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Two racemic and one homochiral 3-D H-bonded supramolecular frameworks constructed from the
mutually interdigitated 2-D motifs, showing interesting pore structures and properties, have been
synthesized by the solution reactions of Ag(I) with bpp and three carboxylates of different lengths.

Three coordination polymers, {[Ag,(R-PHBU)(S-PHBU)(bpp),]-H,0},, (1, racemic), {[Ag(R-
PHSU), 5(S-PHSU)o s(bpp)>]-2H,0}, (2, racemic), and  {[Ag:(CHDA)(bpp):]-9H,0}, (3,
homochiral) (HPHBU = 2-phenylbutyric acid, H,PHSU = 2-phenylsuccinic acid, H,CHDA = 1,1-
cyclohexanediacetic acid, bpp = 1,3-bis(4-pyridyl)propane), have been synthesized by solution reac-
tions of Ag(l) with bpp and rac-PHBU™, rac-PHSU?", or CHDA?". Single-crystal X-ray diffraction
reveals that all three complexes feature “Ag- - -Ag” subunits extended by bpp ligands in two-dimen-
sional (2-D) [Ag(bpp),]>"" cation layers, which are embedded by the PHBU, PHSU?", or CHDA?"
ligands of different lengths. Adjacent 2-D layers with pillar-shaped fillers are mutually interdigitated
to 3-D H-bonded supramolecular coordination polymers with 1-D pores. As the length of the pillar-
shaped fillers increases from 5.6, 6.4 to 7.3 A, the dimensions of the pores range from 5.0 x 3.7 A
(narrow slit), 8.7 x 5.6 A (elliptical) to 13.4 x 6.8 A (quadrangular), and the solvent-accessible void
volumes range from 3.6, 31.8 to 36.4% of the crystal volumes. The 1-D pores are filled with guest
water molecules. The guest water molecules in 1 are discrete. Centrosymmetric water tapes and
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chiral right-handed 2; helical water tapes are observed in 2 and 3, respectively. Thermal and
photoluminescent properties, as well as lead(II) adsorption, are also discussed.

Keywords: Coordination polymer; H-Bonded; Carboxylate

1. Introduction

Porous coordination polymers have attracted attention owing to intriguing architectures and
versatile applications, catalysis, gas storage, magnetism, separation, and exchange of guests
in cavities [1, 2]. To date, much effort has been made to develop rigidly porous polymers
assembled with coordination bonds [3, 4]. In contrast, limited porous supramolecular
coordination polymers constructed by weak interactions have been reported, such as hydro-
gen bonding, molecule packing, or van der Waals interactions between low-dimensional
coordination motifs [5]. Low-dimensional structural motifs could be dynamic and shape-
memory materials as they may show structural changes during guest adsorption/desorption
or sustain changes caused by external stimuli [6, 7]. Nevertheless, it is still a challenge to
construct and control the dynamic nature of porous supramolecular coordination polymers,
especially chiral-related materials [8—10].

We have previously reported a series of sandwich-like coordination polymers of
Agr,—RCO,-bpp (R = phenyl or pyridyl, bpp = 1,3-di(4-pyridyl)propane), which have typi-
cal 3-D supramolecular coordination polymers constructed from Ag- - -Ag interaction direc-
ted [Ag2 (NfN)z]Z+ coordination ladders or layers linked by carboxylate pillar-shaped
fillers [11]. In this work, flexible carboxylates with different lengths and substituent groups
(PHBU™, PHSU?", and CHDA”") were introduced (see scheme 1). Two racemic and one
homochiral MOF constructed from mutually interdigitated 2-D motifs, showing interesting
pore structures and properties, have been synthesized and characterized.

2. Experimental

2.1. Materials and methods

Reagents and solvents employed were commercially available and used as received. FT-IR
spectra were recorded as KBr pellets from 4000 to 400 cm ™' on a Nikolai AVATAR spec-
trometer. The C, H, and N elemental analyses were carried out with an Elementar Vario—EIl
CHNS analyzer. Thermogravimetric analysis (TGA) was performed at a rate of 10 °C min™"'
using a SHIMADZU DTG-60 system. The concentration of lead(Il) was determined by a
INESA-722S spectrophotometer before and after adsorption. The solid-state photoexcitation
and emission spectra were performed on a Perkin Elmer LS55 spectrophotometer.

PHBU - PHSU > CHDA*

Scheme 1. The length of three pillar-shaped carboxylates.
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2.2. Synthesis

2.2.1. Synthesis of {[Ag,(R-PHBU)(S-PHBU)(bpp),]-H,0},, (1). A mixture of [Ag
(NH3),](OH) (0.5 mmol), rac-HPHBU (0.082 g, 0.5 mmol), bpp (0.05 g, 0.5 mmol), and
water (10 mL) was vigorously stirred for 10 min at room temperature. The resulting solu-
tion was filtered and allowed to stand in air at room temperature. Block colorless crystals
were obtained after three days (yield: 70%). Anal. Caled for C4cHs5,N4O5Ag,: C, 57.75; H,
5.48; N, 5.86. Found: C, 57.84; H, 5.46; N, 5.93. IR (KBr, cm™"): 3430(vs), 3061(w), 2964
(m), 2362(m), 1661(w), 1607(vs), 1572(vs), 1492(w), 1460(m), 1391(s), 1228(m), 1072(w),
1000(w), 807(s), 702(m), 508(m).

2.2.2. Synthesis of {{Ag,(R-PHSU), 5(S-PHSU).s5(bpp):]-12H,0},, (2). A mixture of [Ag
(NH5),](OH) (0.5 mmol), rac-H,PHSU (0.048 g, 0.25 mmol), bpp (0.05 g, 0.5 mmol), and
water (15 mL) was vigorously stirred for 10 min at room temperature. The resulting solu-
tion was filtered and allowed to stand in air at room temperature. Block colorless crystals
were obtained after five days (yield: 80%). Anal. Calcd for C3¢HgoN4O16Agy: C, 42.37; H,
5.92; N, 5.49. Found: C, 42.43; H, 5.83; N, 5.56. IR (KBr, cm™"): 3351(m), 3071(w), 2942
(w), 2864(w), 1611(vs), 1552(vs), 1491(w), 1457(m), 1410(vs), 1275(w), 1220(m), 1072
(W), 989(m), 804(s), 698(w), 502(s).

2.2.3. Synthesis of {[Ag,(CHDA)(bpp).]-9H,0}, (3). A mixture of [Ag(NH;3),](OH)
(0.5 mmol), H,CHDA (0.1001 g, 0.5 mmol), bpp (0.05 g, 0.5 mmol), and water (15 mL)
was vigorously stirred for 10 min at room temperature. The resulting solution was filtered
and allowed to stand in air at room temperature. Rod-like colorless crystals were obtained
after three days (yield: 75%). Anal. Calcd for C3sHggN4O13Ag,: C, 44.46; H, 6.22; N, 5.76.
Found: C, 44.35; H, 6.28; N, 5.64. IR (KBr, cm™"): 3383(s), 2921(m), 2847(w), 1647(w),
1589(vs), 1551(vs), 1458(m), 1389(s), 1202(m), 1067(w), 999(m), 791(m), 608(w), 504(m).

2.3. Crystal structure determination

Data collections were performed on a Bruker Apex CCD diffractometer with Mo Ko radia-
tion (1 = 0.71073 A) at 150 K for 1, 2, and 3. The intensities were integrated with SAINT"
and also applied corrections for Lorentz and polarization effects. Absorption corrections
were applied by using the multi-scan program SADABS [12]. The structures were solved
by direct methods. All non-hydrogen atoms were refined anisotropically by least squares on
F* using SHELXTL [13]. The organic hydrogens were generated geometrically (C,—H
0.93 A; Canyr—H 0.97 A). Crystal data as well as details of data collection and refinements
for 1, 2, and 3 are summarized in table 1.

3. Results and discussion

3.1. Synthesis

Different sources of the reactant components (e.g., utilization of different metal salts and
organic precursors instead of target ligands) can greatly influence the crystallization resul-
tant products. Reactions of silver(I) salts and organic ligands with carboxylic groups in
aqueous solution often lead to microcrystalline or amorphous insoluble “silver complexes,”
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Table 1. Crystal data and structure refinement for 1, 2, and 3.

Compound 1 2 3
Empirical formula C46H35oN4O5A g, C36HgoN4O16AL, C36HgoN4O13Ag,
Formula weight 956.67 1020.62 972.62
Temperature (K) 150 K 150 K 150 K
Wavelength (A) 0.71073 0.71073 0.71073
Crystal size (mm®) 0.12 x 0.10 x 0.09 0.20 x 0.14 x 0.14 0.18 x 0.15 x 0.14
Crystal system Monoclinic Monoclinic Monoclinic
Space group C2/c P2,/c P2,
Unit cell dimensions (A, °)

a 22.685(2) 8.622(2) 11.943(1)
b 9.074(1) 25.685(5) 8.687(1)

c 22.724(2) 20.625(4) 24.158(1)
o 90 90 90

B 112.18(1) 97.571(3) 100.984(2)
bi 90 90 90
Volume (A%), Z 4331.3(8), 8 4527.8(4), 4 2460.51(9), 2
Calculated density (Mg m™>) 1.464 1.462 1.288
Absorption coefficient (mm ") 0.953 0.932 0.850
F(@000) 1952 2008 968
Reflections collected 10,620 22,962 20,238
Reflections unique 4239 8859 9568
Completeness (%) 99.9 99.4 99.9

Rint 0.0454 0.0242 0.0294
Goodness-of-fit on F2 1.077 1.044 1.089
R\* [I> 20 (1] 0.0453 0.0492 0.0597
WR,® (all data) 0.1294 0.1355 0.1788

Bi= LIF - RIS IF
PRy = [Sw(F - F2 /S w(F2)]

which is presumably due to the formation of polymeric structures via rapid interactions
between carboxylic groups and silver ions [14]. There is still a general challenge to grow
crystals of desired materials with suitable size for X-ray structural analysis. Controlled
release of silver ions may help to slow the formation of silver-organic coordination poly-
mers and yield better single crystals. We used freshly synthesized [Ag(NHj3),](OH) to react
with multi-carboxylic acid ligands and obtained polymeric coordination compounds [11]. In
this study, we used freshly synthesized [Ag(NH3),]J(OH) to react with rac-PHBU,
rac-PHSU?”, or CHDA?™ and bpp ligands, which is rapid and efficient.

3.2. Crystal structure of {{Ag>(R-PHBU)(S-PHBU)(bpp),/-H,0}, (1)

X-ray crystallographic analysis reveals that 1 crystallizes in the monoclinic C2/c space
group. Each asymmetric unit contains one Ag(I), one PHBU , and one bpp [see figure
1(a)]. Ag(I) has a distorted tetrahedral coordination geometry by coordination with two
nitrogens of different bpp ligands and two oxygens of the PHBU counterion (Agl-—
N =2.218(1) and 2.218(1) A; Agl-O =2.509(1) and 2.683(2) A). Adjacent Ag(l) ions are
ligated into 1-D [Ag(bpp)}';+ chains by the bpp ligands of 77 conformation with a N---N
distance of 9.511(2) A and a dihedral angle of 73.2° between the two pyridyl rings (see
figure S1, see online supplemental material at http://dx.doi.org/10.1080/00958972.2015.
1058484) [15]. The adjacent [Ag(bpp)]’" chains are linked into 2-D [Agz(bpp)zﬁn+ cation
layers by Ag- - -Ag interactions with the distance of 2.963(1) A, much shorter than van der
Waals radii of two silver ions [16].
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Figure 1. (a) Coordination environment of Ag(I) (symmetry codes: (A) x—1/2, 1/2—y, z—1/2; (B) —x, —y, —z), (b)
the [Ag(bpp).],>"" layer with Ag---Ag interactions, and (c) space-filling model of the 3-D supramolecular
coordination polymer with 1-D narrow slit pores along the b-axis in 1.

The resulting 2-D [Agz(bpp)z}i"+ cation layer extends on the crystallographic ab plane
[see figure 1(b)]. The [Agz(bpp)zﬁn+ layers are vertically embedded by PHBU™
pillar-shaped fillers. The successive [Ag(bpp)]:fr chains are inversion-related and thus con-
tain the same amount of R-PHBU  and S-PHBU . Upon stacking, the adjacent layers with
rac-PHBU  pillar-shaped fillers are mutually interdigitated by hydrogen bonding to give a
racemic 3-D H-bonded supramolecular framework with 1-D narrow slit pores along the
b-axis with dimensions of 5.0 x 3.7 A [see figure 1(c)]. The narrow slit pores are filled with
discrete guest water molecules. The estimated solvent-accessible void volume is 153.9 A®
per unit cell, which is 3.6% of the unit cell volume, calculated by PLATON [17].

3.3. Crystal structure of {{Ag>(R-PHSU), 5(S-PHSU),.s(bpp),]-12H,0}, (2)

Compound 2 crystallizes in the monoclinic P2,/c space group. Each asymmetric unit con-
tains one dimeric [Agz(bpp)z]2+ cation, one coordinated PHSU?", and twelve guest water
molecules. Both Ag (I) ions (Agl and Ag2) have 7-shaped coordination geometry [see
figure 2(a)], linked by two bpp ligands of 77 conformation with a N---N distance of
9.683 A and a dihedral angle of 64.9° between the two pyridyl rings (see figure S1) [15]
and form an infinite [Ag(bpp)]’ " chain along the b-axis [Agl-N = 2.191(2) and 2.185(2) A;
Ag2-N =2.110(2) and 2.105(2) A]. The adjacent [Ag(bpp)]" chains are aligned parallel
and bridged into a 2-D coordination layer by carboxylate groups from one side of PHSU?*~
[Agl-O1 =2.494(1) A; Ag2-02 =2.770(1) A)]. The Ag---Ag separation is 2.963(1) A.
The R-PHSU?™ and S-PHSU®~ ligands stand alternatively on both sides of the coordination
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Figure 2. (a) Coordination environment of Ag(I) (symmetry codes: (A) 1—x, 1/2 +y, 1/2—z; (B) —x, y—1/2, 1/
2-z), (b) 3-D supramolecular coordination polymer encapsulating 1-D hydrogen-bonded water tapes, (c) space-
filling model of the 3-D supramolecular coordination polymer with 1-D elliptical pores along the a-axis, and
(d) the 1-D water tape consisting of 7-shaped (H,0), tetramer, cyclic (H,O)s pentamer, and chair-shaped (H,O)¢
hexamer clusters in 2.

layer along the silver-pyridine chains. The adjacent 2-D motifs with rac-PHBU  pillar-
shaped fillers are mutually interdigitated to give a racemic 3-D H-bonded supramolecular
framework with 1-D elliptical pores along the a-axis with dimensions of 8.7 x 5.6 A [see
figure 2(b) and (c)]. The estimated solvent-accessible void volume is 1441.4 A® per unit
cell, which is 31.8% of the unit cell volume. The inside walls of the elliptical-shaped pore
are composed of Ag(I) ions, bpp, and R-PHSU?™ and S-PHSU?". The combination of the
pore dimensions and presence of uncoordinated carboxyl groups of R-PHSU®  and
S-PHSU?™ lead to a T-shaped (H,O), tetramer, cyclic (H,O)s pentamer, and chair-shaped
(H,0)¢ hexamer in the elliptical pores. Interestingly, the (H,O),4, (H,0)s, and (H,O)g clus-
ters are further connected into 1-D centrosymmetric water tapes by hydrogen bonding [see
figure 2(d)].

3.4. Crystal structure of {{Ag>,(CHDA)(bpp),/-9H,0}, (3)

Compound 3 crystallizes in the monoclinic P2; space group and features a 3-D interdigi-
tated homochiral H-bonded supramolecular framework of achiral ligands. Each asymmetric
unit contains two crystallographically distinctive Ag(I) ions (Agl and Ag2), one bpp ligand
of TT conformation with a N---N distance of 9.717 A, and a dihedral angle of 70.4°
between the two pyridyl rings, one bpp ligand of 7G conformation with a N---N distance
of 8.823 A and a dihedral angle of 78.9° between the two pyridyl rings (see figure S1), one
coordinated CHDA?", and guest water molecules. Agl displays a distorted tetrahedral
coordination geometry by coordination with one nitrogen of 77-bpp, one nitrogen of
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Figure 3. (a) Coordination environment of Ag(I) (symmetry codes: (A) —x, 1/2 +y, —1—z; (B) 1-x, 12 +y, —2),
(b) space-filling model of the 3-D supramolecular coordination polymer with 1-D quadrangular pores along the
b-axis, (c) the 3-D supramolecular coordination polymer encapsulating the hydrogen-bonded 2, helical water tape,
and (d) hydrogen-bonded 2; helical tape along the b-axis in 3.

TG-bpp, and two oxygens of CHDA®™ [Agl-N = 2.147(7) and 2.188(6) A; Agl-O = 2.525
(5) and 2.661(2) A]. Ag2 adopts an unsaturated linear coordination with one nitrogen of
TT-bpp and one nitrogen of TG-bpp [Ag2-N = 2.134(7) and 2.142(7) A] [see figure 3(a)].
Both Agl and Ag2 form an infinite [Ag(bpp)}ﬁ+ chain along the b-axis. The adjacent and
parallel [Ag(bpp)}"Jr chains are bridged into a 2-D coordination layer by Ag---Ag interac-
tions [Agl---Ag2 =3.047(1) A]l. The CHDA® ligands only coordinate to Agl-pyridine
chains, standing on both sides of the coordination layer; the adjacent motifs with CHDA*~
pillar-shaped fillers are interdigitated by hydrogen bonding to give a 3-D H-bonded
supramolecular framework with 1-D quadrangular pores along the b-axis with dimensions
of 13.4 x 6.8 A [see figure 3(b) and (c)]. The estimated solvent-accessible void volume is
894.5 A3 per unit cell, which is 36.4% of the unit cell volume.

The coordinated CHDA?™ on adjacent Agl-pyridine chains extends helically in the same
direction and forms a 1-D hydrogen-bonded 2; helical tape with guest water molecules
along the b-axis between the layers. Each helical step contains one coordinated CHDA*~
linked by 13 water molecules [see figure 3(d)]. All the hydrogen-bonded 2; helical tapes
are of right-hand (P). The 2; helical tape of only right-hand dlrectlon indicates chiral
characteristics of the whole framework. The adjacent 2-D [Agz(bpp)z] layers are inter-
connected by the right-handed hydrogen-bonded helical tapes into a homochiral coordina-
tion polymer in space group P2; (Flack parameter: —0.04). We can only detect the
configuration with flack parameter of negative in the products. The result is consistent with
a case of chiral symmetry breaking [18] versus a conglomerate [11(b)].
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Figure 4. Solid-state emission spectra of 1-3 at ambient temperature.

3.5. Thermal, photoluminescent, and adsorption properties

To estimate the stability of the coordination polymers, TGA experiments were performed
(see figure S2). In the TG curve of 1, the first weight loss of 2.0% at 40-75 °C corresponds
to the removal of one guest water per formula unit (Calcd 1.9%). For 2, the first weight loss
of 20.7% below 130 °C is attributed to loss of the twelve guest water molecules (Calcd
21.2%). For 3, the weight loss of 17.0% below 115 °C is attributed to loss of the nine guest
water molecules (Caled 16.7%).

The photoluminescence properties of 1-3 in the solid state were investigated at room
temperature (see figure 4). 1 exhibits a broad emission at 455 nm upon excitation at
350 nm. 2 exhibits photoluminescent emission with a maximum at 452 nm upon excitation
at 233 nm. 3 presents an emission at 445 nm (4., = 378 nm). The fluorescent emissions of
1-3 may be assigned to intraligand transition of coordinated bpp ligands; similar emissions
have been observed [19].

38 -
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Figure 5. Adsorption curve of lead(Il) in aqueous solution by 3.
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We attempted adsorption experiments of lead(IT) in aqueous solution by 3. The effects of
contact time, initial concentration of lead(Il), and pH were investigated. Results showed that
it reached the maximum capacity of 36.5 mg g~ ' (adsorption efficiency: 91.2%) at 298 K
and the pH 5.0, with an initial lead(IT) concentration of 150 mg L' (see figure 5).

4. Conclusion

We have synthesized two racemic and one homochiral H-bonded supramolecular framework
based on “Ag---Ag” subunits and pillar-shaped carboxylates of different lengths, which are
constructed from mutually interdigitated 2-D motifs. The pore metrics of three coordination
polymers can be continuously varied with the length and shape of the carboxylates. Com-
pared with other coordination complexes with carboxylate ligands [20], the arc length and
shape of the flexible carboxylates proves important to the 3-D supramolecular frameworks
constructed from the mutually interdigitated 2-D motifs. Interestingly, three host coordina-
tion polymers encapsulate discrete water molecules, centrosymmetric water tapes and chiral
right-handed 2; helical water tapes, respectively. Thermal and photoluminescent properties,
as well as lead(Il) adsorption, have also been discussed. The results may provide opportuni-
ties to further study dynamic coordination polymers with flexible linkers and pillars, as well
as chirality transfer between coordination polymers and guest molecules.

Supplementary material

Supplementary material available: TGA and IR for 1, 2, and 3. Crystallographic information
of 1, 2, and 3 has been deposited with the Cambridge Crystallographic Data Center
(CCDC) numbers 956328, 956329, and 956946. These data can be obtained free of charge
from the Cambridge Crystallographic Data Center via www.ccdc.cam.ac.uk/data
request/cif.
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