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Abstract  

Twisted cucubit[14]uril, tQ[14], forms a fluorescent supramolecular polymer with the water-

soluble fluorescent tetrapyridinium pyrene compound TPYP via host-guest interactions. Binding 
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is via the alkyl chains and pyridines of TPYP at a molar ratio of 2:1 (tQ[14]:TPYP) and the 

structure forms a loose and porous supramolecular polymer TPYP-tQ[14]. On addition of different 

metals to a solution of TPYP-tQ[14], it was found that Ni2+ significantly reduced the emission of 

TPYP-tQ[14], and impacted the morphology of the TPYP-tQ[14], changing it from a loose porous 

structure to a chain. Due to the special structure of tQ[14], the mechanism of regulation is 

considered to be a coordination interaction between Ni2+ and the third portal of tQ[14]. This 

research makes full use of the structural advantages associated with twisted cucurbit[n]urils, and 

provides a new method for controlling the structure of a polymer through coordination-type 

interactions. 

 

Introduction 

Twisted cucurbit[14]uril (tQ[14], Scheme 1) which consists of 14 glycoluril-(CH2)2- units with a 

360° twist was first discovered and reported by Tao et al. in 2013 [1]. TQ[14] has a number of 

unique structural characteristics that are quite different from ordinary cucurbit[n]urils (Q[n], n=5-

8, 10). For example, it has three metal coordination sites and two unique cavities with a larger size 

than those of Q[5, 6], but smaller than those of Q[7, 8]. The high degree of polymerization 

exhibited by tQ[14] results in the extremely low yield [2, 3], and so research on this system is scant 

[4-9]. Indeed, research on tQ[14] to-date mainly features the work by Zhang and co-workers [4,5], 

who constructed a series of amino acid complexes incorporating tQ[14] and a stimuli-responsive 

supramolecular assembly by tQ[14] and thioflavin T. In addition, Li and co-workers [5,7] reported 

the interactions of tQ[14] with bipyridine derivatives and observed a series of long-chain amine-

containing molecules. Thus, the study of twisted cucurbit[n]uril is still at an embryonic stage, and 

has mainly focused on the nature of tQ[14] and exploration of its host-guest chemistry. These 
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studies provide us with some precious information about the structure and cavity properties of 

tQ[14], and based on these reports, our group first [9] constructed a network-like supramolecular 

polymer based on tQ[14] and a porphyrin which utilized host-guest interactions. 

Supramolecular polymer formation is driven by non-covalent interactions, such as hydrogen 

bonds, π-π interactions, host-guest interactions, etc. [10-14], and have been widely used in many 

fields, including in the emerging development of macrocyclic compounds [15-20]. In the area of Q[n] 

macrocycles, many scholars have made seminal contributions [16-18], for example, Zhang and co-

workers [17] have constructed linear and weight-controllable supramolecular polymers by the 

strategy of self-sorting based on nor-seco-cucurbit[10]uril. Liu's group [18] have reported a linear 

and near-infrared supramolecular polymer based on Q[8] and anthracene derivatives for cell 

imaging and could transform its shape from linear into nanoparticles upon adding 

sulfonatocalix[4]arene. From the above, it is evident that cucurbiturils have unique advantages in 

the construction of flexible and controllable supramolecular polymers through the availability of 

non-covalent interactions. 

In this work, a supramolecular polymer TPYP-tQ[14] is constructed via the host-guest interaction 

between tQ[14] with its unique double-cavities and a fluorescent water-soluble guest molecule 

TPYP (Scheme S1), the latter has been modified with four short ethane chains at the 1,3,6,8-

tetra(pyridin-4-yl)pyrene core [21-27]. The TQ[14] binds with the pyridines and alkyl chains of the 

TPYP in a ratio of 2:1 (tQ[14]:TPYP), and extends around to form a loose and porous 

supramolecular polymer. Interestingly, following the addition of a variety of metal ions, it was 

found that in the presence of Ni2+, TPYP-tQ[14] produced a yellow precipitate and the fluorescence 

of the TPYP-tQ[14]-Ni2+ was greatly reduced [28-30]. SEM and confocal microscopy both found that 

the addition of Ni2+ changed the original morphology of the TPYP-tQ[14] from a loose porous 
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network supramolecular polymer to a polymer chain, which is largely attributed to the unique 

structure of tQ[14]. The two cavities of tQ[14] bind the TPYP through host-guest interactions, 

while the third portal of the tQ[14] coordinates with the Ni2+, leading to the formation of a metal-

mediated supramolecular polymer [31, 32] (Scheme 1). 

 

Scheme 1. Structures of TPYP and tQ[14] 

Results and Discussion 
1H NMR spectroscopic titrations were used to study the host-guest interactions between the TPYP 

and tQ[14]. As shown in Figure 1, the shielding effect generated by the two hydrophobic cavities 

of tQ[14] causes the proton signals of pyridine and the methyl of TPYP to clearly shift to high 

field as an increasing amount of tQ[14] was added. In particular, the proton signal of pyridine (Hc) 

moves from δ= 8.99 to 8.82 ppm, and the signal of methyl (Ha) moves from δ=1.65 to 1.54 ppm, 

respectively. The signal peak associated with the methylene group (Hb) is completely masked by 

the solvent peak of water, but it can still be inferred that Hb should be shifted to the high field like 

the proton signals of pyridine (Hc) and the methyl group (Ha). Thus, the alkyl chain and pyridine 

part of TPYP enter the cavity of tQ[14]. 
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Figure 1. 1H NMR titration spectra of TPYP (1 mM) on addition of different molar equivalents 

of tQ[14]: (i) free TPYP, (ii) 0.5, (iii) 1.00, (iv) 1.50, (v) 2.00, (vi) 2.50 recorded in D2O at 25°C 

(R = N-ethylpyridinium bromide). 

Fluorescence spectroscopy was used to further explore the molar ratio and interactions that 

accompany the changes in fluorescence, (Figures 2a and S6). Upon gradual addition of tQ[14], the 

emission intensity of TPYP at 490 nm gradually red-shifted to 485 nm in aqueous solution and its 

intensity steadily decreased with a well-defined balance point NtQ[14] : NTPYP=2:1. Moreover, the 

aqueous solution of TPYP-tQ[14] exhibited an obvious Tyndall effect (Figure 2a and the insert), 

and the aggregation was also observed under a confocal fluorescence microscope (Figure 2b and 

2c). The scattered fluorescent spots gather into larger fluorescent spots, which reveals the initial 

formation of the supramolecular polymers TPYP-tQ[14]. The interaction mode of the polymer can 
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be roughly summarized as: tQ[14] binds with the alkyl chain and pyridine parts of the TPYP in 

the molar ratio of 2:1 (tQ[14]:TPYP) via host-guest interactions. 

 

Figure 2. Fluorescence spectra of (a) TPYP (20 μM) upon addition of increasing concentrations 

of tQ[14] at λmax=490 nm, pH=4.75 and insert: Tyndall effect of TPYP before and after binding 

with tQ[14]. The confocal microscopy images of (b) 20 μM TPYP and (c) 20 μM TPYP-tQ[14]. 

To further confirm the formation of the supramolecular polymers, SEM experiments were 

conducted. As shown in Figures 3a and 3b, the supramolecular polymer TPYP-tQ[14] exhibits a 

loose and porous network structure under SEM which is attributed to the interaction between 

tQ[14] and TPYP in a ratio of 1:2. Meanwhile, the particle size of the TPYP in the presence of 

tQ[14] is greatly increased from 5.4 nm to 228.21 nm, indicating the aggregation caused by the 

host-guest interaction of TPYP-tQ[14] (Figure 3c). Then, the diffusion coefficient of TPYP was 

studied by the DOSY spectrum (Figure 3d), which revealed a downward trend from DTPYP = 

4.89×10-9 m2s-2 to DTPYP-tQ[14]= 2.59×10-9 m2s-2 when tQ[14] was added, which means that the 

addition of tQ[14] slows down the diffusion of TPYP. All of the above experiments are consistent 

with the existence of porous and loose supramolecular polymer TPYP-tQ[14] constructed via host-

guest interactions. 
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Figure 3. SEM images of TPYP-tQ[14] (a, b and scales are 2 µm); DLS data of 20 μM TPYP (c, 

black) and 20 μM TPYP-tQ[14] (c, red); DOSY spectra of 1 mM TPYP(d, top) and 1 mM TPYP-

tQ[14](d, bottom). 

Subsequently, to investigate the influence of metals on the polymer structure, a series of metal ions 

M(ClO4)x, Mx+ for alkali, alkaline earth, lanthanide, Y2+, Cr2+, Mn2+, Fe2+, Fe3+, Co2+, Ni2+, Cu2+, 

Zn2+, Cd2+, Ag+, Hg+, and Al3+ were separately added. It was found that TPYP-tQ[14] shows good 

selectivity toward Ni2+ amongst the above ions, and that the fluorescent intensity of TPYP-tQ[14] 

in the presence of Ni2+ was also significantly reduced (Figures S7, S8). In addition, TPYP-tQ[14] 

also shows a high anti-interference ability in the presence of the other metal ions when detecting 

Ni2+ (Figure S9). To further explore the mechanism of TPYP-tQ[14] in the presence of Ni2+, a 

fluorescence titration was carried out. As shown in Figure 4a, the fluorescent intensity of TPYP-

tQ[14] continues to decrease from 573 a.u. to 125 a.u. with the addition of Ni2+, and the 

corresponding detection limit is calculated at 1.54×10-7 M (Figure S10). Meanwhile, a precipitate 
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with yellow-green emission was found at the bottom of the solution, which was not observed in 

the case of TPYP, tQ[14], or tQ[14]- Ni2+ individually (Figure S11). 

 

Figure 4. Fluorescence spectra (a) of 20 μM TPYP-tQ[14] upon addition of increasing 

concentrations of Ni2+and the curve (b) of intensity vs. NNi
2+/N TPYP-tQ[14] at λem=490 nm. 

NMR spectroscopy was used to investigate the reasons for the reduced fluorescence of the polymer 

and the corresponding precipitation. As shown in Figure 5d, the addition of nickel ions directly 

leads to the disappearance of the proton signals for TPYP-tQ[14], which means that the nickel ions 

induce the precipitation of the entire polymer rather than any single component of TPYP or tQ[14]. 

Therefore, it could be inferred that a metal-coordinated ternary supramolecular polymer TPYP-

tQ[14]-Ni2+ is formed, and the interactions of TPYP-tQ[14]-Ni2+ involve classic coordination and 

host-guest interactions. The dominant host-guest interaction is still between TPYP and tQ[14] 

because the addition of Ni2+ into TPYP-tQ[14] makes both of their proton signals disappear. The 

dominant coordination interaction should be between Ni2+ and tQ[14] given the protonated TPYP 

has lost the ability of metal coordination [21]. At the same time, the tQ[14] has two relatively 

independent cavities and three metal coordination regions, and two of the cavities and the two 
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coordination sites of the portal a and b (Scheme 1) are occupied due to the host-guest interaction 

of TPYP-tQ[14], while portal c is in an “idle” state. Thus, Ni2+ is able to coordinate with the portal 

c of tQ[14] from the perspective of ionic radius because the ionic radius of Ni2+ ions (0.69 pm) is 

smaller than Eu2+(1.31 pm), Dy2+ (1.21 pm) and Cd2+ (0.92 pm) that could be coordinated with the 

portal c of tQ[14] reported previously [1]. UV-vis spectroscopy further verified the above inference. 

The absorption of TPYP-tQ[14] at λ = 425 nm increased on addition of Ni2+ accompanied by a 

blue-shift of about 27 nm (Figure S12), indicating that the Ni2+ is located at the portal c of the 

tQ[14], and influences the electron distribution of the included aromatic ring of TPYP and finally 

causes the π-π* transition. Meanwhile, the morphology of the yellow precipitation of TPYP-

tQ[14]-Ni2+ observed under SEM is verified in Figure 5a. Many ordered chain-like polymers are 

formed on addition of Ni2+ which is different from that of TPYP-tQ[14] (Figure S13). In general, 

the double cavities of tQ[14] tightly bind with the TPYP through host-guest interactions, while the 

portal c of tQ[14] coordinates with Ni2+ via a coordination interaction, resulting in the morphology 

of TPYP-tQ[14] changing from a loose and porous network to a straight chain-like polymer of 

TPYP-tQ[14]-Ni2+. 
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Figure 5. SEM images (a, b) of TPYP-tQ[14]-Ni2+; The confocal microscopy images (b) of 20 μM 

TPYP-tQ[14]-Ni2+; 1H NMR spectra (d) of 1 mM TPYP-tQ[14] and 1 mM TPYP-tQ[14]-Ni2+, and 

the corresponding insert is the NMR tube for TPYP-tQ[14] and in the presence of Ni2+, 

respectively. 

Conclusions 

In conclusion, TPYP is specially designed for the preparation of tQ[14]-based supramolecular 

polymers. At the same time, 1H NMR spectroscopy, fluorescence spectroscopy and other methods 

have been used to verify the interaction of TPYP-tQ[14]. TQ[14] binds with the pyridines and 

alkyl chains of TPYP, and extends around to form a loose and porous supramolecular polymer. 

Subsequently, the fluorescence intensity of TPYP-tQ[14] decreased sharply by adding Ni2+. The 

Ni2+ coordinates with the portal c of tQ[14] and further regulates the structure of TPYP-tQ[14] 

from a loose porous structure to a chain-like TPYP-tQ[14]-Ni2+ polymer. This research makes full 
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use of the third portal of the twisted cucurbit[14]uril, and provides a new method for controlling 

the structure of a polymer via a coordination interaction with a metal. 
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