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a b s t r a c t

Since the outer surface interaction of Q[n]s (OSIQ, including self-, anion- and aromatic-induced OSIQs)

was proposed in 2014, it has become the most important research area in our group to construct various

Q[n]-based supramolecular frameworks via the OSIQ strategy. Herein, we report a novel supramolecular

framework constructed using cucurbit[8]uril (Q[8]) and 4-sulfocalix[6]arene (SC[6]A). This Q[8]/SC[6]A-

based supramolecular framework is a product via the perfect combination of self-, anion- and aromatic-

induced OSIQs. This framework has the characteristics of easy preparation and high stability with the

most important feature being the sequence selective capture of specific metal cations, such as common

alkali- and alkaline earth metal ions, and renewability. Thus, this framework may be used in seawater

desalination, potassium ion enrichment, radioactive cesium ion pollution source treatment, Gruinard’s

treatment or water softening and other applications.

© 2021 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

In general, cucurbit[n]urils (Q[n]s) contain n glycolurils bridged

by 2n methylene units and have two opening portals and a sin-

gle rigid cavity (Fig. 1a) [1-5]. Thus, the structural properties of

Q[n]s define the two main branches of Q[n]-chemistry: 1) Q[n]-

based host−guest chemistry, which is related to the inclusion of

various guests in the cavity of Q[n]s [6–11] and 2) coordination

chemistry, which is related to the interaction between Q[n]s and

metal ions (Mn+s) [12–15].
In the study of coordination between Q[n]s and Mn+s, we found

by chance that inorganic anions, in particular, polychlorinated an-

ions, always surround the outer surface of Q[n]s, which can pro-

mote the coordination between Q[n]s and Mn+s to form various

coordination polymers [14,15]. The reason was attributed to the

outer surface of Q[n]s presenting a positive electrostatic potential

which interacts with electronegative species (Figs. 1c-e), improving

the electronegative atmosphere of the ports of Q[n]s and enhanc-

ing the coordination chance of Q[n]s with Mn+s [16,17]. Further

studies found that this characteristic of Q[n]s can also be reflected
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in the interaction between Q[n]s. The electrostatic potential neg-

ative ports of a Q[n] always tend to be close to the electrostatic

potential positive outer surface of adjacent Q[n]s, and these dipole

interactions may become the driving force (Fig. 1c). In addition,

aromatic compounds also tended to be near the outer surface of

Q[n]s, and the π���interaction and C-H���π interactions may also

be the driving force (Fig. 1e). These effects related to the outer

surface of Q[n]s have been found to play important roles in the

coordination, supramolecular self-assemblies, and frameworks of

Q[n]s. Therefore, we define these effects as the outer surface inter-

actions of Q[n]s (OSIQ), which can be divided into self-, anion- and

aromatic-induced OSIQs according to the characteristics of these

effects, which have been summarized in a recent review [17].

Calix[n]arene (C[n]A) are macrocyclic compounds formed by n

methylene groups connected to n benzene rings. They are similar

to Q[n]s and also have a hydrophobic cavity [18–20]. In particular,

a large number of aromatic rings in the structure could make them

easy to form Q[n]/SC[n]A hybrids with framework features. So far,

however, the related reports are rare [21,22]. As early as 2008,

Long and co-workers chose 4-sulfocalix[n]arenes (SC[n]As; n = 4

and 6; Fig. 1b) and Q[6] as building blocks, and constructed two

novel Q[n]/SC[n]A-based frameworks [21]. We recently demon-

strated a supramolecular aggregation of Q[7] and SC[4]A, which
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Fig. 1. (a, b) The molecular structures of Q[n]s and SC[n]As. (c-e) A schematic rep-

resentation of the outer surface interactions formed between the Q[n] molecule and

different compounds.

Fig. 2. Overview of the crystal structure of Q[8]/SC[6]A-based supramolecular

framework 1 along the (a) c-axis and (b) a-axis. (c) Q[8]-based supramolecular

layer and (d) SC[6]A-based layer. (e) Each Q[8] molecule accompanied by four Q[8]

molecules and two SC[6]A via three types OSIQs. (f) Each SC[6]A molecule accom-

panied by six Q[8] molecules via the anion- and aromatic-induced OSIQs, and (g) a

three-Q[8] unit.

can accommodate molecules of some volatile compounds or lumi-

nescent dyes [22].

In the present work, we selected Q[8] and 4-sulfocalix[6]arene

(SC[6]A), which contain not only aromatic rings, but also an-

ions, as building blocks and prepared a novel Q[8]/SC[6]A-

based supramolecular framework in hydrochloric acid medium (1).

Figs. 2a and b show an overview of the crystal structure of 1

along the c- and a-axis, respectively, which are formed by an al-

ternating accumulation of Q[8]-layers (Fig. 2c) and SC[6]A-layers

(Fig. 2d). A close inspection reveals that each Q[8] molecule in-

teracts with four adjacent Q[8] molecules in the framework via

self-induced OSIQ (Figs. 1c and 2e) and interacts with two SC[6]A

via anion- and aromatic-induced OSIQs (Figs. 1d, 1e and 2e). Two

electrostatic potential negative portals of two of the four Q[8]

molecules are close to the electrostatic potential positive outer sur-

face of the central Q[8] molecule, whereas the two electrostatic

potential negative portals of the central Q[8] molecule are close

to the electrostatic potential positive outer surface of the another

two Q[8] molecules. Basically, the interaction, between these ad-

jacent Q[8] molecules is the dipole interaction, and the interac-

tion distances are in the range of 2.996–3.404 Å (Figs. 1c and

2e). The anion- and aromatic-induced OSIQs can be observed even

more clearly between the Q[8] molecule and SC[6]A molecule. Six

Q[8] molecules are evenly distributed on both sides of a nearly

flat chair structure SC[6]A molecule. The driving force include: 1)

the anion-dipole interaction of SO3
− anion in the SC[6]A molecule

toward the electrostatic potential positive portal carbonyl carbon

atoms, methine groups and methylene groups of the adjacent Q[8]

molecules, respectively; 2) the π���interactions between the car-

bonyl groups of the adjacent Q[8] molecules and aromatic rings of

the flat SC[6]A molecule; 3) as well as the C-H���π interactions be-

tween the aromatic rings of the flat SC[6]A molecule and the me-

thine and methylene groups on the outer surface of the adjacent

Q[8] molecules (Fig. 2f). Moreover, two three Q[8] molecular com-

binations, which are distributed on both sides of molecule SC[6]A,

form a triangular structure (three-Q[8] unit) via the self-induced

OSIQ (Fig. 2g). Thus, framework 1 perfectly indicates the important

role of the three types OSIQs in constructing Q[8]/SC[6]A-based

supramolecular frameworks.

Further experiments showed that the preparation of 1 was

very convenient. Simply mixing Q[8] and SC[6]A in aqueous neu-

tral or weak acidic solutions can quantitatively obtain the desired

supramolecular framework (1) as amorphous, microcrystalline, sin-

gle crystals or even as a solution (see video in Supporting infor-

mation). For example, titration 1H NMR experiments in D2O show

that the 1H NMR spectra of Q[8] seem to be sensitive to SC[6]A,

even the presence of a tiny amount of SC[6]A. The proton res-

onance of Q[8] weakened rapidly, while the proton resonance of

SC[6]A increased with the increase of SC[6]A concentration (Fig. S1

in Supporting information). This experimental phenomenon sug-

gests that Q[8] and SC[6]A can easily form supramolecular frame-

work (1), which is insoluble in aqueous solution. 1H NMR spectra

of the framework in 6 mol/L HCl solution indicate that the molar

ratio of SC[6]A/Q[8] is close to 1:3 (Fig. S2 in Supporting informa-

tion). Titration 1H NMR experiments in DCl/D2O (6 mol/L) show

that the interaction products of Q[8] with SC[6]A can dissolve in

acidic media because the proton resonances of both components

can be observed over the whole titration process (Fig. S3 in Sup-

porting information).

Dynamic light scattering (DLS) performed in an aqueous HCl so-

lution was employed to monitor the formation of the Q[8]/SC[6]A-

based supramolecular framework. Fig. S4 (Supporting informa-

tion) shows the DLS data of the Q[8]/SC[6]A-based supramolecular

framework in an aqueous HCl solution (3 mol/L). The experimen-

tal results showed that upon mixing Q[8] and SC[6]A at a molar

ratio of 3:1 (0.2 mmol/L), the distribution of a hydrodynamic di-

ameter centered at 2580 nm could be observed, indicating the for-

mation of aggregates under the experimental conditions, providing

circumstantial evidence for the supramolecular self-assembled so-

lution structure between Q[8] and SC[6]A.

Isothermal titration calorimetry (ITC) measurements gave the

physical and chemical data for the interaction between Q[8] and

SC[6]A. The interaction molar ratio was 0.332, close to the 3:1 ra-

tio of Q[8] to SC[6]A observed in the crystal structure analysis and

the interaction association constant (Ka) of Q[8] and SC[6]A was
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Fig. 3. Crystal structure of Q[8]-based 2D MOF with (a) K+ and (b) Ca2+ cations

and the three-Q[8] unit with a (c) K+ and (d) Ca2+ cation.

determined to be (3.71 ± 0.61) × 104. Moreover, both negative

enthalpy and entropy indicates that the assembly process is only

driven by favorable enthalpy change rather than entropy change

(Fig. S5 in Supporting information).

A large number of microcrystals was appeared after evenly stir-

ring of two components for a while and the X-ray powder diffrac-

tion results were consistent with the theoretical results obtained

in an aqueous HCl solution (3 mol/L) (Fig. S6 in Supporting infor-

mation). Generally, Q[n]s can coordinate with Mn+s to form var-

ious complexes and coordination polymers due to the ion-dipole

interaction of electrostatic potential negative portal carbonyl oxy-

gen atoms with Mn+ cations and their coordination ability with

Mn+s depends on the distribution density of the portal carbonyl

oxygen atoms. Therefore, smaller Q[n]s, such as Q[5] and Q[6],

generally have a strong coordination ability with Mn+s, and larger

Q[n]s, such as Q[7], Q[8], Q[10] [14,15,23], are generally weaker in

coordination with Mn+s [14,15]. However, if we can increase the

distribution density of portal carbonyl oxygen atom of the larger

Q[n]s, such as the construction of Q[n]-based frameworks, the co-

ordination ability of the larger Q[n]s with metal ions may be im-

proved. In this way, we have synthesized a Q[10]-based frame-

work, in which the triangle region formed by Q[10] molecules can

selectively capture a variety of metal ions [23]. Looking at the

Q[8]-based supramolecular framework in the Q[8] layer (Fig. 2c) of

the Q[8]/SC[6]A-based supramolecular framework, we found that

there are a large number of three-Q[8] units which show a high

density of portal carbonyl-oxygen atoms, so it can be inferred

that this area should be able to accommodate Mn+s (Fig. 2g).

Thus, we carried out a study on the interaction of the Q[8]-

SC[6]A system with various Mn+s and the results showed that

the Q[8]/SC[6]A-based supramolecular framework shows selectiv-

ity toward Mn+s with larger ionic radii, such as alkali metal ions

(A+), alkaline earth metal ions (AE2+), and even lanthanide cations

(Ln3+ will be discussed specifically). Crystal structure analysis re-

vealed that the Q[8]/SC[6]A-A+ systems can yield similar frame-

works to that of 1, but the Q[8]-based 2D supramolecular frame-

works are filled with the selected metal ions via direct coordi-

nation to form Q[8]/A+-based 2D metal-organic frameworks, in

which each three-Q[8] unit captures a metal ion. Fig. 3a and Fig.

S7 (Supporting information) show the Q[8]-based 2D framework in

the Q[8]/SC[6]A/A+ supramolecular framework for K+ ion capture

as a representative, in which each three-Q[8] triangle unit accom-

modates a K+ cation via direct coordination. The interaction dis-

tances (Ocarbonyl−A+) are in the range of 2.863–2.990 Å (Fig. 3c).

Another three similar Q[8]/SC[6]A/A+ supramolecular frameworks

(A+ = Na+, Rb+ and Cs+, respectively) were also obtained. Fig.

S8 (Supporting information) shows the differences in the inter-

action distances (Ocarbonyl−A+) in the three-Q[8]-A+ units among

these frameworks and the related crystal data are shown in Ta-

ble S1 (Supporting information). It is interesting that when com-

paring the ionic radii of the A+ cation and their variation (0.97,

1.33, 1.47, 1.67 Å for Na+, K+, Rb+ and Cs+, respectively with the

maximum change being ∼0.7 Å), the average interaction distances

are 2.886, 2.926, 2.988 and 3.062 Å for Na+, K+, Rb+ and Cs+

with the maximum change being only ∼0.2 Å. This suggests that

the 2D Q[8]-based supramolecular framework is quite rigid due

to the comprehensive OSIQs derived from the Q[8] and SC[6]A

components. For the Q[8]-SC[6]A-AE2+ systems, the crystal struc-

tures the of Q[8]/SC[6]A/Ca2+- and Sr2+-based frameworks were

obtained. Although many attempts have been made, the Q[8]-

SC[6]A-Ba2+ system immediately produce a precipitate. Similar to

the Q[8]/SC[6]A/K+-based framework, the Q[8]/SC[6]A/Ca2+- and

Sr2+-based frameworks also have similar structural features with

alternative Q[8]-layers and SC[6]A-layers, but in the 2D Q[8]-based

MOF (Fig. 3b), the three-Q[8] unit can accommodate a Ca2+ or Sr2+

cation with 1/3 occupancy at three positions. The interaction dis-

tances were in the range of 2.381–2.557 Å for the Ca-case as a

representative (Fig. 3d), and the related crystal data shown in Ta-

ble S1. Although we failed to obtain the single crystal structure, the

powder diffraction spectrum is given in Fig. S9 (Supporting infor-

mation). For the Q[8]-SC[6]A systems with other metal ions, such

as transition metal ions with smaller ionic radii, they always gen-

erated Q[8]/SC[6]A supramolecular frameworks identical to 1 and

the related crystal data are shown in Table S2 (Supporting infor-

mation).

The corresponding energy-dispersive spectra (EDS) of these

solid crystals further confirmed these results. Figs. S10–S13 (Sup-

porting information) show that EDS of the products from the Q[8]-

SC[6]A-A+ systems contain their corresponding metals Na, K, Rb

and Cs, respectively. Figs. S15–S17 (Supporting information) show

that the EDS of the products from the Q[8]-SC[6]A-AE2+ systems

contain their corresponding metals Ca, Sr and Ba, respectively. The

ionic radii of these metal ions are generally close to or larger than

1 Å. For the Q[8]-SC[6]A-Mn+ systems in which the ionic radii of

their related metal ions are smaller, the EDS of the products from

these systems show no related metals, including Mg, Co, Mn, Ni,

Fe, Cr, Al and Cu (Figs. S14, S18–S24 Supporting information). The

anion- and aromatic-induced OSIQs between the Q[8] and SC[6]A

molecules, and the self-induced OSIQ between the Q[8] molecules

in framework 1 determine the rigid feature of the 2D Q[8]-based

framework and size of the three-Q[8] molecule unit, thus deter-

mining the size of metal ions that the Q[8]-based layer can accom-

modate.

Considering the specific structural size of the three-Q[8] unit

in the 2D Q[8]-based framework, it may be selective toward metal

ions with different sizes, charges and other characteristics. For this

reason, we specifically investigated the selectivity of 1 toward dif-

ferent metal ions, which can be captured in detail. Indeed, the

EDS experimental results (Figs. S25–S34 in Supporting information)

show that for the alkali metal series, 1 first traps K+, then Na+,
then Cs+, and finally Rb+ ions; for the alkaline earth metal series,

1 first traps Ba2+, followed by Sr2+ and Ca2+ ions (Figs. S35–S38 in

Supporting information); for A+ and AE2+ ions, 1 prefers to cap-

ture AE2+ ions (Figs. S39–S41 in Supporting information). The se-

lective order of the metal ions that can enter the 2D Q[8]-based

framework in 1 was Ba2+ > Sr2+ ≈ Ca2+ > K+ > Na+ > Cs+ >

Rb+. Obviously, the selectivity toward metal ion trapping in frame-

work 1 was related to not only the size of the ions, but also the

valence state. The higher the valence state of the ions under the
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Fig. 4. Representative cycle of 1 for the capture of Mn+ ions.

premise of ensuring the size of the ions, the stronger the action of

the ions with the portal carbonyl oxygen atoms in Q[n]s.

In our previous work, we used recyclable Q[n]-based frame-

works to selectively capture metals. For example, Q[10]-based

frameworks in aqueous HCl media were used to selectively trap

different metal ions, the trapped metal ions were released in aque-

ous HNO3 media and Q[10] can be recovered as a different Q[10]-

based framework [23]. Similarly, the Q[8]-based frameworks in

aqueous HCl media were used to selectively trap [AuCl4]
− anions,

which were reduced to gold in aqueous N2H4·H2O solution and

Q[8] was recovered for reuse [24]. Naturally we would like to try

to release the captured metal ions in different media and recycle

1 for reuse. However, attempts in various media, such as neutral

water, various inorganic acids including HNO3, H2SO4, HClO4 and

H3PO4, organic acids including CHO2H, CH3CO2H and CF3CO2H,

and alkaline media (NH3·H2O) all failed, but the Q[8]/SC[6]A/A+

or AE2+-based frameworks exhibited exceptional stability. The ex-

perimental results show the products still hold the captured metal

ions. How can we release the metal ions from the Q[8]/SC[6]A

/Mn+-based frameworks and recycle 1 for reuse? Although the

Q[8]/SC[6]A/Mn+-based frameworks are stable and cannot be dis-

assembled to release the captured metal ions, the selectivity of 1

towards metal ions could be utilized to obtain a Q[8]/SC[6]A/Mn+-
based framework, from which the Mn+ can be easily removed so

that 1 can be recovered and reused. For example, Ba2+ ions can

substitute other Mn+ ions from another Q[8]/SC[6]A/Mn+-based
framework to produce the most stable insoluble Ba2+-based self-

assembly. Replacement experiments confirm that Ba2+ ions can in-

deed replace other ions that have been captured in framework 1

(Figs. S42–S45 in Supporting information). It is well known that

BaSO4 is one of the most difficult substances to dissolve and

whether the captured Ba2+ ions can be forced to precipitate out

of the self-assembly becomes key to regenerating 1. H2SO4/HCl

mixed acid solutions can be used to remove Ba2+ ions and re-

cover framework 1. H2SO4 was used to trap Ba2+ ions in the

insoluble Ba2+-based self-assembly to transform insoluble BaSO4,

while concentrated HCl solutions, for example, aqueous 6 mol/L

HCl solution, can be used to dissolve framework 1. Therefore, the

amount of H2SO4 is generally required to be as small as possible,

so that Ba2+ in the Q[8]/SC[6]A/Ba2+-based self-assembly can be

completely precipitated, while a sufficient amount of aqueous HCl

solution is required so that the Q[8]/SC[6]A-based framework can

be fully dissolved. Our design (Fig. 4) was confirmed by the ex-

perimental results obtained under the optimal conditions in which

8 mL of the mixed acid (0.024 mol/L H2SO4/6 mol/L HCl) was used

to treat 0.18 g of the Q[8]/SC[6]A/Ba2+-based self-assembly (Fig.

S46 in Supporting information) .

In summary, Q[8] and SC[6] were selected as building blocks,

and a supramolecular framework (1) was synthesized. Structural

analysis showed that 1 is formed by alternating Q[8]-layers and

SC[6]A-layers via the perfect combination of OSIQs, including self-,

anion- and aromatic-induced OSIQs. A study of its properties re-

vealed that this framework was not only easy to construct, but

also stable. Moreover, 1 exhibits the sequential selective capture

of alkali- and alkaline earth metal ions due to the existence of

2D Q[8]-based framework layers with numerous three-Q[8] units.

The selectivity order is Ba2+ > Sr2+ ≈ Ca2+ > K+ > Na+ > Cs+ >

Rb+. The sequence selectivity of 1 towards metal ions can be uti-

lized to obtain the most stable insoluble Ba2+-based self-assembly

to release other captured metal ions, whereas H2SO4/HCl mixed

acids can precipitate the captured Ba2+ ions to release framework

1 which can be recovered and reused. Thus, the framework 1 may

be used in seawater desalination, potassium ion enrichment, ra-

dioactive cesium ion pollution source treatment, guinard’s treat-

ment or water softening and other applications [25–28].
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