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A pair of temperature and cosolvent-controlled assemblies of one dimensional (1-D) and two dimen-
sional (2-D) Zn(II)-organic frameworks (ZOFs] based on 5-iodoisophthalic acid (H2IIP) and an aux-
iliary flexible ligand, 1,4-bis(triazol-1-ylmethyl)benzene (bbtz) with different structures, has been
rationally designed and successfully synthesized. Results show that when the reaction was carried
out under ambient condition, the novel discrete single-walled Zn(II)-organic coordination polymer
nanotube {[Zn(IIP)(bbtz)(H2O)]·H2O}n (SWCPNT-1), which shows a fascinating 3-D supramolecu-
lar interdigitated columnar microporous architecture supported by face to face π⋯π stacking interac-
tions and hydrogen bonds, was generated, whereas under solvothermal condition at 120 °C, an
interesting 3-D-polycatenated array of layers, [Zn(IIP)(bbtz)] (2), which further extends into a three-
fold-interpenetrated 3-D supramolecular mesoporous framework with 1-D channels (ca. 3.46 × 1.54
nm2) through C–I⋯O halogen bonds would be obtained. Interestingly, the reversible in situ rapid
rehydration from static air is significantly observed in the discrete SWCPNT-1, revealing its poten-
tial application as water absorbent and sensing material. The dehydrated SWCPNT-1 shows selec-
tive gas adsorption of CO2 over N2. Luminescent studies show that SWCPNT-1, dehydrated
SWCPNT-1, and 2 exhibit blue fluorescence in the solid state. The water molecules in SWCPNT-1
affect its fluorescent property.

Keywords: Synthesis; Nanotubular metal–organic framework; Characterization; Property

1. Introduction

Since the discovery of carbon nanotubes in 1991 [1], many nanotubular structures including
inorganic nanotubes containing elements other than carbon and organic nanotubes have
been synthesized [2–6]. Recently, significant progress has been made in the design and syn-
thesis of nanotubular metal–organic frameworks (MOFs) based on coordinative bonds
because these porous nanotubular MOFs have fascinating structures and potential applica-
tions in gas storage, sensors, and other technologies. Although many MOFs with open
channels have been synthesized [7–11], only a few nanotubular MOFs have been reported.
However, the nanotubes in the reported nanotubular MOFs were normally assembled into
high 3-D frameworks through further interconnection or interweaving of the nanotubular
units by the multidentate ligands [12–18]. The discrete 1-D coordination polymer nanotubes
(CPNTs) are still very limited [19–32]. Therefore, it is a particularly challenging subject to
design and construct discrete CPNTs. It is well known that the architectures of MOFs can
be controlled and modulated by selecting the coordination geometry of metal nodes, the
chemical nature of the ligand, counter ions, and a number of experimental variables such as
the solvent, templates, pH, and the reaction temperature [33–45]. It has been proved that
organic aromatic polycarboxylates, as well as flexible triazole ligands, are good building
blocks for the construction of coordination polymers and multidimensional supramolecular
networks [46–51]. It is worthy to mention that the temperature-controlled supramolecular
assembly in MOFs has received relatively little attention [52].

From a design perspective, to assemble 1-D discrete CPNTs, the linking mode of the
organic ligand should meet with the coordination geometry of the metal nodes. Some strate-
gies have been used to construct discrete CPNTs. For example, it has been reported that the
0-D squares are connected from the four vertexes by a bridging organic ligand to generate
1-D interpenetrating or non-interpenetrating multi-walled discrete CPNTs [19, 20]. Previ-
ously, we had successfully obtained an unprecedented discrete single-walled Zn(II)-organic
tube with 5-iodoisophthalate in the presence of btp as auxiliary ligand (the internal dimen-
sions: 0.92 × 0.90 nm2), in which the 0-D elliptical dimeric subunit is found [53]. So, we
think it may be an effective strategy that the metal ions with d10 configuration are firstly

Single-walled Zn(II)-nanotube 1597
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connected by auxiliary flexible organic ligand with appropriate length and intramolecular
interdigitated angle to generate a nanosized elliptical dimeric subunit, and then the main
rigid organic ligand links the elliptical subunits from two vertexes to generate a discrete
single-walled coordination polymer nanotube (SWCPNT) (chart 1). However, the connec-
tion of the 0-D nanosized elliptical dimeric unit to generate discrete single-walled Zn(II)-
organic nanotube has not been explored prior to the present report.

Along this line, we chose H2IIP to assemble with Zn(II) ion in the presence of the auxil-
iary ligand bbtz at different reaction temperature, which is based chiefly on the following
considerations. (1) The I group is a potential interaction site for creating C–I⋯N/O/I halo-
gen bonds which may help to extend the linkage into high dimensional supramolecular
framework due to their specific directional nature and relatively high halogen bonding
energy [54]. (2) The auxiliary flexible ligand bbtz usually has two different conformations:
trans-gauche (TG) and gauche-gauche (GG) [55]. So, its coordination conformations may
easily be influenced by temperature. Furthermore, the auxiliary flexible ligand bbtz is much
longer than 1,3-bis(1,2,4-triazol-1-yl)propane (btp). The GG conformation of bbtz has the
potential to form nanosized elliptical dimeric unit with Zn(II) node, which can further be
connected by the rigid ligand IIP2−, resulting in the discrete single-walled Zn(II) coordina-
tion polymer nanotube. Thus, a structural prediction of the resulting framework may be pos-
sible to some extent (scheme 1).

Based on this strategy, we have successfully obtained a pair of temperature and cosol-
vent-controlled Zn(II)-organic frameworks (ZOFs): a novel discrete single-walled Zn(II)-
organic coordination polymer nanotube, {[Zn(IIP)(bbtz)(H2O)]·H2O}n (SWCPNT-1), that is
further extended to a “soft” 3-D interdigitated supramolecular columnar microporous frame-
work via weak contacts, and an interesting 3-D-polycatenated array of layers, [Zn(IIP)
(bbtz)] (2), which further extends into a novel threefold-interpenetrated 3-D supramolecular
mesoporous framework with 1-D channels (ca. 3.46 × 1.54 nm2) through C–I⋯O halogen
bond, were obtained at room temperature and under solvothermal condition at 120 °C,
respectively. The freedom of C–C and C–N single σ-bond rotation in the bbtz ligand gives
rise to variable conformations (scheme 2), which are mainly responsible for the different
architectures of SWCPNT-1 and 2. The thermal stability and solid-state fluorescent

Chart 1. Construction of the discrete SWCPNT.

1598 K.-L. Zhang et al.
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properties have been studied. The water molecules affect the fluorescent intensity of
SWCPNT-1 greatly. Interestingly, SWCPNT-1 shows rapid and reversible dehydration–
rehydration in the air. The gas sorption was performed.

Scheme 1. Simplified representation of the aqueous medium synthesis with architectures of SWCPNT-1 and 2,
showing that the temperature and cosolvent have great effect on the supramolecular assemblies.

GG (gauche-gauche), bbtz in SWCPNT-1

TG (trans-gauche), bbtz in 2

Scheme 2. The conformations of the auxiliary ligand bbtz in SWCPNT-1 and 2.

Single-walled Zn(II)-nanotube 1599
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2. Experimental section

2.1. Materials and characterization

The starting materials, H2IIP and bbtz, were prepared according to the previously reported
procedures [53, 56]. The other reagents were purchased commercially and used without fur-
ther purification. Elemental analyses (C, H, and N) were carried out on a 240 °C Elemental
analyzer. FT-IR spectra (4000–400 cm−1) were recorded from KBr pellets in Magna 750
FT-IR spectrophotometer. The solid-state fluorescence emission spectra were recorded using
an F-4500 Fluorescence spectrophotometer (Hitachi). Both the excitation and emission pass
width are 5.0 nm. X-ray powder diffraction data were collected on a computer-controlled
Bruker D8 Advanced XRD diffractometer equipped with Cu-Kα monochromator
(λ = 1.5418 Å) at a scanning rate 0.02° s−1 from 5° to 50°. The sorption experiments for
gasses and vapors were measured with an automatic gravimetric adsorption apparatus
(Magnetic Suspension Balances, Rubotherm Ltd, Germany) at 278.15 K. The initial outgas-
sing process for the sample was carried out under a high vacuum at 378.15 K for ca. 4 h.

2.2. Synthesis of complexes

2.2.1. Synthesis of [Zn(IIP)(bbtz)(H2O)]·H2O (SWCPNT-1). A mixture of H2IIP (0.029
g, 0.1 mM) and NaOH (0.004 g, 0.1 mM) was dissolved in N,N′-dimethylformamide (DMF)
(5 mL) and then an aqueous solution of Zn(NO3)2·6H2O (0.029 g, 0.1 mM) in water (5 mL)
was added whilst stirring. To this solution, bbtz (0.024 g, 0.1 mM) in water (5 mL) was
added and then filtered. The filtrate was kept at ambient temperature for several days and
yellow block crystals were formed (yield: 65% based on H2IIP). Anal. Calcd for
C20H19IN6O6Zn: C, 38.02; H, 3.03; N, 13.30. Found: C, 37.89; H, 2.91; N, 13.51%.
IR/cm−1 (KBr): 3365(m), 3127(w), 1661(vs), 1609(vs), 1552(s), 1428(s), 1373(vs), 1283
(m), 1122(m), 1101(m), 990(m), 730(s).

2.2.2. Synthesis of [Zn(IIP)(bbtz)]n (2). A mixture containing Zn(NO3)2·6H2O (0.029 g,
0.1 mM), NaOH (8 mg, 0.2 mM), H2IIP (29.2 mg, 0.1 mM), bbtz (0.024 g, 0.1 mM), water
(3 mL), and ethanol (3 mL) was sealed in a Teflon reactor, which was heated at 120 °C for
three days and then it was cooled to room temperature at 10 °C h−1. Red needle crystals
were collected (yield: 70% based on H2IIP). Anal. Calcd for C20H15IN6O4Zn: C, 40.32; H,
2.54; N, 14.11 Found: C, 40.28; H, 2.41; N,13.89%. IR/cm−1 (KBr): 3060(s), 1615(vs),
1548(s), 1424(s), 1343(vs), 1282(s), 1140(s), 999(m), 773(m), 731(s), 673(s).

2.3. X-ray single-crystal structure determination

Crystallographic data were collected at 296(2) K with a Siemens SMART CCD diffractor-
meter using graphite-monochromated (Mo Kα) radiation (λ = 0.71073 Å), ψ and ω scans
mode. The structures were solved by direct methods and refined by full-matrix least-squares
on F2 method using SHELXL-97 program [57]. Intensity data were corrected for Lorenz
and polarization effects and a multi-scan absorption correction was performed. Generally,
the positions of C-bound H atoms were generated on idealized geometries. The H atoms of
water were uniquely located in different Fourier maps and then kept fixed. All non-hydro-
gen atoms were refined anisotropically. The contribution of the hydrogen atoms was

1600 K.-L. Zhang et al.
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included in the structure factor calculations. It should be mentioned that the “ALERT level
A” problem in the checkcif/platon report of SWCPNT-1 indicates that this structure con-
tains large solvent accessible voids even if both the lattice and coordinated water molecules
are included, which can further be verified by thermogravimetric analysis (TGA). Further-
more, from crystallographic point of view, there is nothing to do with the voids. Details of
crystal data, collection, and refinement are listed in table 1.

3. Results and discussion

3.1. Syntheses of the complexes

A pair of Zn(II)-organic frameworks, SWCPNT-1 and 2, was prepared at room temperature
and under solvothermal condition at 120 °C, respectively. Interestingly, the molar ratio of
H2IIP: NaOH is very important for the growth of single crystals. The molar ratios of H2IIP :
NaOH (1 : 1 for 1 and 1 : 2 for 2, respectively) were used when we tried to synthesize
SWCPNT-1 and 2. Otherwise, the polycrystals or cotton-like solids were obtained. It should
be mentioned that SWCPNT-1 and 2 cannot be obtained without the presence of slightly
quantity of DMF and ethanol, respectively, which indicates that the temperatures, as well as

Table 1. Crystal data and structure refinement for SWCPNT-1 and 2.

SWCPNT-1 2

Empirical formula C20H19IN6O6Zn C20H15IN6O4Zn
Formula weight 631.68 595.65
Temperature (K) 296(2) 296(2)
Wavelength (Å) 0.71073 0.71073
Crystal system Triclinic Monoclinic
Space group P-1 P2(1)/c
a (Å) 10.2284(15) 15.3544(13)
b (Å) 10.6481(15) 14.6663(13)
c (Å) 13.932(2) 10.2442(9)
α (°) 72.386(2) 90
β (°) 86.794(2) 108.0450(10)
γ (°) 72.740(2) 90
V (Å3) 1380.2(3) 2193.4(3)
Z 2 4
DCalcd (Mgm−3) 1.520 1.804
Absorption coeff (mm−1) 2.050 2.567
F (0 0 0) 624 1168
θ Range for data collection (˚) 1.53–25.00 1.97–27.56
Index ranges −12 ≤ h ≤ 12 −19 ≤ h ≤ 19

−11 ≤ k ≤ 12 −18 ≤ k ≤ 19
−13 ≤ l ≤ 16 −12 ≤ l ≤ 13

Reflections collected 9600 19,020
Unique (Rint) 4797 [R(int) = 0.0426] 5037 [R(int) = 0.0262]
Completeness to θ = 27.5 98.6% 99.3%
Max. and min. transmission 0.735 and 0.546 0.680 and 0.468
Goodness-of-fit on F2 1.101 1.062
Final R indices [I > 2σ(I)] R1 = 0.0768 R1 = 0.0320

wR2 = 0.2370 wR2 = 0.0948
R indices (all data) R1 = 0.1378 R1 = 0.0420

wR2 = 0.2811 wR2 = 0.1014
Largest diff. peak and hole (e Å−3) 2.262 and −1.445 1.614 and −0.308

Single-walled Zn(II)-nanotube 1601
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cosolvents have great influence on the crystal growth for some MOFs. All the carboxylate
groups in SWCPNT-1 and 2 are found to be deprotonated as supported by the data of FT-
IR spectroscopy and the results of crystallographic analysis (see below). There are great dif-
ferences in the coordination modes of the auxiliary flexible ligand bbtz (scheme 2), which
exert a significant influence on the crystalline architectures as described below.

3.2. Crystal structure descriptions

3.2.1. Structural description of {[Zn(IIP)(bbtz)(H2O)]·H2O}n (SWCPNT-1). The work
presented here reports a convenient one-pot synthesis of one novel discrete infinite
SWCPNT-1 (scheme 3), which is obtained under “soft” ambient condition. To the best of
our knowledge, SWCPNT-1 is the unique discrete single-walled Zn(II)-organic coordination
polymer nanotube.

Single-crystal X-ray diffraction analysis reveals that SWCPNT-1 crystallizes in the tri-
clinic system with space group P-1 and has an interesting discrete nanotubular chain struc-
ture. The asymmetric unit of SWCPNT-1 consists of one independent Zn(II) ion, one IIP2−

ligand, one bbtz ligand, one coordinated water molecule, and one lattice water molecule
[figure 1(A)]. The central Zn atom adopts distorted octahedral coordination geometry

Scheme 3. Synthesis of the discrete single-walled Zn(II)-organic coordination polymer nanotube SWCPNT-1.

1602 K.-L. Zhang et al.
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through bonding to three O-donors from two IIP2− ligands, two triazole N-donors from two
bbtz ligands, and one O donor from the coordinated water molecule (table 2). Two bbtz

Figure 1. (A) The coordination environment of Zn(II) and the elliptical dimeric metallamacrocycle ring in
SWCPNT-1 (#1 − x + 2,−y,−z + 2; #3 x + 1, y, z). (B) (Top) The dimensions of SWCPNT-1 showing the lattice
waters reside just in the wall of the tube, (Bottom) Space-filling diagram of the nanotube, showing the large cavity
even including the lattice waters. (C) 2-D supramolecular layer formed through O–H⋯O hydrogen bonds and π⋯π
stacking interactions between the discrete nanotubes with a stick inside. (D) 2-D supramolecular layer stacks
through O–H⋯O hydrogen bonds and π⋯π stacking interactions to generate a 3-D supramolecular interdigitated
columnar microporous framework.

Single-walled Zn(II)-nanotube 1603
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ligands coordinate to two Zn(II) ions to form an elliptical dimeric metallamacrocycle ring
[Zn(bbtz)2Zn], and the rings thus created are then further linked with each other through
IIP2− ligands in (k2)-(k1)-μ2 fashion to form a novel discrete 1-D elliptical SWCPNT [figure
1(B), scheme 3]. The auxiliary ligand bbtz adopts GG conformation [16] and has a larger
intramolecular N1⋯N6 distance [9.296(12) Å] and a bigger bent angle between two triazole
rings (67.90°), which results in the formation of nanotubular chain structure. The nanotube
lies parallel to the crystallographic a-axis and has an internal dimension of ca. 1.22 × 1.11
nm2. It should be noted that calculations using PLATON [58] based on the crystal structure
show that the total solvent-accessible volume is 298.0 Å3 per unit cell, even including both
the lattice water and coordinated water molecules, comprising 21.6% of the crystal volume.
If both the lattice water and coordinated water molecules were excluded, the total solvent-
accessible volume reaches 378.0 Å3 per unit cell, comprising 27.4% of the crystal volume.

Just in the wall of the coordination polymer nanotube lies one-ordered interstitial H2O
molecule. Both the interstitial water molecule and the coordinated one further assemble into
a discrete water dimer. The O1W and O2W form hydrogen bonds with both the coordinated
and uncoordinated carboxylate oxygen atoms of the neighboring tubes [O1W–H1W1⋯O3
(2.722 Å) and O2W–H2W1⋯O2 (2.720 Å)] [figure 1(C)]. Thus, the nanotubes are aligned
into a 2-D columnar sheet, likely driven by such O–H⋯O hydrogen bonds and π⋯π stack-
ing interactions between the benzene and triazole rings of the adjacent tubes evidenced by
the centroid⋯centroid distance of 3.895 Å. The 2-D supramolecular layer was further linked
each other through face to face π⋯π stacking interactions between two benzene rings of the
adjacent tubes, ultimately resulting in the formation of a fascinating 3-D supramolecular
interdigitated columnar microporous framework [figure 1(D)]. The Ow⋯Ow distance
(2.805 Å) in the discrete water dimer is comparable to that for the ice II phase (2.77–2.84
Å) [59].

3.2.2. Structural descriptions of the crystalline polymer [Zn(IIP)(bbtz)]n (2). Complex
2 is obtained solvothermally and crystallizes in the monoclinic system with space group
P21/c. It exhibits an interesting 3-D-polycatenated array of layers, in which every layer is
catenated with the two neighboring atoms, up and down. The asymmetric unit of 2 consists
of one Zn(II) atom, one IIP2−, and one bbtz ligand [figure 2(A)].

Table 2. Selected bond lengths [Å] and angles [°] for SWCPNT-1 and 2.

SWCPNT-1

Zn(1)–O(1) 2.037(8) Zn(1)–N(6)#1 2.117(12)
Zn(1)–O(1W) 2.078(10) Zn(1)–N(1) 2.129(9)
Zn(1)–O(4)#3 2.117(8) Zn(1)–O(3) 2.528(3)
O(1)–Zn(1)–O(1W) 86.7(4) O(4)#3–Zn(1)–N(6)#1 87.7(4)
O(1)–Zn(1)–O(4)#3 95.7(3) O(1)–Zn(1)–N(1) 126.7(4)
O(1W)–Zn(1)–O(4)#3 90.0(4) O(1W)–Zn(1)–N(1) 90.4(4)
O(1)–Zn(1)–N(6)#1 92.0(4) O(4)#3–Zn(1)–N(1) 137.5(3)
O(1W)–Zn(1)–N(6)#1 177.3(4) N(6)#1–Zn(1)–N(1) 92.3(4)

Complex 2
Zn(1)–O(1) 1.970(2) Zn(1)–N(1) 2.015(4)
Zn(1)–O(3)#2 1.970(3) Zn(1)–N(4) 2.020(3)
O(3)–Zn(1)–O(1) 102.82(11) O(3)–Zn(1)–N(4) 113.47(14)
O(3)–Zn(1)–N(1) 114.12(14) O(1)–Zn(1)–N(4) 110.89(13)
O(1)–Zn(1)–N(1) 108.15(13) N(1)–Zn(1)–N(4) 107.28(14)

Note: Symmetry transformations used to generate equivalent atoms: #1 −x + 2, −y, −z + 2 #3 x + 1, y, z for
SWCPNT-1; #2 x, y, z − 1 for 2.

1604 K.-L. Zhang et al.
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Each Zn(II) atom is tetracoordinated by two nitrogen atoms from two bridging bbtz
ligands and two oxygen atoms from two individual IIP2− ligands, showing a distorted tetra-
hedral coordination geometry with the bond angles around each Zn(II) atom vary from
102.83(12)° and 114.11(14)° (table 2). The auxiliary flexible ligand bbtz adopts TG confor-
mation (scheme 2) and links the adjacent Zn(II) ions to form a 1-D zig–zag chain with the
pitches of 15.597(1) Å [figure 2(B)]. Notably, the main rigid ligands IIP2− are almost per-
pendicular to the 1-D motifs. The parallel zig–zag chains are bridged by the IIP2− linkages
in bismonodentate (k1)-(k1)-μ2 coordination fashion, leading to the formation of a novel 3-
D-polycatenated array of layers with wave-like nanoporous sheet with (4, 4) topology
[14.7655(10) × 10.2442(9) Å2] [figure 2(C) and (D)] [60]. These 3-D-polycatenated array of
layers are further extended to a fascinating threefold-interpenetrated 3-D supramolecular
network with 1-D mesoporous channel (ca. 3.46 × 1.54 nm2) along [0 0 1] direction via C–
I⋯O halogen bonds [3.4925 Å] [figure 2(E) and (F)].

3.3. FT-IR spectra and thermogravimetric analyses

The FT-IR spectral data show features attributable to the carboxylate stretching vibrations
of both SWCPNT-1 and 2. The absence of bands in the range of 1680–1760 cm−1 indicates
the complete deprotonation of H2IIP in these two complexes. The characteristic bands of
the carboxylate groups appear in the range 1552–1598 cm−1 for the asymmetric stretching
and 1384–1490 cm−1 for the symmetric stretching. In the FT-IR spectra of SWCPNT-1, the
broad band centered around 3300 cm−1 corresponds to the –OH stretching vibrations of the
water molecules [61].

To examine the thermal stability of SWCPNT-1 and 2, the TGA was performed on poly-
crystalline samples under a nitrogen atmosphere in flowing N2 with a heating rate of 10 °C
min−1 (figure 3). For SWCPNT-1, the weight decrease of 5.18% from 63 to 105 °C corre-
sponds to the escape of both the interstitial and coordinated water molecules (Calcd
5.69%). The second step starts from 120 °C and ends at 215 °C with a weight loss of
9.53%, which may possibly be attributable to the loss one triazol ring in the bbtz ligand
(Calcd 10.29%). A sharp weight loss beginning at 316 °C indicates decomposition of the
host tube.

No weight loss is observed below 320 °C in the TG curve of 2, which further confirms
the absence of the lattice water molecules in the phase. Complex 2 decomposes at 320 °C,
revealing that 2 has high framework stability.

3.4. Removal and reintroduction of water in SWCPNT-1

TGA shows clearly that both the interstitial and coordinated water molecules in SWCPNT-
1 could be excluded upon heating. To study the dehydration–rehydration property of
SWCPNT-1, the in situ variable temperature powder X-ray diffraction (PXRD) was per-
formed at room temperature, 105 °C, and then room temperature again upon cooling down
the dehydrated material automatically just in static air (figure 4). Remarkably, the PXRD
patterns clearly show that SWCPNT-1 undergoes reversible dehydration and rehydration
upon exposure of the dehydrated material just in static air, the dehydrated phase rehydrates
rapidly, resulting in the re-establishment of the original crystal structure upon cooling to
room temperature. This is further verified by the TG analysis of the rehydrated material of
SWCPNT-1 [the first step mass loss corresponding to water molecules in TGA: 5.03%
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(Calcd 5.69%) (see figure S1, see online supplemental material at http://dx.doi.org/10.1080/
00958972.2014.926006)]. It should be pointed out that the dehydrated phase of SWCPNT-
1 still remains integrated after the water molecules are lost, but the structure of the

Figure 2. (A) View of the coordination environment of Zn(II) and the coordination mode of IIP2− in 2 (symmetry
code: #2 x, y, z − 1); (B) Perspective view of the wave-like 2-D coordination layer; (C) Schematic representation of
the 3-D polycatenated array of layers. The bbtz linkers are simplified as rods for clarity. Each layer is catenated
with the two neighboring, up and down; (D) Space-filling view of the threefold interpenetrated 3-D supramolecular
network, considering the C–I⋯O bonds; (E) Schematic view of the threefold interpenetrated 3-D supramolecular
network, where the blue dashed lines represent the C–I⋯O bonds; (F) Size of the channel (see http://dx.doi.org/10.
1080/00958972.2014.926006 for color version).
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Figure 2. (Continued)
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desolvated material is changed, as supported by the in situ variable temperature PXRD
patterns. This observation clearly indicates that during the process of dehydration and
rehydration in SWCPNT-1, the framework exhibits a novel “breathing” property which
may mainly be attributed to the flexibility of the auxiliary ligand bbtz since the ligand
IIP2− is rigid.
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Figure 3. TGA curves of SWCPNT-1 (black) and 2 (red) (see http://dx.doi.org/10.1080/00958972.2014.926006
for color version).

10 20 30 40 50

Figure 4. XRPD patterns for SWCPNT-1 recorded (red) as-synthesized SWCPNT-1 measured at room tempera-
ture, (black) after removal of the water at 105 °C, (green) after exposure of the desolvated material in static air at
room temperature, and (blue) the simulated XRPD pattern calculated from single-crystal data of SWCPNT-1 with
Mercury 1.4.2 (see http://dx.doi.org/10.1080/00958972.2014.926006 for color version).
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The framework integrity of SWCPNT-1 can be maintained after a number of desorption–
adsorption cycles, which indicates that it may be used as potential adsorbent as well as
sensing material to water molecules.

3.5. Sorption to gasses

Further, gas sorption (N2 and CO2) of the dehydrated SWCPNT-1 was performed at
278.15 K. The N2 adsorption isotherm at 278.15 K shows almost no uptake capacity, with
the maximum of 0.9 mg at 38 atm. Interestingly, in the case of CO2 desorption at 278.15 K,
notable hysteresis loop was observed (figure 5). The sorption measurement of the dehy-
drated SWCPNT-1 for CO2 gave type-I isotherm for microporous materials, and the uptake
at 38 atm is 13.2 mg g−1, indicating that the dehydrated SWCPNT-1 shows selective weak
gas adsorption for CO2 over N2 at ambient temperature, which may be attributed to the
smaller kinetic diameters of CO2 than that of N2 (CO2 : 3.3; N2 : 3.6 Å) as well as the signif-
icant quadrupole moment of CO2 (−1.4 × 10−39 cm2), which generates specific interactions
with the host framework [62].

3.6. Fluorescent properties in the solid state

The photoluminescent spectra of SWCPNT-1, dehydrated SWCPNT-1 (two H2O molecules
removed by heating at 105 °C for 6 h), 2, and free H2IIP acid have been investigated in the
solid state at room temperature. To compare well the relative fluorescent intensities, we
determined all of the emission spectra with the same excitation wavelength. Excitation of
the microcrystalline samples SWCPNT-1, dehydrated SWCPNT-1 and 2 at λex = 290 nm
leads to the generation of similar blue fluorescent emissions with the maximum emission
centered around 469 nm and a shoulder at about 403 nm (figure 6). To further understand
the origin of these emission bands, the fluorescent spectrum of free H2IIP acid has also been
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Figure 5. Sorption isotherm for SWCPNT-1 to CO2 measured at 278.15 K (solid: adsorption; blank: desorption).
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measured. The free H2IIP acid exhibits the same maximum fluorescent emission and shoul-
der as those in SWCPNT-1, the dehydrated SWCPNT-1 and 2. These observations suggest
that the coordination of the IIP2− ligand with Zn(II) ion in the presence of bbtz as auxiliary
ligands has almost no influence on the emission mechanism of SWCPNT-1, the dehydrated
SWCPNT-1 and 2. So, the emissions of these complexes may be assigned to an intraligand
π⋯π* transition [63, 64]. The enhancement of fluorescence in SWCPNT-1, the dehydrated
SWCPNT-1 and 2 may be attributed to the ligation of the ligand to the Zn(II) center, which
further enhances the rigidity of the IIP2− ligand and reduces the loss of energy through a
radiationless pathway [65, 66]. It is said that increasing molecular rigidity will weaken the
intramolecular vibrations, so the molecule excitation energy is not easily released as heat
due to vibration. The fluorescent emission of 2 is weaker compared with those of
SWCPNT-1 and the dehydrated SWCPNT-1, which is possibly attributed to the less rigid
2-D network architecture of 2 [67–69]. After removal of two water molecules, the emission
of the dehydrated SWCPNT-1 becomes much stronger than that of SWCPNT-1, indicating
that the two water molecules in SWCPNT-1 have great influence on its fluorescent intensity.
The strong blue emission of the dehydrated SWCPNT-1 reveals that this complex may be
an excellent candidate for solid blue fluorescent material.

4. Conclusion

In conclusion, the present study not only shows that temperature as well as the cosolvent have
great influence on the supramolecular assembly between the ligand IIP2− and Zn(II) ion but
also reveals that it is an effective strategy that the discrete single-walled Zn(II)-organic coor-
dination polymer nanotube can be created by connecting the 0-D elliptical dimeric nanosized
subunits through the rigid ligand IIP2−. Based on this tactic, the unique fascinating discrete
single-walled Zn(II)-organic coordination polymer nanotube SWCPNT-1 was obtained under
ambient condition in the presence of DMF as cosolvent, whilst a threefold-interpenetrated
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Figure 6. Solid-state fluorescence emissions recorded at room temperature for H2IIP (blue), SWCPNT-1 (red), the
dehydrated SWCPNT-1 (black) and 2 (green) (λex = 290 nm) (see http://dx.doi.org/10.1080/00958972.2014.926006
for color version).
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3-D supramolecular network 2 was prepared under solvothermal condition at 120 °C in the
presence of ethanol as cosolvent. The different conformations of bbtz ligand in these two
complexes may mainly be induced by different temperatures and should be mainly responsi-
ble for the different architectures of SWCPNT-1 and 2. Both the coordinated and interstitial
water molecules in SWCPNT-1 can be completely removed without collapse of the tube. The
most interesting property of SWCPNT-1 is its rapid and reversible dehydration–rehydration
behavior just in air. SWCPNT-1 may be useful as potential late-model water adsorbent mate-
rial. The dehydrated SWCPNT-1 shows selective weak gas adsorption to CO2 over N2 and
can also adsorb methanol and ethanol vapor weakly. The compounds, SWCPNT-1 and the
dehydrated SWCPNT-1 and 2, have been found to exhibit blue fluorescence in the solid state.
Furthermore, the water molecules in SWCPNT-1 have great influence on its fluorescent prop-
erty. Further work is in progress to construct other novel MONTs based on H2IIP in the pres-
ence of appropriate flexible auxiliary ligands.

Supplementary material

Crystallographic data have been deposited with the Cambridge Crystallographic Data Cen-
ter with Nos. 813814 (SWCPNT-1) and 832542 (2). Copies of the data can be obtained free
of charge via the Internet at http://www.ccdc.cam.ac.uk/conts/retrieving.html.
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