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Two chiral leadmetal–organic nanotubes (CD-MONT-2 andCD-MONT-3) based on b-cyclodextrin (b-

CD) and g-cyclodextrin (g-CD) were synthesized through a biphasic solvothermal reaction. The lead

ions were connected by two b-CD or g-CDmolecules through their glycosidic oxygen atoms to generate

a discretemetal–organic nanotube containing a {Pb14} or {Pb16}metallamacrocycle, respectively.Guest

solvents of cyclohexanol molecules were trapped in the cavity of the b-CD-based nanotube, whereas

there were no solvents in the cavity of the g-CD-based nanotube. These differences directly led to the

formation of different 3D packing structures. Their properties including temperature-dependent

photoluminescence, adsorption of I2 molecules and thermal-decomposition behaviors were studied.
Introduction

Metal–organic nanotubes (MONTs) or nanotubular architec-

tures, as a special type of porous materials, have been attracting

considerable attention from chemists and material scientists, due

to their potential applications in the areas of gas adsorption,

fluorescence and molecular sieves.1,2 For assembly of MONTs, it

seems especially important to carefully choose organic ligands

and metal ions, search crystallization conditions, including even

the inclusion of guest molecules, and adopt appropriate synthesis

strategies. Thanks to the development of supramolecular chem-

istry and crystal engineering, the application of multifunctional

organic ligands to connect metal ions has led to numerous finite

or infinite MONTs or nanotubular architectures.3,4 In particular,

discrete MONTs remain less common to date.5 Recently, we and

other groups successfully assembled 1D non-interpenetrating

MONTs based on mixed organic ligands under conventional or

hydro/solvothermal conditions.6 Herein, we report two chiral

discrete MONTs based on cyclodextrin (CD) synthesized

through the biphasic scenario.

As is well-known, CDs are water-soluble and biocompatible

compounds, which makes them good candidates for functional
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supramolecular assemblies and use in sophisticated drug delivery

systems.7 From a design perspective, CDs have a large number of

glycosidic oxygen atoms and can provide plenty of coordination

sites to chelate metal ions. Most reported complexes with CDs

are aggregates formed by host–guest complexation.8 Surpris-

ingly, metal–organic complexes based on CDs remain less

explored because of the difficulty in crystallization when coor-

dinated to metal ions.9 However, by adopting an appropriate

synthetic strategy, it is possible to construct CD-based metal–

organic complexes.

Very recently, Stoddart and coworkers reported a 3D porous

framework based on g-CD by a diffusion method.10 Although

Klufers et al. reported a Pb complex based on g-CD molecule,11

there is no systematic research on its properties and the effect of

guest solvents on the 3D packing of metal complexes. In this

work, we describe the synthesis and properties of discrete

MONTs (CD-MONT-2 and CD-MONT-3) based on b-CD and

g-CD (Scheme 1). We believe that our success in assembling CD-

MONT-2 and CD-MONT-3 derives from the use of biphasic

solvothermal synthesis, which has found an important niche in

the preparation of inorganic–organic hybrid materials and

coordination polymers.12 High yield and purity of CD-MONT-2

and CD-MONT-3 were readily obtained through a biphasic

solvothermal reaction of PbCl2 and b-CD or g-CD in water and

cyclohexanol. CD-MONT-2 is slightly soluble in DMSO,

however, CD-MONT-3 is insoluble in common organic solvents.
Experimental section

Materials and methods

Commercially available reagents were used as received without

further purification. Both cyclodextrins were further purified by

recrystallization from water. 1H NMR spectra were recorded on
This journal is ª The Royal Society of Chemistry 2012
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Scheme 1 A schematic representation of CD molecules chelating metal

ions to formMONT. For clarity, only four chelating groups are shown in

each CD molecule.
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a Bruker AVANCE-400 NMR Spectrometer. Elemental analysis

was carried out on a CE instruments EA 1110 elemental

analyzer. Photoluminescence spectra were performed on a F-280

Fluorescence Spectrophotometer. X-ray powder diffractions

were measured on a Bruker AXS D8 Advance. Thermogravi-

metric analysis (TGA) was carried out in a static N2 with

a heating rate of 10 �C min�1. CD spectra were recorded on

a JASCO J-810. SEM was obtained on a JEOL JSM-6700F. The

UV-Vis absorption spectra were performed on a 2800UV/VIS

Spectrophotometer.
Synthesis of CD-MONT-2 and CD-MONT-3

Synthesis of CD-MONT-2. b-CD (0.02 mmol, 23 mg) and

PbCl2 (0.16 mmol, 45 mg) were suspended in distilled water

(6 mL). The mixture was stirred at 80 �C until precipitate stopped

forming. After the removal of precipitate, the mixture was

transformed to a glass tube, then mixed solvent (6 mL) of

cyclohexanol and triethylamine (v/v ¼ 1 : 1) was slowly added.

The glass tube was sealed and heated at 110 �C for 3 days

(heating rate: 16 �C h�1; cooling rate: 6 �C h�1). A lot of

colourless crystals were collected by filtration, washed with

distilled water and dried in air (yield: 80%). Elemental analysis

calcd (%) for CD-MONT-2: C 20.08, H 4.06; found: C 20.08, H

4.21%. Based on the EA, the formula of CD-MONT-2 should be

[Pb14(b-CD)2]$3C6H12O$35H2O.

Synthesis of CD-MONT-3. Reactions using g-CD (0.02 mmol,

26 mg) and PbCl2 (0.018 mmol, 50 mg) were carried out as

described above. The method of synthesis is similar to that of

CD-MONT-2 excepted that the proportion of mixed solvent of

cyclohexanol and triethylamine is changed to 1 : 4 (v/v). Yield:

70%. Elemental analysis calcd (%) for CD-MONT-3: C 18.66, H

3.07; found: C 18.65, H 3.12%. Based on the EA, the formula of

CD-MONT-3 should be [Pb16(g-CD)2]$14H2O.
X-ray crystallography

Single crystals of the CD-MONT-2 and CD-MONT-3 with

appropriate dimensions were chosen under an optical micro-

scope and mounted on a glass fiber for data collection. Single-

crystal X-ray diffraction was performed using a Bruker Apex II

CCD diffractometer equipped with a fine-focus sealed-tube

X-ray source (Mo-Ka radiation, graphite monochromated).
This journal is ª The Royal Society of Chemistry 2012
A preliminary orientation matrix and unit cell parameters were

determined from 3 runs of 12 frames each, each frame corre-

sponds to a 0.5� scan in 5 s, followed by spot integration and

least-squares refinement. Data were measured using u scans of

0.5� per frame for 20 s until a complete hemisphere had been

collected. Cell parameters were retrieved using SMART software

and refined with SAINT on all observed reflections.13 Data

reduction was performed with the SAINT software and cor-

rected for Lorentz and polarization effects. Absorption correc-

tions were applied with the program SADABS.13 In both cases,

the highest possible space group was chosen. Both structures

were solved by direct methods using SHELXS-9714a and refined

on F2 by full-matrix least-squares procedures with SHELXL-

97.14b Atoms were located from iterative examination of differ-

ence F-maps following least squares refinements of the earlier

models. Hydrogen atoms were placed in calculated positions

with isotropic displacement parameters set to 1.2 � Ueq of the

attached atom.
Results and discussion

Structure analysis of CD-MONT-2 and CD-MONT-3

Single-crystal X-ray diffraction reveals that CD-MONT-2 and

CD-MONT-3 crystallize in chiral orthorhombic P212121 space

group and monoclinic P21 space group with the Flack factors

being �0.007(4) and 0.041(9), respectively. All of the glycosidic

OH groups of b-CD and g-CD are deprotonated during the

biphasic solvothermal reaction and each one adopts a bidentate

bridging mode to link two lead ions. Thus, 14 or 16 lead ions

were chelated by 28 or 32 glycosidic oxygen atoms of two b-CD

or g-CD molecules to form the large {Pb14} or {Pb16} metal-

lamacrocycles (Fig. 1), in which each lead ion is coordinated by

four glycosidic oxygen atoms from two b-CD or g-CD mole-

cules. The average Pb/Pb distances in the {Pb14} and {Pb16}

metallamacrocycles are 3.832 and 3.830 �A, respectively. Due to

the inherent symmetry of b-CD and g-CD, there is a pseudo-

seven-fold rotation axis in the {Pb14} metallamacrocycle with

rotation angles from 50.07� to 52.18� (the ideal rotation angle for

the C7 axis is 51.43
�). While a pseudo-C8 axis exists in the {Pb16}

metallamacrocycle (Fig. 1(f)), the rotation angles fall in the range

43.54–46.06� (the ideal rotation angle for the C8 axis is 45
�). As

we know, molecules with a seven or eight-fold rotation axis are

rare amongst reported structures.15

In the last few decades, many metallamacrocycles based on

transition metal ions, lanthanide ions, or combinations of both

have been successfully designed and synthesized. However, most

reports are limited to low-nuclearity metallamacrocycles, such as

{M2}, {M4}, {M6} and {M8} metallamacrocycles,16 including

a calixarene-based six-nuclearity lead example.17Up to now, only

{M10}, {M12}, {M15}, {M16}, {M20} and {M24} high-nuclearity

metallamacrocycles have been documented.18 Chiral high-nucle-

arity metallamacrocycles are still less common. To date and to the

best of our knowledge, only one example of a chiral high-nucle-

arity metallamacrocycle, [Mn15L15S15] (L ¼ N-phenyl-

propiolylsalicylhydrazide; S ¼ solvents), has been reported.19

Reports of high-nuclearity chiral metallamacrocycles, such as

CD-MONT-2 and CD-MONT-3, remain rare in the literature.

The dimensions of the chiral cavity are about 13.0� 10.3� 10.2�A
Chem. Sci., 2012, 3, 2282–2287 | 2283
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Fig. 1 (a) and (b) the MONTs of CD-MONT-2 and CD-MONT-3,

respectively; (c) the fourteen-nuclearity lead metallamacrocycle in

CD-MONT-2; (d) the sixteen-nuclearity lead metallamacrocycle in

CD-MONT-3; (e) and (f) illustrations showing the pseudo-C7 axis and

pseudo-C8 axis in the {Pb14} and {Pb16} metallamacrocycles, respectively.

Fig. 2 (a) and (b) the 1D supramolecularMONT ofCD-MONT-2 along

different directions; (c) a space-filling representation of the 3D packing of

CD-MONT-2 showing the 1D channels; (d) the arrangement

of CD-MONT-3 along two different directions; (e) the 3D packing of

CD-MONT-3.

Fig. 3 The different arrangement of CD-MONT-2 (top) and CD-

MONT-3 (bottom) along one direction under the effect of guest solvents.

The guests in CD-MONT-2 are shown in a space-filling mode.

Pu
bl

is
he

d 
on

 1
8 

A
pr

il 
20

12
. D

ow
nl

oa
de

d 
by

 C
hi

na
 u

ni
ve

rs
ity

 o
f 

Pe
tr

ol
eu

m
 (

E
as

t C
hi

na
) 

on
 1

9/
10

/2
01

6 
15

:0
8:

31
. 

View Article Online
and 13.0 � 12.9 � 12.0 �A for CD-MONT-2 and CD-MONT-3,

respectively. Although CD-MONT-3 possesses a larger cavity

thanCD-MONT-2, there is no solvent guest such as cyclohexanol

molecules in the chiral cavity ofCD-MONT-3 (Fig. S1†), which is

quite different from a previous report byKlufers et al.11However,

three cyclohexanol molecules were trapped in the chiral cavity of

CD-MONT-2, two of which are located up and down the {Pb14}

ring and one occupies the window of the nanotube. The reason

why there are no cyclohexanol molecules in the chiral cavity of

CD-MONT-3maybe thatCD-MONT-3possesses a larger cavity,

which results in the van der Waals interactions between the

cyclohexanol molecules and the host is very weak.

It has been reported that the guest solvents in the cavity of CD

molecules have a significant effect on the arrangement/packing of

the host molecules.20 Thus, due to the existence of cyclohexanol

guest solvents and van der Waals interactions between the guests

and the CD cavity, all of the CD-MONT-2 molecules extend

along the [100] direction, resulting in the formation of an infinite

supramolecular MONT (Fig. 2(a, b)). The 3D packing of the

molecules generates 1D channels along the a axis (Fig. 2(c)). A

large amount of uncoordinated water molecules reside among

the supramolecular MONTs. The solvent-accessible volume after

the removal of uncoordinated solvents is 29.8%, which is calcu-

lated from the software PLATON.21 However, there are two
2284 | Chem. Sci., 2012, 3, 2282–2287
different packing directions in CD-MONT-3: one is along the

[111] direction and the other is along the [1�11] direction

(Fig. 2(d)). The different packing directions block the channels

from each other, resulting in a nonporous supramolecular

architecture (Fig. 2(e)). These results further indicate that the

guests have a significant effect on the packing of not only CD

molecules but also CD-based metal–organic complexes (Fig. 3).

A large amount of water molecules are located among the

CD-MONT-3 molecules and the solvent-accessible volume after

the removal of uncoordinated solvents is 29.3%, which is slightly

smaller than that of CD-MONT-2.
This journal is ª The Royal Society of Chemistry 2012
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Fig. 5 Photographs of the emissions from CD-MONT-2 and CD-

MONT-3 in the solid state at room temperature under excitation of

365 nm.
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Emission properties of CD-MONT-2 and CD-MONT-3

As we know, metal coordination significantly influences the

photoluminescent properties in metal–organic complexes,22

including MONTs (compared to organic ligands), which is an

important property to be considered when trying to synthesize

new photoluminescent materials. The emission spectra of

CD-MONT-2 and CD-MONT-3 were measured at 77 K and

289 K, respectively, and they are displayed in Fig. 4. At 289 K,

CD-MONT-2 and CD-MONT-3 exhibit photoluminescence at

lmax¼ 527 and lmax¼ 521 nm (green region, Fig. 5), respectively,

on excitation at 320 nm. As we know, cyclodextrins are non-

aromatic ligands and photoluminescence silent. Emissions of

cyclodextrins have been observed for other s2-metal complexes

and these emissions can be assigned to a metal-centered transi-

tion involving the s and p orbitals of Pb(II) ion, as proposed by

Vogler et al.23 Compared with the emission of CD-MONT-2,

a 6-nm blue-shift is observed forCD-MONT-3, which may be the

result of the existence of a larger lead cluster in CD-MONT-3.

When cooling to 77 K, the emission band of CD-MONT-2 blue–

shifts 15 nm to 512 nm, accompanying a dramatic enhancement

in intensity. Contrastingly, in the case of the CD-MONT-3, red-

shifted photoluminescence at 531 nm with a slight enhancement

is observed. The temperature-dependent photoluminescence

behaviors may be attributed to the fact that the radiationless

decay at lower temperatures could be reduced to some extent and

then enhanced emissions were observed.24
TGA and I2 absorption behaviors of CD-MONT-2 and

CD-MONT-3

TGA measurements for CD-MONT-2 and CD-MONT-3 show

that both complexes lose uncoordinated solvents below 130 �C.
It is known that CD molecules can encapsulate guests, such as

pyrene, fullerene and halogen molecules etc.20,25 In order to test

the adsorption capacities of CD-MONT-2 and CD-MONT-3 to

guest molecules, we used iodine molecules as the adsorbing target

due to its easy estimation through colour change when adsorbed

into a colourless crystal. CD-MONT-2 and CD-MONT-3 were

heated to 120 �C for half an hour to release all of the solvents in
Fig. 4 Solid-state emission spectra of CD-MONT-2 and CD-MONT-3

at 77 and 289 K.

This journal is ª The Royal Society of Chemistry 2012
the cavities to generate CD-MONT-20 and CD-MONT-30. The
XRPD patterns (Figs S10 and S11†) of the solvent-free

CD-MONT-20 and CD-MONT-30 show no obvious change in

comparison with the simulated patterns of CD-MONT-2 and

CD-MONT-3, indicating the maintenance of periodicity of the

crystalline lattice upon extraction of lattice solvent molecules.

After the activated samples were soaked in iodic toluene solution

(0.005 M) for 3 days, the colour of the solution changed from

deep red to light pink (it was almost colourless for the

CD-MONT-20 form) and the colour of the crystals also changed

from their colourless state to brown and yellow for CD-MONT-

20 and CD-MONT-30, respectively (Fig. 6). These results indicate
that iodine molecules were partly encapsulated in the cavities of

CD-MONT-20 and CD-MONT-30.26 The adsorption capacity of

CD-MONT-20 is much better than that of CD-MONT-30, which
can be estimated from the colour change of the toluene solution,

as well as the crystals (Fig. 6). The reason for this can be fully

explained by the difference in the 3D packing of CD-MONT-2

and CD-MONT-3: CD-MONT-2 contains large channels along

the a axis, whereas CD-MONT-3 is a nonporous supramolecule

(Fig. 2(c, e)). An attempt to release iodine molecules from the

cavities by soaking the samples in toluene failed, which indicates

that CD-MONT-2 and CD-MONT-3 have high encapsulation

capacity to iodine molecules and the adsorption is irreversible.

The luminescence measurements reveal that emission intensities

for the activated samples changed a lot for CD-MONT-20,
whereas they remained almost unchanged for CD-MONT-30, as
compared to the as-synthesized samples (Fig. S13†). These

results indicate that the cyclohexanol solvents in the cavities have

a significant effect on the emission of CD-MONT-2. However,

emissions for the iodine-loaded samples changed dramatically

and the intensity reduced significantly, which indicate that the

adsorbed iodine molecules partly quenched the fluorescence of

CD-MONT-2 and CD-MONT-3.27
DFT calculations

Attempts to obtain another member of this family,CD-MONT-1

based on a–CD, were unsuccessful. To explain the hard access of

this mysterious member, we performed first principle calcula-

tions on the complex of a-CD that cooperated with Pb(II) using

the hybrid density functional theory method, in which the Beck

three-parameter non-local exchange functional with the
Chem. Sci., 2012, 3, 2282–2287 | 2285
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Fig. 6 Photographs showing the visual colour change of iodic toluene

solution for CD-MONT-2 (top) and CD-MONT-3 (bottom) at 15 �C. In
the photographs, the following are shown: crystals ofCD-MONT-20 (left,
top) and CD-MONT-30 (left, bottom) and their I2-loaded forms (right,

top for CD-MONT-20-I2; right, bottom for CD-MONT-30-I2). The figure
in the middle is the UV-Vis absorption spectra of the samples.

Fig. 7 The optimized structures of CD-MONT-1-3.
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correction functional of Lee–Yang–Parr (B3LYP) was used. The

initial geometry of a-CD was obtained from b-CD by cutting one

pair of glucopyranose rings. CD-MONT-1-3 based on a,b,g-

cyclodextrins were fully optimized (Fig. 7). The calculation

results (see Electronic Supporting Information†) suggest that

CD-MONT-1 has the largest dihedral angle of Pb–O–Pb–O in

this family, giving the Pb ring in CD-MONT-1 the largest

torsion. Hence, the condition for construction of a-CD-based

MONT is harsh, and the assembly of a-CD-based MONT is

currently under way in our laboratory.
Conclusions

In summary, two chiral Pb(II) discrete MONTs based on CD

molecules were synthesized and characterized. We believe that

a successful assembly of high yields of these nanotubular mate-

rials derives from the application of a biphasic solvothermal

reaction. The functional MONTs emit green light under UV light

at room temperature. Interestingly, the guest solvents in the

cavity have a significant effect on the packing of the MONTs,

resulting in the formation of porous and nonporous architectures

for CD-MONT-2 and CD-MONT-3, respectively. Both CD-
2286 | Chem. Sci., 2012, 3, 2282–2287
MONT-2 and CD-MONT-3 can encapsulate iodine molecules in

the chiral cavities, which leads to the quenching of fluorescence.

The present study highlights the significance of not only the

synthesis strategy of tubular compounds but also guest solvents

in the 3D packing of target compounds. Further studies will

focus on the synthesis of d10- or 4f-metal complexes based on CD

molecules by modifying the biphasic solvothermal reaction.
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