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ABSTRACT: Helical folding of randomly coiled linear polymers is an essential organization process not only for biological polypeptides 
but also for synthetic functional polymers. Realization of this dynamic process in supramolecular polymers (SPs) is however a formidable 
challenge because of their inherent lability of main chains upon changing an external environment that can drive the folding process (e.g., 
solvent, concentration and temperature). We herein report a photoinduced reversible folding/unfolding of rosette-based SPs driven by pho-
toisomerization of a diarylethene (DAE). Temperature-controlled supramolecular polymerization of a barbiturate-functionalized DAE (open-
isomer) in nonpolar solvent results in the formation of intrinsically curved, but randomly coiled SPs due to the presence of defect. Irradiation 
of the randomly coiled SPs with UV light causes efficient ring-closure reaction of the DAE moieties, which induces helical folding of the 
randomly coiled structures into helicoidal ones, as evidenced by atomic force microscopy and small-angle X-ray scattering. The helical folding 
is driven by internal structure ordering of the SP fiber that repairs the defects and interloop interaction occurring only for the resulting 
helicoidal structure. In contrast, direct supramolecular polymerization of the ring-closed DAE monomers by temperature control affords 
linearly extended ribbon-like SPs lacking intrinsic curvature that are thermodynamically less stable compared to the helicoidal SPs. The 
finding represents an important concept applicable to other SP systems; i.e., post-polymerization (photo)reaction of preorganized kinetic 
structures can lead to more thermodynamically stable structures that are inaccessible directly through temperature-controlled protocols.  

INTRODUCTION 
Helical folding of polymers is one of the most important organiza-
tion processes in biopolymers such as proteins.1 Through this pro-
cess, one-dimensional polypeptide chains acquire new physical 
properties such as stiffness and supramolecular chilarity, which are 
necessary to construct higher order structures. This beautiful cor-
relation between structures and properties of biopolymers have in-
spired chemists to develop functional polymers2–10 or oligomers11–18 
whose chemical design is focused not only on their primary struc-
tures but also on their capability to fold into well-defined helical 
structures. More formidable challenge is to control such folding or 
also unfolding by external stimuli, particularly through noninvasive 
one such as light. Hecht and co-workers have applied “backbone 
approach”19 by oligomerizing amphiphilic azobenzene units to syn-
thesize rigid foldamer backbones, and successfully controlled the 
unfolding process of the foldamers as well as revealed its mecha-
nism.20,21  

Supramolecular polymers (SPs),22–29 noncovalent polymers that 
have emerged in the last three decades, have attracted attention be-
cause of their properties that are not found in covalent polymers. 

At first, major attention was focused on their high stimuli-respon-
siveness due to the reversibility in monomer binding.30–32  In this 
decade, however, there is growing interest in the possibility to gen-
erate two or more different polymeric assemblies from one mono-
mer by controlling pathway complexity in self-assembly process.33–

46 If the resulting SP chain has capability to change its well-defined 
conformation in response to light as illustrated by the covalent 
counterparts, more fruitful outcome of pathway complexity can be 
envisaged in combination with light stimuli. For SPs, however, the 
aforementioned backbone approach becomes more challenging be-
cause of their inherently dynamic nature in monomer ex-
change.36,46 In many cases, photoinduced geometrical change of 
photoswitches has an impact on the capability of monomers to form 
main-chain itself, which results in dissociation of SPs.47–52 Accord-
ingly, it is challenging to design such photoresponsive SPs that are 
able to fold-up into helical architectures while capable of keeping 
their main chain structures upon isomerization of embedded pho-
tochromic units. 



 

We recently reported such an exceptional SPs based on a monomer 
(Nap-Azo) composed of barbiturate unit, naphthalene-azobenzene 
bichromophoric core, and solubilizing aliphatic chains (Figure 
1a).53,54 The barbiturate unit is prerequisite to form a hydrogen-
bonded cyclic hexamer, rosette, which undergoes nucleation-elon-
gation type supramolecular polymerization in nonpolar solvents via 
p–p stacking and van der Waals interactions. The 2,6-substituted 
naphthalene moiety is of secondary importance to impart intrinsic 
curvature to the resulting SP chains by inducing rotational and 
translational displacement for rosettes upon stacking (Figure 1b), 
which has been revealed by using the parent molecule Nap (Figure 
1a).55,56 By very slow cooling a hot monomer solution of Nap-Azo 
that allows rosettes to rotate consistently in a uniform direction dur-
ing supramolecular polymerization, we could obtain helically 
folded (helicoidal) SPs. Irradiation of the SP solution with UV-light 
caused partial trans-to-cis photoisomerization of azobenzene units, 
which deteriorated the continuous curvature by generating defects 
and unfolded the helicoidal structures into randomly coiled struc-
tures. Although this was the first example of photoinduced “unfold-
ing” of SP fibers, refolding of the randomly coiled structures into 
the original helicoids could not be realized probably because the 
resulting structural defect cannot be repaired due to the flexibility 
of the SP main chain. Indeed, in another paper we found that a 
monomer with more expanded p-conjugated unit exhibited spon-
taneous folding of its randomly coiled fibers into helicoidal struc-
tures.57 
Herein we addressed the above unsolved issue, i.e., reversible light-
induced folding/unfolding of SPs, by designing diarylethene 
(DAE)-incorporated barbiturate monomer 1 (Figure 1c). We ex-
ploited a DAE’s property to modulate p–p stacking tendency 
through reversible ring-closing/opening photoreactions. DAEs58,59 
have been used to control structures and properties of supramolec-
ular assemblies because of their photoreversible changes in confor-
mational flexibility and extension/reduction of p-conjugation.60–69 
However, most of the reported systems cause photoinduced mor-
phological changes via monomer exchange. In the present study, as 
we will show, UV-induced ring-closure reaction of DAE moieties 
modulate intrinsic curvature of randomly coiled SPs prepared from 
the ring-opened DAE monomer 1o, leading to helicoidal structures 
composed of the ring-closed DAE monomer 1c. The photoinduced 
modulation of the curvature without monomer exchange is sug-
gested by a direct supramolecular polymerization of monomeric 1c, 

leading to linearly extended ribbons lacking intrinsic curvature. 
Evaluation of thermodynamic aspects of the distinct SP structures 
of 1c reveals that the linear SPs do not correspond to the global 
minimum in its free energy surface,40,42,43 and thermodynamically 
more stable helicoidal structure can be obtained only through the 
photoreaction of DAE moieties embedded in the SPs (Scheme 1).  

 
Scheme 1. Schematic representation of pathway dependence in 
photoresponsive SPs of 1. 

RESULTS AND DISCUSSION 
Supramolecular polymerization of 1o (process i in 
Scheme 1). Photoswitchable monomer 1 (Figure 1c) was synthe-
sized according to the scheme shown in the Supporting Information 
(Scheme S1), and 1H NMR and UV–vis spectra showed that the 
DAE unit is an open form under room light (1o). We prepared SPs 
of 1o (ct = 50 µM) by a temperature-controlled protocol, i.e., cool-
ing a hot methylcyclohexane (MCH) solution with a cooling rate of 
1.0 K min–1. The UV–vis absorption spectrum of 1o measured at 
373 K comprises two major absorption bands, one around 300 nm 
derived from the ring-opened DAE (DAEo) moiety and the other 

 
Figure 1. a) Molecular structures of Nap (top) and Nap-Azo (bottom). b) Supramolecular polymerization process of barbiturated 
monomers. c) Molecular structure of 1 (1o and 1c). 



 

around 400 nm derived from the naphthalene moiety (red line in 
Figure 2a). Upon cooling, a new absorption band appeared in the 
red-shifted region of the naphthalene absorption band, suggesting 
its J-type stacking (blue line in Figure 2a). The absorption band of 
the DAEo moiety nearly unchanged upon cooling, suggesting that 
DAEo moieties are free from defined aggregation. By monitoring 
the increase of the J-band (l = 460 nm) as a function of temperature, 
a specific temperature (ca. 352 K) at which the J-band started to 
grow was revealed (Figure 2b). Such an abrupt change is a charac-
teristic behavior of cooperative supramolecular polymerization 
mechanism consisting of nucleation and elongation processes.70 Be-
cause the subsequent heating showed a remarkable thermal hyste-
resis as discussed later (Figure S1), we withheld to analyze this cool-
ing curve with nucleation-elongation model.71  

 
Figure 2. a) Temperature-dependent UV–vis absorption spectra 
of MCH solution of 1o (ct = 50 µM) upon cooling from 373 to 293 
K by cooling rate of 1.0 K min–1. Dotted lines show spectra meas-
ured at 5 K intervals. b) Plots of degree of aggregation (a, calculated 
from the absorption change at l = 460 nm) against temperature. c) 
AFM image of 1oSP-random (ct = 50 µM) spin-coated from the 
solution onto HOPG substrate. d) Magnification of the dashed 
square area in c) to highlight the fragmentation of fibers. Green 
dotted curve indicates an example of manual fitting of curvature to 
estimate the radius of intrinsic curvature r. e) Schematic represen-
tation of the fragmentation of 1oSP-random at defects. 
 
Atomic force microscopy (AFM) images of the above assemblies of 
1o, transferred from the solution onto highly oriented pyrolytic 
graphite (HOPG) substrate by spin-coating, showed randomly 
coiled fibers with a uniform curvature (Figure 2c). Hereafter we de-
note these randomly coiled SPs of 1o obtained by the cooling pro-
tocol as 1oSP-random. The average radius of curvature (rave), 
measured by manually fitting a circle with radius r along each curve, 
was 15.6 ± 0.3 nm (Figures 2d, S2a). This value is almost double of 
that of the toroidal SPs of the parent molecule Nap56 (rave = 7.6 ± 
0.7 nm), and even larger than that of the randomly coiled SPs of 
the azobenzene derivative Nap-Azo53 (rave =10.4 ± 0.2 nm). Ac-
cordingly, the DAEo moiety increases rave. Although most of the 

1oSP-random fibers could be traced about 1 µm in length, they 
were fragmented in many parts (Figure 2d). The fragmentation was 
reproducible for the specimens prepared on HOPG substrate by 
spin-coating or drop-casting, but has been rarely observed when 
silicon substrate was used for AFM imaging (Figure S3). Because 
repeated AFM scanning did not cause similar disconnection of fi-
bers, we believe that the fragmentation is caused by tensioning of 
the SP fibers upon strong adsorption on the HOPG surface in the 
drying process. It should be noted that the same phenomenon has 
never been observed for randomly coiled SPs of Nap-Azo.53 Ac-
cordingly, the fragmentation is a specific phenomenon occurring 
for 1oSP-random, and may reflect their mechanical fragility due 
to bulky and nonplanar structure of DAEo.  
We noticed that the above fragmentation occurs exclusively at the 
points wherein a turning direction of the curvature changes to the 
opposite direction, namely, the sigmoidal centers of the two contin-
uous curves (Figure 2d). In our understanding, the change of turn-
ing direction of the curvature corresponds to the change the rota-
tional direction of rosettes, and this “defect” differentiate helicoidal 
and randomly coiled motifs (Figure 2e). Accordingly, the resulting 
1oSP-random fibers are fragmented at the defects probably due 
to mechanical weakness. In other words, we succeeded in visualiz-
ing defects by using AFM.72–74 
In our previous observations, under kinetic conditions such as fast 
cooling, the rotational direction of the rosettes changes frequently, 
resulting in randomly coiled structures. On the other hand, under 
thermodynamic conditions achieved by much slower cooling (e.g., 
0.1 K min–1), we would keep the same rotational direction of ro-
settes to obtain a helicoidal structure.53 For 1o, however, cooling of 
the monomer solution at 0.1 K min–1 also afforded randomly coiled 
SPs (Figure S4). Hence, 1o is a molecule that is not polymerized 
continuously in an orderly fashion, probably due to entropic rea-
sons related to its conformational freedom.  
 
Photoinduced helical folding (process ii in Scheme 1). 
When an MCH solution of 1oSP-random (ct = 50 µM) was irra-
diated at 293 K with UV-light at l = 293 nm, the absorption band 
of DAEo attenuated with the growth of a new broad absorption 
band centered at 585 nm, demonstrating the ring closure reaction 
of DAE moieties (blue line in Figure 3a). We also observed an ap-
pearance of small vibronic peaks in the J-band region of naphtha-
lene moieties (red arrows in Figures 3a, S5a). Because a control ex-
periment using a reference DAE compound demonstrated the ring-
closed DAE (DAEc) moiety does not absorb in the J-band region 
(Figure S5b–d), the small vibronic peaks suggest that the ring-clo-
sure reaction of the DAE moiety induce some reorganization of ro-
sette–rosette stacking. The increase of the DAEc absorption band 
ceased after irradiation for 60 min, suggesting that a photostation-
ary state (PSSUV) was achieved. The 1o/1c ratio at PSSUV was de-
termined to be 20:80 by 1H NMR (Figure S6). Because monomeric 
1o in MCH (ct = 50 µM at 373 K) and in CDCl3 (ct = 2 mM, at 
293 K) was quantitatively converted to 1c (Figure S6), the incom-
plete photoreaction in MCH suggests that DAEo moieties in 1oSP-
random partially adopt conformations not suitable for the ring-
closure reaction.58 We infer that such a conformational variation of 
the monomer structure is related to the aforementioned defects of 
SPs (Figure 2e). Dynamic light scattering (DLS) measurements 
showed that the average hydrodynamic diameter (Dh) observed at 
955 nm for pure 1oSP-random decreased to 712 nm at the PSSUV 



 

(Figure 3b). This suggested that certain change occurred in the SP 
topology upon the ring-closure reaction of the DAE moieties. 
AFM imaging of the above UV-irradiated assemblies, transferred 
from the solution onto HOPG substrate by spin-coating (ct = 50 µM 
in MCH), visualized helicoidal SPs (1cSP-helicoid). Figures 3c 
and 3d display AFM images of randomly selected 4 islands of 
1oSP-random and 1cSP-helicoid, respectively (magnified 20 
images are shown in Figure S7). Approximately six islands of aggre-
gates were found per 1 µm2 area, and they are well isolated, sug-
gesting that one island corresponds to single SP chain or several SP 
chains entangled. Compared to divergent morphologies of 1oSP-
random on the substrate, 1cSP-helicoid are adsorbed on the 
substrate with more compact morphologies, which is in line with 
the size decrease in the DLS analysis. Magnified imaging revealed 
that 1cSP-helicoid primarily consists of helicoidal domains with 
persistent length of approximately 100 nm (Figure 3e). The rave of 
helicoidal domains was estimated to be 13.6 ± 0.2 nm, which is 
smaller than rave of 1oSP-random (15.6 ± 0.3 nm) (Figure S2b). 
This result indicates that the intrinsic curvature (1/rave) of supramo-
lecular fibers becomes larger (fibers are more tightly curved) 
through the ring-closure reaction. The helicoidal structures of 
1cSP-helicoid were preserved in solution over a year as long as 
the ring-opening reaction of DAE moieties was suppressed in the 
dark (Figure S8).  
Since the reduction of rave upon the ring-closure reaction apparently 
corresponds to helical folding of SPs, we further analyzed the fold-
ing process by means of in-situ small-angle X-ray scattering (SAXS) 
measurements in MCH. Our previous SAXS studies have shown 
that our topological SPs exhibit specific X-ray scattering profiles 
characterized by nonperiodic oscillatory features at Q = 0.3–1.0 
nm-1, which arise from the intrinsic curvature of the SPs.53,56,57,75,76 

Both 1oSP-random and 1cSP-helicoid in MCH showed similar 
nonperiodic oscillatory features at Q = 0.2–1.0 nm-1 (orange and 
blue lines in Figure 4a), and their smallest-Q scattering peaks (peak 
κ) were observed at Q = 0.223 nm-1 and 0.271 nm-1, respectively, 
which clearly suggests reduction of rave. Our previous study revealed 
that the SAXS profiles of random coil and helicoid could be ana-
lyzed using a model representing hollow cylinders.53,57,75 Data fits 
(Figure S9) using this model provided rave values of 16.5 nm for 
1oSP-random and 14.2 nm for 1cSP-helicoid, respectively, 
which qualitatively agree well with those estimated from the AFM 
values (15.6 and 13.6 nm, respectively). Considering the defor-
mation of SPs upon adsorption to HOPG substrate, the larger rave 
values in AFM analysis are reasonable. 

Figure 3. a) UV–vis spectral change from 1oSP-random to 1cSP-helicoid upon UV-irradiation for 60 min at 293 K (ct = 50 µM in 
MCH). Dotted lines show spectra measured at 10 min intervals. Black arrows indicate the changes upon UV-irradiation. Red arrows 
indicate small vibronic peaks. b) DLS profiles of the solutions of 1oSP-random (bottom) and 1cSP-helicoid (top). Error bas were 
produced based on four measurements. c,d) AFM images of randomly selected 4 islands of c) 1oSP-random and d) 1cSP-helicoid 
spin-coated from the solutions onto HOPG substrate. Scale bars: 100 nm. e) Magnified AFM image of 1cSP-helicoid. 



 

 
Figure 4. a) Time-dependent SAXS profiles from 1oSP-random 
(orange line) to 1cSP-helicoid (blue line) in MCH upon UV-
irradiation for 60 min at 293 K (ct = 50 µM). Dotted lines show 
profiles after UV-irradiation for 0.5, 1, 3, and 5 min. b) Plot of 
SAXS-derived rave values against 1c/(1o + 1c) upon UV-
irradiation for 60 min. c) Schematic illustration of folding process 
upon UV-irradiation. The colors of fibers indicate the content of 
1c within SPs. 
 
Figure 4b showed the transition of rave values of SPs estimated from 
SAXS analysis as a function of increasing content of 1c by UV-
irradiation. Already at a 1o/1c ratio of 70:30 attained by the initial 
5-min UV-irradiation, the transition of the rave value finished and 
reached the similar value with that of 1cSP-helicoid (1o/1c = 
20:80). In line with this observation, an appreciable number of hel-
icoidal structures could be already observed by AFM with the 5-
min UV-irradiation (Figure S10). Assuming that the rave values cor-
respond to the the degree of helical folding, the above result implies 
that the photogeneration of 1cSP-helicoid from 1oSP-random 
does not originate from a continuous change in the intrinsic curva-
ture, but a phase transition process of supramolecular morphologi-
cal change, and this phase transition can occur with the ring-closure 
of about two of six DAE moieties in a rosette (Figure 4c). 
The nonlinear emergence of the helicoidal structure with increasing 
the 1c fraction strongly suggests that the folding process is a direct 
process driven by internal structural change of the DAE moieties 
without monomer exchange. If the photogenerated 1c in 1oSP-
random forms helicoidal structure by self-sorting and reassem-
bling, the formation of the helicoids should exhibit a more linear 
response to the fraction of 1c. Additionally, we confirmed that the 
direct supramolecular polymerization of 1c by solvent mixing did 
not afford helicoidal structure, but form short nanofibers (Figure 
S11). To the best of our knowledge, the observed single-SP-to-
single-SP transition from 1oSP-random to 1cSP-helicoid upon 
UV-irradiation is the first example of the light-induced folding of 
SPs with retaining the main chain structures. This process is revers-
ibly controlled by a subsequent irradiation with visible light, albeit 
a very slow dynamics of an unfolding process (vide infra). 
 
Photoinduced unfolding (process iii in Scheme 1). Unlike 
the effective folding of 1oSP-random induced by the ring-closure 
reaction of DAEo moieties, the opposite process, i.e., unfolding of 
the resulting 1cSP-helicoid occurred much slowly in spite of a 
quick ring-opening reaction of DAEc moieties. When the solution 
of 1cSP-helicoid was exposed to visible light (620–645 nm, LED 
lamp), the absorption band of DAEc isomer quantitatively bleached 

after 5 min (Figure S12a). In line with this smooth photoreaction, 
AFM imaging immediately showed randomly coiled structures 
(Figure 5a), but they contained spiral domains and accordingly a 
lesser number of mechanically fragile defects was found in compar-
ison to the original 1oSP-random obtained by cooling (Figure 2c). 
In accordance with this observation, the radius of curvature (rave) 
estimated from the AFM images of this as-photogenerated 1oSP-
random was 14.2 ± 0.2 nm (Figure S12b), which was still much 
closer to rave of 1cSP-helicoid (13.6 ± 0.2 nm), and largely differ-
ent from rave of 1oSP-random (15.6 ± 0.3 nm) obtained by cooling. 
This was also supported by SAXS analysis, as rave of the photogen-
erated 1oSP-random (14.2 nm) kept almost the same value with 
that of 1cSP-helicoid (14.3 nm) at least 3 h from the visible light 
irradiation (Figure S13a). Hence, the helicoidal domains can be 
somewhat maintained as spiral domains even after all DAEc moie-
ties are converted to the open-form.  

 
Figure 5. a,b) AFM images of a) as-photogenerated 1oSP-ran-
dom and b) additionally 10-days aged 1oSP-random. c) Sche-
matic representation of unfolding process of 1cSP-helicoid into 
1oSP-random by visible light irradiation. 
 
The rave value in SAXS gradually increased over a week, and 
reached 16.3 nm that is comparable to rave of the original 1oSP-
random (16.5 nm) prepared by cooling (Figure S13b). AFM im-
aging after 10-days aging displayed SPs that were unfolded in the 
similar degree to the original 1oSP-random with appreciable 
fragmentation (Figure 5b). When this photogenerated 1oSP-ran-
dom was again irradiated with UV-light, we could again see 1cSP-
helicoid by AFM (Figure S12c). These observations suggest 
unique mechanism underlying the visible light-induced unfolding 
of 1cSP-helicoid into 1oSP-random. The ring-opening of all 
DAEc moieties in 1cSP-helicoid does not immediately produce 
the same degree of defect as the original 1oSP-random. As dis-
cussed later, this hysteretic process is presumably due to the inter-
loop van der Waals interactions of the helicoidal structures (Figure 
5c).  
 
Supramolecular polymerization of 1c (process iv in 
Scheme 1). To further study the role of DAEc moieties that can 
fold-up SP chains by the “post-supramolecular-polymerization 
photoirradiation”, we directly polymerize monomeric 1c by tem-
perature control. For this purpose, we initially heated the solution 



 

of 1cSP-helicoid to obtain a monomeric solution of 1c (contain-
ing 20% of 1o), and then cooled it to 293 K by 1.0 K min-1 (Figure 
S14a,b). To our surprise, the SAXS measurement of thus-prepared 
SPs of 1c showed a featureless scattering (purple line in Figure 6a), 
which could be fitted with a solid cylinder model (radius = 2.34 nm, 
length ~100 nm). In line with this result, AFM showed only linearly 
extended ribbons (1cSP-ribbon, Figure 6b). Despite the concen-
tration of coexisting 1o ([1o] = 10 µM) is enough to form 1oSP-
random in its pure state (Figure S15), no such randomly coiled 
structures could be found. This suggests that the coexisting 1o was 
not self-sorted, and involved in 1cSP-ribbon. We also confirmed 
that the same linear morphology could be obtained from pure 1c 
(100%) in a control experiment (Figure S16). The linear morphol-
ogy was preserved upon aging the solution in the dark over 6 days 
(Figure S14c,d). Because we have already demonstrated that the in-
situ photogeneration of DAEc moieties in 1oSP-random resulted 
in the formation of 1cSP-helicoid, the observed linear morphol-
ogy of 1cSP-ribbon suggests the presence of supramolecular pol-
ymorphism.77–82 In the absorption spectrum of 1cSP-ribbon, the 
J-band of the naphthalene moiety and the visible absorption band 
of the DAEc moiety are different from that of 1cSP-helicoid (Fig-
ure 6c). We thus infer that the presence of DAEc moieties before 
polymerization disturbs the specific stacking of rosettes to produce 
intrinsic curvature probably due to their aggregation. 

 
Figure 6. a) SAXS profiles of 1cSP-ribbon (purple line), 1oSP-
ribbon (yellow line) and 1-week aged 1oSP-ribbon (green line) in 
MCH at ct = 50 µM. The black dashed line is a fit to the data using 
a solid cylinder model (radius = 2.34 nm, length ~100 nm). b) AFM 
image of 1cSP-ribbon (ct = 50 µM). c) UV–vis absorption spectra 
of 1cSP-helicoid (blue line) and 1cSP-ribbon (purple line) at 293 
K. The area surrounded by dotted square is the J-band of the naph-
thalene moiety. d) AFM image of 1-week aged 1oSP-ribbon (ct = 
50 µM). 
 
We further investigated whether 1cSP-ribbon can be converted 
to 1oSP-random by visible light (process v in Scheme 1). Upon ir-
radiation of 1cSP-ribbon at 293 K with visible light (620–645 nm, 
LED lamp), the absorption band of DAEc moiety smoothly atten-
uated with the recovery of the band of DAEo moiety (Figure S17a). 
Despite the quantitative ring-opening reaction by 10-min visible-
light irradiation, SAXS analysis of the solution did not exhibit any 
structural features as observed for 1oSP-random (yellow line in 
Figure 6a). Furthermore, the absorption band of the naphthalene 
chromophore of this solution was clearly different from that of 

1oSP-random (Figure S17b). In accordance with these observa-
tions, AFM showed linearly extended ribbons (1oSP-ribbon, Fig-
ure S17c). Upon aging the 1oSP-ribbon solution for 1 week, some 
indications of a curved structure became observable by SAXS 
(green line in Figure 6a) and AFM (Figure 6d). The absorption spec-
trum also changed to a shape similar to that of 1oSP-random (Fig-
ure S17b). However, the curvature at this stage was still inhomoge-
neous compared to that of 1oSP-random, and the fragmentation 
as observed for 1oSP-random (Figure 2d) was not observed.  
These observations accordingly imply that the fragmentation of 
1oSP-random is indeed a specific phenomenon that could occur 
only at the defects generated in a highly ordered stacking of rosettes 
leading to intrinsic curvature. Due to the absence of intrinsic cur-
vature, the aged 1oSP-ribbon was not folded up to 1cSP-heli-
coid upon UV-irradiation, and afforded 1cSP-ribbon with inho-
mogeneous curvature (process vi in Scheme 1). The homogeneously 
curved structures comparable to 1oSP-random was observed af-
ter prolonged aging for 10 days (Figure S18, process vii in Scheme 
1). 
 
Mechanism of photoinduced folding. Owing to thermal sta-
bility of both isomers of DAE, we were able to estimate thermody-
namic parameters of 1oSP-random and 1cSP-helicoid by tem-
perature-dependent UV–vis absorption measurements to further 
understand the photoinduced folding. Upon heating a solution of 
1oSP-random (ct = 50 µM) at a rate of 1.0 K min-1, the J-band of 
the naphthalene chromophore (l = 460 nm) breached with a non-
sigmoidal temperature-dependence, suggesting a cooperative 
mechanism (Figure S19a). As mentioned earlier, the heating curve 
showed a remarkable thermal hysteresis with respect to the corre-
sponding cooling curve (Figure 2b,S1). We attribute this thermal 
hysteresis to a kinetic effect in the cooling process, which might be 
associated with the nucleation of rosettes from various hydrogen-
bonded species on the cooling (supramolecular polymerization) 
process.83 The solution of 1cSP-helicoid at the same monomer 
concentration also showed the similar heating curve (Figure S19c), 
but it shifted to higher temperature regime compared to 1oSP-
random, suggesting an increase in the thermal stability of 1cSP-
helicoid.  
We conducted heating experiments at lower concentrations (10–50 
µM) for both the assemblies, and analyzed the resulting heating 
curves by means of global fitting method using nucleation-elonga-
tion model.84 A modified van’t Hoff plot of the natural logarithm of 
concentrations versus the reciprocal of thus-estimated elongation 
temperature (Te) provided standard enthalpy (DH˚) and entropy 
(DS˚) of 1oSP-random and 1cSP-helicoid as shown in Table 1 
(Figure S19b,d). The DH˚ value of 1oSP-random (–79.9 kJ mol–
1) is larger than that of Nap (–72 kJ mol–1), which suggests an addi-
tional chromophore in the basic structure of Nap increases the ag-
gregation tendency75,85, enabling 1o to elongate into open-ended 
curved SPs. However, due to the conformational flexibility of the 
monomer, the rosettes cannot continuously stack with a regular 
conformation and a packing structure, and frequently leave struc-
tural defects during polymerization. This process leads to randomly 
coiled, nonhelical structures (1oSP-random). The ring-closure 
photoreaction of DAEo moieties in 1oSP-random not only rigid-
ifies the SP main chain but also increases p–p stacking interaction 
inside the nanofibers, as temperature-dependent UV–vis spectra of 
1cSP-helicoid displayed an appreciable change in the DAEc ab-
sorption band upon dissociation (Figure S20).86 Therefore the reor-
dering of rosette–rosette stacking is believed to occur to some extent, 
which may repair the structural defects. This internal ordering pro-
ceeds throughout the entire fiber without monomer exchange, and 
eventually folds up a randomly coiled structure into a helicoidal one. 
The resulting helicoidal structure could be stabilized by the inter-



 

loop van der Waals interactions between alkyl chains.57,75 This sta-
bilization may be reflected in a large enthalpic gain (D(DH˚) = 40 kJ 
mol–1) upon the folding of 1oSP-random into 1cSP-helicoid. 
However, the internal ordering through p–p interaction between 
DAEc moieties might contribute more on the overall stabilization, 
since our previous study revealed that the stabilization through van 
der Waals interaction is less than 12 kJ mol–1.58 On the other hand, 
the significantly larger DS˚of 1cSP-helicoid compared to that of 
1oSP-random (D(DS˚) = 111 kJ mol–1) despite structurally more 
rigid DAEc reflects the interloop interaction that suppresses mobil-
ity of alkyl chains. 
 
Table 1. Thermodynamic parameters, DH˚ (kJ mol–1), DS˚ (J mol–
1 K–1) and DG˚ (kJ mol–1, at 293 K) of four SPs of 1o and 1c ob-
tained either by cooling or photoirradiation. 

  DH˚ DS˚ DG˚ (293 K) 
1oSP-random  –79.9 –140 –38.9 
¯ UV-light     

1cSP-helicoid  –120 –251 –47.4 
¯heating-cooling     

1cSP-ribbon  –82.9 –151 –38.6 
¯ visible light     

1oSP-ribbon  –86.9 –181 –39.7 
 
We also recorded temperature-dependent absorption spectra for 
1cSP-ribbon and 1oSP-ribbon (inhomogeneously curved rib-
bons) (Figure S19e–h), and evaluated their thermodynamic param-
eters, which are also shown in Table 1. Comparison of the thermo-
dynamic parameters of linearly extended 1cSP-ribbon and 1cSP-
helicoid discloses a markedly smaller DH˚ and DS˚ of the former, 
which further corroborates the presence of the interloop interaction 
in the latter structure. 
The Gibbs free energy changes (DG˚) of the four SPs at 293 K, es-
timated from their DH˚ and DS˚ values (Table 1), allowed us to draw 
the energy landscape of the present system (Figure 7). The appre-
ciable difference between DG˚ of 1cSP-helicoid and 1cSP-rib-
bon (D(DG˚) = 8.8 kJ mol–1) with their bistability suggests that the 
existence of supramolecular polymorphs.87–89 The thermodynami-
cally more stable 1cSP-helicoid is not accessible by the direct tem-
perature-activated polymerization of 1c because the interaction be-
tween DAEc moieties disturbs the specific stacking of rosettes to 
produce intrinsic curvature. In other words, the helical folding re-
quires preorganization of monomers into a randomly coiled struc-
ture with curvature by utilizing moderate aggregation tendency of 
1o. Otherwise, 1c directly organize into linear fibers without cur-
vature due to strong kinetic effect of DAEc moieties in the supra-
molecular polymerization process. The distinct impact of the DAEc 
moiety on the folding and supramolecular polymerization processes 
demonstrates how the selection of right (light) pathway is important 
to obtain desired supramolecular structures.90 On the other hand, 
the comparable DG˚ values of 1oSP-random and 1oSP-ribbon 
(D(DG˚) = 0.8 kJ mol–1) is not consistent with the slow conversion of 
the latter into the former (process vii in Scheme 1). Because 1oSP-
ribbon is a kinetic product, it may have been converted to 1oSP-
random during heating. 
 

 
Figure 7. Energy landscape of supramolecular polymerization of 
a) 1o and b) 1c. The thermodynamically stable assembly of 1c 
(1cSP-helicoid) cannot be accessed by temperature-regulated 
protocol, but obtained from the preorganized assembly of photoiso-
mer 1o (1oSP-random) through photoisomerization upon UV-
irradiation. 
 
CONCLUSIONS 
By incorporating the ring-opened isomer of diarylethene into our 
SP system with intrinsic curvature, we succeeded in helical folding 
of randomly coiled SPs obtained by a temperature-regulated pro-
tocol into the helical structure by light irradiation. This light-in-
duced folding is caused by the ring-closing reaction of the dia-
rylethene moieties, which decreases structural defects associated 
with the flexible ring-opened diarylethene moieties and increases 
internal order of the SP backbone, and the resulting helicoidal 
structures are further stabilized by the interloop van der Waals in-
teractions. Interestingly, when the helicoidal structures of the ring-
closed isomer were thermally monomerized, ribbon-like SPs with 
no curvature were reconstructed by the same temperature-regu-
lated protocol. Thermodynamic analysis demonstrated that the hel-
icoidal structure was thermodynamically more stable than the rib-
bon-like structure. These results suggest a novel methodology for 
regulating SPs by a combination of self-assembly and photoisomer-
ization. Namely, photochromic monomers that can aggregate with 
stronger intermolecular interactions tend to be kinetically trapped 
upon self-assembly. But if their photoisomers are more weakly in-
teracting to afford preorganized metastable structures, subsequent 
photoisomerization can lead to thermodynamically stable struc-
tures that are different from kinetically trapped ones. This method-
ology can be applied not only to diarylethenes but also to other 
photochromic or photoreactive molecules, and hence could expand 
the scope of supramolecular polymerization. 
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