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ABSTRACT: The precise construction of the high-order mechanically interlocked molecules (MIMs) with well-defined 

topological arrangements of multiple mechanically interlocked units has been a great challenge. Herein, we present the first 

successful preparation of a new family of daisy chain dendrimers, in which the individual [c2]daisy chain rotaxane units serve as 

the branches of dendrimer skeleton. In particular, the third generation daisy chain dendrimer with twenty-one [c2]daisy chain 

rotaxane moieties was realized, which might be among the most complicated discrete high-order MIMs comprised of multiple 

[c2]daisy chain rotaxane units. Interestingly, such unique topological arrangements of multiple stimuli-responsive [c2]daisy chain 

rotaxanes endowed the resultant daisy chain dendrimers controllable and reversible nanoscale dimension modulation through the 

collective and amplified extension/contraction of each [c2]daisy chain rotaxane branch upon the addition of acetate anions or 

DMSO molecules as external stimulus. Furthermore, based on such intriguing size switching feature of daisy chain dendrimers, 

dynamic composite polymer films were constructed through the incorporation of daisy chain dendrimers into polymer films, which 

could undergo fast, reversible and controllable shape transformations when DMSO molecules were employed as stimulus. The 

successful merging of [c2]daisy chain rotaxanes and dendrimers described herein provides not only a brand-new type of high-order 

mechanically interlocked systems with well-defined topological arrangements of [c2]daisy chain rotaxanes, but also a successful 

and practical approach towards the construction of supramolecular dynamic materials.

INTRODUCTION 

During the past few decades, mechanically interlocked 

molecules (MIMs) have evolved to be one of the most 

attractive fields within supramolecular chemistry and materials 

science because of their impressive topologies, structural 

beauty and unique dynamic features.1 For instance, MIMs 

have proven to be a versatile platform for the construction of 

diverse artificial molecular machines2 such as molecular 

shuttles,3 molecular assemblers,4 molecular pumps5 and 

others6 towards mimicking various biomolecular machines 

like kinesin, RNA polymerases, and ATP synthase.7 Notably, 

among the numerous MIMs, [c2]daisy chain rotaxanes,8 

especially the bistable ones, have attracted increasing attention 

due to the direct and remarkable length changes of their 

backbones as well as the forces generated along with the 

molecular motions under various external stimuli. Such 

controllable motion behaviors at molecular scale have made 

them ideal candidates to act as �molecular muscles� that can 

mimic the sliding motions of actin and myosin filaments in 

sarcomeres.9 Since the pioneering work by Sauvage and 

coworkers in 2000,10 a great number of bistable [c2]daisy 

chain rotaxanes have been constructed as molecular muscles 

with various actuation mechanisms such as transition metal 

ion exchange, light irradiation, pH change, and solvent 

polarity switching.11 Furthermore, inspired by the coordinative 

and amplified movements of sarcomeres that lead to the 

macroscopic motion of muscles,12 many high-order 

(supramolecular) polymer systems with either linear or 

random arrangements of [c2]daisy chain rotaxanes have been 

successfully constructed through one-dimensional (1-D) 

covalent polymerization13 and supramolecular 

polymerization14 or three-dimensional (3-D) cross-linking 

polymerization.15 These polymers can successfully
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number of the platinum-acetylide units in DC-G3 was 

calculated to be 42, which indicated the existence of twenty-

one [c2]daisy chain rotaxane units in DC-G3, thus confirming 

the successful synthesis of DC-G3.

With the targeted daisy chain dendrimers in hand, their 

morphologies were further investigated by using atomic force 

microscope (AFM), which revealed the discrete and uniform 

near-spherical morphologies for all daisy chain dendrimers 

(Figure 5). More importantly, along with the increase of the 

dendrimer generations, the averaged heights from AFM 

analysis gradually increased, from 3.9 ± 0.1 nm (DC-G1) to 

8.9 ± 0.2 nm (DC-G2), and 12.8 ± 0.1 nm (DC-G3) 

respectively, which also provided a reasonable evidence for 

the successful construction of high-generation daisy chain 

dendrimers.

Figure 5. AFM images of daisy chain dendrimers. (a) DC-

G1; (b) the height range of DC-G1 is 3.9 ± 0.1 nm; (c) DC-

G2; (d) the height range of DC-G2 is 8.9 ± 0.2 nm; (e) DC-

G3; (f) the height range of DC-G3 is 12.8 ± 0.1 nm.

Dual stimuli-induced reversible dimension modulation 

of daisy chain dendrimers in solution state. Before 

evaluating the stimuli-induced dimension modulation feature 

of above synthesized daisy chain dendrimers, the investigation 

on the stimuli-responsiveness of the branches in the daisy 

chain dendrimers, i.e. the [c2]daisy chain rotaxane 2, was first 

performed. According to the aforementioned design strategy, 

considering the binding ability as well as the availability for 

the reversible addition/removal of the external stimuli, acetate 

anion and DMSO solvent were chosen as the external 

stimulus, respectively. To our delight, as revealed by the 1H 

NMR titration experiments, the continuous addition of 

tetrabutylammonium acetate (TBAA) into the solution of 

[c2]daisy chain rotaxane 2 in THF-d8 resulted in the 

remarkable downfield shift of the signals of the protons that 

ascribed to the urea moieties (H11-12) and the nearby methylene 

units (H8-10). On the contrary, signals attributed to the neutral 

alkyl chain (H3-7) displayed upfield shift simultaneously. These 

observations indicated that, upon the increase of amounts of 

the added acetate anions that can complex with urea moiety, 

the urea moieties as well as methylene units nearby moved out 

of the pillar[5]arene cavity, and the pillar[5]arene macrocycle 

moved towards the methylene units far away from the urea 

moieties. Furthermore, by subsequently adding NaPF6 into the 

mixture of [c2]daisy chain rotaxane 2 and TBAA to 

completely remove the acetate anion as NaOAc precipitate, the 

resultant 1H NMR spectrum was almost the same as the 

original one of [c2]daisy chain rotaxane 2, confirming the 

reversibility of such stimuli-response extension/contraction 

process. As expected, when using DMSO molecule as 

stimulus, 1H NMR titration experiments suggested the similar 

controllable and reversible muscle-like behavior of 2, making 

2 a dual stimuli-responsive artificial molecular muscle unit 

(Figures S55-S56). In order to gain more information on the 

cycle issue, the repetition of the translocation process of the 

[c2]daisy chain rotaxane unit 2 for 4 cycles was performed. As 

shown in Figures S57 and S58, respectively, for both acetate 

anions and DMSO molecules as stimuli, after each full 

operation cycle, the resultant 1H NMR spectra were almost the 

same as the original one, thus indicating the good recycling 

ability of the [c2]daisy chain rotaxane unit. Such dual stimuli-

responsive reversible and remarkable extension/contraction 

feature of 2 laid the foundation of the further dimension 

modulation of the integrated daisy chain dendrimers as 

discussed below. Notably, considering the integration of 

multiple [c2]daisy chain rotaxane units in a monodispersed 

manner within the skeletons, the amplified responsiveness of 

the daisy chain dendrimers towards the external stimulus 

might be possible.   

To test such hypothesis, the stimuli-responsive behaviors of 

the daisy chain dendrimers were firstly investigated by 1H 

NMR titration experiments (Figures S75-S83). To our delight, 

as same with the individual [c2]daisy chain rotaxane unit, all 

daisy chain dendrimers displayed the similar controllable and 

reversible dual stimuli-responsive features as indicated by the 

shifts of peaks that attributed to the [c2]daisy chain rotaxane 

units. Taking into consideration the remarkable length changes 

of these individual daisy chain units with external stimulus, 

investigations on the dimension modulation of the integrated 

daisy chain dendrimers upon the addition of acetate anion or 

DMSO molecule were then performed. As indicated by 

diffusion coefficients (D) of daisy chain dendrimers DC-Gn 

evaluated by 2-D diffusion-ordered spectroscopy (DOSY) 

technique, upon the addition of TBAA, remarkable increase of 

the diffusion coefficients (D) was observed ( for DC-G1, from 

(7.41 ± 0.14) × 10^=8 m2 s^= to (9.33 ± 0.15) × 10^=8 m2 s^= with 

a shrinking ratio of 20%; for DC-G2, from (3.31 ± 0.12) × 

10^=8 m2 s^= to (4.27 ± 0.10) × 10^=8 m2 s^= with a shrinking 

ratio of 22%, and for DC-G3, from (3.98 ± 0.06) × 10^== m2 s^= 

to (5.89 ± 0.05) × 10^== m2 s^= with a shrinking ratio of 32%, 

respectively), which clearly suggested the decrease of the 

hydrodynamic radius of daisy chain dendrimers. Subsequently, 

the addition of NaPF6 into the resultant mixtures led to the 

decrease of diffusion coefficients to almost the original values, 

thus indicating the increase of the hydrodynamic radius back 

to their initial size (Figure 6b and Figures S84-S89). 

Furthermore, dynamic light scattering (DLS) experiments 
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triggered the folding of the polymer films towards the opposite 

side (Figure 7e). Such actuating mechanism was confirmed by 

the SANS analysis of the polymer film as shown in Figure 7d. 

Using a Guinier function with a power law background to fit 

the SANS data, the Rg of the daisy chain dendrimer DC-G3 

before and after the addition of DMSO were evaluated, which 

revealed a remarkable increase from 2.67 nm to 4.84 nm, 

indicating the swelling of the incorporated daisy chain 

dendrimers that stimulated the shape transformation of the 

composite polymer film. Notably, the tunable dimension 

modulation outputs of daisy chain dendrimers in different 

states might be attributed to that, different from that in 

solution state, the polymer composites could efficiently inhibit 

the self-folding of [c2]daisy chain rotaxane branches in the 

film state, thus resulting in such state-dependent size 

switching feature of daisy chain dendrimers.

CONCLUSION

In this study, we proposed and successfully synthesized a 

new family of daisy chain dendrimers up to the third 

generation, in which twenty-one individual [c2]daisy chain 

rotaxanes served as branches monodisperesedly distributed 

within the dendrimer skeleton for the first time. In the 

resultant high-order MIMs, well-defined topological 

arrangement of multiple [c2]daisy chain rotaxanes was 

realized, thus allowing for the precise construction of a novel 

artificial molecular machine prototype. Interestingly, the 

controllable extension/contraction of individual [c2]daisy 

chain rotaxanes triggered by acetate anions or DMSO 

molecules as external stimuli led to stimuli-induced dimension 

modulation of the integrated daisy chain dendrimers through 

the collective and amplified motions of each branch. 

Moreover, the further incorporation of daisy chain dendrimers 

into a PVDF matrix resulted in the successful construction of 

the composite polymer films that could undergo fast, 

reversible and controllable shape transformations upon 

external stimulus. The demonstration of the stimuli-responsive 

daisy chain dendrimers with the tunable dimension modulation 

outputs herein provides a new strategy towards the 

construction of novel artificial molecular machine prototypes 

and supramolecular dynamic materials.
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