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a b s t r a c t

An approach for the construction of crystalline porous supramolecular organic frameworks (SOFs) via

outer-surface interactions of cucurbit[6]uril (Q[6]) with high yield is presented. This approach enables the

noncovalent integration of guest molecules into ordered topologies and creates new host–guest-complex-

based SOFs; i.e., the topology can be predesigned and constructed by using [ZnCl4]
2− anions to induce the

formation of solid Q[6]-SOFs, and the pore wall surface can be easily modified by the Q[6]-encapsulated

guest molecules. In addition, one of prepared solid Q[6]-SOFs showed a high drug-loading capacity and

smart potential release control for drug-delivery applications

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

Medica, Chinese Academy of Medical Sciences.

Recent studies have revealed that cucurbit[n]urils (Q[n]s or

CB[n]s) [1-7] as macrocyclic organic building blocks exhibit ex-

cellent advantages in the construction of various supramolecular

organic frameworks (SOFs) [8-13]. For example, Li et al. demon-

strated the direct preparation of single-layer periodic honeycomb-

shaped two-dimensional (2D) SOFs and periodic adamantine-

shaped three-dimensional (3D) SOFs [14] with catalysis effect in

water through the host-stabilized charge-transfer interactions of

various pyridinium derivatives with Q[8]s. Cao et al. reported the

fabrication of cellular-imaging fluorescent 3D SOFs from 2D net-

works via Q[8]-based host–guest interactions in an acidic aque-

ous solution [15]. In this approach, the Q[8] host molecules

act as molecular handcuffs to simultaneously include two guest

molecules in each host cavity, thus, forming the SOFs in solution

We reported that Q[n]s can be used as rigid cage blocks

to produce a variety of Q[n]-based solid SOFs (QSOFs) [16-18],

including self-induced, anion-induced, and aromatic-compound-

induced QSOFs with unique adsorption properties, through

outer-surface interactions [19-21]. Generally, the driving forces

for the assembly of QSOFs are mainly weak noncovalent in-

teractions such as C-H···π and ion−dipole interactions from

the positive electrostatic potential of the outer surface of

Q[n]s; importantly, these QSOFs can be quickly crystallized from
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the solution. Stoddart [22] and our group [23,24] independently

used this approach to develop a facile strategy for high-efficiency

gold recovery in acidic aqueous solutions. However, there are few

reports on the host–guest-complex-derived solid QSOFs, which

are formed by exploiting the outer-surface interactions of Q[n]s.

In 2017, we successfully obtained the first example of solid 3D

polycatenanes formed via Q[6] host–guest interactions [25], which

was stabilized by the outer-surface interactions between Q[6] and

[CdCl4]
2– anions and could be rapidly precipitated from the solu-

tion mixture with a high yield. From a structure viewpoint, the

simple and low cost of the outer-surface interactions triggered

solid SOFs from the host-guest interaction of Q[n] cavity with var-

ious functional guest molecules could be one of ideal complemen-

tary approach for construction of modification of MOFs [26,27] and

COFs [28], because the modification can enhance many of new

properties and functions of the parent species.

In this study, as a proof of concept, a series of Q[6]-based solid

SOFs with empty cavities (Q[6]-SOF-1 and Q[6]-SOF-1b) and guest

encapsulation in the Q[6] molecules (Q[6]-SOF-2 and Q[6]-SOF-

3) were successfully prepared with a high yield in the presence

of [ZnCl4]
2– anions as the structure inducer. After evaluation in a

wide range of experimental conditions, the host–guest interaction

of Q[6] with 2-(cyclohexylamino)ethanol (N-ECyA)-derived Q[6]-

SOF-2 was explored for drug-loading applications (e.g., for load-

ing ibuprofen (IBU)); Q[6]-SOF-2 exhibited smart temperature- and

pH-sensitive IBU release, due to the reversible weak noncovalent

interactions of QSOF-2 assemblies. This result shows that the as-
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Fig. 1. Crystal structures of Q[6]-SOFs: (a) [ZnCl4]
2−-induced outer-surface interactions of Q[6] in Q[6]-SOF-1. Overall view of tetragonal channels along the a axis in (b)

Q[6]-SOF-1, (c) Q[6]-SOF-2, and (d) Q[6]-SOF-3; XRD pattern of microcrystal and single crystal of (e) Q[6]-SOF-1; (f) Q[6]-SOF-2; (g) Q[6]-SOF-3.

sembly of host–guest complexes triggered by the outer-surface in-

teractions of Q[n]s and the dynamic non-covalent interactions pro-

vide new construction and application models of SOFs. Further-

more, the results of this study reveal that the electrostatic poten-

tial of the Q[6] host can be tailored via guest inclusion, which pro-

vides a new avenue for developments in macrocycle-based porous

materials.

Typically, ion–dipole interactions between the positive-

electropotential outer surface of Q[n] host molecule and [CdCl4]
2−

anion is the mainly driving force for the construction of solid

Q[n]-SOFs from a hydrochloric acid solution. However, the toxi-

city of Cd2+ ions greatly limits their applications. The [ZnCl4]
2−

anion is a good alternative to the [CdCl4]
2− anion, however,

when [ZnCl4]
2− ions are used, the rapid production of a large

amount of crystallized QSOFs from solution (as in the case

of [CdCl4]
2− anions) is difficult [24]. After many attempts, we

found that a high concentration of HCl (> 4.0 mol/L) is ben-

eficial to the crystallization of [ZnCl4]
2−-induced Q[6]-SOFs

(Supporting information). In this study, Q[6] was dissolved in

a 6.0 mol/L HCl solution in the presence and absence of 1.0

equiv. of guest N-(3-aminopropyl)cyclohexylamine (N-ACyA) and

N-(2-hydroxyethyl)cyclohexylamine (N-ECyA), and then, 6.0 equiv.

of ZnCl2 (in a 6.0 mol/L HCl solution) was added to the solution.

A large number of microcrystals were precipitated within a short

time (2 h) with a yield of 50% to 75%. The empty Q[6]-based,

Q[6]-N-ECyA complex based, and Q[6]-N-ACyA complex based mi-

crocrystals were denoted Q[6]-SOF-1, Q[6]-SOF-2, and Q[6]-SOF-3,

respectively. X-ray quality crystals were obtained from the filtrate

solution within 2–3 days. The X-ray diffraction analysis revealed

that all the Q[6]-SOFs have the same triclinic crystal system with

the same P-1 space group and similar cell parameters with slightly

different unit cell parameters (Table S1 in Supporting information).

In addition, the powder X-ray diffraction (PXRD) pattern of each

Q[6]-SOF matches the corresponding single-crystal-based simu-

lated pattern, indicating the formation of pure-phase crystalline

products (Figs. 1e-g).

Figs. 1a-d show an overview of the network of Q[6]-SOFs in

the solid state. As can be seen from Fig. 1a, the supramolecular

assembly of Q[6]-SOF-1 is mainly driven by the ion–dipole inter-

actions (C–H···Cl, green and orange color) between the positive-

electropotential outer surface of Q[6] molecules and [ZnCl4]
2− an-

ions, and by an additional ion–dipole interaction (C–H···O, purple
color) between the portal carbonyl oxygen of the Q[6] molecule

and the positive-electropotential outer surface of adjacent Q[6]

molecules. Thus, Q[6]-SOF-1 was formed, and the overall stack-

ing of this assembly occurred via a combination of the aforemen-

tioned intermolecular interactions. In particular, the empty Q[6]

molecules seemed to be held by [ZnCl4]
2− anions and are perfectly

arranged in a 1D tetragonal channel (constructed by [ZnCl4]
2−, in

red color) in a layered manner (linked by [ZnCl4]
2−, in green color)

along the a axis (Fig. 1b and Figs. S1 and S2 in Supporting in-

formaiton), where the carbonyl portals of the Q[6] molecules face

the channel wall. Closer inspection reveals the empty Q[6]-based

tetragonal 1D channels with a cross-sectional area of about 90 Å2

(9.0 Å × 10.0 Å). Similar supramolecular assemblies like Q[6]-SOF-

1 can be observed in the X-ray structures of Q[6]-SOF-2 (Fig. 1c

and Fig. S3 in Supporting information) and Q[6]-SOF-3 (Fig. 1d and

Fig. S4 in Supporting information), respectively. However, one set

of the host–guest complex of Q[6]@N-ACyA (red color) separates

each row of tetragonal channels in Q[6]-SOF-3 in a regular fence-

like manner (Fig. 1d). In addition, the guest molecules in one set

of the host–guest assembly (yellow color) of Q[6]-SOF-2 and Q[6]-
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Fig. 2. Electrostatic potential maps (ESPs): (a) empty Q[6], (b) Q[6]@N-ECyA complex, (c) Q[6]@N-ACyA complex, and cartoon presentation of the resulting tetragonal channels

in SOFs. ESPs was performed at the B3LYP/6–311 G (d, p) level of theory with Gaussian 16.

SOF-3 show disorder owing to the 1:1 complex caused randomness

of the guest towards the portals of Q[6].

The above results indicate that the [ZnCl4]
2−anions as the struc-

ture inducer play a key role in controlling the assembly struc-

ture and promoting the crystallization of all the Q[6]-SOFs. In

other words, in the HCl solution, the numerous negatively charged

[ZnCl4]
2− act as anchors to hold the Q[6] molecules, including

the Q[6]-based host–guest complex, through electrostatic inter-

actions with the electrostatically positive outer surface of the

Q[6] host. Unexpectedly, the electrostatic potential surface maps

(ESPs) suggested that a similar electrostatically positive appeared

on both the outer surface of empty Q[6] and the Q[6]-based

host–guest complex, but the intensity of the positive potential of

Q[6] obviously increased upon complex formation with the pro-

tonation guest molecules (Fig. 2). In particular, an electrostati-

cally positive seems to cover the full host–guest system of the

Q[6]@N-ACyA complex (Fig. 2c). This result suggested that the elec-

trostatic potential of the whole Q[n] molecules can be tunable

by the encapsulated guests, which will help in the development

of crystalline host–guest complexes from solution. As a result, a

significantly negative charge was seen on the carbonyl portals of

empty Q[6]s, a neutral charge was observed in the Q[6]-N-ECyA

complex, and a positive charge emerged in the whole Q[6]-N-ACyA

complex. In other words, the remarkable difference in the electro-

static force on the portals of Q[6] and the Q[6] host–guest com-

plex makes the tetragonal channels composed of the Q[6]-SOFs ex-

hibit different properties: the negative charge of the channels of

Q[6]-SOF-1 (derived from the negatively charged carbonyl atoms),

neutral charge of the channels of Q[6]-SOF-2 (derived from the ter-

minal neutral –OH moiety of N-ECyA), and positive charge of the

channels of Q[6]-SOF-3 (derived from the terminal positive charged

–NH3
+moiety of N-ACyA).

We exploited the tetragonal channels in the empty Q[6]-SOF-1

and in Q[6]-SOF-2 and Q[6]-SOF-3 for controlling drug delivery in

vitro. IBU is well known as a nonsteroidal anti-inflammatory drug

and is widely used to treat inflammation, pain, and rheumatism

[29]. In particular, in recent years, it is commonly used to treat

fever caused by the common cold or influenza in children. How-

ever, the drug has a short biological half-life (2 h) [30], which

makes it a candidate for sustained or controlled drug delivery. In

this study, IBU was selected as a model drug because the pore size

and the deep cavities of the Q[6]-SOFs were expected to enable the

“comfortable” entrapment of IBU (molecular size: 5 Å × 10 Å) [31].

To load the drug, the activated Q[6]-SOFs were immersed in an

IBU–hexane solution at room temperature overnight, filtered, and

washed with hexane (Supporting information). UV–vis absorption

spectra indicated that only Q[6]-SOF-2 can load IBU (Fig. S5b in

Supporting information). The resultant PXRD peaks coincide with

those of the starting material, confirming the structural integrity

after loading (Fig. S6 in Supporting information). Therefore, the

successfully loading of IBU in Q[6]-SOF-2 can be attributed to the

neutral channels of Q[6]-SOF-2, which may facilitate the adsorp-

tion of neutral IBU molecules like CDs whose portal and cavity are

almost neutral [32,33]. In particular, the ethanol moiety of N-ECyA

that remains exposed outside the portal of Q[6] perhaps further

stabilizes the IBU molecule through hydrogen bonds and van der

Waals forces. In Q[6]-SOF-3, the positive charge channel may ben-

efit to the capture of IBU, but the more protruded tail of the guest

partially fills the channel (Fig. 2c) sterically hindering the uptake.

The amount of IBU in IBU-loaded Q[6]-SOFs-2 was evaluated at

concentrations of 26.9 wt%, based on the UV–vis absorption spec-

tra (Fig. S5 in Supporting information). The drug-release profiles

were also obtained by performing the UV–vis absorption exper-

iment and using a calibration curve for IBU. In order to assess

the suitability of Q[6]-SOFs-2 for practical applications, the solid

IBU-loaded Q[6]-SOFs-2 sample was first soaked in simulated body

fluid (SBF) solution (pH 7.4) at 37 °C, and the IBU absorbance was

monitored at different time intervals. As shown in Fig. 3, the UV–

vis spectra of IBU-loaded Q[6]-SOFs-2 showed a typical IBU ab-

sorption peak around 257 nm and 265 nm, and the peak inten-

sity gradually increased with time, suggesting that the amount of

IBU released from the solid Q[6]-SOFs-2 into water increases with

time. Overall, the corresponding intensity curve of IBU indicated

that the concentration of IBU slowly increased for 600 min, indi-

cating that the drug-loaded particles released the drug at a slow

rate. After 600 min, no discernible change in concentration was

observed. In addition, taking into account the elevated temperature

of patients with fever and the weakly acidic nature of body fluids,

the drug-release experiment was performed in neutral and acidic

SBF solutions at 40 °C. Most of the IBU was released within about
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Fig. 3. UV–vis absorption spectra of IBU-loaded Q[6]-SOFs-2 in simulated body

fluid solution (pH 7.4) at 37 °C in different times. Inset: IBU release profiles with

times.

300 min in neutral system (Fig. S7 in Supporting information), and

was fast released within 180 min in the acidic environment (Fig.

S8 in Supporting information), which correspond to higher drug-

release rates than that at 37 °C; thus, the drug delivery in patients

with fever will be faster.

In summary, we have prepared novel host–guest-complex-

based solid Q[6]-SOFs by exploiting the outer-surface interactions

of Q[6]s; that is, the topology structure and pore sizes can be

predesigned and constructed by using the [ZnCl4]
2−-induced SOFs,

and the pore wall surface can be easily regulated and function-

alized using the macrocycle-encapsulated guest. In particular, the

guest inclusion is shown to significantly modify the electrostatic

potential of the Q[6] molecules, which thereby provides a new ap-

proach for advancements in macrocycle-based host–guest chem-

istry, e.g., in promoting the crystallization of host–guest complex.

Furthermore, the smart pH- and temperature-sensitive drug de-

livery of Q[6]-SOF-2 in water indicated that the formation of re-

versible weak noncovalent bonds of Q[n]-SOFs, triggered by the

outer-surface interactions, has potential pharmaceutical applica-

tions.
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