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Seven entangled coordination polymers assembled from triphenylamine-
based bisimidazole and dicarboxylates: interpenetration, self-
penetration and mixed entanglement
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Seven new entangled coordination polymers, namely, [Zn(sdc)(bita)] (1), [Zn(1,4-ndc)(bita)] (2),
[Zn,y(bdc)y(bita),] (3), [Zn,(sda)y(bita),] (4), [Cd(ode)(bita)]-0.5H,0 (5), [Cd,(bpdc),(bita),] (6) and
[Cds(bpdc)s(bita),]- 2DMEF (7) [bita=4,4’-bisimidazyltriphenylamine, Hysdc=4,4’-sulfonyldibenzoic acid,
1,4-Hyndc= naphthalene-1,4-dicarboxylic acid, H,bdc=1,4-benzenedicarboxylic acid, Hyodc=4,4’-
oxybisbenzoic acid, Hysda= 4,4’-stilbenedicarboxylic acid, Hybpdc= biphenyl-4,4’-dicarboxylic acid],
have been synthesized and structurally characterized. Compound 1 exhibits a 2D—2D polycatenaene of
three-fold interpenetrated sql networks. Compound 2 displays a four-fold interpenetration of dia network
in a [24+2] mode. Compound 3 features both polyrotaxane and polycatenane comprised of two interlocked
sets of heb network. Compound 4 shows a three-fold interpenetration of pcu network. Compound 5
presents an unuaual two-fold interpenetration of self-penetration framework with (4%-6-8°) topology.
Compound 6 displays a 2D—3D polycatenane of three-fold interpenetrated sql networks. Compound 7
exhibits an unusual self-penetration framework with (4*°-6°) topology. The thermal stabilities and
photochemical properties of these compounds have also been studied.

INTRODUCTION

The self-assembly of entangled coordination polymers has always been a hot researching issue in the field of supra-molecular chemistry
and crystal engineering in recent years, not only because of their interesting structural diversity," but also for their potential applications
as functional materials.> The exploitation of these structures can be helpful for both the design and analysis of crystal structures and
understanding the relationships between the structure and function of these coordination polymers. Among such systems, interpenetration
and self-interpenetration are most investigated types of entanglement.” The former can be described as a number of individual nets
participating in interpenetration with each other. The latter, however, are single nets having the peculiarity that the smallest topological
rings are catenated by other rings belonging to the same net. Another fascinating phenomenon contributing much to the topological
diversity is the coexistence of different entangled modes in one structure, such as the coexistence of interpenetration and polyrotaxane,
the coexistence of polyrotaxane and polycatenane, and so on.* One common feature in these structures is that part of the linkers belong to
one net are occupied by the coordinative rings, which are penetrated or catenated by motifs from the mutually entangled nets. However,
the mixed entanglements including interpenetration and self-penetration are less reported. It is mainly because that the self-penetration
seriously minimizes the void space within the single network, which definitely prevents the interpenetration of other nets.

Although remarkable progress has been made in this field, it is still difficult to synthesize entangled motifs with tailored structures and
properties, since a lot of factors, such as the temperature, pH value, solvents and counter anions, can impose unpredictable impact on the
final architectures. The rational choice of organic spacers with long size and flexibility has proven to be an effective strategy to generate
entangled topologies.” Along with our research on the building of entangled frameworks,® in this paper, we have designed and
synthesized a new V-shaped semi-rigid bisimidazole ligand, 4,4’-bisimidazyltriphenylamine (bita), as the building unit, which features
three special characteristics: (1) The long size makes it as a reasonable candidate to generate CPs with open frameworks. (2) The free
rotation of imidazole rings can promote the flexibility of ligand to meet the requirement of coordination geometries of metal ions for
tuning the fine structure. (3) Its bent conformation, especially, is potential to assemble a molecular unit with loops. Meanwhile, to further
investigate the influence of dicarboxylate acids on the formation of supra-molecular architectures, a series of dicarboxylic acids with
different conformation were introduced (Scheme 1). Successfully, we have synthesized seven new entangled coordination polymers,
namely [Zn(sdc)(bita)] (1), [Zn(l,4-ndc)(bita)] (2), [Zny(bdc)(bita),] (3), [Zny(sda)y(bita),] (4), [Cd(odc)(bita)]-0.5H,O (5),
[Cdy(bpdc)y(bita),] (6) and [Cds(bpdc);(bita),]-:2DMF (7). These compounds have been characterized by elemental analysis, IR
spectroscopy, thermogravimetric analysis (TGA) and X-ray crystallography.

Scheme 1. The building units that were used.

Experimental section

All the other starting materials were of analytic grade and used as received without further purification. Elemental analyses (C, H, N)
were performed with a Perkin-Elmer 240c elemental analyzer. TGA was performed on a Perkin-Elmer TG-7 analyzer heated from 30 to
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650 °C under nitrogen. The luminescent properties of these compounds were measured on a HITACHI F-7000 spectrometer. IR spectra
were obtained from KBr pellets on a Perkin-Elmer 580B IR spectrometer in the 400-4000 cm™' region.

Synthesis of bita. A mixture of Cu,0 (0.07g, 0.5mmol), 4,4’-dibromotriphenyl amine (4.03g, 10mmol), imidazole (2.72g, 40mmol), and
K,CO; (5.52g, 40mmol) in anhydrous DMF (30mL) in a 100mL two-necked round-bottom flask under N, was stirred at 150°C for 48 h.
The reaction mixture was filtered, and then the filtrate was added into 300mL of H,O. The deposit was filtered and washed with water
and dried in vacuum to afford the product in 50%. Anal. calcd. for C;gH3Br,N (%): C, 53.63; H, 3.25; N, 3.47. Found: C, 53.54; H, 3.32;
N, 3.44.

Synthesis of [Zn(sdc)(bita)] (1). A mixture of Zn(OAc), 2H,0 (0.0220g, 0.1mmol), H,sdc (0.0377g, 0.1mmol), bita (0.0332g) and H,O
(10ml) was placed in a Teflon reactor (20ml) and heated at 160°C for 4 days. After gradually cooled to room temperature at a rate of
10°C-h’!, pale crystals of 1 were obtained with 46% yield based on bita. Anal. Caled for C33H,,NsO¢SZn: C, 61.09; H, 3.64; N, 9.37.
Found: C, 60.88; H, 3.40; N, 9.12. IR (KBr, cm™): 3136 (w), 3069 (w), 1640 (s), 1624 (s), 1593 (w), 1568 (m), 1519 (s), 1488 (s), 1395
(m), 1353 (s), 1318 (s), 1292 (s), 1265 (m), 1241 (m), 1160 (m), 1129 (m), 1101 (s), 1065 (s), 965 (w), 834 (m), 779 (w), 744 (s), 722
(m), 714 (w), 693 (m), 620 (m), 575 (w), 543 (m).

Synthesis of [Zn(1,4-ndc)(bita)] (2). Complex 2 was synthesized following the same synthetic procedure as that for complex 1 except
that 1,4-H,ndc was used instead of H,sdc. Pale crystals of 2 were obtained with 50% yield based on bita. Anal. Calcd for C3¢H,5sNsO4Zn:
C, 65.81; H, 3.84; N, 10.66. Found: C, 65.68; H, 3.70; N, 10.37. IR (KBr, cm™): 3131 (m), 3099 (m), 1598 (s), 1559 (s), 1520 (s), 1456
(m), 1398 (s), 1352 (s), 1314 (s), 1262 (s), 1210 (m), 1152 (m), 1119 (m), 1068 (s), 1020 (W), 964 (s), 945 (W), 828 (s), 789 (m), 751 (m),
693 (m), 660 (m), 621 (w), 576 (W), 544 (m).

Synthesis of [Zn,(bdc),(bita),] (3). Complex 3 was synthesized following the same synthetic procedure as that for complex 1 except
that H,bdc was used instead of H,sdc. Pale crystals of 3 were obtained with 42% yield based on bita. Anal. Calcd for Cg4H46N;oOsZn,: C,
63.33; H, 3.82; N, 11.54. Found: C, 63.10; H, 3.99; N, 11.42. IR (KBr, cm’™"): 3138 (m), 3105 (w), 1618 (s), 1520 (s), 1489 (s), 1346 (s),
1314 (s), 1275 (s), 1133 (m), 1061 (s), 1010 (w), 964 (m), 887 (w), 822 (s), 751 (s), 700 (m), 654 (m), 621 (w), 589 (w), 551 (m), 518
(m).

Synthesis of [Zn,(sda),(bita),] (4). Complex 4 was synthesized following the same synthetic procedure as that for complex 1 except that
H,sda was used instead of Hjsdc. Pale crystals of 4 were obtained with 47% yield based on bita. Anal. Calcd for CggHsgN(OgZn,: C,
67.76; H, 4.12; N, 9.88. Found: C, 67.48; H, 4.34; N, 9.60. IR (KBr, cm™"): 3119 (w), 3047 (w), 1618 (s), 1592 (s), 1540 (m), 1515 (s),
1366 (s), 1314 (s), 1262 (s), 1236 (s), 1178 (m), 1133 (m), 1061 (s), 1016 (w), 964 (m), 938 (m), 861 (m), 847 (m), 828 (m), 784 (m),
700 (m), 660 (m), 537 (m).

Synthesis of [Cd(odc)(bita)]-0.5H,0 (5). Complex 5 was synthesized following the same synthetic procedure as that for complex 1
except that Hyodc was used instead of Hpsdc and Cd(OAc), 2H,0 was used instead of Zn(OAC), 2H,0. Pale crystals of 5 were obtained
with 42% yield based on bita. Anal. Calcd for C3;3H,3CdN;sOs 5: C, 60.44; H, 3.74; N, 9.28. Found: C, 59.52; H, 3.99; N, 9.30. IR (KBr,
emh): 3112 (w), 3040 (w), 1592 (s), 1515 (s), 1391 (s), 1314 (m), 1268 (s), 1223 (s), 1159 (m), 1119 (m), 1061 (s), 1010 (w), 932 (w),
874 (m), 835 (m), 784 (m), 751 (m), 700 (m), 660 (s), 537 (m).

Synthesis of [Cd,(bpdc),(bita),] (6). Complex 6 was synthesized following the same synthetic procedure as that for complex 5 except
that H,bpdc was used instead of H,odc. Pale crystals of 6 were obtained with 46% yield based on bita. Anal. Calcd for C;4Hs54Cd,;N;(Os:
C, 62.52; H, 3.73; N, 9.59. Found: C, 62.77; H, 3.90; N, 9.42. IR (KBr, cm™): 3112 (w), 1682 (w), 1578 (s), 1515 (s), 1482 (s), 1391 (s),
1307 (m), 1262 (m), 1171 (w), 1119 (w), 1061 (s), 1003 (w), 963 (w), 926 (w), 842 (m), 770 (m), 700 (w), 679 (W), 654 (w), 537 (W),
421 (w).

Synthesis of [Cds(bpdc);(bita),]-:2DMF (7). A mixture of Cd(NOs),"4H,O (0.0308g, 0.lmmol), Hybpdc (0.0242¢g, 0.1mmol), bita
(0.0377g, 0.1mmol), DMF (8ml) and H,O (2ml) was placed in a Teflon reactor (20ml) and heated at 80°C for 2 days. After gradually
cooled to room temperature, colorless crystals of 7 were obtained with 47% yield based on bita. Anal. Calcd for CosH7sCd3N,014: C,
58.86; H, 3.91; N, 8.58. Found: C, 58.70; H, 3.99; N, 8.44. IR (KBr, cm™): 3131 (m), 3054 (w), 1676 (s), 1585 (s), 1515 (s), 1385 (s),
1307 (s), 1268 (s), 1071 (s), 1119 (s), 1061 (s), 1003 (s), 964 (m), 932 (m), 854 (s), 828 (s), 770 (s), 700 (s), 654 (s), 615 (W), 544 (m),
472 (w), 414 (s).

X-ray Crystallography. Single-crystal XRD data for compounds 1-7 were recorded on a Bruker Apex CCD diffractometer with
graphitemonochromatized Mo Ka radiation (A = 0.71073 A) at 285(2) K. Absorption corrections were applied using the multiscan
technique. All the structures were solved by Direct Method of SHELXS-97 and refined by the full-matrix least-squares techniques by
using the SHELXL-97% program within WINGX. No-hydrogen atoms were refined with anisotropic temperature parameters. The
hydrogen atoms of the organic ligands were refined as rigid groups. The hydrogen atoms of water molecules in compound 5 are not
added. For the high vibration, the disordered C3, C4 and O2 atoms in compound 6, and the C17, C18, C38, C39 and O6 atoms in
compound 7 were refined using C and O atoms split over two sites with a total occupancy of 1 and handled by isotropic refinement. It
should be noted that the guest molecules in the channels of 7 are highly disordered and could not be modeled properly so the diffused
electron densities resulting from them were removed by the SQUEEZE routine in PLATON.? The detailed crystallographic data and
structure refinement parameters for 1-7 are summarized in Table 1.

Table 1. Crystal and Structure Refinement Data for Compounds 1-7.

Results and discussion
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Structure description of 1

Compound 1 crystallizes in a monoclinic space group P2,/n. In the asymmetric unit, there exist one crystallographically unique Zn(II)
atom, one sdc® anion and one coordinated bita ligand. As shown in Fig. 1a, the Zn(II) atom is coordinated by two nitrogen atoms from
two different bita ligands (Zn-N 1.982(3)- 2.032(3) A) and two oxygen atoms from two sdc” anions (Zn-O 1.927(3)- 1.947(3) A) to
generate a distorted tetrahedral geometry. Zn(II) to O/N distances and bond angles are within the normal range (Table S1 in the
supporting information). The sdc® anion connects two Zn(Il) atoms with two monodentate carboxylates. The dihedral angle of two
benzyl rings is ca. 105.93°. The bita ligand acts as a linker to bridge two adjacent Zn(II) atoms.

Fig. 1. (a) The coordination environment of Zn(Il) atom in 1. The hydrogen atoms are omitted for clarity. A: -x+5/2,y+1/2,-z+1/2; B: -x-1/2,y-1/2,-z+1/2.
(b) The perspective view of the 2D layer framework. (c) The perspective view of the three different helical chains in 1. (d) and (e). The perspective and
schematic views of the three-fold interpenetration of sql network. (Noted: the dangling benzyl rings in b, ¢ and d are omitted for clarity)

In compound 1, Zn(II) atoms are connected by sdc” anions and bita ligands to generate a 2D undulated layer (Fig. 1b). Within the layer,
the adjacent Zn(II) atoms are separated by distances of 13.30 A (by sdc*) and 16.91 A (through bita). If organic ligands are considered as
linkers, Zn(II) atoms can be clarified as four-connected nodes. Thus, the topology of the structure can be simplified as a uninodal (4, 4)-
connected sql net with point symbol {4*.6?}. Along the direction of b axis, there exist two kinds of helical chains: one constructed from
sdc® anions and metal centers and the other generated from bita and metal centers. Both helixes possess a pitch of 18.31 A corresponding
to the length of b axis. While, along the direction of @ axis, every one bita and sdc® are connected by Zn(II) atoms to build another helical
chain, with a pitch of 22.43 A corresponding to the triple length of a axis (Fig. 1c). The potential voids are filled via mutual
interpenetration of another two independent equivalent framework in a normal mode, giving rise to a three-fold 2D—2D polycatenane
sheet (Fig. 1d and le). Each kind of helical chains in one sheet exhibit the uniform hardness, opposite to the ones from neighboring
sheets.

Structure description of 2

Compound 2 crystallizes in a monoclinic space group P21/n. In the asymmetric unit, there exist one crystallographically unique Zn(II)
atom, one 1,4-ndc” anion and one coordinated bita ligand. As shown in Fig. 2a, the Zn(Il) atom is four-coordinated by two nitrogen
atoms from two individual bita ligands (Zn-N 1.998(4)-2.010(4) A) and two oxygen atoms from two 1,4-ndc® anions (Zn-O 1.924(4)-
1.947(4) A), displaying a slightly distorted tetrahedral geometry. Zn(II) to O/N distances and bond angles are within the normal range
(Table S2 in the supporting information). The 1,4-ndc* anion connects two Zn(Il) atoms with two monodentate carboxylates. The bita
ligand acts as a linker to join two adjacent Zn(II) atoms.

Fig. 2. (a) The coordination environment of Zn(II) atom in 2. The hydrogen atoms are omitted for clarity. A: x+1/2,-y+1/2,z+1/2; B: x-1/2,-y-1/2,z+1/2. (b)
The perspective view of the diamondoid network. (c) and (d) The schematic views of the [2+2] interpenetration mode along different directions in 2.
(Noted: the dangling benzyl rings in b are omitted for clarity)

In the structure, each Zn(II) center is linked to four other metal centers by the organic spacers to construct a 3D open framework. The
adjoining metal centers are separated by distances that are 10.82 A (through 1,4-ndc*) and 16.48 A (through bita). If the 1,4-ndc* anions
and bita ligands are considered as linkers, and metal centers are considered as four-connected nodes, the architecture can be regarded as a
typical 3D diamond framework. A single adamantanoid cage is illustrated in Fig. 3b, which exhibits a maximum dimension of 39.25 A x
33.97 A x 27.99 A x 27.84 A (corresponding to the longest intracage Zn---Zn distances). Because of the spacious nature of the single
network, the potential voids are filled via mutual interpenetration of the other three independent equivalent frameworks, generating a
four-fold interpenetrating architecture. Unusually, in the case of compound 2, the interpenetration mode differs from the normal mode
and can be described as two sets of 4-fold net, that is, an unusual [2+2] mode of interpenetration. In each set, the independent equivalent
cages are separated from each other by 19.63 A corresponding to the length of b axis. The two sets of 2-fold nets are translationally
equivalent with a relative displacement distance of 3.14 A (Fig. 3¢ and 3d).

Structure description of 3

Compound 3 crystallizes in a triclinic space group P-1. In the asymmetric unit, there exist one crystallographically unique Zn(II) atom,
one bita ligand, and two half bdc> anions lying about independent inversion centres. As shown in Fig. 3a, the Zn(II) atom is ligated by
two nitrogen atoms from two bita ligands (Zn-N 1.997(2)-2.006(2) A) and two oxygen atoms from two bdc” anions (Zn-O 1.941(2)-
1.9667(19) A), resulting into a tetrahedral geometry. Zn(II) to O/N distances and bond angles are within the normal range (Table S3 in
the supporting information). The bdc® anion connects two Zn(II) atoms with two monodentate carboxylates. The bita ligand acts as a
linker to connect two neighboring Zn(II) atoms.

In compound 3, a pair of bita ligands bridge two adjacent Zn(II) atoms to give a 32-membered ring [Zn,(bita),] with a dimension of 9.46
A x 9.58 A, which is further brdiged by bdc” anions to form a 2D layer motif (Fig. 3b). Topological analysis shows that it is a uninodal
(6, 3)-connected heb network with the point symbol {6}, in which each hexagon has four edges represented by the bdc* anions and two
edges replaced by the [Zn,(bita),] rings (Fig. 3c). The neighboring Zn(II) atoms are separated by distance of 11.06 A, 11,07 A (through
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bdc*) and 15.60 A (through bita). In order to minimize the void cavities and stabilize the framework, the potential voids formed by a
single 2D network show incorporation of another identical network, thus giving a two-fold parallel interpenetrating sheet. After deep
insight into the structure, each [Zny(bita),] ring in one layer is threaded by the rod bdc® ligand from the other layer, and vice versa
(Figure. 3d). Meanwhile, the terminal phenyl rings of bita in one sheet interdigitate into the hexagons from neighboring sheets above and
below, which definitely promote the stability of whole structure (Figure. 3e). So compound 3 presents the coexistence of entanglement in
one structure: polyrotaxane and polycatenane (Figure. 3f).

Fig. 3. (a) The coordination environment of Zn(II) atom in 3. The hydrogen atoms are omitted for clarity. A: -x+2,-y+2,-z. (b) and (c) The perspective and
schematic views of the heb network. (d) The perspective view of the rotaxane-like motif in 3. (e) The perspective view of the catenane-like motif in 3. (f)
The perspective view of polyrotaxane and polycatenane in the 2-fold interpenetration network. (Noted: the dangling benzyl rings in b, d, e and f are
omitted for clarity)

Structure description of 4

Compound 4 crystallizes in the monoclinic space group P2/c. In the asymmetric unit, there exist one crystallographically unique Zn(II)
atom, two half sda® anions and one bita ligand. As shown in Fig. 5a, the Zn(II) atom is five-coordinated by two nitrogen atoms from two
bita ligands (Zn-N 2.044(4)-2.046(3) A) and three oxygen atoms from two sda’ anions (Zn-O 1.941(3)-2.278(4) A). Zn(Il) to O/N
distances and bond angles are within the normal range (Table S5 in the supporting information). One sda® anion connects two Zn(II)
atoms with two monodentate carboxylates; and the other sda® anion links two Zn(II) atoms with two chelate carboxylates. The bita
ligand acts as a bridge to join two neighboring Zn(II) atoms.

In compound 4, Zn(II) atoms are connected by bita ligands to generate 1D helical chains. If bita ligands are omitted, the Zn(II) atoms are
combined by sda® anions to assemble 1D meso-helix (Fig. 4b). The whole structure presents a 3D polymeric framework. Within the
framework, the neighboring Zn(II) atoms are separated by distance of 17.42 A (by sda”) and 15.87 A sda® (through bita). From the
viewpoint of network topology, Zn(II) atoms can be regarded as four-connected nodes and organic ligands as linkers (Fig. 4c). Thus, the
resulting structure presents a uninodal 3D network with a schlifli symbol of (4*-6-8%), representing a new topological prototype (Fig. 4d).
Notably, this net displays a self-penetrating pattern, within which two of the shortest 4-membered circuits (including four Zn(II) atoms
and four sda® anions) and 8-membered circuits (including eight Zn(II) atoms, four sda> anions and four bita ligands) are penetrated with
each other, which are further connected by sharing one of sda® linkages(Fig. 4¢). The potential voids are large enough to be filled via
mutual interpenetration of another independent equivalent framework, generating a two-fold interpenetrating 3D architecture (Fig. 4f).
So compound 4 presents the coexistence of entanglement in one structure: interpenetration and self-penetration.

Fig. 4. (a) The coordination environment of Zn(II) atom in 4. The hydrogen atoms are omitted for clarity. A: x-1,y-1,z; B: x+1,y+1,z. (b) The perspective
view of the helical chains in 4. (c) The perspective view of the 4-connected node. (d) The schematic view of the single self-penetrating network with
(4*-6-8%) topology. (¢) The schematic view of the self-penetrating motif in 4. (f) The schematic view of the 2-fold interpenetration framework of two

equivalent self-penetration net. (Noted: the dangling benzyl rings in b and ¢ are omitted for clarity)

Structure description of 5

Compound 5 crystallizes in the monoclinic space group C2/c. In the asymmetric unit, there exist one crystallographically unique Cd(II)
atom, one odc” anion, one bita ligand and half an uncoordinated water molecule. As shown in Fig. 4a, the Cd(Il) atom is five-
coordinated by two nitrogen atoms from two bita ligands (Cd-N 2.265(2)-2.339(3) A) and three oxygen atoms from two odc® anions
(Cd-O 2.1695(19)-2.556(2) A). Cd(II) to O/N distances and bond angles are within the normal range (Table S4 in the supporting
information). The odc? anion connects two Cd(II) atoms with one monodentate carboxylate, and one chelate carboxylate. The bita ligand
acts as a linker to connect two neighboring Cd(II) atoms.

In compound 5, if the weak secondary bond Cd1---O4A (2.671 A) is calculated, Cdl and its symmetry-related Cd1A are bridged by O4A
and O4B to form a binuclear Cd, cluster. The adjacent clusters are connected by bita ligands to generate 2D square-grid (4,4) layers
(Fig. 5b). These layers are pillared by odc® anions into an extended 3D open framework. Within the framework, the neighboring Cd,
clusters are separated by distances of 19.27 A (through bita) and 15.35 A (by odc®). If the Cd, cluster are considered as six-connected
nodes (Fig. 5c¢), and organic ligands as linkages, topological analysis reveals that compound 5 forms a uninodal six-connected pcu net
with the point symbol (4'%-6%) (Fig. 5d). The potential voids are large enough to be filled via mutual interpenetration of other two
independent equivalent frameworks, generating a three-fold interpenetrating 3D architecture (Fig. 5e).

Fig. 5. (a) The coordination environment of Cd(II) atom in 5. The hydrogen atoms are omitted for clarity. A: x+1,-y,z+1/2; B: x+1/2,-y+1/2,2-1/2. (b) The
perspective view of the 2D undulated grid (4, 4) layer built from the Cd, clusters and bita ligands. (c) The perspective view of the 6-connected node. (d)
The perspective view of the 3D single framework. (e) The schematic view of three-fold interpenetration of peu network. (Noted: the dangling benzyl rings
in b, ¢ and d are omitted for clarity)

Structure description of 6
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Compound 6 crystallizes in the monoclinic space group P-1. In the asymmetric unit, there exist one crystallographically unique Cd(II)
atom, one bita ligand, and two half bpdc* anions lying about independent inversion centres. As shown in Fig. 6a, the Cd(II) atom is
ligated by two nitrogen atoms from two bita ligands (Cd-N 2.235(3)-2.374(4) A) and three oxygen atoms from two bpdc® anions (Cd-O
2.227(3)-2.397(7) A). Cd(1I) to O/N distances and bond angles are within the normal range (Table S6 in the supporting information). One
bpdc® anion connects two Cd(II) atoms with two monodentate carboxylates; and the other bpdc® anion links two Cd(II) atoms with two
chelate carboxylates. The bita ligand acts as a linker to connect two neighboring Cd(II) atoms. It should be noted the bond distances of
Cdl---O1A (2.796 A) and Cd1---O4 (2.663 A) are shorter than the sum of the van der Waals radii, which indicates a weak secondary
bonding. This phenomenon may contribute to the distortion of the Cd(Il) tetrahedral geometry and result in the variation of coordination
environment.

In compound 6, if the weak secondary bonding is not calculated, the Cd(II) atoms are connected by the organic ligands to generate a 2D
zigzag framework. Within the framework, the neighboring Cd(II) atoms are separated by distances of 15.53 A, 15.57 A (by bpdc®) and
16.49 A (through bita). Topologically, Cd(Il) atoms can be regarded as four-connected nodes and organic ligands as linkers (Fig. 6b),
thus this layer displays a uninodal (4, 4)-connected sql net. Because of the large voids and high undulation, each net entangles with two
identical ones from above and below to give a 2D—3D polycatenane framework (Fig. 6¢ and 6d). While, if the weak secondary bonding
is taken into account, Cdl and its symmetry-related Cd1A are bridged by O1A to form a binuclear Cd, dimmer. These dimmers are
linked by the organic ligands to assemble a 3D single framework. Within the framework, the neighboring dimmers are separated by
distances of 14.24 A, 17.45 A (by bpdc™) and 16.49 A (through bita). Based on the concept of topology, the Cd, dimmers can be
simplified as six-connected nodes (Fig. 6¢), and the organic ligands can be regarded linkers. Thus, the whole structure can be classified
into a uninodal six-connected pcu net (Fig. 6f).

Fig. 6. (a) The coordination environment of Cd(II) atom in 6. The hydrogen atoms are omitted for clarity. A: x,y,z-1. (b) The perspective view of the 4-
connected node (not calculating the weak secondary bonding). (c) and (d) The perspective and schematic views of the 2D—3D polycatenane framework
(not calculating the weak secondary bonding). (¢) The perspective view of the 6-connected node (calculating the weak secondary bonding). (f) The
schematic view of the peu network (calculating the weak secondary bonding). (Noted: the dangling benzyl rings in b, ¢ and e are omitted for clarity)

Structure description of 7

Compound 7 crystallizes in a triclinic space group P-1. In the asymmetric unit, there exist one and a half Cd(II) atoms, one bita ligand,
and three half bpdc® anions lying about independent inversion centres. As shown in Fig. 7a, the Cdl atom is in a general position in the
unit cell and six-coordinated by one nitrogen atom from one bita ligand (Cd-N 2.2647 A) and five oxygen atoms from three different
bpdc? anions (Cd-O 2.2025-2.4484 A) to give a high-distorted octahedral geometry; while, the Cd2 atoms which lies on an inversion
centre, is also in a distorted octahedral geometry ligated by two nitrogen atoms from two bita ligands (Cd-N 2.2271 A) and four oxygen
atoms from four bpdc® anions (Cd-O 2.3717-2.3885 A). Cd(II) to O/N distances and bond angles are within the normal range (Table S7
in the supporting information). The three bpdc> anions adopt different coordination modes: one connects two Cd(II) atoms by two
chelate carboxylates; one bridges four Cd(II) atoms through two syn,syn-u, carboxylates; another links four Cd(II) atoms through two
syn,anti-\, carboxylates. The bita ligand acts as a linker to join two Cd(II) atoms.

In compound 7, the Cd2 atom bridges to two neighboring Cd1 atoms by two syn,syn-L, carboxylates and two syn,anti-p, carboxylates to
afford a linear Cd; cluster, with the Cd1-p,-O1-Cd2 angle of 115.06° and Cd1+Cd2 distance of 4.08 A. These clusters are connected by
organic ligands to assemble a 3D framework. Within the framework, the adjacent clusters are separated by distance of 13.38 A, 15.64 A,
20.37 A (by bpdc®) and 17.58 A (through bita). Based on the concept of topology, the Cds clusters can be regarded as eight-connected
nodes, the organic ligands can be regarded as linear linkers, thus the while structure can be simplified into a uninodal eight-connected
network with a schlifli symbol of (4*°-6”) (Fig. 7b and 7¢). Further analysis of this structure indicates that it presents a self-penetrating
pattern (Fig. 7d). In order to clearly understand such a complicated architecture, the bita ligands are omitted, thus the nodes are joined by
bpdc® anions to give rise to a peu net. As shown in Fig. 7e, along the direction of b axis, two neighboring cubic cages combine together
to build a new elongated cuboid, in which, the two nodes that locate at the diagonal ends of (1, 1, 0) plane, are bridged by two bita
ligands to give a coordinative ring [Cds(bita),Cds]. These rings are further threaded by the rod bpdc® anions from the same net to form
an unprecedented rotaxane-like self-penetrating motif.

Fig. 7. (a) The coordination environment of Cd(II) atom in 7. The hydrogen atoms are omitted for clarity. A: -x+1,-y+1,-z. (b) and (c) The perspective and
schematic views of the 8-connected node. (d) The perspective view of the self-penetrating motif in 7. (e) The schematic view of the self-penetrating
framework with (4%°-6%) topology.

As shown above, the simultaneous use of bita and six aromatic dicarboxylic ligands afforded seven entangled coordination polymers of
interesting architectures. In these compounds, bita ligands adopt similar p,-bridging coordination modes to connect two metal centers,
slightly differed by their spatial orientations with respect to the angles of central nitrogen atom and the coordinated nitrogen atoms of the
imidazole groups. The carboxylate anions act as key roles in determining the metal nuclearity and hence influencing the connectivity and
entanglement of the resulting frameworks (Fig. S4 in the ESI). In compounds 1-4, the carboxylate groups adopt the monodentate or
chelate coordination modes, so that the metal atoms exist only in mono-nuclear fashions. In these compounds, the metal centers are
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connected by the carboxylate anions into 1D chains. For compounds 1-3, the metal centers are also connected by bita to generate another
1D chains, thus the whole structures show four-connected frameworks; while, for compound 4, the metal centers are combined by bita
into 0D coordinative rings, which results into a three-connected network. Obviously, from these four compounds, it is clear that the
introduction of different substituted groups to the dicarboxylic acids, varied from the length, size and shapeness, can definitley influence
the final supramolecular architectures of the complexes. In compound 5 and 6, with the presentation of weak secondary bonding, two Cd
atoms are bridged together into binuclear clusters, which act as six-connected nodes and further are connected by organic ligands into
six-connected networks. In compound 7, both carboxylate groups adopt bidentate coordination modes, which is attributed to the
combination of trinuclear metal clusters and the generation of a specific framework with a high eight-connectivity. On the basis of the
synthetic conditions of 6 and 7, the different solvent molecules have a great influence on the network topologies through the coordination
environments of Cd*" and linking modes of bpdc®. Meanwhile, it should be noted that the structural divergence also comes from the
different coordination capacity of Zn** and Cd*', as shown that the latter has more flexible coordination ability to the aggregation of
metal ions into multi-nuclear clusters.

Thermal Analysis. To characterize the thermal stabilities of compounds 1-7, their thermal behaviors were investigated by TGA (Fig. S2
in the ESI). The experiments were performed on samples consisting of numerous single crystals of 1-7 under nitrogen atmosphere with a
heating rate of 10°C/min. For 1, the destruction of the framework occurs at ca. 320°C. The remaining weight corresponds to the
formation of ZnO (obsd 10.6%, calcd 10.9%). Compound 2 remains stable up to ca. 300°C, finally leading to the formation of the
stoichiometric amount of ZnO as residue (obsd 13.1%, calcd 12.4%). For 3, the decomposition of the compound occurs at ca. 320°C, and
the remaining weight corresponds to the formation of ZnO (obsd 14.3%, calcd 13.4%). Compound 4 is stable up to ca. 360°C with the
remaining residue of ZnO (obsd 11.3%, calcd 11.5%). For 5, the weight loss in the range of 25-130 °C is ascribed to the departure of free
water molecules (obsd 2.2%, caled 1.2%). The decomposition of the framework occurs at ca. 350 °C. The remaining weight corresponds
to the formation of CdO (obsd 17.3%, calcd 17.0%). For 6, the decomposition of the framework occurs at ca. 310 °C. The remaining
weight corresponds to the formation of CdO (obsd 17.9%, calcd 17.6%). For 7, the weight loss in the range of 25-140 °C is attributed to
the release of uncoordinated DMF molecules (obsd 7.4%, caled 7.5%). The whole framework decomposed at ca. 340 °C. The remaining
weight corresponds to the formation of CdO (obsd 19.5%, calcd 19.7%).

Photoluminescence Properties. Because of the excellent luminescent properties of d'® metal coordination polymers and triphenylamine-
based compounds, '* the solid-state luminescence of 1-7 and free bita ligand was investigated at room temperature (Fig. 8 and Table 2).
Compound 1 shows a broad band with a peak at 470 nm upon excitation at 367 nm. Compound 2 shows a peak at 397 nm upon
excitation at 369 nm. Compound 3 shows a sharp peak at 397 nm excitation at 369 nm. Compound 4 shows a broad peak at 452 nm upon
excitation at 398 nm. Compound 5 shows a peak at 390 nm upon excitation at 359 nm. Compound 6 shows a broad peak at 402 nm upon
excitation at 331 nm. Compound 7 shows a broad band with a peak at 479 nm upon excitation at 369 nm. Since Zn*" and Cd*" are
difficult to oxidize or to reduce due to their d'’ configuration, these emission bands are neither metal-to-ligand charge transfer (MLCT)
nor ligand-to-metal transfer (LMCT) in nature.!! For 2, 3, 5 and 6, the emissions can be essentially ascribed to the luminescence of bita
ligand, since a similar emission was observed in the free bita ligand, which shows a band at 398 nm upon excitation at 369 nm. While,
for 1, 4 and 7, in compasion to the luminescence of related dicarboxylic acids and bita (Fig. S3), the emissions can be essentially ascribed
to intraligand or ligand-to ligand charge transfer (LLCT). The above observations suggest that these thermally stable polymeric materials
may be suitable candidates for potential photoactive materials.

Table 2. Wavelengths of the emission maxima and excitation (nm) for 1-7 and free ligand bita.

Fig. 8. Emission spectra of 1-7 and bita at room temperature.

CONCLUSIONS

In this study, seven new coordination polymers with entangled architectures have been synthesized and characterized using a
triphenylamine-based bisimidazole and polycarboxylate acids of versatile conformations. The result of this study demonstrates that the
rational selection of organic ligands with specific conformation and geometry is an effective approach to the construction of entangled
motifs. These seven compounds not only fill the aesthetic diversity of coordinative network chemistry, but also may provide a potential
way to the selective design of versatile network-based materials.
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s Table 1. Crystal and Structure Refinement Data for Compounds 1-7.

param 1 2 3 4 5 6 7
formula Ci33Hy7NsO6SZn Ci36H)sNsO4Zn Co4HyoN1oOsZn, CsoHssN00sZn, Ci3H5CdN;Os 5 C76Hs4CdN 405 CogH76Cd3N 1,044
fw 747.08 656.98 1213.85 1418.10 755.05 1460.09 1958.89
space group p2l/n p2l/n p-1 p2le c2le p-1 p-1
a 7.4761(5) A 12.2467(19) 10.015(7) 12.4152(9) 16.8782(7) 9.7159(19) 9.8926(16)
b 18.3130(14) 19.625(3) 11.864(9) 9.8806(7) 21.3492(9) 11.154(2) 13.378(2)
c 25.1258(18) 13.998(2) 12.319(9) 27.299(2) 20.0506(11) 16.493(3) 19.747(3)
o (deg) 90 90 98.310(14) 90 90 72.729(3) 97.526(3)
B(deg) 93.708(2) 97.063(4) 99.091(14) 97.276(2) 112.1970(10) 78.866(4) 100.724(3)
v (deg) 90 90 91.291(14) 90 90 85.786(4) 97.005(3)
A% 3432.8(4) 3338.7(9) 1428.5(18) 3321.8(4) 6689.5(5) 1674.4(5) 2516.7(7)
Z 4 4 1 2 8 1 1
Deyiea (g cm™) 1.446 1.307 1.411 1.418 1.499 1.448 1.196
F(000) 1536 1352 624 1464 3104 740 912
GOF on F* 0.989 0.987 1.106 1.035 1.119 1.080 1.025
Rl/ng[I)ZZSigma( 0.0521/0.1112 0.0687/0.1879 0.0383/0.0976 0.0545/0.1286 0.0315/0.0825 0.0459/0.1240 0.0609/0.1801
D]

R,/WR, (all data)

0.1323/0.1518

0.1544/0.2451

0.0606/0.1168

0.1373/0.1844

0.0561/0.1132

0.0734/0.1509

0.0857/0.1905
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Fig. 1. (a) The coordination environment of Zn(Il) atom in 1. The hydrogen atoms are omitted for clarity. A: -x+5/2,y+1/2,-z+1/2; B: -x-1/2,y-1/2,-z+1/2.
(b) The perspective view of the 2D layer framework. (¢) The perspective view of the three different helical chains in 1. (d) and (e). The perspective and
5 schematic views of the three-fold interpenetration of sql network. (Noted: the dangling benzyl rings in b, ¢ and d are omitted for clarity)
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Fig. 2. (a) The coordination environment of Zn(Il) atom in 2. The hydrogen atoms are omitted for clarity. A: x+1/2,-y+1/2,z+1/2; B: x-1/2,-y-1/2,z+1/2. (b)
The perspective view of the diamondoid network. (c¢) and (d) The schematic views of the [2+2] interpenetration mode along different directions in 2.
(Noted: the dangling benzyl rings in b are omitted for clarity)
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Fig. 3. (a) The coordination environment of Zn(II) atom in 3. The hydrogen atoms are omitted for clarity. A: -x+2,-y+2,-z. (b) and (c) The perspective and
schematic views of the heb network. (d) The perspective view of the rotaxane-like motif in 3. (e) The perspective view of the catenane-like motif in 3. (f)
The perspective view of polyrotaxane and polycatenane in the 2-fold interpenetration network. (Noted: the dangling benzyl rings in b, d, e and f are
5 omitted for clarity)
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Fig. 4. (a) The coordination environment of Zn(II) atom in 4. The hydrogen atoms are omitted for clarity. A: x-1,y-1,z; B: x+1,y+1,z. (b) The perspective
view of the helical chains in 4. (c) The perspective view of the 4-connected node. (d) The schematic view of the single self-penetrating network with
(4*-6-8%) topology. (e) The schematic view of the self-penetrating motif in 4. (f) The schematic view of the 2-fold interpenetration framework of two

equivalent self-penetration net. (Noted: the dangling benzyl rings in b and ¢ are omitted for clarity)
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Fig. 5. (a) The coordination environment of Cd(Il) atom in 5. The hydrogen atoms are omitted for clarity. A: x+1,-y,z+1/2; B: x+1/2,-y+1/2,z-1/2. (b) The
perspective view of the 2D undulated grid (4, 4) layer built from the Cd, clusters and bita ligands. (c) The perspective view of the 6-connected node. (d)
The perspective view of the 3D single framework. (¢) The schematic view of three-fold interpenetration of pcu network. (Noted: the dangling benzyl rings
5 in b, ¢ and d are omitted for clarity)
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Fig. 6. (a) The coordination environment of Cd(Il) atom in 6. The hydrogen atoms are omitted for clarity. A: x,y,z-1. (b) The perspective view of the 4-
connected node (not calculating the weak secondary bonding). (c) and (d) The perspective and schematic views of the 2D—3D polycatenane framework
(not calculating the weak secondary bonding). (e) The perspective view of the 6-connected node (calculating the weak secondary bonding). (f) The
schematic view of the pcu network (calculating the weak secondary bonding). (Noted: the dangling benzyl rings in b, ¢ and e are omitted for clarity)
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Fig. 7. (a) The coordination environment of Cd(II) atom in 7. The hydrogen atoms are omitted for clarity. A: -x+1,-y+1,-z. (b) and (c) The perspective and
schematic views of the 8-connected node. (d) The perspective view of the self-penetrating motif in 7. (e) The schematic view of the self-penetrating
framework with (4%°-6°) topology.

Table 2. Wavelengths of the emission maxima and excitation (nm) for 1-7 and free ligand bita.

Compound 1 2 3 4 5 6 7 bita

Aex [nm] 367 369 369 398 359 331 369 369

Aem [NM] 470 397 397 452 390 402 479 398
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Fig. 8. Emission spectra of 1-7 and bita at room temperature.
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Seven entangled mixed-ligand coordination polymers constructed from a
triphenylamine-based bisimidazole ligand and versatile carboxylate acids have been

hydrothermally synthesized and structurally characterized.



