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Abstract: To study the structural effects in three-dimensional porous coordination polymers, three novel
flexible porous coordination polymers—[Cd;(bpdc),](DMF);(H,0O) (1) and [M(bpdc)|(DMF)(H,O)
(M = Cd (2), Zn (3))—have been synthesized under solvothermal conditions with d'° block metal
ions and T-shaped connecting ligand. Complexes 1-3 crystallize in different space groups, but they
display the same ant network. The first two complexes can transform into each other via the alteration
of guest, whereas complex 3 shows no structural change. The structural details reveal that the size of
metal ions might be responsible for the transformation of porous frameworks. Furthermore, luminescent
properties have been explored, and a guest-dependent shift of emission peaks was observed, suggesting
potential application of the complexes as a probe.
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1. Introduction

The rational design and synthesis of porous coordination polymers (PCPs) and metal-organic
frameworks (MOFs) have attracted a great deal of attention for more than two decades thanks to
possibility of their structure regulation and potential applications in gas storage and separation [1-4],
catalysis [5-8], magnetism [9,10], sensing [11-13], drug delivery [14,15], and so on [16]. The framework
structures of PCPs/MOFs could depend on the type of metal ions, organic ligands, and the solvent used.
Recently, breathing effects became of interest to solid-state chemists and physicists in the context of the
flexibility and phase transitions of the frameworks [17,18]. Flexible PCPs were reported less frequently
since the materials may become unstable when the coordination bonds and/or weak supramolecular
interactions are changed. Flexible frameworks were assembled through flexible carboxylate ligands in
our previous work [19], and it is of great importance for us to deepen the strategy to the construction
with rigid ligands. Another reason for choosing rigid ligands is that the construction and regulation of
PCPs becomes simplified.

The multidentate ligand 2,2’-bipyridine-5,5'-dicarboxylic acid (Hbpdc) is a good candidate because it
contains two types of coordination groups—carboxylate groups and chelating position N-donors—which
can act in linear bridging mode and/or T-shaped connecting mode [20-37]. To date, there are 20 different
coordination modes for Hybpdc ligand observed in the structures retrieved from the Cambridge Structural
Database (CSD version 5.38, February 2017) [38] (Figure 1, Scheme S1). Among those, type b usually
results in zero dimensional molecular complexes, as it only acts as a chelating ligand via N-donors from
the bipyridine [28]. To construct 3D flexible PCPs, although type a (T-shaped connecting mode) is reported
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more frequently, type c (linear bridging mode) is the most favorable option because the bpdc?~ ligands
in the former type often act essentially as rigid spacers [20-23]. Besides that, auxiliary ligands were also
introduced to tune the flexibility of the frameworks [24]. It is interesting that there are relatively fewer
reports on the flexible PCPs that are constructed with homometallic ions and pure Hybpdc ligand as
T-shaped connecting modes, especially in type a [25].
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Figure 1. The number of published structures which contain Hybpdc ligands in different coordination
modes. a—t represent the types of coordination modes, see Scheme S1.

2. Experimental

2.1. Materials and Physical Measurements

The reagents and solvents were commercially available and used as received without further
purification. C, H, and N microanalyses were carried out with Elementar Vario-EL CHN elemental
analyzer. Powder X-ray diffraction (PXRD) intensities for polycrystalline samples of 1-3 and
solvent soaking samples were measured at 293 K on a Bruker D8 Advance Diffractometer (CuKe,
A = 1.54056 A) by scanning over the range of 5°-50° with step of 0.2°/s. Simulated PXRD patterns
of 1-3 were generated with Mercury software. Fourier transform infrared (FI-IR) spectra were
recorded with KBr tablets in the range 4000-400 cm ! on Perkin Elmer Spectrum One spectrometer.
Thermogravimetric (TG) analysis was carried out on NETZSCH TG209F3 (NETZSCH, Bavaria,
Germany) thermogravimetric analyzer. Nitrogen gas sorption isotherms for activated sample of
1 were measured on a volumetric adsorption apparatus (Bel-max, Osaka, Japan). The fluorescent
spectra of solid samples of 1-3 were measured on Hitachi F-4600 at room temperature with a xenon
arc lamp as the light source.

2.2, [Cdz(bpdC)z](DMF)g(HzO)

(1): A mixture of CdCl,-0.5H,0 (0.2 mmol, 46 mg), Hobpdc (0.2 mmol, 48 mg), and DMF (15.0 mL)
was put in a stainless steel reactor with Teflon liner (23 mL) at ambient temperature for a week,
and then heated at 120 °C for 72 h and cooled to ambient temperature at a rate of ca. 3 °C-h~! to give
colorless block crystals (yields based on Hybpdc: 80 mg, 84.5%). Elemental analysis calculated for
C33H35N7012Cdy (%): C 41.88, H 3.73, N 10.36; found (%): C 42.02, H 3.74, N 10.44.

2.3. [Cd(bpdc)(DMF)(H,0)

(2): Similar method as 1 except the solvent was replaced by a mixture solvent, DMF:H,O = 1:1.
Colorless block crystals were obtained (yields based on Hpybpdc: 24 mg, 26.9%). Elemental analysis
calculated for C15H15N306Cd (%): C 40.42, H 3.39, N 9.43; found (%): C 40.21, H 3.14, N 9.44.
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2.4. [Zn(bpdc)(DMF)(H,0)

(3): A mixture of ZnSOy4-7H,0O (0.2 mmol, 56 mg) and Hybpdc (0.2 mmol, 48 mg) was dissolved
in DMF (12 mL), and adjusted to the pH value of ca. 8 with hexamethylenetetramine. After standing
for one week in a stainless steel reactor with Teflon liner (23 mL) at ambient temperature, the mixture
was heated at 120 °C for 72 h and cooled to ambient temperature at the rate of ca. 3 °C-h~! to give
light yellow block crystals (yields based on Hybpdc: 30 mg, 75.2%). Elemental analysis calculated for
C15H15N306Zn (%): C 45.19, H 3.79, N 10.54; found (%): C 45.48, H 3.81, N 10.37.

2.5. X-ray Crystallography

Complexes 1-3 were sealed in a quartz tube with DMF solution and the diffraction data for 1-3
were collected on Oxford Diffraction Xcalibur Nova with Cu-Ka radiation (A = 1.54184 A) at 293(2) K,
Bruker D8 QUEST diffractometer with MoK« radiation (A = 0.71073 A) at 293(2) K and Bruker Apex1I
CCD area detector diffractometer (MoK« radiation) at 296(2) K, respectively. Absorption corrections
were applied by using multiscan program SADABS. The structures were solved using direct methods
and refined using the SHELXTL program [39]. For complexes 2 and 3, the disorder of DMF and H,O
molecules could not be modelled properly, hence the program SQUEEZE [40]—a part of the PLATON
package of crystallographic software—was used to calculate the disordered solvent contribution and
remove it from the overall intensity data. Further details of the structural analysis for complexes 1-3
are summarized in Table 1.

Table 1. Crystal data and structure refinements for 1-3.

Complex 1293 K) 2 (293 K) 3 (296 K)
Empirical formula C33H35N7012Cd2 C15H15N306Cd C15H15N3062n
fw 946.48 445.70 398.67
Crystal system Monoclinic Orthorhombic Orthorhombic
Space group P2;/c Fdad Fddd
a/A 11.8988(2) 17.4483(5) 15.930(7)
b/A 24.8683(4) 19.4148(6) 19.280(8)
c/A 12.8119(2) 23.8529(7) 23.109(9)
B/° 93.0640(10) 90 90
v/A3 3785.66(11) 8080.3(4) 7097(5)
z 4 16 16
Pealed /g c ™3 1.661 1.465 1.492
p/mm-1 9.599 1.112 1.419
S 1.059 1.070 1.017
Ry a1, wR, ] (1> 26(1)) 0.0407, 0.0993 0.0313(SQUEEZE), 0.0825(SQUEEZE) 0.0589(SQUEEZE), 0.1563(SQUEEZE)
Ry [l wR, ] (all data) 0.0561, 0.1104 0.0375(SQUEEZE), 0.0873(SQUEEZE) 0.0900(SQUEEZE), 0.1736(SQUEEZE)

[alR1 =X 1 I Fo| — [Fcl | /S 1Fo1; [b] wRy = [Ew(Fo? — F2)? /Xaw(F,2)2]H2.

3. Results and Discussion

3.1. Synthesis Conditions

The development of a suitable synthetic method is of a primary importance in chemistry.
Solvothermal method is widely used in the construction of PCPs, and there are many factors that
could help to manipulate the structure of the product. It is surprising that there are rare cases of
Hybpdc ligands which coordinate to form homometallic frameworks [29] with twelfth group (IIB)
metal ions with the capability to form complexes. We have reported two complexes with group IIA
metal ions—Ca(bpdc)(DMF),(H,0), and Mg(bpdc)(H,O);—which were obtained from DMF solution
using solvothermal conditions [41]. Fortunately, while replacing the metal ions and adjusting the
standing time before heating, three novel flexible PCPs formed with Hybpdc ligand and cadmium/zinc
ions—[Cd;(bpdc),](DMF)3(H,O) (1) and [M(bpdc)](DMF)(H,0) (M = Cd (2), Zn (3))—were produced
and characterized. To our best knowledge, this is the first time when the flexible frameworks composed
of cadmium ions and bpdc?~ ligands are reported. It should be mentioned that the standing time for a
week is necessary since if the mixture of reactants is placed directly at high temperature, the product is
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a non-crystalline solid. Because of the different properties shown between cadmium complexes and
zinc complex, the mercury complex has been attempted in a similar way, but unfortunately no similar
porous framework could be obtained.

3.2. Crystal Structures of 1-3

Single crystal X-ray diffraction analysis revealed that complex 1 crystallizes in the space group
P21 /c and is a three-dimensional coordination polymer with large pores in the structure. In the
asymmetric unit, there are two independent Cd?* atoms, two bpdcz’ ligands, three DMF, and one
H,O guest molecule. The Cd1 and Cd2 atoms are both in distorted octahedral geometry formed by
four oxygen atoms from four carboxylate groups and two nitrogen atoms of the bipyridyl group
(Xca1 = 97.5°, Ycqp = 112.6°) [42] (Figure 2a), and two Cd atoms form a wheel dinuclear unit,
Cd,(COO0),. The bpdc?~ ligand, coordinating to five Cd atoms, is a T-shaped connector (type a)
which is of two types (bpdc(N1,2) and bpdc(N3,4)), chelating atoms Cd1 and Cd2 atoms, respectively.
The bpdc(N1,2) ligands as type f connect three Cd1 atoms into wavy 2D layers (Figure S1) which are
further linked with the adjacent wavy layers composed of bpdc(N3,4) ligands and Cd2 atoms via the
dinuclear units into 3D porous coordination framework (Figure 2b), which exhibits four types of open
channels along the a-axis, c-axis, [101], and [111] directions (Figure S2).

Figure 2. Cont.
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(d)

Figure 2. (a) Coordination environments of Cd** atoms and bpdc?~ ligand in complex 1; (b) Polyhedral
view (green and cyan polyhedrons represent the Cdl and Cd2, respectively) for 3D framework
composed of two infinite Cd(bpdc) plane along c-axis; (c) The guest molecules of DMF and H,O
situated in the framework along the [101] direction; (d) The (6,3) connected topology network in
complex 1.

From PLATON calculation [43], the total void volume for filling in potential solvent is about
1886 A3, which is 49.8% of the unit cell volume for the porous structure. Among the described types
of channels, the biggest one is a quadrangled open channel with the dimensions 3.5 x 11.9 A in
herringbone pattern stacking along [101] direction. Three DMF molecules and one water molecule,
arranged in a line along that channel (Figure 2c), are retained via hydrogen bonding interactions
(e, 0=2.04266A, /C-H... O=114.0°-164.3°) (Figure S3). While the dinuclear units Cd,(COO)4
are considered as six-connected nodes, the bpdc?~ ligands can be regarded as three-connected T-shaped
nodes, thus the 3D framework structure of complex 1 can be simplified into a (6,3) connected ant
topological network with the Schlifli symbol of {4*.62.8%.10}{42.6} (Figure 2d). To the best of our
knowledge, complex 1 is the first homometallic structure composed of Cd?* ions and bpdc?~ ligands.

The frameworks of complexes 2 and 3 are similar to that of complex 1, whereas a similar network,
[Mn(bpydc)]-DMA, has been reported by Liu et al. [25]. Differences of the structural compositions
of 1-3 are the numbers of guest molecules and the metal ion centers. Interestingly, for 2 and 3,
the crystallographic data show that the structures crystallize in a higher symmetry space group Fddd,
resulting in the asymmetric unit contents reduced by half (Figure S4). Furthermore, the frameworks
of 2 and 3 became more square, although they are composed of similar dinuclear units and can be
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simplified into the same ant topology. Looking into structures of 1-3 (Figure 3), the size of metal
ions might affect the construction of the frameworks. For the first two complexes, coordination bond
lengths (Cd-O = 2.166(4)-2.446(4) A, Cd-N =2.372(4)-2.396(3) A) are longer than those of complex
3 (Zn-O = 1.947(4)-2.384(3) A, Zn-N = 2.208(4) A), and the distortions of structures 1 and 2 are
smaller than that of 3 (Table S1). Besides that, the different distortions, caused by different hydrogen
bonding interactions (C16-H16A ... O1IW =2.62 A), in two pyridyl planes in complex 1 affect the
symmetry of the dinuclear unit (Table S2). Therefore, the dihedral angles between the bipyridyl
planes, 65.9°, 75.3°, and 78.3°, respectively, for 1-3 mainly result in the different distortions of the 3D
coordination frameworks.

Figure 3. The difference in dihedral angles in the dinuclear units for 1 (a), 2 (b), and 3 (c) between the
bipyridyl planes resulting in the different distortions of the 3D coordination frameworks, respectively
(1(d), 2 (e), and 3 (f)). The hydrogen bonding interaction in (a) impels the different distortions of two
pyridyl planes.

3.3. IR Spectra and TG Measurements

As the solvent molecules in complexes 2 and 3 could not be found from single-crystal X-ray
diffraction data, the composition was confirmed via elemental analysis, IR (Figure 4a), and TG data
(Figure 4b—d). IR spectra show that the absorption bands of COO™ and bipyridyl groups are 1607 and
1396 cm !, and 1378, 848, and 779 cm ! respectively. The peaks at 1643, 1170, 1132, and 1034 cm~!
correspond to those of DMF molecules [44]. All TG data of complexes were measured from room
temperature to 700 °C under nitrogen atmosphere heated at a rate of 10 °C/min. For 1, a weight loss
of 26.0% from beginning to 140 °C corresponds to the loss of three DMF and one water molecules
per formula unit (calc. 25.1%), which ensures that the formula obtained from X-ray diffraction is
correct. After a long plateau, a large weight loss occurs from 320 °C to 500 °C in accordance with
the decomposition of the organic ligands in the framework (found 48.5%, calc. 51.1%). For 2 and 3,
the similar TG curves show that the weight loss from room temperature to 150 °C or 170 °C would
correspond to the loss of one DMF and one water molecules in the formula, respectively (for 2, found
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20.5%, calc. 20.4%; for 3, found 25.2%, calc. 23.7%). Since the mass loss of samples 2 and 3 continued
after 700 °C, the PXRD of the remaining sample show that the peaks are corresponding to that of CdO
and ZnO, respectively (Figure S5).
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Figure 4. (a) IR spectra of 1-3. The thermogravimetric data and DTG analysis for 1 (b), 2 (c), and 3 (d).

3.4. Stabilities and Structure Transformation

Because complexes 1-3 show long plateaus after the solvent molecules lost in TG data,
the desolvated complexes were characterized with PXRD. Interestingly, the peaks of three desolvated
samples—which are different from that of 1-3 with guest molecules—turned into a similar pattern
and became broader which might be due to the distortion of the porous frameworks (Figure S6).
This means that the crystallinities of all the frameworks could not be sustained, and unfortunately,
the structures could not be retrieved through the powder diffraction data since the crystallinities were
not good enough. Adsorption of N gas at 77 K for activated samples of 1 were measured and showed
no adsorption capacity (Figure S7). On the other hand, the difference between 1 and 2 indicated that
the possibility might exist that complex 1 could change into complex 2. Herein, after crystals of 1 were
immersed in the DMF and H,O equimolar mixture for one week, the crystal structure changed into 2,
and vice versa, which was confirmed by PXRD (Figure 5, I, II, III). However, for complex 3, it could not
absorb more DMF molecules into the pores even if the dehydrated DMF was used. This phenomenon
could be ascribed to the different metal properties and host-guest interactions [45].

o

Sim_1

5 10 15 20 25
20/ deg

30 35 40

Figure 5. The powder XRD (PXRD) patterns showing the structural transformations of 1: (I) is the
original sample; (II) is the sample immersed in DMF:H,O (1:1) for one week; (III) is sample II after
being immersed back in DMF for one week. Sim_1 and Sim_2 represent the simulation patterns for 1
and 2, respectively.
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3.5. Luminescent Properties

The solid-state photoluminescence properties of complexes 1-3 have been studied at room
temperature. It is well known that the luminescent properties of d' metal complexes could be
affected by the coordination modes of organic ligands and/or the guest molecules [46]. Compared to
the emission peaks (455 and 547 nm) of the Hybpdc [41], the emission peaks of 1 and 2—417 nm and
447 nm, respectively—are hypochromatically shifted whereas that of 3 (467 nm) is bathochromically
shifted (Figure 6). The emissions could be attributed to the —m* transition within the bipyridyl ligands,
and the different shifts between cadmium complexes and zinc complex might be the metal ion effects
in the coordination structure, because the energy levels are different. It is noticed that the emission
band of 1 at 417 nm is obviously red shifting to the emission band of 2 at 447 nm, which might be
ascribed to the different distortion of two pyridyl rings of the bpdc?~ ligands and the effect of guest
molecules [47]. Furthermore, the luminescent properties of desolvated samples of 1-3 show similar
emission peaks at 460 nm (Figure S8). These complexes might be potentially used as a probe.
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Figure 6. Luminescent properties of 1-3.

4. Conclusions

In summary, three novel d'° metal porous coordination polymers have been isolated with
T-shaped connecting linkers and fully characterized. Here, complexes 1 and 2 with large porous
channels exhibited structural transformation during the desorption/adsorption of DMF molecules,
and further showed the shift of emission peaks which imply their potential use as a probe. However,
the zinc complex 3 could not adsorb DMF molecules to change the structure and exhibited blue
emission in fluorescence. This work introduces a special synthetic method and idea in crystallizing
and tuning the pore structures, and could open the way to constructing novel complexes.

Supplementary Materials: The following are available online at www.mdpi.com/2073-4352/7/10/311/s1,
Scheme S1: Coordination modes displayed by Hybpdc ligand in metal complexes, as retrieved from the Cambridge
Structural Database (CSD version 5.38, updated to Feb 2017); Figure S1: The wavy 2D layer structure of
Cd1bpdc(N1,2); Figure S2: View of the 3D porous structure of 1 from direction on g-axis (a), c-axis (b), (101) (c)
and (111) (d); Figure S3: The hydrogen bonding interactions (multi-color bonds) for the DMF and H,O molecules
in complex 1; Figure S4: (a) The coordination environments of metal atoms and bpdc?~ ligand and (b) the ant
topological network for 2 and 3. (cyan balls and purple balls represent dinuclear units and bpdc?~ ligands
respectively); Figure S5: The PXRD patterns for the rest samples of 2 (a) and 3 (b) after TGA analysis, which
corresponded to the patterns of CdO (monteponite, syn) and ZnO (Zincite, syn) respectively; Figure S6: The XPRD
patterns for desolvated samples of 1-3; Figure S7: The N2 adsorption data at 77 K of the activated samples of
1; Figure S8: The luminescent properties for active samples of two metal complexes excited at 363 nm; Table S1:
Selected bond lengths (A) and angles (°) for 1-3; Table S2: Selected Hydrogen bond lengths (A) and angles (°)
for 1. Supporting figures: adsorption data and PXRD patterns. X-ray crystallographic file in CIF format (CCDC:
1548356, 1548357, 1548358). Supplementary data to this article can be found online at http://dx.doi.org/.
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