crystalline materials have become of importance and inter-
est.”! In recent years, SC-SC structure transformations of
different materials triggered by light,”! temperature,” and
guest molecules® have been reported. However, SC-SC
dynamic structural changes involving breaking and forming
of bonds are still rare, particularly for those examples with
potential applications.

Herein, we present a reversible SC-SC transformation of
Co'-based frameworks induced by coordinative small mole-
cules. A series of changes in structure and physical properties
accompanied by the transformation process has been clari-
fied. Particularly, a switchable gate effect was observed in the
one-dimensional channels of the frameworks during the
transformation process that can be utilized to control the
encapsulation and release of guest molecules.

The solvothermal reaction of CoSO,7H,0, 1,3,5-tris(p-
imidazol-ylphenyl)benzene (tipb), and terephthalic acid
(H,pta) in N,N'-dimethylformamide (DMF) led to the
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formation of blue block crystals of [Co, 5(tipb)(SOy)(pta)ys]--
(DMF),,s (BPODMF). X-ray crystallographic analysis!”’
revealed that in the structure of BPODMF there are two
crystallographically independent Co™ centers involved in the
asymmetric unit. Both of the Co" ions are four-coordinate and
exhibit tetrahedral coordination geometry, defined by two
nitrogen atoms from two independent tipb ligands, and two
oxygen atoms from one pta®~ ligand and one sulfate anion for
Col or from two independent sulfate anions for Co2
(Supporting Information, Figure Sla). Tipb ligands link Co"
ions to form a bilayer structure (layer b) parallel to the ab
plane (Supporting Information, Figure S4a). Adjacent layers
are connected by sulfate anions along the ¢ direction to form
a three-dimensional (3D) network (net b; Supporting Infor-
mation, Figure S5a). Twofold interpenetration of the nets
results in rhombic channels along the ¢ direction (Supporting
Information, Figure S6a). The pta*” ligands located in the
channels connect the interpenetrating nets to afford a self-
penetrating framework structure (BP; Figure 1a). The frame-

Figure 1. a) Self-penetrating framework of BP. b) Twofold interpenetrat-
ing framework of RP. Microscope image of ¢c) BPODMF (blue) and
d) RP-H,O (red) crystals.

work of BP reveals 1D ultramicropores along the ¢ axis with
DMF molecules distributed in the chambers defined by pta®~
ligands and channel wall (Figure 3a).

When BPODMF is exposed to air, the blue block crystals
gradually turn to red without losing crystallinity. This newly
formed red crystal was identified as [Co,s(tipb)(SO,)-
(H,0);,4]-(pta)ys(solvent), (RP-H,0). X-ray crystallographic
analysis of RP-H,O revealed that a SC-SC structural trans-
formation had occurred. In RP-H,0O, H,O ligands displace
pta’” ligands and the coordination number of the Co" ions
changed from 4 to 6. The coordination configuration of the
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Co" ions changed from tetrahedral to octahedral, thus
explaining the color changes (Figure 1; Supporting Informa-
tion, Figure S8). Similar color changes driven by coordination
number diversifications have been reported.® The coordi-
nation/torsion angle of tipb ligands (Supporting Information,
Figure S1) and relative position of Co™ centers (Supporting
Information, Figure S2) also changed upon the structural
transformation, which bring about only small deformations of
the frameworks (Supporting Information, Figures S4-S7).
Additionally, the transformation changes the framework
from neutral to cationic and the pta’~ anions are distributed
in the channels randomly to maintain charge balance. Though
pta®” ligands were not observed in the crystal structure of RP-
H,O (Figure 3b). '"H NMR spectroscopy, HPLC, and X-ray
crystallographic analysis of reversely transformed samples
confirmed that pta*~ ligands are still in the framework (see the
Supporting Information for details). The dissociation of pta®~
ligands from the framework makes RP-H,O exhibit micro-
pores along ¢ and splits the self-penetrating framework into
two interpenetrated identical networks (Figure 1b).

To gain a better visualization and understanding of the
structures of BP and RP, the framework topologies of the
complexes were analyzed. With sulfate anions connecting Cos
clusters and tipb ligands as nodes, the framework of BP
reveals a new (3,8)-connected self-penetrating topology with
a Schlifli symbol of (4,6%),(4%6*,8%). RP is a twofold inter-
penetrating (3,6)-connected sit net with a Schlifli symbol of
(4,6%),(4%,6",8%) based on the same simplification (Figure 2).")
To our knowledge, this is the first example of self-penetrating
to interpenetrating topology transformation in a three-dimen-
sional metal-organic framework.

Figure 2. a) The (3,8)-connected self-penetrating topology of BP.
b) The (3,6)-connected twofold interpenetrating sit topology of RP.

By comparing the crystal structures of BP and RP, the
driving force of the structure transformation can be attributed
to the presence and coordination of H,O molecules. This
supposition is supported by the observation that the trans-
formation process was accelerated with increased moisture.
When BP was immersed in water, the transformation process
was completed within several minutes (see the Supporting
Information for details). Also, the SC-SC transformation was
found to be reversible. The coordinated H,O molecules in RP
can be removed by heating, vacuum, or immersing the RP
sample in anhydrous water miscible solvents. By losing the
coordinated H,O molecules, the coordination environment of
Co" centers revert to result in BP (BP-brb), as evidenced by
single-crystal diffraction and XRD (Supporting Information,
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Figure S13, S24). Similar to the BP to RP process, the reverse
transformation process could also proceed rapidly (see the
Supporting Information for details). This rapid response and
recyclable characteristics are desired for sensing applications,
and the associated property change is suitable for the
identification and monitoring of the state of targeted
system. Furthermore, the structure transformation can also
be triggered by the presence of NH; (Supporting Information,
Figure S14, S15). Based on these characteristics, this material
is a good candidate as sensor for these coordinative mole-
cules.'+17)

Apart from the investigation of structure transformation,
structural analyses of BP and RP reveal that the dissociation/
recovery of pta’” ligands defined two states of the channels,
and the role of pta*” ligands, might be described as gates: in
BP, the coordinated pta®~ ligands are ordered in the channels
and divide the space in the channels into individual chambers
with dimension of about 0.57x0.75x 1.9 nm® (Supporting
Information, Figure S18). As the diffusion of guest molecules
in the channels blocked by the coordinated pta®~ ligands, the
state of channels in BP could be defined as closed (Figure 3c¢);

Figure 3. Space-filling view of the crystal structure of a) BP and b) RP
along ¢ axis. Schematic diagram of the “gate effect” of the frameworks:
c) the gates are closed and guest molecules are sealed, d) the gates
are open and guest molecules are released.

in contrast, when RP was obtained by structure transforma-
tion, the pta®~ ligands dissociated from the framework and
were dispersed randomly in the channels. These channels are
opened, and guest molecules can be released (Figure 3d).
Based on the structure transformation investigation, this gate
effect should be controllable by the introduction and removal
of coordinative molecules.

To confirm the gate effect!'! for controllable guest
trapping and release, a pair of tests were designed and
performed with DMF molecules as guest (Scheme 1; Sup-
porting Information, Figure S22). The BPODMF kept dry
remains blue until immersed in D,O. In D,O, BP turns to RP
and DMF guests are released (Supporting Information,
Figure S22b). In contrast, BPODMF kept in a humidistat
turns red in about 7 days and releases most of the guest DMF
molecules into the air. Almost no DMF could be detected by
'HNMR (Supporting Information, Figure S22c). This test
reveals that the framework of BP can effectively encapsulate
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Scheme 1. Contrast test for the confirmation of the gate effect.

DMF molecules and release them in the presence of water
vapor (in humidistat) or water (by immersion) by structure
transformation. On the other hand, although some of the
encapsulated DMF is released when BP is immersed in
[D,JMeOH (Supporting Information, Figure S23c), NMR
tests reveal that DMF is hardly exchanged by [Ds]DMSO
(Supporting Information, Figure S23d). These results indicate
that the gate effect in solution could be affected by the
properties of solvent. All of the results mentioned above
indicate that the structure transformation of the frameworks
controls encapsulation and release of small molecules by the
gate effect. Moreover, as the color of sample changes with the
transformation, the switch state of the gates can be identified
and monitored by the color change of the complex.

Apart from DMF, complex BP can be synthesized by
anhydrous solvents, such as DMAC, DEF, methanol, or
ethanol (Supporting Information, Figure S17). These solvent
molecules also can be loaded in the chambers of BP.
Furthermore, these different synthetic methods reduce the
cost and toxicity in synthesis.

To further investigate the pore features of the frameworks
and confirm the precise condition required for structure
transformation, gas and vapor adsorptions were performed.
Before the measurements, a sample of BPODMF was solvent-
exchanged to obtain BPDOCH;OH (see the Supporting
Information for details), and guest methanol molecules
were removed by heating under high vacuum to afford
guest free BP. It should be noted that RP-H,O gradually loses
the coordinated and guest H,O molecules to result in BP
during the evacuation process, so only BP can be tested for
gas adsorption. The adsorptions of CO,, CH,, and N, at 273 K
show that BP has high adsorption selectivity for CO, and CH,
over N, (Figure4a; see the Supporting Information for
details).

Vapor adsorption isotherms of methanol, ethanol, and
water for BP at 273 K are shown in Figure 4b. For water, the
uptake at low pressure is much lower than that of methanol
and ethanol. This selective uptake could be attributed to the
aromatic, hydrophobic pore surface in BP. Surprisingly, the
isotherm for H,O shows a sudden rise between 0.65 and
0.76 mmHg (P/P,: 0.14-0.17), and then attains a saturated
level (Figure 5). The sample had transformed from BP to RP
at the end point of the sharp increase, as shown by the color
change of sample (Figure 5). The sudden increased uptake of
H,O can be mainly attributed to the additional coordination
of water to the Co" ions (about 105 cm’g™ STP) and the
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Figure 4. a) Adsorption isotherms of BP for CO,, CH,, and N, at
273 K. b) Vapor adsorption isotherms at 273 K.
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Figure 5. The SC-SC transformation during H,O adsorption.

enhanced host—guest/guest—guest interactions between the
guest H,O molecules and cationic host RP framework or
anionic guest pta*  ligands. The opened channels that
accompany structure transformation may also benefit the
diffusion of H,O molecules into the framework. The H,O
adsorption isotherm indicates that structure transformation
had occurred in a narrow H,O pressure range. This means the
structure transformation as well as the gate effect can be
regulated by controlling the humidity. This is also an
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advantage for quantitative sensing and determination appli-
cations. Furthermore, the remarkable H,O uptake and
significant uptake differences toward H,O and other tested
gas/vapors make BP a good candidate for moisture remove.
In conclusion, we have successfully synthesized a Co"
MOF (BP) with ultramicropores in its structure. With the
stimuli of coordinative molecules such as H,O and NH;, BP
can reversibly transform to red RP with micropores. The
reversible response to H,O/NH; of this complex makes it
a good candidate as a sensor material. Besides the change of
framework topology, the reversible SC-SC transformation
between BP and RP is accompanied by the removal/recovery
of pta’” ligands, which leads to a gate effect in the 1D
channels. The controllable open and close of channel can
encapsulate and release small guest molecules under certain
conditions. As the gate effect still has some limitations, we are
trying to accurately control the encapsulating capability and
the sensitivity of the transformation by modifying the size and
textures of the gates. Further studies are still under way.
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