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motion.[1] One of the main challenges is 
how to mimic life-like responsive behavior 
in molecular systems using synthetic 
molecular machines to design soft actua-
tors and biomimetic smart materials.[2] 
The progress in supramolecular chemistry 
enables the fabrication of complex archi-
tectures with unique dynamic functions in 
various hierarchical assemblies and at dis-
tinct length and time scales.[3] Supramo-
lecular polymers, formed by noncovalent 
self-assembly of small molecules, are par-
ticularly attractive as they exhibit intrin-
sically dynamic functions,[4] including 
reversibility,[5] adaptiveness,[6] and self-
repair properties.[7] The stimuli-responsive 
ability of supramolecular polymers has 
been explored by introducing artificial 
molecular switches and machines.[8] For 
example, these polymers can respond to 

light stimuli by the introduction of photochromic molecules, 
such as azobenzenes, diarylethenes, spiropyrans, and their 
derivatives.[9] The unique advantage of light stimuli is that it 
enables supramolecular materials[10] to be manipulated in a 
remote and instant mode, exhibiting great potential in appli-
cations toward soft actuators,[11] artificial muscles,[12] and light-
healing coatings.[5e]

A key question is how to amplify the molecular-level photoac-
tuation from nano to macroscopic dimensions to achieve global 
responsiveness of the supramolecular architectures.[1,2,12,13] 
However, the realization of this delicate interplay of dynamic 
functions remains very challenging because of the intrinsic 
reversibility of supramolecular systems, which usually leads 
to the photochemical lability disassembly of materials.[14] To 
enable photoactuation and meanwhile overcome the photodis-
sociation process, it is crucial to stabilize the supramolecular 
architectures by engineering the binding affinity and hierarchy 
of multiple noncovalent interactions.[13d] Very recently, the Fer-
inga group demonstrated the photochemically driven macro-
scopic actuation of nanofibers by cross-linking and stabilizing 
the primary supramolecular structures via strong metal car-
boxylate complexes.[12] The pathway of photoactuation without 
disassembly enabled the successful energy conversion from 
the absorbed light to mechanical work, exhibiting promising 
mechanical, i.e., muscle type and functions.

We present here a more general and direct strategy by intro-
ducing rationally spaced multiple hydrogen bonds (H-bonds) 
to enable photoinduced spiral deformation of supramolecular 

Stimuli-responsive mechanical deformations widely occur in biological 
systems but the design of biomimetic shape-changing materials, especially 
those based on noncovalent interactions, remains highly challenging. Here, 
hydrogen-bonded supramolecular microfibers are reported, which can 
perform light-driven spiral deformation by switching an intrinsic azoben-
zene unit without monomer dissociation. The key design feature rests on 
rationally spaced multiple hydrogen bonds, which inhibits the disassembly 
pathway upon irradiation, allowing partial photomechanical actuation of 
the azobenzene cores in the confined environment of the assemblies. The 
light-controlled deformation process of the supramolecular microfibers can 
be switched in a fully reversible manner. This combination of confinement-
inhibited disassembly and photoswitching to induce assembly deformation 
and actuation along length scales supports a distinctive strategy to design 
supramolecular materials with photomechanical motion.
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1. Introduction

Responsiveness at all length scales is a key feature of living 
systems and the essential mechanism to enable mechanical 

© 2021 The Authors. Advanced Optical Materials published by Wiley-
VCH GmbH. This is an open access article under the terms of the Crea-
tive Commons Attribution-NonCommercial-NoDerivs License, which 
permits use and distribution in any medium, provided the original work 
is properly cited, the use is non-commercial and no modifications or 
adaptations are made.
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microfibers. The building block trans-1 consists of a typ-
ical photoresponsive azobenzene core, eight amide bonds 
embedded in the side chains, and four terminal polymeriz-
able 1,2-dithiolanes[15] functioning as homochiral entities and 
potential cross-linking units (Figure  1A). We anticipate that 
these structural features enable the stereo-controlled noncova-
lent self-assembly of the building blocks along the π–π stacking 
axial direction, forming helical supramolecular fibers with pre-
ferred handedness (Figure 1B). The azobenzene units confined 
in the high-density intermolecular H-bond system are mostly 
inhibited to induce motion upon photoisomerization. However, 
an important feature due to the supramolecular nature of the 
assembly is sufficient local flexibility to allow a very small por-
tion of isomerized azobenzene units to be formed which can 
drive the global deformation of helical fibers to bend and spiral 
into spheres. The observed unique light-driven biomimetic spi-
raling motion is therefore attributed to the flexibility resulting 
from the rationally spaced H-bond arrays, enabling the in situ 
local photochemical actuation of azobenzene units in the fibers 
and amplification of the deformation through the supramolec-
ular fibers.

2. Results and Discussion

Compound trans-1 was prepared from 4,4′-bis(chloromethyl)
azobenzene, Boc-protected 2,2′-azanediylbis(N-(2-aminoethyl)
acetamide), and (+)-α-thioctic acid as outlined in Scheme S1 
(Supporting Information). The detailed synthetic procedure 
for trans-1 is provided in the Experimental Section (Supporting 
Information). The structure of trans-1 was confirmed by 1H 
NMR, 13C NMR, and high-resolution mass analysis (HR-MS) 
(for details see Supporting Information).

The molecular structure of trans-1 features a planar aro-
matic core with multiple amide groups, which is reminiscent 
of a typical discotic-like monomer structure[16] to form supra-
molecular assemblies by cooperative π–π stacking and H-bonds 
(Figure  2A). Compound trans-1 exhibited good solubility in 
organic solvents such as dichloromethane (CH2Cl2), forming 
a yellow and transparent solution (Figure  2B). Dynamic light 
scattering (DLS) showed that the size distribution was mainly 
located at around 1 nm (the dimension of trans-1) (Figure 2C), 
indicating molecular dispersion of trans-1 in CH2Cl2. The 
good solubility in apolar CH2Cl2 solution can be attributed 

Figure 1.  Structural design and schematic representation of the assembly of the photoresponsive building block. A) Molecular structure and pho-
toisomerization of the trans-1 and geometrical change leading to possible photomechanical actuation (hν1 = 365 nm, hν2 = 420 nm). B) Schematic 
representation of the light-induced deformation of the assemblies of trans-1. The supramolecular assembly of trans-1 is initiated by lowering solvent 
polarity, leading to the formation of helical fibers, which can bend and spiral into coils upon irradiation of UV light ((hν1 = 365 nm, hν2 = 420 nm). The 
inset image shows a typical spiral plant stem in Nature.
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to the alkyl chains and side-chain flexibility. The addition of 
1 equiv. v/v of methylcyclohexane (MCH), a strongly H-bond-
supporting solvent,[9f ] into the CH2Cl2 solution of trans-1 led to 
immediate aggregation, forming a turbid solution (Figure 2B). 
Yellow aggregates (100–400 nm in size) were formed after aging 
the turbid solution, and DLS confirmed the complete aggrega-
tion of trans-1 even in a diluted solution (CH2Cl2/MCH = 1:1) 
(Figure  2C). X-ray diffraction (XRD) patterns indicated the 
amorphous nature of the microfibers and the existence of π–π 
stacking interactions (Figure S1, Supporting Information). 
Infrared (IR) spectra indicated complete hydrogen bonding of 
the amide bonds in the supramolecular assemblies of trans-1 
(Figure S2, Supporting Information).

UV-Vis absorption spectra showed a decreased intensity of 
the major absorption band (λm = 330 nm) of trans-1 after aggre-
gation (Figure 2D). The slightly increased absorption intensity 
in the visible-light region (400–500 nm) was due to the light 
scattering effect as a result of increased turbidity. Circular 
dichroism (CD) spectra showed a distinctive Cotton effect at 
the absorption region (280–400 nm) of the azobenzene chromo-
phore in the aggregation state (Figure 2D and Figure S3, Sup-
porting Information). The weak but detectable CD signal of 
trans-1 in CH2Cl2 was attributed to the intrinsic chiral chromo-
phore of 1,2-dithiolane unit. The observed strong Cotton effect 
of the solution of aggregated trans-1 points to the existence of 
helical assembled structures of azobenzene core units.[17] Tem-
perature-dependent CD spectra exhibited little changes from 
263 to 313 K (Figure S4, Supporting Information), suggesting 
good thermal stability of the supramolecular helical assemblies 
owing to the multiple hydrogen bonds.

The photoresponsive nature of the azobenzene unit enabled 
bistable switching of trans-1 in the solution phase. The typical 
π–π absorption band of trans-azobenzene disappeared upon 
irradiation with UV light (365 nm), and meanwhile the absorp-
tion of n–π band increased (Figure  3A). The clear isosbestic 
points at 393 and 283 nm indicate a selective photochemical 
isomerization of trans-1 in CH2Cl2. The photostationary state of 
trans-1 was obtained (cis-1/trans-1  = 86/14) from time-resolved 
1H NMR spectra (Figures S5 and S6, Supporting Information), 
indicating the high isomerization efficiency of trans-1 in solu-
tion. The excellent reversibility was confirmed by the real-time 
recorded UV-Vis absorption spectra of the CH2Cl2 solutions of 
trans-1 during irradiation of 365 nm (Figure 3B and Figure S7, 
Supporting Information).

Next the morphologies of the aggregates of trans-1 and 
cis-1 were investigated by field emission scanning electron 
microscopy (FESEM) and transmission electron microscopy 
(TEM) (Figure  3D–F, and Figures S8 and S9, Supporting 
Information) as a function of isomers and solvents. The assem-
blies of trans-1 were observed as helical microfibers with a 
high length-to-diameter ratio (Figure  3D). The statistic distri-
bution showed a varying diameter ranging from 7 to 26 nm  
(Figure S10, Supporting Information). Interestingly, all the 
helical fibers were found as an M-type helix (Figure  3D), 
confirming the single handedness of the supramolecular 
assemblies. This uniformity indicated the effectiveness of chi-
rality transfer from the central chirality of the 1,2-dithiolanes 
units to supramolecular chirality of the assembled fibers.

When 1 equiv. v/v of MCH was added to a mixture of trans-
1 and cis-1 in CH2Cl2 solution obtained by the irradiation  

Figure 2.  A) Schematic representation of the supramolecular helical self-assembly of building block trans-1. B) Photographs of the solutions of trans-1 
in CH2Cl2 and 1:1 mixed solution of CH2Cl2/MCH. C) Dynamic light scattering (DLS) size distribution of the solution of trans-1 in CH2Cl2 (yellow bars), 
and 1:1 mixed solution of CH2Cl2/MCH (purple bars), respectively. D) UV-Vis absorption spectra and circular dichroism (CD) spectra of trans-1 in CH2Cl2 
(c = 2 × 10−4 m, d = 1 mm) and 1:1 mixed solution of CH2Cl2/MCH (c = 2 × 10−4 m, d = 1 mm).
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of UV light (365 nm, 90 s), the FESEM images showed the 
aggregates as mixture of helical fibers and spheres (Figure 3E, 
and Figure S11, Supporting Information). The helical fibers 
were consistent with those obtained by assembling pure trans-1, 
suggesting the homogeneity of the helical assemblies. Fur-
thermore, the morphology of the resulting aggregates, with 
mainly cis-1 present (86% at PSS state confirmed by 1H NMR 
(Figure S5, Supporting Information)), was found to be spheres 
(Figure  3F, and S9, Supporting Information). CD measure-
ment further confirmed the absence of chiral amplification in 
the aggregates of cis-1 (Figure S12, Supporting Information). 

These observations indicated the remarkably difference in 
assembly between trans-1 and cis-1 which is attributed to the 
large change in geometry (planarity to nonplanarity) of the 
azobenzene cores. Further investigations by CD and UV-Vis 
spectroscopy proved that the cis-1 aggregates can transform 
into trans-1 helical assemblies upon visible-light irradiation  
(420 nm) or thermal isomerization in dark (Figures S13 and S15,  
Supporting Information). Thus, by orthogonalizing the revers-
ible solvent-induced assembly/disassembly and light-con-
trolled isomerization of monomers, the morphologies (and  
chirality) of supramolecular assemblies in this system can 

Figure 3.  Photoswitching properties and aggregate morphologies of trans-1 and cis-1. A) UV-Vis absorption spectra of trans-1 in CH2Cl2 before and after 
irradiation of UV light (365 nm) (c = 2 × 10−5 m, d = 1 cm, CH2Cl2). B) Real-time detection of absorbance at 365 nm in multiple photoswitching cycles 
(c = 1 × 10−5 m, d = 1 cm, CH2Cl2). C) Schematic representation of the aggregates formed by trans-1 and cis-1 in the mixed solvents (CH2Cl2/MCH = 1:1). 
D–F) Representative field emission scanning electron microscopy (FESEM) images of the assemblies formed by trans-1 (D), mixture of trans-1 and cis-1 
(solution irradiated for 90 s) (E), and mixture at PSS (cis-1: trans-1 = 86: 14) (F). The mixtures of trans-1 and cis-1 were obtained by irradiating the CH2Cl2 
solution of trans-1 with a given time and then the aggregation was induced by adding 1 equiv. v/v of MCH.
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be dynamically modulated between chiral fibers and achiral 
spheres.

Having established the presence of remarkable difference 
in assembly behaviors between trans-1 and cis-1, we further 
explored the important questions: Will the photoresponsive 
behavior of trans-1 still be operating in the confined space 
of supramolecular helical assemblies? How is this “in situ” 
molecular isomerization affecting the global assemblies? Much 
to our surprise, we found a light-driven spiraling deformation 
in this system (Figure  4A,B). The supramolecular helical 
microfibers of trans-1 were irradiated with UV light (365 nm) 
and FESEM analysis showed that many spiral microfibers 
were formed after UV irradiation (Figure  4B,C), while the 
helicity of the spiral fibers were preserved. UV-Vis absorption 
spectra showed a minimal decrease of the π–π* absorption 
band after irradiation with light at 365 nm for 30 s (Figure 5A), 
indicating that only a very small number of azobenzene units 
undergo photoisomerization. Meanwhile, no significant change 
was observed after irradiation in the CD spectra (Figure  5A), 
providing further support for the chiral helical assemblies 
retaining after irradiation (365 nm). Moreover, most of the 
UV-light-induced spiral microfibers can recover back to the 
original state, i.e., helical microfiber, by irradiation with visible 
light (420 nm) (Figure  4D–G and Figure S16, Supporting 
Information) or aging in dark to allow thermal cis-trans 
isomerization (Figure S17, Supporting Information). Longer 
irradiation times, up to 30 min UV light, led to a higher spiral 
deformation ratio as well as some semi-spheres formed by the 
spiral fibers (Figure S18, Supporting Information).

To further understand the supramolecular self-assembly and 
photoactuation process, molecular dynamics (MD) simulations 
were performed (Figure  5B and Figures S19–S21, Supporting 
Information; Computational details are given in Supporting 
Information). Planar trans-1 molecule can form multiple inter-
molecular H-bonds to produce supramolecular assemblies with 
a face-twisting-angle of 5° (Figures S19 and S20, Supporting 
Information). By replacing one of the assembled trans-1 units 

by cis-1, MD simulation results showed that the presence of a 
single cis-1 molecule leads to a local curvature (about 10°) of the 
axle direction of aggregated trans-1 (Figure  5B). Therefore, it 
can be anticipated that this geometry-induced curvature might 
be the mechanism by which localized photoisomerization could 
be amplified into a global deformation of the supramolecular 
helical fibers.

The cis-1 molecules confined in the H-bonding environment 
of supramolecular assemblies exhibited good reversibility 
over 10 cycles of photoisomerization by alternant irradiation 
with UV (365 nm) and visible light (420 nm) (Figure  5C). To 
further study how the supramolecular confinement affects the 
isomerization properties, we compared the half-life (t1/2) of cis-1 
in different environments. Surprisingly, the half-life of cis-1 in 
the assembled state was found to be much shorter than that 
in well-dispersed state (Figure 5D and Figure S22, Supporting 
Information). In principle, the decrease of solvent polarity 
should prolong the half-life of cis-azobenzenes.[18] Hence, the 
observed inverse effect on stability of cis-1 suggests that the 
unique H-bonding environment accelerates the thermal reverse 
isomerization of cis-1. This might be attributed to a less stable 
strained nature of cis-1 in the assemblies, decreasing the energy 
barrier between trans-1 and cis-1 and allowing a faster thermal 
reverse isomerization process.

Therefore, combining all the above data, the photoinduced 
deformation of helical microfibers of trans-1 can be attributed 
to a photoactuation mechanism as indicated schematically in 
Figure 4A. The azobenzene units are confined in an anisotropic 
and single-handedness chiral space produced by the rationally 
positioned multiple H-bonds. The proper spatial distance in the 
H-bonding arrays provided sufficient flexibility to enable pho-
toisomerization trans to cis of some of the assembled azoben-
zene units (Figure  5A). Intriguingly, the presence of these 
small amounts of isomerized azobenzene units do not seem 
to trigger the dissociation of supramolecular helical fibers, but 
instead are driving the global deformation of the fibers toward 
curved and spiraled spheres (Figure 4B–G). As a consequence, 

Figure 4.  Photochemical-driven spiral deformation of supramolecular helical self-assembly of building block trans-1. A) Schematic representation of 
the light-induced spiral deformation process. B,C) Representative field emission scanning electron microscopy (FESEM) images of the spiral deforma-
tion of helical assemblies after UV irradiation (365 nm). D–G) Representative FESEM images of the reversible interconversion of the supramolecular 
microfibers from helical to spiral aggregates (and vice-) driven by irradiation with UV (365 nm) and visible (420 nm) light.
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the nanoscale molecular actuation of azobenzene units was 
delivered, transferred, and amplified along the supramolecular 
assembled backbone toward a larger mesoscopic scale spiral 
structure in a fully reversible manner.

3. Conclusion

In summary, we have demonstrated a supramolecular strategy 
to design photoresponsive supramolecular helical fibers, which, 
instead of disassembling by irradiation, could perform light-
driven biomimetic spiral deformation. Importantly, this global 
deformation motion at the micrometer scale is driven by the 
localized isomerization of azobenzene units, amplifying the 
molecular motion toward the mesoscopic level. These findings 
indicate that multiple H-bonding interactions, one of the most 
typical noncovalent bonds in biological systems, in combination 
with photoswitches, can afford a robust supramolecular matrix 
still enabling intermolecular mechanical transmission and 
amplification, providing a noncovalent way to designing 
biomimetic responsive materials and soft actuators.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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