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a b s t r a c t

Herein, an alkyne-terminated acid/base responsive amphiphilic [2]rotaxane shuttle was synthesized, and

then modified onto the glass surface through “click” reaction. The XPS N1s spectrum and contact-

angle measurement were performed to prove the successful immobilization. The amphiphilic [2]rotaxane

functionalized surface presented controllable wettability responding to external acid-base stimuli. This

bistable rotaxane modified material system promoted the practical application of molecular machines.

© 2024 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

With the rapid development of supramolecular chemistry, in-

telligent responsive organic functional materials constructed based

on host-guest recognition interaction have become a hot spot

research area in material chemistry [1,2]. As the typical class of or-

ganic functional materials, rotaxane molecular shuttles consist of a

rod-like component and a ring-like component combined by host-

guest recognition, and the two ends are blocked by large blocking

groups. Under certain external stimuli, the ring component can

make reversible shuttle motion along the rod-like component.

Due to the good stimulus responsiveness of rotaxane molecular

shuttles, it has important applications in the field of building

intelligent responsive functional materials [3]. Artificial molecular

machines (AMMs) have gained immense development during

the past decades [4-6]. And AMMs materials are endowed with

increasingly exquisite structures and intelligent functions [7-9].

Whereas, the perspective trend is to demonstrate that microcosmic

molecular motion can be integrated and amplified into useful work

[10,11]. Accordingly, AMMs are widely used in various domains,

for instance, they are applied to transmembrane transport [12-14],

polymer materials [15-18], molecular valves [19,20], noble metal

recovery [21,22], mitochondrial imaging [23,24]. As the expanded

applications of AMMs, the research has evolved from traditional

solution systems to surface, interface and solid-phase [25,26]. Last

few years, the use of AMMs systems for surface self-assembly has

become a focus of research topics in the field of supramolecular

chemistry [27]. Self-assembled monolayer (SAM) is a promising
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strategy, which enables the application to self-cleaning surfaces

[28,29], lab-on-chip systems [30,31], microfluidic tools [32], optical

lenses [33], and so on [34].

Bistable [2]rotaxane [35-37], as one type of traditional AMMs,

in which the host macrocycle component could thread between

two independent recognition sites under external stimuli and show

controllable functions. In our previous work [38], the bistable

[2]rotaxane was used as the backbone to construct amphiphilic

[2]rotaxane and self-assembled into different spherical vesicles and

worm-like micelles morphologies using acid/base stimuli in solu-

tion. And here, the analogous amphiphilic [2]rotaxane was further

modified onto the surface to control the wettability responding to

external stimuli. The acid-base stimulation could control the dis-

tance between hydrophilic and hydrophobic groups and then affect

surface wettability. This work further promotes the development of

AMMs towards surface interfaces.

Herein, we designed and synthesized an alkyne-terminated am-

phiphilic bistable [2]rotaxane molecular shuttle (R-3), in which

the other end functionalized with hydrophobic alkyl chain and

the macrocycle component modified with hydrophilic tetraethylene

glycol monomethyl ether, and then it was attached to glass sur-

face preparing self-assembled monolayers (SAM-R-3) through the

well-known copper(I)-catalyzed Huisgen 1,3-dipolar cycloaddition

reaction (Scheme 1) [39]. There are two typical recognition sites,

namely dibenzylammonium (DBA) and N-methyltriazolium (MTA),

for the DB24C8 macrocycle shuttling along the thread component

through acid-base stimulation [38]. In the initial state, the DB24C8

macrocycle rests on the DBA site, the hydrophilic group is far away

from the hydrophobic group and the terminal of the molecular
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Scheme 1. Cartoon representation of amphiphilic [2]rotaxane shuttle on surface driven by acid-base.

shuttle is hydrophobic, therefore the surface has a higher contact

angle. Then the DBA site is deprotonated by the addition of 1,8-

diazabicyclo[5.4.0]undec–7-ene (DBU), and the DB24C8 macrocy-

cle shuttle towards the MTA site. The hydrophilic chains on the

macrocycle surround the terminal hydrophobic alkyl chains, lead-

ing to the decrease of surface contact angle. This work realizes

the macroscopic performance contact angle changes through mi-

croscopic molecular motion. Thus, the AMMs could control the sur-

face wettability respond to external stimuli.

The synthetic route of the target [2]rotaxane R-3 was shown in

Fig. 1. Firstly, the key intermediate R-1 was synthesized through

the classic threading and blocking method among compounds 1,

2, and 3, which involves a copper(I)-catalyzed Huisgen1,3-dipolar

cycloaddition reaction. Then the intermediate R-2 was obtained in

81% yield after the esterification reaction between R-1 and com-

pound 4 in the presence of DMAP and EDCI, followed by re-

protonated with HCl and anion exchanged with saturated NH4PF6
solution. Finally, after the methylation of triazole groups and anion

exchanging with saturated NH4PF6 solution, the target rotaxane R-

3 was gained in 64% yield.

The chemical structure of key intermediate R-1, R-2, and the

target [2]rotaxane R-3 were characterized by 1H NMR, 13C NMR

spectroscopy, and MALDI-TOF mass spectrometry. According to

previous reports [40], the 1H NMR spectrum of [2]rotaxane R-3

(Fig. 2) indicated that the hydrophilic DB24C8 macrocycle is lo-

cated at the DBA recognition site. The MALDI-TOF mass spectrum

of [2]rotaxane R-3 showed a peak at m/z=3422.506, which corre-

sponds to the specie lost one PF6
− anion ([R-3-PF6

−]+), matching

with the calculated value of 3421.989 for [C176H290F6N4O51P]
+. As

a result, all of the above experimental data demonstrated that the

target [2]rotaxane R-3 was successfully synthesized.

Furthermore, 1H NMR was employed to characterize the shut-

tling movement of the target [2]rotaxane R-3. The DBA site was de-

protonated and the DB24C8 macrocycle shifted to the MTA station

when 2.5 equiv. of DBU were added to the CD3COCD3 solution of

the target [2]rotaxane R-3, as evidenced by chemical shift changes

in the 1H NMR spectra (Fig. 2). Further analysis was shown in

Fig. 2, the H9 and H12 methylene protons neighboring the MTA

station were upfield shifted with �δ −0.62 and −0.82ppm, be-

cause of the shielding effect with the DB24C8 macrocycle. The H10

and H11 protons on the MTA station were downfield shifted with

�δ −0.65 and 0.32ppm, due to the interaction with the DB24C8

macrocycle. What’s more, the H3 and H4 close to the DBA station

were upfield shifted with �δ −1.02 and −0.91ppm, respectively,

Fig. 1. The synthetic route of target [2]rotaxane R-3.

on account of the de-shielding effect with the DB24C8 macrocy-

cle. Next, following the addition of 5.0 equiv. of trifluoroacetic acid

(TFA) to the DBU-added solution, the 1H NMR spectra almost re-

covered to the initial state. This transformation could be explained

by the re-protonation of the DBA center and the DB24C8 macrocy-

cle returning to its incipient state. Therefore, 1H NMR spectroscopy

confirmed the reversible shuttling motion of the macrocycle along
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Fig. 2. Partial 1H NMR spectra (400MHz, CD3COCD3, 298K): (a) [2]rotaxane R-3 solution, (b) addition of 2.5 equiv. of DBU to the sample a, (c) addition of 5.0 equiv. of TFA

to the sample b. The corresponding structures are shown in Fig. 1.

Fig. 3. The XPS N 1s spectrum: (a) azide-functionalized glass surface and (b) SAM-R-3.

with the thread component between two distinct sites in [2]rotax-

ane R-3 in response to external acid/base stimuli.

At last, in order to achieve the functionalization and material-

ization of AMMs, the amphiphilic target [2]rotaxane R-3 was mod-

ified onto the glass surface to prepare SAM-R-3 through classi-

cal copper(I)-catalyzed reaction between the azide-functionalized

glass surface and the alkynyl-terminal [2]rotaxane R-3. To confirm

the effective synthesis of the chemical-modified SAM-R-3, X-ray

photoelectron spectroscopy (XPS) was employed to provide con-

clusive evidence (Fig. 3). After the click reaction, the XPS N1s

spectrum of SAM-R-3 presented the disappearance of the peak

at 403.7 eV to the level of the noise, which indicated the effec-

tive click reaction on the azide-functionalized glass surface [26].

Moreover, a new peak at 401.9 eV emerged after the click reaction,

which represented the N atoms of the NH2
+ group in [2]rotaxane

R-3 and certificated the existence of the target [2]rotaxane R-3 on

the glass surface.

Subsequently, the wettability properties of SAM-R-3 in response

to external stimuli were investigated by contact angle. As shown

in Fig. 4a, due to numerous hydroxyl groups exposed on the glass

surface after being treated with piranha solution, the glass surface

displayed obvious hydrophilicity, with a contact angle of 28° ± 1°.
The contact angle increased to 75° ± 1° after azide-functionalized

silane modification (Fig. 4b), further indicating that the azide-

functionalized glass surface has been successfully prepared. After

Fig. 4. The change of the contact angle of Glass surface: (a) Glass surface treated

by piranha solution, (b) glass surface modified with azide-functionalized silane,

(c) SAM-R-3, (d) c soaked in DBU solution (CH2Cl2, 1.0×10−3 mol/L), (e) d soaked

in TFA solution (CH2Cl2, 1.0×10−3 mol/L). (f) The summary table of contact angle

changes of SAM-R-3 under different stimuli conditions.

the click reaction between the azide-functionalized glass surface

with [2]rotaxane R-3, the contact angle further rose to 91° ± 1°
(Fig. 4c) and the surface became a hydrophobic state. This phe-

nomenon demonstrated that the bulky target [2]rotaxane R-3 was

successfully attached to the glass surface, and the terminal hy-
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drophobic group can improve the hydrophobic performance. Then

the contact angle of SAM-R-3 decreased to 69° ± 1° (Fig. 4d) after
the SAM-R-3 was immersed in DBU solution (1.0×10−3 mol/L)

and sonicated for 15min. The results could be explained by the

hydrophilic macrocycle moved to the MTA station under the

DBU environment, surrounding the hydrophobic alkyl chain and

improving the hydrophilicity of SAM-R-3. Finally, DBU-treated

SAM-R-3 was soaked into TFA solution (1.0×10−3 mol/L) and son-

icated for 15min, the contact angle almost returned to the initial

state 90° ± 1° (Fig. 4e). The contact angle changes of SAM-R-3

under different stimuli conditions were summaried in Fig. 4f. This

results demonstrated that amphiphilic [2]rotaxane modified onto

surface could be used to controlling wettability through changing

molecular state under an external stimulus.

In summary, we have designed and synthesized an alkyne-

terminated amphiphilic [2]rotaxane R-3 and successfully attached

it to the glass surface, as proved by N1s XPS spectrum and contact

angle. What’s more, the controllable wettability is demonstrated

by the contact angle change under acid-base stimuli. The micro-

scopic motion of the AMMs achieves integration and amplification

through macroscopic wettability, which lays the groundwork for

artificial molecular machine application research. This work is a

small step for the development of AMMs towards solid surfaces.

It may be used for future artificial intelligent materials.
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