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ABSTRACT: Solvothermal reactions of the tripodal ligand 1,3,5-tris(1-imidazolyl)-
benzene (tib) and different polycarboxylates with zinc nitrate provided six new zinc(II)
coordination polymers (CPs), namely, {[Zn8(tib)5(bdc)8(H2O)]·7DMF·18H2O}n (1),
{ [Zn3( t ib) 2 (bpdc) 3] ·5H2O} n (2) , { [Zn( t ib)(pdac)] ·1 .5H2O} n (3) ,
{[Zn6(tib)2(pdac)3]·DMA·2H2O}n (4), {[Zn2(tib)2(pma)]·4H2O}n (5), {[Zn2(tib)-
(Htib)(H2pma)(Hpma)]·2H2O}n (6) (H2bdc = 1,3-benzenedicarboxylic acid, H2bpdc =
4,4′-biphenyldicarboxylic acid, H2pdac = 1,2-phenylenediacetic acid, H4pma =
pyromellitic acid, DMF = N,N′-dimenthylformamide, DMA = N,N′-dimethylaceta-
mide). All of the complexes have been structurally characterized by single-crystal X-ray
diffraction analyses and further characterized by infrared spectra (IR), elemental
analyses, powder X-ray diffraction (PXRD), and thermogravimetric analyses (TGA).
Single crystal X-ray diffraction analysis reveals that complex 1 exhibits a complicated
self-catenating three-dimensional (3D) framework that could be decomposed to two
interpenetrating (4,6)-coordinated sun1 nets with point symbol of {3·4·64}{3·46·52·64·72}2. Complex 2 is a 2-fold
interpenetrating (3,4)-coordinated new topology sun2 with point symbol of {103}2{10

6}3. In complex 3, both the tib and
pdac act as a bidentate bridging ligand and extend the tetrahedral Zn(II) centers to an interesting one-dimensional (1D)
independent single-wall metal−organic nanotube (SWMONT). Differently, the tib and pdac become tridentate and bidentate
linkers in complex 4, respectively, which extend the Zn(II) centers to the resulting 2-fold interpenetrating (3,4)-coordinated
network with a srd topology and the point symbol is {63}2{6

4·92}3. Complex 5 is a (3,4)-coordinated self-penetrating network
sun3 with point symbol of {103}{106}. This net could be further decomposed to two interpenetrating 3-coordinated 103 srs
(SrSi2) subnets by omitting the 2-coordinated pma linker, while complex 6 shows an undulated 2D 3,3L4 layer, which is
interdigitated with each other to form a 3D supramoleular framework stabilized by hydrogen bonds. The structural and
topological differences of the six CPs indicate that the auxiliary polycarboxylates and solvents play important roles in the
formation of the final structures. Furthermore, the thermal stability and photoluminescence properties of the complexes were
investigated.

■ INTRODUCTION

Recently, great attention has been paid to the rapidly growing
field of crystal engineering of one-, two-, and three-dimensional
(1D, 2D, 3D) coordination polymers (CPs), not only for their
structural and topological diversities but also for their potential
application as functional materials in catalysis, optics, magnet-
ism, molecular architectures, materials chemistry, etc.1,2 Despite
tremendous progress, it is still a very difficult task to design and
predict a new CP structure with a specific net topology.3,4 The
same reactants can usually result in completely different
framework structures because of the extreme sensitivity of
self-assembly to reaction conditions used, such as solvent,
temperature, concentration, and ratio of reactants, reaction
time, and pH.5,6 In this regard, “old” ligands also have chance to
find their new niche in the field of crystal engineering. Up to
now, the rigid tripodal ligand 1,3,5-tris(1-imidazolyl)benzene

(tib) has been justified as an efficient and versatile organic
building unit for construction of coordination architectures by
Sun and Zheng et al. groups;7 however, we believe that the CPs
of this ligand with varied structures and topologies could still be
achieved by changing assembly environments and strategies.
Because of the strong coordination affinity and capability of
satisfying and mediating the geometric need of metal centers, it
is also effective to introduce auxiliary polycarboxylate linkers in
preparing mixed ligands CPs with higher-dimensional struc-
tures and novel topologies, which have been proven by us as
well as many other groups.8 Hence, systematic research on
coordination chemistry of this ligand is deserved for not only
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understanding the control of structure and topology of CPs but
also enriching its coordination chemistry.
On the other hand, among the fascinating phenomena

contributing much to the topological diversity are the
interpenetration and polycatenation between independent
motifs, which, as a special way of nature to avoid voids, is
frequently encountered in CPs.9 However, much less common
is self-catenation (or self-penetration), a peculiar type of
entanglement for which the mutually catenated rings belong to
the same net. Although the prediction and design of self-
catenation are still a formidable challenge, it has evoked
increasing interest recently.10 Undoubtedly, the exploitation of
entangled structures can be helpful not only for both the design
and analysis of crystal structures but also for understanding the
relationships between the structure and function of these CPs.
On the basis of aforementioned considerations, we consider

that the simultaneous employment of tib ligand and aromatic
polycarboxylates (Scheme 1) will contribute to the formation of

various architectures and help chemists understand the process
of self-assembly. Herein, we successfully apply this strategy and
obtain six novel CPs, namely, {[Zn8(tib)5(bdc)8(H2O)]-
·7DMF·18H2O}n (1), {[Zn3(tib)2(bpdc)3]·5H2O}n (2), {[Zn-
(tib)(pdac)]·1.5H2O}n (3) (3), {[Zn6(tib)2(pdac)3]-
·DMA·2H2O}n (4), {[Zn2(tib)2(pma)]·4H2O}n (5),
{[Zn2(tib)(Htib)(H2pma)(Hpma)]·2H2O}n (6) (tib = 1,3,5-
tris(1-imidazolyl)benzene H2bdc = 1,3-benzenedicarboxylic
acid, H2bpdc = 4,4′-biphenyldicarboxylic acid, H2pdac = 1,2-
phenylenediacetic acid, H4pma = pyromellitic acid, DMF =
N,N′-dimenthylformamide, DMA = N,N′-dimethylacetamide).
Complexes 1 and 5 show novel self-catenating 3D frameworks
based on 2-fold interpenetrating (4,6)-coordinated and 3-
coordinated 103-srs subnets, respectively, while 2 and 4 are 2-
fold interpenetrating (3,4)-coordinated networks but with
different topologies. Complexes 3 and 6 show a 1D metal−
organic nanotube and 2D undulated layer, respectively
(Scheme 2). Their syntheses, crystal structures, topologies,
thermal stabilities, and photoluminescent properties are
reported in this paper.

■ EXPERIMENTAL SECTION
Materials and General Methods. All chemicals and solvents

used in the syntheses were analytical grade and used without further
purification. C, N, and H analyses were performed on an EA1110

CHNS-0 CE 65 elemental analyzer. IR (KBr pellet) spectra were
recorded on a Nicolet Magna750FT-IR spectrometer. Powder X-ray
diffraction (PXRD) measurements were recorded on a D/Max-2500
X-ray diffractometer using Cu Kα radiation. The fluorescent spectra
were measured on an F-4500 fluorescence spectrophotometer (slit
width: 5 nm; sensitivity: high). Thermogravimetric analyses (TGA)
were performed on a Netzsch STA 449C thermal analyzer from room
temperature to 800 °C under nitrogen atmosphere at a heating rate of
10 °C/min.

Preparation of Complexes 1−6. Preparation of Complexes
1−6. {[Zn8(tib)5(bdc)8(H2O)]·7DMF·18H2O}n (1). A mixture of Zn-
(NO3)2·6H2O (16 mg, 0.050 mmol), tib (1.7 mg, 0.006 mmol), H2bdc
(8.4 mg, 0.043 mmol), KOH (0.1 M, 0.05 mL) and 1.0 mL DMF-H2O
(v:v = 1:1) were sealed in a glass tube and heated to 120 °C in 8 h,
kept 120 °C for 84 h , and then slowly cooled to 30 °C in 13 h. The
pale-yellow crystals were collected, washed with EtOH, and dried in
the air (yield: 80%). Elemental analysis calcd (%) for 1
(C160H177N37O58Zn8): C 47.22, H 4.38, N 12.74; found: C 46.89, H
4.61, N 13.27. Selected IR peaks (cm−1): 3432 (s), 1616 (s), 1567 (s),
1494 (s), 1390 (m), 1347 (m), 756 (m) 649 (m).

{[Zn3(tib)2(bpdc)3]·5H2O}n (2). A mixture of Zn(NO3)2·6H2O (16
mg, 0.050 mmol), tib (3 mg, 0.011 mmol), H2bpdc (5 mg, 0.021
mmol), KOH (0.1 M, 0.05 mL) and 1.0 mL of DMF-H2O (v:v = 1:1)
were sealed in a glass tube and heated to 120 °C in 10 h, kept 120 °C
for 84 h, and then slowly cooled to 30 °C in 13 h. The pale-yellow
crystals were collected, washed with EtOH, and dried in the air (yield:
80%). Elemental analysis calcd (%) for 2 (C72H58N12O17Zn3): C
55.45, H 3.75, N 10.78; found: C 55.04, H 3.89, N 10.61. Selected IR
peaks (cm−1): 3442 (s), 1606 (s), 1345 (s), 1076 (m), 768 (m).

{[Zn(tib)(pdac)]·1.5H2O}n (3). A mixture of Zn(NO3)2·6H2O (16
mg, 0.050 mmol), tib (3 mg, 0.011 mmol), H2pdac (5 mg, 0.027
mmol), KOH (0.1 M, 0.05 mL), and 1.0 mL of DMF-H2O (v:v = 1:1)
were sealed in a glass tube and heated to 120 °C in 10 h, kept 120 °C
for 83 h, and then slowly cooled to 30 °C in 13 h. The pale-yellow
crystals were collected, washed with EtOH, and dried in the air (yield:
80%). Elemental analysis calcd (%) for 3 (C25H23N6O5.5Zn): C 53.54,
H 4.13, N 14.98; found: C 53.19, H 4.34, N 14.22. Selected IR peaks
(cm−1): 3442 (s), 1622 (s), 1509 (s), 1360 (s), 1253 (w), 1073 (m),
1012 (w), 744 (m), 649 (w).

{[Zn6(tib)2(pdac)3]·DMA·2H2O}n (4). The synthetic procedure was
similar to that of 3, except that solvent system was changed to 1 mL of
DMA-C2H5OH-H2O (v:v:v = 5:2:1). The pale-yellow crystals were
collected, washed with EtOH, and dried in the air (yield: 80%).
Elemental analysis calcd (%) for 4 (C124H109N25O27Zn6): C 53.69, H
3.96, N 12.62; found: C 53.02, H 4.23, N 12.40. Selected IR peaks

Scheme 1. Structures of Multidentate N-Donor and
Polycarboxylate Ligands Used in This Work

Scheme 2. Synthetic Procedures of Six CPs
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(cm−1): 3442 (s), 1613 (s), 1512 (s), 1381 (m), 1356 (m), 1256 (w),
1079 (w), 646 (m).
{[Zn2(tib)2(pma)]·4H2O}n (5). A mixture of Zn(NO3)2·6H2O (16

mg, 0.050 mmol), tib (3 mg, 0.011 mmol), H2pma (6 mg, 0.027
mmol), KOH (0.1 M, 0.05 mL), and 1.0 mL of DMF-H2O (v:v = 1:1)
were sealed in a glass tube, heated to 120 °C in 8 h, kept 120 °C for 83
h, and then slowly cooled to 30 °C in 13 h. The pale-yellow crystals
were collected, washed with EtOH, and dried in the air (yield: 80%).
Elemental analysis calcd (%) for 5 (C20H17N6O6Zn): C 47.78, H 3.41,
N 16.72; found: C 47.92, H 3.68, N 16.44. Selected IR peaks (cm−1):
3439 (s), 1622 (s), 1518 (s), 1359 (m), 1320 (m), 1262 (m), 1079
(w), 1012 (w), 756 (w), 643 (w).
{[Zn2(tib)(Htib)(H2pma)(Hpma)]·2H2O}n (6). The synthetic proce-

dure was similar to that of 3, except that solvent system was changed
to 1.0 mL of DMSO-H2O (v:v = 1:1). The pale-yellow crystals were
collected, washed with EtOH, and dried in the air (yield: 80%).
Elemental analysis calcd (%) for 6 (C50H36N12O18Zn2): C 49.08, H
2.97, N 13.74; found: C 49.34, H 2.62, N 13.88. Selected IR peaks
(cm−1): 3436 (s), 1707 (m), 1622 (s), 1515 (s), 1344 (s), 1076 (w),
1015 (w), 646 (w).
X-ray Crystallography. Single crystals of the complexes 1−6 with

appropriate dimensions were chosen under an optical microscope and
quickly coated with high vacuum grease (Dow Corning Corporation)
before being mounted on a glass fiber for data collection. Data for
them were collected on a Bruker Apex II CCD diffractometer with
graphite-monochromated Mo Kα radiation source (λ = 0.71073 Å). A
preliminary orientation matrix and unit cell parameters were
determined from 3 runs of 12 frames each; each frame corresponds
to a 0.5° scan in 5 s, followed by spot integration and least-squares
refinement. For 1−6, data were measured using ω scans of 0.5° per
frame for 10 s until a complete hemisphere had been collected. Cell
parameters were retrieved using SMART software and refined with
SAINT on all observed reflections.11 Data reduction was performed

with the SAINT software and corrected for Lorentz and polarization
effects. Absorption corrections were applied with the program
SADABS.11 In all cases, the highest possible space group was chosen.
All structures were solved by direct methods using SHELXS-9712 and
refined on F2 by full-matrix least-squares procedures with SHELXL-
97.13 Atoms were located from iterative examination of difference F-
maps following least-squares refinements of the earlier models.
Hydrogen atoms were placed in calculated positions and included as
riding atoms with isotropic displacement parameters 1.2−1.5 times Ueq
of the attached C atoms. There are some solvent accessible void
volumes in the crystals of 1, 2, 4, which are occupied by highly
disordered water molecules. No satisfactory disorder model could be
achieved, and therefore the SQUEEZE program implemented in
PLATON14 was used to remove these electron densities. The solvents
for 1, 2, 4 are tentatively assigned based on TGA, elemental analysis as
well as the SQUEEZE results. To assist in the refinement of 2, 4, and
6, several restraints were applied: (1) some C−C bonds restrained to
be similar, and some atoms restrained to be coplanar (DFIX and
FLAT); (2) thermal parameters on adjacent atoms in disordered
moieties were restrained to be similar (SIMU and ISOR). All
structures were examined using the Addsym subroutine of PLATON
to ensure that no additional symmetry could be applied to the models.
Pertinent crystallographic data collection and refinement parameters
are collated in Table 1. Selected bond lengths and angles are collated
in Table 2. Topological analysis of coordination networks in all
complexes was performed with the program package TOPOS.15

■ RESULTS AND DISCUSSION

Synthesis and General Characterization. The synthesis
for the target six complexes were performed in seal glass tube
(2 mL) by utilizing the solvothermal method with the different
stoichiometric ratio for the starting materials in the presence of

Table 1. Crystal Data for 1−4a

compound 1 2 3 4 5 6

empirical formula C139H92N30O33Zn8 C24H16N4O4Zn C25H23N6O5.5Zn C124H109N25O27Zn6 C20H17N6O6Zn C50H36N12O18Zn2
formula weight 3233.39 489.78 560.88 2773.68 502.77 1223.65
temperature/K 298(2) 298(2) 298(2) 298(2) 298(2) 298(2)
crystal system triclinic trigonal monoclinic cubic orthorhombic triclinic
space group P1 ̅ P3̅ P21/c Fd3̅c Pbca P1̅
a/Å 17.9946(19) 19.0758(19) 8.5692(12) 36.3142(19) 14.705(2) 7.7103(6)
b/Å 20.490(2) 19.0758(19) 20.821(3) 36.3142(19) 15.934(3) 17.4489(13)
c/Å 27.772(3) 11.429(2) 15.037(2) 36.3142(19) 16.796(3) 18.0994(13)
α/° 82.113(2) 90.00 90.00 90.00 90.00 85.9990(10)
β/° 72.543(2) 90.00 97.053(2) 90.00 90.00 89.1120(10)
γ/° 84.884(2) 120.00 90.00 90.00 90.00 83.6500(10)
volume/Å3 9663.3(18) 3601.6(9) 2662.6(6) 47888(4) 3935.6(11) 2414.1(3)
Z 2 6 4 16 8 2
ρcalc mg/mm

3 1.111 1.355 1.392 1.470 1.697 1.683
μ/mm−1 1.039 1.059 0.970 1.265 1.304 1.088
F(000) 3280.0 1500.0 1144.0 21696.0 2056.0 1248.0
2Θ range for data
collection

2 to 50° 3.56 to 49.98° 4.78 to 50° 3.18 to 49.98° 4.48 to 50° 3.14 to 50°

reflections collected 48128 17216 13112 35929 13404 12041
independent
reflections

33613[R(int) =
0.0564]

4132[R(int) =
0.0470]

4683[R(int) =
0.0249]

1754[R(int) =
0.1050]

3462[R(int) =
0.0685]

8409[R(int) =
0.0155]

data/restraints/
parameters

33613/0/1861 4132/168/460 4683/0/343 1754/25/132 3462/0/298 8409/6/767

goodness-of-fit on F2 0.934 1.084 1.072 1.094 1.020 1.028
final R indexes [I ≥
2σ(I)]

R1 = 0.0701, wR2 =
0.1630

R1 = 0.0894, wR2 =
0.2307

R1 = 0.0441, wR2 =
0.1281

R1 = 0.0627, wR2 =
0.1725

R1 = 0.0520, wR2 =
0.1365

R1 = 0.0329, wR2 =
0.0870

final R indexes [all
data]

R1 = 0.1497, wR2 =
0.1791

R1 = 0.0980, wR2 =
0.2354

R1 = 0.0553, wR2 =
0.1371

R1 = 0.0972, wR2 =
0.1867

R1 = 0.0781, wR2 =
0.1555

R1 = 0.0407, wR2 =
0.0920

largest diff peak/hole/
e Å−3

0.72/−0.71 1.11/−0.94 0.85/−0.65 0.49/−0.51 1.00/−0.93 0.51/−0.38

aR1 = Σ||Fo| − |Fc||/Σ|Fo|, wR2 = [Σw(Fo2 − Fc
2)2]/Σw(Fo2)2]1/2.
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KOH. As a consideration for the safety in the lab, the reaction
temperature was kept to no higher than 120 °C. The one-pot
mixture was heated to an appropriate temperature and held for
48−72 h and then cooled at a descent rate of 10 °C/h. Finally,
the crystals suitable for single-crystal X-ray diffraction analysis
were obtained after cooling to room temperature. All the
complexes 1−6 are stable in the solid state upon extended
exposure to air. They have poor solubility in common organic
solvents and only are slightly soluble in very high polarity
solvents, such as DMF, DEF, and DMSO.
PXRD has been used to check the phase purity of the bulk

samples in the solid state. For complexes 1−6, the measured
PXRD patterns closely match the simulated patterns generated

from the results of single-crystal diffraction data (Figure S1,
Supporting Information), indicative of pure products. In their
IR spectra (Figure S2−S8, Supporting Information), the
absorption bands resulting from the skeletal vibrations of the
aromatic ring were observed in the 1400−1600 cm−1 region.
The νas(COO), νs(COO) bands appear at 1616, 1390 cm−1;
1606, 1345 cm−1; 1622, 1360 cm−1, 1613, 1381 cm−1, 1622,
1359 cm−1 and 1622, 1344 cm−1 for 1−6. The Δν values [Δν =
νas(COO) − νs(COO)] are 220 cm−1 for 1, 261 cm−1 for 2,
262 cm−1 for 3, 232 cm−1 for 4, 263 cm−1 for 5, and 278 cm−1

for 6, respectively, in good agreement with their monodentate
coordination mode of the carboxylate groups.16 Broad peaks at
around 3440 cm−1 for the spectra of 1−6 can be attributed to

Table 2. Selected Bond Lengths (Å) and Angles (°) for 1−6

Complex 1a

Zn1O16i 1.936 (4) Zn2O1 1.947 (5) Zn3O4 1.903 (5) Zn4O14 1.936 (4)
Zn1O23 1.942 (6) Zn2N25 1.984 (6) Zn3O27ii 1.939 (5) Zn4O9 1.991 (5)
Zn1N13 1.985 (6) Zn2O5 2.042 (5) Zn3N16iii 1.984 (7) Zn4N22v 2.014 (5)
Zn1N19 1.999 (5) Zn2N24 2.051 (5) Zn3N4iv 1.998 (6) Zn4N28 2.017 (5)
Zn5O12 1.954 (5) Zn6O21 1.917 (6) Zn7O7ix 1.907 (7) Zn8O25 1.932 (4)
Zn5O19vi 1.967 (6) Zn6N7 1.972 (6) Zn7O29viii 1.951 (5) Zn8O31 1.967 (5)
Zn5N30v 2.015 (6) Zn6O17 2.014 (5) Zn7N9 1.985 (6) Zn8N1 1.989 (5)
Zn5N17vii 2.108 (17) Zn6N6viii 2.038 (6) Zn7O1W 2.045 (7) Zn8N11 2.010 (5)
O16iZn1O23 111.0 (2) O1Zn2N25 118.6 (3) O4Zn3O27ii 112.3 (2) O14Zn4O9 106.7 (2)
O16iZn1N13 112.6 (3) O1Zn2O5 114.3 (2) O4Zn3N16iii 109.8 (3) O14Zn4N22v 99.3 (2)
O23Zn1N13 111.7 (3) N25Zn2O5 106.9 (2) O27iiZn3N16iii 111.9 (2) O9Zn4N22v 109.61 (19)
O16iZn1N19 99.3 (2) O1Zn2N24 102.2 (2) O4Zn3N4iv 119.5 (2) O14Zn4N28 111.9 (2)
O23Zn1N19 116.7 (2) N25Zn2N24 112.2 (2) O27iiZn3N4iv 97.8 (2) O9Zn4N28 109.2 (2)
N13Zn1N19 104.9 (3) O5Zn2N24 101.3 (3) N16iiiZn3N4iv 104.9 (2) N22vZn4N28 119.2 (2)
O12Zn5O19vi 109.9 (2) O21Zn6N7 121.6 (3) O7ixZn7O29viii 107.9 (3) O25Zn8O31 106.3 (2)
O19viZn5N30v 116.9 (2) O21Zn6O17 110.0 (3) O7ixZn7N9 118.4 (3) O25Zn8N1 99.0 (2)
O12Zn5N17vii 107.6 (5) N7Zn6O17 110.8 (2) O29viiiZn7N9 103.6 (3) O31Zn8N1 108.0 (2)
O12Zn5N30v 101.5 (2) O21Zn6N6viii 102.3 (3) O7ixZn7O1W 101.4 (3) O25Zn8N11 114.1 (2)
O19viZn5N17vii 111.4 (5) N7Zn6N6viii 110.7 (3) O29viiiZn7O1W 115.1 (3) O31Zn8N11 110.9 (2)
N30vZn5N17vii 108.8 (5) O17Zn6N6viii 98.7 (3) N9Zn7O1W 110.9 (3) N1Zn8N11 117.4 (2)

Complex 2b

Zn1O1 1.921 (13) Zn1N1 1.996 (6) Zn1O4i 1.936 (6) Zn1N3 2.095 (18)
O1Zn1O4i 95.9 (5) O1Zn1N3 109.9 (7) O1Zn1N1 124.6 (5) O4iZn1N3 123.5 (5)
O4iZn1N1 107.9 (3) N1Zn1N3 97.4 (5)

Complex 3c

Zn1O1 1.933 (2) Zn1N1 1.995 (3) Zn1O4i 1.944 (3) Zn1N3ii 2.021 (3)
O1Zn1O4i 107.85(11) O1Zn1N3ii 94.88(10) O4iZn1N1 111.05(11) N1Zn1N3ii 113.61(11)
O1Zn1N1 116.80(11) O4iZn1N3ii 111.64(11)

Complex 4d

Zn1O1 1.946 (5) Zn1N1 2.020 (5)
O1iZn1N1i 101.2 (2) O1iZn1O1 112.2 (4) O1Zn1N1i 119.45 (19) N1iZn1N1 104.1 (3)

Complex 5e

Zn1O1 1.911 (3) Zn1N1 2.010 (4) Zn1N4i 1.985 (4) Zn1N6ii 2.024 (4)
O1Zn1N4i 112.85 (16) O1Zn1N6ii 97.59 (16) N4iZn1N1 112.99 (16) N1Zn1N6ii 100.13 (16)
O1Zn1N1 116.09 (16) N4iZn1N6ii 115.70 (16)

Complex 6f

Zn1O3i 1.9087 (18) Zn1O1 1.961 (2) Zn1N7 1.993 (2) Zn1N1 1.996 (2)
Zn2N12 1.994 (2) Zn2N4ii 2.013 (2) Zn2O9 1.9653 (18) Zn2N10iii 2.025 (2)
O3iZn1O1 105.12 (10) O3iZn1N1 130.23 (9) O9Zn2N12 114.12 (8) O9Zn2N10iii 100.62 (8)
O3iZn1N7 101.52 (9) O1Zn1N1 96.43 (9) O9Zn2N4ii 113.31 (9) N12Zn2N10iii 111.53 (8)
O1Zn1N7 116.36 (8) N7Zn1N1 108.10 (8) N12Zn2N4ii 110.05 (9) N4iiZn2N10iii 106.64 (9)

aSymmetry codes: (i) x + 1, y + 1, z; (ii) x, y, z + 1; (iii) −x + 2, −y + 2, −z + 3; (iv) x, y − 1, z + 1; (v) x − 1, y, z; (vi) x − 1, y − 1, z; (vii) −x + 1,
−y + 2, −z + 2; (viii) x + 1, y, z; (ix) x + 1, y, z − 1. bSymmetry code: (i) −x + y + 1, −x + 1, z + 1. cSymmetry codes: (i) x + 1, y, z; (ii) −x + 1, −y
+ 1, −z. dSymmetry code: (i) −x + 1/2, −z + 1/2, −y + 1/2. eSymmetry codes: (i) x − 1/2, −y + 1/2, −z + 1; (ii) −x + 2, y − 1/2, −z + 3/2.
fSymmetry codes: (i) −x + 2, −y, −z + 1; (ii) −x + 1, −y, −z; (iii) −x, −y, −z.
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the O−H stretch of lattice or coordinated water molecules.
These results are also confirmed by single-crystal structure
analysis.
Structure Descriptions. {[Zn8(tib)5(bdc)8(H2O)]-

·7DMF·18H2O}n (1). X-ray single-crystal diffraction analysis
reveals that 1 is a 3D network. It crystallizes in the triclinic
crystal system with space group of P1 ̅. The asymmetric unit
contains eight crystallographically independent Zn(II) ion, five
tib ligand, eight bdc dianions, one coordinated water molecule
and lattice solvents molecules. As shown in Figure 1, each Zn

atom locates in a ZnN2O2 tetrahedral geometry. The average
bond lengths around Zn1−Zn8 are 1.966(5), 2.006(5),
1.956(5), 1.990(5), 2.011(5), 1.985(5), 1.948(5), and
1.975(5) Å, respectively. The distortion of the tetrahedron
can be indicated by the calculated value of the τ4 parameter
introduced by Houser17 to describe the geometry of a four-
coordinate metal system, which are 0.92, 0.90, 0.91, 0.92, 0.94,
0.90, 0.91, and 0.91 for Zn1−Zn8, respectively (for ideal
tetrahedron τ4 = 1). Both Zn−N and Zn−O bond lengths are
well-matched to those observed in similar complexes.18 The tib
and bdc ligands adopt a tri- and bidentate bridging mode to
extend the Zn(II) atoms to the resulting complicated 3D
network (Figure 2a). Calculations using PLATON show that
the voids in complex 1 occupy 37.5% of the crystal volume
(after the removal of the guest molecules).
Better insight of the complicated 3D architecture can be

achieved by topology analysis. This 3D net shows an interesting
self-catenation phenomenon (Figure 2b), but most important is
that it can be easily decomposed to two interpenetrating 3D
nets by breaking just two Zn1−N bonds. Each of the
decomposed 3D nets is not self-catenating, so the complex
self-catenation in the initial net is completely described by
interpenetration. This decomposition can be easily found with
the TOPOS cluster simplification procedure.19 This procedure

splits the coordination network into topologically distinct
molecular or polymeric cluster groups. Each of the decomposed
nets can be described in the cluster representation as 4,6-
coordinated net with point symbol of {3·4·64}{3·46·52·64·72}2
(Figure 2c,d). This simplified net defines a new topology that is
unobserved not only in MOFs, but also unenumerated in the
electronic databases EPINET, RCSR, and TOPOS TTD.20 We
have deposited it to the TOPOS TTD Collection under the
name sun1. Recently a stringent nomenclature has been
proposed for interpenetration classification,21 where the most
important distinctions are made between structures containing
nets related by displacement vectors only (Class I, the most
common), those where the nets are symmetry-related (Class
II) and those that are related by both symmetry and
displacement vectors (Class III). In 1, the interpenetration
can be classified as type Class IIa, Z = 2, which means that two
identical interpenetrated nets are generated by means of space
group interpenetration symmetry element, here is the inversion
center, and no interpenetrating translations are allowed in this
kind of interpenetration.
Previously, Sun’s group used ZnCl2 or Zn(NO3)2·6H2O with

the same mixed ligands to assemble two CPs with the formulas
o f { [ Z n ( t i b ) ( b d c ) ] ·H 2O } n a n d { [ Z n 2 ( t i b ) -

Figure 1. The coordination environment of Zn(II) ion in 1.
(Symmetry codes: (i) x + 1, y + 1, z; (ii) x, y, z + 1; (iii) −x + 2,
−y + 2, −z + 3; (iv) x, y − 1, z + 1; (v) x − 1, y, z; (vi) x − 1, y − 1, z;
(vii) −x + 1, −y + 2, −z + 2; (viii) x + 1, y, z; (ix) x + 1, y, z − 1.)

Figure 2. (a) Ball-and-stick view of self-penetrating 3D framework. (b)
2-fold interpenetrating network formed by breaking two Zn1−N
bonds highlighted by red dashed lines. (c) Simplified (4,6)-
coordinated single net. (d) Simplified 2-fold interpenetrating network.
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(bdc)2(H2O)]·2H2O}n, respectively.
22 The two CPs range from

a neutral 2D rectangular grid network with 44-sql topology to a
3D (3,4)-coordinated net with (83)2(8

6) topology; these
topologies are modulated by counteranions, even though the
anions are not included in the resulting structures. On the basis
of the structural analysis, the complex 1 in this work is
completely different from the above two CPs and also much
more complicated than them. Comparing results indicates that
the reactant ratios, solvent, temperature, or reaction vessel may
strongly influence the resulting structures, which also suggests
that the design and prediction of CP structures are still very
difficult, even if the same reactants are used.
{[Zn3(tib)2(bpdc)3]·5H2O}n (2). Structural analysis indicates

that complex 2 crystallizes in the trigonal P3̅ space group. The
asymmetric unit of 2 is composed of one crystallographically
independent Zn(II) atom, two tib ligands passed by 3-fold axis,
one bpdc ligand and highly disordered water molecules. The
coordination environment around the Zn(II) atom is exhibited
in Figure 3a along with the atom numbering scheme. The Zn1

is located in a slightly ZnN2O2 tetrahedral geometry (τ4 = 0.77)
completed by two N atoms belonging to two tib ligands and
two O atoms from two bpdc ligand. The Zn−N/O bond
lengths span the range of 1.921(13)−2.095(18) Å. Each tib
ligand coordinates to three Zn(II) atoms with a nonplanar
geometry with dihedral angles of ca. 38 and 47°, respectively.
On the other hand, the bpdc ligand is a bidentate bridging
ligand since each carboxylate group adopts a (κ1)-μ1
monodentate coordination mode to connect one Zn(II)
atom. Such coordination modes make complex 2 a 2-fold
interpenetrating 3D network (Figure 3b).

From a topological point of view, the resulting 3D
interpenetrating net relies on the combination of triangle tib
and tetrahedral Zn(II) building unit, serving as 3- and 4-
coordinated nodes, respectively (Figure 4a,b). As linear bpdc

only coordinates to two Zn(II) atoms, the network can be
simplified as a new binodal 3,4-coordinated net with point
symbol of {103}2{10

6}3 (Figure 4c). We have deposited it to
the TOPOS TTD Collection under the name sun2. The
TOPOS cluster analysis shows that considering only the
Zn3(tib)2 subnets, i.e., ignoring Zn−bpdc contacts, one can
represent the coordination polymer as a stacking of doubled
honeycomb-like (hcb) (001) layers (Figure 4d,e). As a
consequence of Mother Nature’s horror vacui, two equivalent
nets adopt 2-fold interpenetration to minimize the large voids
in the single net. However, in spite of interpenetration, 2 still
possesses free void space estimated to be about 208.0 Å3, that
is, 5.8% of the unit cell. An analysis of the topology of
interpenetration reveals that 2 also belongs to Class IIa; that is,
two interpenetrated nets are generated only by symmetry
element (here is inversion center) from the single net.

{[Zn(tib)(pdac)]·1.5H2O}n (3). X-ray single-crystal diffraction
analysis reveals that 3 is an independent 1D single-wall metal−
organic nanotube (SWMONT). It crystallizes in the monoclinic

Figure 3. (a) The coordination environment of Zn(II) ions in 2. (b)
The 2-fold interpenetrating 3D network. (Symmetry codes: (i) −x + y
+ 1, −x + 1, z + 1.)

Figure 4. (a) The 4-coordinated tetrahedral Zn(II) building unit in 2.
(b) The 3-coordinated triangle tib node in 2. (c) Ball-and-stick and
schematic representations of simplified 3D 3,4-coordinated net with
{103}2{10

6}3 topology. (d) Representation as a stacking of hcb double
layers; the dashed lines correspond to bpdc ligands. (e) A single layer
in the stacking; the hcb topology becomes obvious if one considers
tib-Zn-tib links as edges of the simplified net.
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crystal system with space group of P21/c. The asymmetric unit
consists of one Zn(II) ion, one tib ligand, one pdac dianion,
and two uncoordinated water molecule. As depicted in Figure
5a, Zn1 is four-coordinated by two nitrogen atoms from two tib

ligand (Zn1−N1 = 1.995(3) and Zn1−N3ii = 2.021(3) Å) and
two oxygen atoms from two carboxylate groups of two pdac
anions (Zn1−O4i = 1.944(3) and Zn1−O1 = 1.933(2) Å) in a
distorted tetrahedral coordination environment (τ4 = 0.90). It is
noteworthy that the tib ligand coordinates with two, rather than
three like in 1 and 2, Zn(II) atoms using two of its three
imidazole groups, and the third one with N6 did not participate
in the coordination, which has been observed previously.23

Three dihedral angles formed between the central phenyl ring
and three terminal imidazole groups are 23.11(14), 34.67(13),
and 13.47(17)°, respectively. (Symmetry codes: (i) x + 1, y, z;
(ii) −x + 1, −y + 1, −z.)

The tib ligand acts as bidentate bridging ligand to bind two
Zn(II) atoms to form an approximately rectangular [Zn2(tib)2]
metallamacrocycle (Figure 5b) with two supplementary interior
angles of 91.88 and 88.12°, respectively. Two carboxylate
groups of pdac are arranged in the opposite sites relative to the
central phenyl ring, giving an anti conformation, which link the
[Zn2(tib)2] metallamacrocycles from the four vertexes to
generate an open-ended, hollow SWMONT (Figure 5c) with
the interior cross section size of ca. 5.48 × 5.32 Å. In the
interior of the SWMONT, two water molecules are hydrogen
bonded to form a 1D water chain, and no obvious hydrogen
bonding is found between the interior wall of SWMONT and
water chain. To illustrate the unique structure of 3, each Zn
center, which is connected to two tib and two pdac ligands, is
represented by a distorted tetrahedral four-coordinated node,
and the tib and pdac linkers are simplified to angular and linear
bars, respectively (Figure 5d). The neighboring SWMONTs are
all held together by weak π···π stacking interaction (3.9273(18)
Å) between imidazole and phenyl ring of tib and nonclassical
C−H···O to form a 3D supramolecular framework (Figure 5e).
As we know, a few metal−organic nanotubes (MONTs) have

been recently reported in the literature.24 For example, Hong
and co-workers synthesized a Cd(II) MONT based on mixed
diphenic acid, isonicotinic acid, and 1,2-di(4-pyridyl)ethylene,
and a silver nanotube constructed from a flexible tripodal
ligand.25 Zur Loye’s group synthesized a 3D framework based
on a 3-amino-1,2,4-triazole ligand containing 1D MONT.26 Lu
and co-workers reported a unique type of MOF [{[Cd-
(apab)2(H2O)]3(MOH)·G}n] (M = Cs+, K+, Na+, apab = 4-
amiono-3-[(pyridin-4-ylmethylene)amino]benzoate) consisting
of a large SWMONT [Cd(apab)2(H2O)]3n with a exterior wall
diameter and an interior channel diameter up to 3.2 and 1.4
nm, respectively.27 However, the above-mentioned MONTs
were usually connected via other ligands to form the high-
dimensional network.28 The independent or isolated 1D
MONTs are quite scarce and many groups are pursuing this
field.29 For example, our group reported an interesting 1D
MONT [Zn(ATIBDC)(bpy)]·3H2O (bpy = 4,4′-bipyridine,
H2ATIBDC = 5-amino-2,4,6-triiodoisophthalic acid) in which
the Zn(II) ion is first connected by bpy ligands to generate a
[Zn4(bpy)4] square as the subunit, and then, the ATIBDC links
the squares from the four vertexes to generate a 1D MONT.29k

Dong and co-worker reported a Ag(I) CP in which the Ag(I)
ion acts as square planar 4-coordinated nodes, and the angular
tetradentate ligands connect the Ag(I) ions to generate a 1D
MONT.30 Sun’s group synthesized a Zn complex 1D MONT
with tri(imidazole) flexible ligand.31 Dyson and co-workers
synthesized a novel Zn(II) MONT with a imidazolediacatatic
ligand.32 Cheng and co-workers reported a bimetallic 1D
MONT {Mn(H2O)2[Ru(bipy)(CN)4]} (bipy = 2,2′-bipyri-
dine).33 Du and co-workers synthesized a 1D nanotube
[Cu(SCN)(bpp)](DMF)0.5 with CuSCN and flexible 1,3-
bis(pyridin-4-yl)propane (bpp) ligand.29g

{[Zn6(tib)2(pdac)3]·DMA·2H2O}n (4). When the solvent
system in the synthesis of 3 was changed from DMF-H2O
(v:v = 1:1) to DMA-C2H5OH-H2O (v:v:v = 5:2:1), complex 4
was obtained as a 2-fold interpenetrated 3,4-coordinated 3D
network like 2 but with a srd topology. It crystallized in cubic
space group Fd3 ̅c with very high symmetry. The asymmetric
unit of 4 consists of half of the Zn(II) center, one-third of the
tib ligand, and half of pdac dianion; other disordered guest
molecules are not crystallographically well-defined. Analysis of
the local symmetry of the metal cation and ligand showed that

Figure 5. (a) The coordination environment of Zn(II) ion in 3.
(Symmetry codes: (i) x + 1, y, z; (ii) −x + 1, −y + 1, −z.) (b)
Rectangular [Zn2(tib)2] metallamacrocycle. (c) Ball-and-stick repre-
sentations of 1D SWMONT. (d) Schematic representations of
simplified 1D SWMONT (purple ball: Zn; green bar: pdac dianion;
yellow arc: tib). (e) Packing array of the nanotubes (nanotubes
individually colored).
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the Zn(II) center was passed by 2-fold axis (site occupancy
factor (SOF) = 0.5), and another 2-fold axis of rotation passing
through the midponits of C10−C10 and C8−C8 bisected the
pdac dianion, the tib resides on the other special symmetry site
containing a 3-fold axis. As depicted in Figure 6a, the Zn(II)

center is bound to two imidazole nitrogen atoms and two
carboxylate oxygen atoms (Zn1−O1 = 1.946(5); Zn1−N1 =
2.020(5) Å) in a tetrahedral manner (τ4 = 0.84). The tib ligand
coordinates to three Zn(II) atoms with a nonplanar geometry
with dihedral angles of 25.4(3)o. On the other hand, the pdac
ligand with an anti conformation to adopts a (κ1)-(κ1)-μ2
bidentate coordination mode to connect the Zn(II) atom.
Such connection modes make complex 4 a 2-fold inter-
penetrating 3D network (Figure 6b).
Topologically, each Zn(II) atom has been linked by four

ligand, so each Zn(II) can be simplified into a 4-coordinated
node (Figure 7a), while the tib still acts as a 3-coordinated
linker (Figure 7b), so the resulting structure can be reduced to
a binodal (3,4)-coordinated srd net with {63}2{6

4·92}3 topology
(Figure 7c). Two equivalent nets adopt 2-fold interpenetration
to minimize the large voids in the single net. However, in spite
of interpenetration, 2 still possesses free void space estimated to
be about 5948.9 Å3, that is, 12.4% of the unit cell. An analysis of
the topology of interpenetration reveals that 2 also belongs to
Class IIa; that is, two interpenetrated nets are generated only
by symmetry element (here is inversion center) from the single
net. To the best of our knowledge, this is the first example of
the srd topology, moreover, probably the most symmetrical
embedding of 2-fold srd network array. The space-group
symmetry of a net in the array is F4132, that is, a maximal class-
equivalent subgroup of the highest space-group symmetry
(P4232) of the single srd net.20a

{[Zn2(tib)2(pma)]·4H2O}n (5). The single-crystal diffraction
analysis indicates that complex 5 crystallized in an ortho-
rhombic manner with space group Pbca. There are one Zn(II)
ion, one tib ligand, half of pma ligand lying at a site of 1 ̅

symmetry, and two lattice water molecules in one asymmetric
unit of 5. The coordination environment around the Zn(II)
atom is exhibited in Figure 8a along with the atom numbering
scheme. The Zn1 is located in a slightly ZnN3O tetrahedral
geometry (τ4 = 0.89) completed by three N atoms belonging to
three tib ligands and one O atom from pma ligand (Zn1−N:
1.985(4)−2.024(4) Å; Zn1−O1 = 1.911(3) Å). Notably, the
coordination enviornment of Zn(II) center in 5 (ZnN3O
tetrahedron) is completely different from that of in 1−4
(ZnN2O2 tetrahedron). Each tib ligand coordinates to three
Zn(II) atoms with a nonplanar geometry with dihedral angles
of 31.8(3), 12.9(3), and 27.7(3)°, respectively. On the other
hand, the pma ligand is completely deprotonated but uses only
two of four carboxylate groups to connect the Zn(II) atom with
(κ1)-(κ1)-μ2 mode. The uncoordinated carboxylate groups form
hydrogen bonds with lattice water molecules. The bidentate
bridging pma combines with tib to link Zn(II) centers, giving
the resulting self-penetrating 3D network (Figure 8b).
The topology analysis for the 3D network of 5 is similar to

that for 2 and 4 considering the 4-coordinated Zn(II) and 3-
coordinated tib linker. However, different from 2-fold inter-
penetrating (3,4)-coordinated 3D networks of 2 and 4, complex
5 is a self-penetrating (3,4)-coordinated new topology with
point symbol of {103}{106} (Figure 8c,d). We have deposited it
to the TOPOS TTD Collection under the name sun3. Using
the TOPOS cluster analysis similar to 1 and 2, we found that
the binodal (3,4)-coordinated self-penetrating network can be
decomposed to two interpenetrating uninodal 3-coordinated
103 srs (SrSi2) nets by omitting 2-coordinated pma ligand
(Figure 8e). In this case, the 4-coordinated Zn(II) node of the
sun3 net is reduced to a 3-coordinated node in the srs net. The

Figure 6. (a) The coordination environment of Zn(II) ions in 4
(symmetry codes: (i) −x + 1/2, −z + 1/2, −y + 1/2). (b) The 2-fold
interpenetrating 3D network (networks individually colored).

Figure 7. (a) The 4-coordinated tetrahedral Zn(II) building unit. (b)
The 3-coordinated triangle tib node. (c) Ball-and-stick and schematic
representations of simplified 3D 3,4-coordinated srd net with
{63}2{6

4·92}3 topology.
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interpenetration in 5 also belongs to Class IIa since the two
nets are related only by inversion.
{[Zn2(tib)(Htib)(H2pma)(Hpma)]·2H2O}n (6). When the

solvent system DMF-H2O (v:v = 1:1) in the synthesis of 5
was replaced by DMSO-H2O (v:v = 1:1), complex 6 was
obtained as an interesting 2D → 3D interdigitated network
based on 2D layers. Structural analysis indicates that complex 6
crystallizes in triclinic crystal system with space group of P1 ̅.
The asymmetric unit of 6 consists of two crystallographically
independent Zn(II) atoms, one tib neutral ligand, one Htib
cationic ligand, one H2pma, one Hpma ligand, and two lattice
water molecules. The coordination environment around the
Zn(II) atoms is exhibited in Figure 9a along with the atom
numbering scheme. Both Zn1 and Zn2 are in a slightly ZnN2O2
tetrahedral geometry with τ4 of 0.79 and 0.92, respectively. The
Zn−N and Zn−O bond lengths are in the ranges of 1.993(2)−
2.013(2) and 1.9087(18)−2.025(2) Å, respectively. Two
crystallographically unique N-ligands adopt two different
forms, neutral tib and cationic Htib, to bind Zn(II) atoms
with nonplanar geometries. Interestingly, O-ligands also show
two forms, H2pma and Hpma, depending on the degrees of
deprotonation. The tib and Htib act as tri- and bidentate
ligands, and combine with (κ1)-(κ1)-μ2-Hpma and (κ1)-μ1-
H2pma to connect Zn(II) atoms to the resulting 2D undulated
3,3-coordinated layer (Figure 9b). According to the TOPOS
notation,18 the topology of the layer is 3,3L4. Notably, the

protonated imidazole group of Htib and H2pma are out of the
plane 2D layer, causing the large aperture, which allowed the
protuberant groups to embed, forming the resulting 2D → 3D
interdigitated network (Figure 9c).
Furthermore, the lattice water molecules, Htib, Hpma, and

H2pma form Owater−H···Ocarboxylate, Ocarboxylate−H···Ocarboxylate,
NHtib−H···Owater hydrogen bonds ranging from 2.376(4) to
3.112(4) Å (Table 3), which combine with π···π stacking
interaction (3.4687(15) Å) between imidazole and phenyl ring
of Hpma to reinforce the resulting 3D supramolecular
framework.

Effects of Polycarboxylate Ligand and Solvent System
on the Structure. Design and assembly of new CPs with
novel topology and specific functionality becomes a goal being
constantly pursued in the branch of the coordination chemistry
field. The key strategy rests on the selection of proper organic
ligands owning various geometry, length, and flexibility. Thus,
in this work, we selected the rigid tripodal tib as a neutral ligand
and a series of auxiliary polycarboxylates as an organic anion.
Moreover, a solvent modulation strategy was also employed.

Figure 8. (a) The coordination environment of Zn(II) ion in 5.
(Symmetry codes: (i) x − 1/2, −y + 1/2, −z + 1; (ii) −x + 2, y − 1/2,
−z + 3/2.) (b) The ball-and-stick representations of 3D network. (c)
The simplified (3,4)-coordinated network (puple ball: 4-coordinated
Zn(II) node; brown bal: 3-coordinated tib node). (d) Representations
of self-penetrating network (green stick: 2-coordinated pma). (e) 2-
fold interpenetrating 103-srs networks formed by breaking the green
sticks in panel d.

Figure 9. (a) The coordination environments of Zn(II) ions in 6.
(Symmetry codes: (i) −x + 2, −y, −z + 1; (ii) −x + 1, −y, −z; (iii) −x,
−y, −z.) (b) The ball-and-stick representations of 2D layer viewed
along the b axis. (c) The space-filling mode showing the 2D → 3D
interdigitated networks viewed along the a axis (layers individually
colored).
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From the structure description above, we can see that the
polycarboxylate ligand and solvent system play important roles
in the formation of the diverse structures and topologies. Six
CPs contain the same tib ligand and Zn(II) center showing bi-
or tridentate coordination mode and tetrahedral coordination
geometry. Although different polycarboxylate ligands show the
same (κ1)-(κ1)-μ2 coordination mode, they have different
geometries and lengths and can freely bend or rotate when
coordinating to the central metals; hence they as 2-coordinated
linkers extend Zn(II) centers with different orientations, which
results in the different structural motifs and topologies
containing the 1D SWMONT (3), 2D undulated layer with
interdigitation feature (6), 3D self-catenating framework based
on interpenetrating (4,6)-coordinated sun1 subnets (1), 3D 2-
fold interpenetrating (3,4)-coordinated networks with different
topologies sun2 and srd (2 and 4), and 3D self-penetrating
(3,4)-coordinated sun3 network based on two interpenetrating
3-coordinated 103 srs subnets (5). It is noteworthy that
combination of 3-coordinated triangle tib node and 4-
coordinated tetrahedral Zn(II) node resulted in (3,4)-
coordinated networks for 2, 4, and 5; however, three CPs
show completely distinct topologies with point symbols ranging
from {103}2{10

6}3, {6
3}2{6

4·92}3, to {103}{106}. The results
indicate that the different polycarboxylate anions have a
remarkable effect on the structures of the CPs. Note that
TOPOS cluster analysis reveals that self-catenating or inter-
penetrating motifs in 1, 2, and 5 can be unweaved by breaking a
minor number of coordination bonds Zn−N or Zn−O. One
can thus consider the formation of the entangled motifs as a
reverse process of establishing such bonds between untangled
groups already existing in the reaction media.
On the other hand, 3/4 and 5/6 exhibit the effect of the

solvent systems on the resultant structures. The dimensionality
and topology of the networks produced in them are determined
by the coordination modes of tib and polycarboxylate anions,
which are clearly dictated by the solvent molecules. For 3 and
4, the reaction in DMF-H2O (1 mL, v/v, 1:1) solvent results in
the formation of 3, while 4 forms in DMA-C2H5OH-H2O
(v:v:v = 5:2:1). The tib ligand show bidentate and tridentate
modes in 3 and 4, respectively, giving them 1D SWMONT and
3D 2-fold interpenetrating (3,4)-coordinated network with a
srd topology. For 5 and 6, they were obtained in DMF-H2O (1
mL, v:v = 1:1) and DMSO-H2O (1 mL, v:v = 1:1), respectively.
In them, tib ligand shows the same coordination fashions, but
the H4pma exhibits different degree of deprotonation and
binding modes. The forms of H4pma after reaction with metal
center are H2pma for 5, Hpma and H2pma for 6. The H2pma
ligand in 5 adopts a bidentate coordination mode with two
carboxylate groups at 1,4-positions and contributed significantly

to the formation of a self-penetrating network. Differently, the
H2pma ligand in 6 just adopts a mondentate coordination
mode and contributed much less to the expansion of the
dimensionality, while the triply deprotonated Hpma adopts the
(κ1)-(κ1)-μ2-mode using its two carboxylate groups at 1,2-
positions in 6, resulting a 2D undulated networks. Although no
different solvent molecules participated in the host framework
of 3/4 and 5/6, different solvent system indeed regulates the
formation of different environments for the self-assembly
process and influences different degrees of deprotonation and
binding modes of ligand.

Thermal Analysis. The TG analysis was performed in N2
atmosphere on polycrystalline samples of CPs 1−6, and the TG
curves are shown in Figure S9. In four compounds, all CPs have
two identifiable weight loss steps. For 1, the first weight loss in
the temperature range of 100−225 °C is consistent with the
removal of lattice DMF and water molecule (obsd 19.15%,
calcd 20.54%). The solvent-free network does not decompose
until 425 °C, and then the collapse of the network of 1 occurs.
For 2, the first weight loss from 50 to 190 °C is attributed to
the loss of lattice water molecules (obsd 6.35%, calcd 5.78%).
Above 430 °C, it starts to lose its ligands a result of thermal
decomposition. For 3, the loss of uncoordinated water
molecules (obsd 6.11%, calcd 6.32%) is observed before 140
°C. The abrupt weight loss corresponding to the release of
organic ligands starts at 335 °C. For 4, the weight loss of 4.99%
from 50 to 205 °C is attributed to the loss of the free water
molecules (calcd 4.44%). The weight loss corresponding to the
release of organic ligands starts at 280 °C. For 5, the first weight
loss in the temperature range of 25−180 °C is consistent with
the removal of lattice water molecule (obsd 14.89%, calcd
14.33%). Then the collapse of the network of 5 occurs. For 6,
the first weight loss from 50 to 190 °C is attributed to the loss
of lattice water molecules (obsd 3.61%, calcd 2.94%). Then, it
starts to gradually lose its ligands a result of thermal
decomposition.

Photoluminescence Properties. The emission spectra of 1−
6 were examined in the solid state at room temperature, shown
in Figure S10. The free ligand tib display photoluminescence
with emission maxima at 405 nm (λex = 360 nm), assigned to
π* → π transition of tib.34 The polycarboxylate ligands H2bdc
(λem = 358 nm), H2bpdc (λem = 408 nm), H2pdac (λem = 415
nm), H4pma (λem = 337 nm) can also exhibit fluorescence at
room temperature.35 The emission bands of these polycarbox-
ylate ligands can be assigned to the π* → n transition as
previously reported.36 To the best of our knowledge, the
emission of polycarboxylate belongs to π* → n transitions
which is very weak compared to that of the π* → π transition
of tib, so the polycarboxylates almost have no contribution to
the fluorescent emission of as-synthesized CPs.37 The emission
spectra exhibit maximum emission peaks at 410 nm for 1, 396
nm for 2, 315, and 384 nm for 3, 327, and 367 nm for 4, and
392, 408, and 465 nm for 5, and 467 nm for 6, respectively,
under the exciation at 300 nm. According to the literature, the
Zn(II) ion is difficult to oxidize or reduce because of the d10

configuration. As a result, the emissions of these CPs are
neither metal-to-ligand charge transfer (MLCT) nor ligand-to-
metal charge transfer (LMCT) in nature.38 Thus, they may be
assigned to a mixture characteristics of intraligand and ligand-
to-ligand charge transition (LLCT), as reported for other
Zn(II) CPs constructed from mixed N-donor and O-donor
ligands.39 The enhancement of luminescence in d10 complexes
may be attributed to ligand chelation to the metal center which

Table 3. The Hydrogen Bond Geometries (Å and °) for 6a

DH···A DH H···A D···A DH···A

O1W−H1WA···O2iv 0.85 1.90 2.722(3) 162.9
O1W−H1WB···O16v 0.85 2.05 2.888(4) 166.6
O2W−H2WA···O15vi 0.85 2.37 3.112(4) 146.7
O2W−H2WB···O1vii 0.85 1.96 2.800(3) 170.2
O7H7A···O6 0.82 1.60 2.414(3) 173.1
O11H11···O5iv 0.82 1.83 2.642(3) 169.9
O14H14A···O15 0.82 1.56 2.376(4) 175.9
N6H6···O2W 0.86 1.89 2.733(3) 164.3

aSymmetry codes: (iv) x − 1, y, z; (v) x, y + 1, z; (vi) −x, −y, −z + 1;
(vii) −x + 1, −y + 1, −z + 1.
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effectively increases the rigidity of the ligand and reduces the
loss of energy by radiationless decay.40 The difference of the
emission behaviors for 1−6 probably derive from the
differences in the rigidity of solid-state crystal packing.

■ CONCLUSIONS
In conclusion, six new Zn(II) CPs constructed from a tripodal
imidazole-based tridentate ligand and different polycarboxylates
have been successfully obtained under solvothermal conditions.
By using different polycarboxylates as the secondary ligands, a
self-catenating 3D framework (1) based on two interpenetrat-
ing (4,6)-coordinated sun1 subnets, a 2-fold interpenetrating
3D (3,4)-coordinated new topology sun2 with point symbol of
{103}2{10

6}3 (2), an interesting 1D independent single-wall
metal−organic nanotube (3), and a 3D (3,4)-coordinated self-
penetrating network sun3 with point symbol of {103}{106} (5)
have been obtained. By changing the solvent systems in the
synthesis of 3 and 5, another 2-fold interpenetrating 3D (3,4)-
coordinated network with a srd topology (4) and an undulated
2D layer 3,3L4 (6) were obtained. The results indicate that the
introduction of polycarboxylate ligands with different geometry,
length, and flexibility as well as the solvent system show
significant effects on the formation of the resulting structures.
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