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a b s t r a c t

By introducing a host molecule cucurbit[8]uril (CB[8]) into a charge transfer system containing an

amphiphile 1-[11-(naphthalene-2-ylmethoxy)-11-oxoundecyl]pyridinium (NP) and an electron-deficient

molecule methyl viologen (MV), a novel and anisotropic ternary building block was constructed by host-

guest interactions, thereby leading to the morphology transformation of the final assemblies from thin-

films (NP/MV complexes) into diamond-like structures (NP/MV/CB[8] complexes). These intriguing assem-

blies were firstly discovered and were similar with the shape of well-known metal organic frameworks

(MOFs), but just comprised three small organic molecules without metal ions. This finding can enrich

the shape of current supramolecular assemblies and thus contributing to more potential applications in

material science.

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

Medica, Chinese Academy of Medical Sciences.

Exploration of novel morphologies and topologies assembled

from discrete building blocks driven by non-covalent bonds has

aroused keen interests by chemists and biochemists on account

of their promising applications in material science [1–5]. In the

past decades, enormous architectures with various features and

morphologies were fabricated and designed, such as fibres, sheets,

tubules, vesicles, micelles, ribbons [6–11]. Because of the final ap-

plications of an assembly are determined and restricted by the

structural shapes and features, continuous studies and attentions

intensively focused on the exploration and development of novel

assemblies with tunable morphologies [12–18]. Till now, many

non-covalent synthetic strategies employing hydrogen bonds, elec-

trostatic interactions, charge-transfer (CT), and host–guest interac-

tions have been used to manipulate the assembly behavior for sys-

tematically joining and assembling the building elements to yield

all sorts of architectures [19–25]. Among them, host–guest inter-

actions, which can encapsulate two or more molecules or ions,

have exerted a significant role in the construction of advanced

materials owning to its high selectivity, efficiency, binding affin-

ity, and stimuli-responsiveness [26–29]. Therefore, employing host-

guest interactions to create new assemblies is attractive and avail-

able.
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In the host-guest systems, many scaffolds including calixarenes,

cyclodextrins, and crown ethers, have been certified exerting the

ability to encapsulate guest molecules [30–32]. Currently, a signif-

icant class of cucurbiturils has attracted great attentions for their

widely applications in various fields such as drug delivery, stimuli-

responsive devices, supramolecular polymers, supramolecular

organic frameworks (SOFs) [33–41]. Among them, cucurbit[8]uril

(CB[8]) formed by eight glycolurilunits, is a preferred host scaffold

to be selected in creating new host-guest complexes because of

its hydrophobic cavity is accessible through two identical carbonyl

laced portals [42–49]. For example, Kim and co-workers have

fabricated a ternary complex by employing CB[8] to encapsulate

a charge transfer complex of the electron-rich 2,6-dihydroxy-

naphthalene and the electron-deficient methyl viologen (MV),

which consequently assembled into vesicles [50]. Scherman and

co-workers have constructed robust supramolecular hydrogels

via loading a range of guest molecules within the macrocyclic

host CB[8] directed by host–guest interactions [51]. Li and co-

workers have prepared water-soluble three-dimensional porous

SOFs by mixing 4-phenylpyridinium-tailored tetraphenylmethane

derivatives with the host CB[8]. And these SOFs could load the

therapeutic agent pemetrexed disodium with high drug delivery

efficiency and improved efficiencies for cancer therapy [52]. Cao

and co-workers have constructed two kinds of stimuli-responsive
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Fig. 1. (a) The chemical structures of NP and MV. (b) The formation of new ternary building blocks directed by CB[8] encapsulation and the correlative schematic diagram

for the assembly process of diamond-like assemblies.

fluorescent and shape-controllable SOFs (cuboid or spheroid) by

rationally introducing CB[8] into pyridinium-tailored

tetraphenylethylene derivatives through host–guest interactions.

And these two fluorescent SOFs displayed varied photophysical

properties (red-shifts can reach 82 nm) and could be applied in

cellular imaging by adding a competitive guest 3,5-dimethyl-1-

adamantylamine hydrochloride [53]. Obviously, CB[8] can served

as a favored candidate directing the formation of new assemblies.

Inspired by those reports, it is suggested that more interest-

ing hierarchical architectures with various functional properties

should be constructed by tuning the host-guest interactions. In our

previous study, we have fabricated various micro/nano-structures

with tunable shapes and morphologies by manipulating different

non-covalent forces [54–57]. Herein, host-guest interactions were

employed to explore and create new assemblies. As shown in

Fig. 1, a typical amphiphile NP (1-[11-(naphthalene-2-ylmethoxy)-

11-oxoundecyl]pyridinium bromide) containing the electron-rich

naphthalene group and the pyridinium cation linked by a flexi-

ble alkyl arm was designed and synthesized [58], in which the

electron-rich naphthalene group was exploited to form CT com-

plex with another electron-deficient molecule MV. By encapsulat-

ing the CT complex into CB[8], a new ternary building block can

be constructed by host-guest interactions, which may consequently

assemble into new architectures.

The morphology assembled from NP and MV was firstly inves-

tigated. As a general procedure, the assembly behavior of NP and

MV was carried out as follows: a water solution of 2-NP (400 μL,

10 mmol/L) and MV (400 μL, 10 mmol/L) were added into the

deionized water (1.2 mL), respectively. After mixing the two com-

ponents completely, the aggregates formed, which were character-

ized by scanning electron microscopy (SEM) and atomic force mi-

croscopy (AFM). In our previous study, we know that NP afforded

microsheets with an average size of 65, 9, and 1 μm in length,

width, and thickness, respectively [58]. As shown in Fig. 2, the

morphology of the assemblies was changed into thin-films with an

average size of 50 nm in thickness after adding 1 equiv. MV into

NP system. And the related height profile (Fig. 2d) certified these

thin-films had flat surfaces.

In order to elucidate the driving forces and molecular packing

pattern of thin-films, UV–vis, fluorescence, 1H NMR spectroscopy,

and X-ray powder diffraction (XRPD) experiments were performed.

A red shift was observed from UV–vis (Fig. 3a), suggesting the for-

mation of “J”-type aggregates between the electron-rich naphtha-

lene group and the electron-deficient molecule MV driven by CT

interactions. Quenching effect of NP in emission spectra (Fig. 3b)

further confirmed that the formation of these thin-films was di-

rected by CT interactions. In the 1H NMR spectra, the proton res-

onances of the naphthalene ring of NP shifted to the upfield af-

Fig. 2. SEM (a, b), AFM (c), and height profile (d) of NP/MV (conc. 2.0 × 10−3 mol/L,

molar ratio = 1:1). Scale bars are 4 μm for (a, b, and c).

Fig. 3. (a) UV–vis and (b) florescence spectra of NP, MV, and NP/MV (conc.

0.25 mmol/L, molar ratio = 1:1); (c) 1H NMR spectra of MV, NP, and NP/MV (conc.

2.0 mmol/L, molar ratio = 1:1, D2O: CD3OD = 3:1); (d) X-ray powder diffraction

patterns of the assemblies of NP/MV. Insert: photography of NP/MV solution, the

colourless solution of NP/MV became cloudy quickly in 10 min.

ter mixing with MV (Fig. 3c), indicating the formation of CT com-

plex. The sharp reflection peak from XRPD results revealed that the

semicrystalline nature of the thin-films and a highly ordered layer

packing arrangement with a distance around 2.38 nm (Fig. 3d).
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Fig. 4. The relative schematic diagram for the assembly process of thin-film assemblies form the NP/MV building blocks.

Fig. 5. OM (a), SEM (b-d) of CB[8]/NP/MV (conc. 2.5 × 10−4 mol/L, molar ra-

tio = 1:1:1). Scale bars are 10 μm for (a), 4 μm for (b), 1 μm for (c, d).

Given the above results, a possible assembly mechanism was

proposed as follows: a primary binary building block was estab-

lished from NP and MV by CT interactions between the electron-

rich naphthalene group and the electron-deficient molecule MV,

which consequently assembled into layer structures. With the help

of hydrogen bonding formed by water and bromide connected all

the layers together [54,55,58] to give the final assemblies (Fig. 4).

OM and SEM were employed to investigate the new struc-

tures promoted by host-guest interactions. Two approaches could

be used to prepare the assembly, one protocol was that: CB[8]

(2 mg) and MV (150 μL, 10 mmol/L) were dissolved in 1.2 mL

deionized water; Then a clear yellow solution was observed af-

ter adding NP (150 μL, 10 mmol/L) into the mixture, which sub-

sequently yielded the assemblies. Another protocol was that: MV

and NP solutions were premixed firstly, which would quickly as-

semble into the precipitates (thin-films); after the addition of the

host CB[8], an operation of heating the mixture was to adequately

make the CT complex (NP/MV) enter to the cavity of CB[8] to form

the ternary building block, during which an obtained clear yellow

solution then assembled into the final assemblies. Both the two ap-

proaches afforded the similar shape of the assembly. As proposed,

the morphologies were dramatically transformed from thin-films

into diamond-like assemblies after the addition of CB[8] (Fig. 5).

All the structures are composed of four surfaces from an observ-

able perspective with the hierarchical skeletons, indicating that ra-

tionally constructing a new ternary complex as the new building

block directed by host-guest interactions can create new architec-

tures.

In order to prove the formation of diamond-like assemblies was

promoted by host-guest interactions, UV–vis and the correlative 1H

NMR were investigated. As shown in Fig. 6a, a broad new peak

from 330 nm to 550 nm was observed (for the yellow transparent

Fig. 6. (a) UV–vis spectra of NP, NP/MV, and NP/MV/CB[8] (conc. 5.0 × 10−4 mol/L,

molar ratio = 1:1:1); (b) 1H NMR spectra of NP/MV and NP/MV/CB[8] (conc.

2.0 × 10−4 mol/L, molar ratio, 1:1:1, solvent, D2O), the solid arrows point MV

protons, the dotted arrows point naphthalene protons. Insert: photography of

1 (NP/MV/CB[8]), the yellow solution of NP/MV/CB[8] became cloudy (2) quickly.

§ D2O;
∗protons of CB[8].

solution in Fig. 6a), which attributed to the encapsulation of the

CT complex of NP and MV directed by the host molecule CB[8].

This phenomenon was in accordance with the colorific change in

the solution from colorless (NP/MV) to yellow after adding CB[8],

further suggesting the formation of ternary complexes was guided

by host enhanced CT interactions [59]. 1H NMR spectra revealed

that the proton resonances of the MV shifted to upfield after mix-

ing with CB[8], as well as the proton resonances of the naphtha-

lene ring of NP, indicating that the formation of ternary complex

was promoted by host-guest interactions (Fig. 6b). A possible as-

sembly process was proposed as follows: the anisotropic ternary

building block NP/MV/CB[8] was formed by the enhanced CT com-

plex directed by host-guest interactions, which then could form

the layer structures containing a similar metal organic framework

unit (the virtual brown frame from Fig. 1b) [60,61]; With the as-

sistance of hydrogen bonding formed by water and bromide joined

all the layers together [54,55,58] to yield the diamond-like as-

semblies (Fig. 1b). A known competitive guest (1-adamantanamine
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hydrochloride) was introduced into the CB[8]/NP/MV assemblies,

then the diamond-like assemblies were initially disassembled (Figs.

S1a and S1b in Supporting information) and finally yielded some

thin-films (Figs. S1c and d in Supporting information).

In conclusion, we have constructed a new ternary building

block through encapsulating a charge transfer complex into a host

molecule CB[8] promoted by host-guest interactions, which con-

sequently directed the morphology transformation from thin-films

into diamond-like assemblies. This strategy can be used for the

construction of advanced materials containing more functional ele-

ments, thus leading to more potential applications in material sci-

ence.
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