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ABSTRACT: Kinetically formed metastable molecular assemblies have attracted increasing interest especially in the 
field of  supramolecular polymers. In most cases, metastable assemblies are ensembles of  aggregates based on the same 
supramolecular motif  but with different lengths or sizes, and therefore their kinetic stabilities are experimentally indis-
tinguishable. Herein, we demonstrate a topological effect on kinetic stabilities in a complex mixture of  metastable su-
pramolecular polymers. Our azobenzene-incorporated monomer at ambient temperature kinetically forms complex 
mixtures of  supramolecular polymers with cyclized and open-ended randomly coiled topologies, while upon heating we 
obtained thermodynamically stable crystalline fibers. Through the direct visualization of  the complex supramolecular 
polymer mixtures by atomic force microscopy, we demonstrate that the cyclized supramolecular polymer has superior 
kinetic stability compared to the open-ended species toward the thermal transformation into crystalline fibers. Since the 
superior kinetic stability of  the cyclized species can be attributed to the absence of  aggregate termini, we could convert 
them fully into the thermodynamic species through photo-induced opening of  the cyclized structures. 

Introduction  
Pathway complexity is becoming topical as a general 
concept applicable to diverse supramolecular polymer 
systems.1 To utilize such an intriguing concept of  molec-
ular self-assembly in order to engineer the structure and 
property of  supramolecular polymers, and hence the 
resulting soft materials such as nanofibers, gels, and liq-
uid crystalline bulk materials, one must carefully design 
and analyze not only thermodynamically stable products 
but also kinetically formed metastable species. Either 
through mastering intramolecular interactions2 or in-
termolecular interactions,3 one may rationally access 
metastable assemblies that enable us to kinetically con-
trol the formation of  thermodynamically stable species. 
Although in most systems, metastable assemblies have 
indistinguishable kinetic stabilities despite their differ-
ence in aggregate sizes, in this study we focus on topo-
logical effect4 on kinetic stabilities in a complex mixture 
of  metastable supramolecular polymers. 

Based on the basic molecular design combining bar-
bituric acid head group, p-conjugated core, and wedge-

shaped aliphatic tails, we have explored supramolecular 
polymer systems of  which complex landscape of  well-
defined higher-order structure states can be manipulated 
by external stimuli.5 Depending on the p-conjugated 
core and preparation protocols, a series of  molecules 
form supramolecular polymers with toroidal,6 randomly 
coiled,7 and helically elongated topologies8 in nonpolar 
media. A key to these unique topological features is the 
hydrogen-bond-directed supermacrocyclization (primari-
ly 6-membered) by the barbituric acid group. The result-
ing supermacrocycles, so-called rosettes, give rise to the 
intrinsic curvature in highly idiosyncratic stacking mode 
with translational and rotational displacements.5 One 
versatile monomer is 1 (Figure 1A), whose supramolecu-
lar polymer topologies can be controlled via cooling-rate 
as well as light to afford random coils, rings, and helical 
coils (Figure 1B).7 Having this versatile monomer, we 
sought to understand structure–property relationships of  
supramolecular polymers by modifying monomer struc-
tures. To our surprise, a minor alteration of  the mono-
mer structure of  1 with the ether group linking the two 
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chromophores to 2 with the ester group (Figure 1A) re-
sulted in insoluble crystalline fibers composed of  an infi-
nite tapelike hydrogen-bonded aggregates upon cooling 
its hot solutions (Figure 1C). This result implies the pres-
ence of  pathway complexity in the self-assembly of  2, 
and we should be able to obtain not only thermodynam-
ically stable crystalline fibers but also supramolecular 
polymers composed of  rosettes as kinetic products. This 
pathway complexity offers an opportunity to study the 
topological effect on the kinetic stability of  supramolecu-
lar polymers that eventually transform into crystalline 
fibers by changing the hydrogen-bonding pattern.  
 

 

Figure 1. (A) Chemical structures of 1 and 2. (B) Schematic illus-
tration of supramolecular polymerization of hydrogen-bonded 
rosette to form SPring and SPrandom. (C) Schematic illustration of 
supramolecular polymerization based on hydrogen-bonded tape 
to form TF. The depicted hydrogen-bonding patter has been 
deduced from the STM study.  

Here we report pathway complexity in the self-
assembly of  2 leading to two kinetically formed supra-
molecular polymers with closed and open-ended topolo-
gies, and one thermodynamically stable crystalline fibers. 
Direct visualization of  complex supramolecular polymer 
mixtures by atomic force microscopy (AFM) led us to 

conclude that toroidal supramolecular polymers have 
superior kinetic stability compared to open-ended ran-
domly coiled species toward the transformation into 
crystalline fibers triggered by thermal energy. 

RESULTS AND DISCUSSION 

Supramolecular Polymers: Initially we found that 
monomer 2 can afford two types of  nanofibers with es-
sentially different properties. One is soluble supramolec-
ular polymers (SPs) with unique topological diversity. 
The SPs could be obtained upon dissolving a thin film 
of  2 (prepared from a chloroform stock solution) in 
methylcyclohexane (MCH) by heating to 65 °C (Figure 
2A, top). When the resulting yellowish homogeneous 
solution (total concentration of  monomer, cT = 1.0 × 
10-4 M) was spin-coated onto highly oriented pyrolytic 
graphite (HOPG) substrate, atomic force microscopy 
(AFM) showed a complex mixture of  open-ended ran-
domly coiled (SPrandom) and circular supramolecular 
polymer fibers (SPring) (Figure 2B, Figure S1). These 
structures have similar curvature radii: rave = 23.1 ± 0.2 
nm for SPrandom; 23.8 ± 0.2 nm for SPring (Figure S2). 
The similarity in their intrinsic curvature implies that the 
internal order attained by a regular stacking of  rosettes 
with rotational and translational displacements is identi-
cal. Accordingly, these two SPs result from competing 
open-ended chain elongation and ring-closure pathways 
of  growing supramolecular polymer chains of  rosettes 
upon dissolving 2 (Figure 1B).5 While an unidirectional 
stacking of  rosettes about 150 nm (2prave) could lead to 
SPring, changes in the turning direction of  the curvature 
en route to SPring, caused by some defects in the unidi-
rectional stacking of  rosettes, would lead to SPrandom. 
Reflecting the open-ended structure, the lengths of  
SPrandom are largely distributed from 50 to 600 nm in 
comparison with those of  SPring (Figure 2C). We could 
not effectively increase the frequency of  the ring-closure 
process by changing the heating rate. The average yield 
of  SPring based on the monomer was 8.4% as estimated 
by AFM (Figure S3). 
 
Selective Transformation: The other type of  nano-
fibers was obtained upon further heating the above mix-
ture of  SPs. Dynamic light scattering (DLS) of  the mix-
ture at 65 C showed the presence of  largely polydis-
persed assemblies in the range of  80–400 nm, suggesting 
that SPring and SPrandom are indistinguishable (Figure 
S4). Upon heating, the yellow color of  the solution in-
tensified around 85–90 °C (Figure 2A), and the broad 
DLS peak spitted into two peaks centered at 90 nm and 
700 nm, respectively, suggesting the formation of  assem-
blies with distinguishable size difference (Figure S4). On 
prolonged heating (3 h) at the same temperature, pre-
cipitation occurred (Figure 2A). Optical microscopic 
observation of  the precipitates revealed bundled fibers-
like morphology exhibiting birefringence (Figure 2D). 
AFM observation showed that the fibers are further 
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composed of  helically twisted fibrils (TF) with average 
edge-to-edge width of  17 nm and helical pitch of  39 nm 
(Figure 2E). Interestingly, AFM imaging of  the superna-
tant showed only SPring and TF, and SPrandom that ex-
isted up to 65 °C was hardly observed (Figure 2E,F). 
These observations indicate that SPrandom can be selec-
tively converted to TF upon heating, and SPring is signif-
icantly stable at higher temperature by virtue of  its 
closed topology. 

The transformation of  SPrandom to TF was also in-
vestigated by small-angle X-ray scattering (SAXS) analy-
sis. We previously demonstrated that the SAXS profiles 
of toroidal6b and randomly coiled SPs7 are characterized 
by nonperiodic oscillatory features at Q range of  0.3–1.2 
nm-1, which correspond to diameter of  the intrinsic cur-
vature. Here, the mixture of  SPs displayed a SAXS pro-
file with defined scattering peaks in Q range of  0.18–0.8 
nm-1 (Figure 3A, blue curve), which is very similar to the 
profile of  randomly coiled SPs of previously reported 1.  
Upon heating the solution, the scattering pattern dra-
matically changed (Figure 3A, red curve), pointing to a 
significant change in the solution nanostructure, in line 
with a transition of  SPrandom to TF. The positions of  
the oscillations in SAXS data arising from TF (see Sup-
porting Information) were well-replicated by a hollow 
cylinder model with an outer diameter of  25 nm (Figure 
S5). This is somewhat longer than the dimension ob-
served on the AFM images (17 nm, Figure 2), with the 
discrepancy most likely  being attributed to a "stretch-

ing" of  TF along to the long axis upon adsorption to 
HOPG. Interestingly, we do not normally see such large 
structural changes on adsorption for either SPs or toroi-
dal structures as described above, which points to TF as 
having a different structure and self-assembly pathway. 
The intrinsic curvature of  the SPs and toroids results in 
a reduced contact area with the alkyl chains (lower inter-
action strength with HOPG) on the outside. In the case 
of  TF however, the flatter tape-like structure (Figure 1C) 
has both a larger contact area and allows the entire mol-
ecule of  2 to contact with the HOPG surface.  
 

 
Figure 3. (A) SAXS profiles of the SPrandom and SPring solution 
(blue curve) and the TF and SPring solution (red curve) of com-
pound 2 (cT = 1.0 × 10-4 M). (B) Schematic representation of 
proposed topologies with different diameter (d) arising in SAXS 
profiles.  
 

 

Figure 2. (A) Photographs of a MCH solution of 2 (cT = 1.0 × 10-4 M) upon heating. (B) AFM image of the structural transition of the 
supramolecular polymers, which were prepared by heating a MCH solution of 2 at a heating rate of 0.3 ºC min-1. (C) Proposed mecha-
nism for forming cyclic structure and randomly coiled. (D) Optical micrograph and polarized optical micrographs of precipitated TF. 
(E,F) AFM images of TF and SPring. The blue arrows in (F) indicate “figure eight” SPring. 
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The above thermal transition was studied by tem-
perature-dependent absorption measurements. In the 
temperature range 25–65 ºC, the mixture of  SPs (cT = 
1.0 × 10-4 M) showed a broad absorption band at 348 
nm corresponding to electronic transitions of  barbitu-
rated naphthalene and azobenzene chromophores of  2 
(Figure 4A). This maximum is blue-shifted compared to 
the monomeric 2 (365 nm), attained by heating a dilute 
solution (cT = 1.0 × 10-5 M) to 90 ºC (Figure 4A). The 
blue shift suggests a face-to-face (H-type) stacking of  the 
naphthalene chromophore in reference to a related 
compound lacking azobenzene chromophore (Figure S6). 
Upon heating the mixture, the absorption band abruptly 
changed above 80 ºC, and equilibrated at 85 ºC to show 
the maximum at 368 nm with the appearance of  a new 
absorption shoulder at 460 nm (red curve, Figure 4B). 
The resulting spectrum is clearly different from that of  
the monomeric 2, suggesting the transformation of  
SPrandom to thermodynamically stable aggregates TF 
comprising a slipped (J-type) arrangement of  azoben-
zene stacks. The transformation was irreversible process 
as no absorption spectral change was observed upon 
subsequent cooling. The second heating analysis per-
formed at cT = 3.0, 2.0 and 1.0 × 10-5 M all provided 
nonsigmoidal dissociation curves of  TF into monomeric 
state as a function of  temperature, which is characteristic 
of  the cooperative nucleation-elongation mechanism.9 
The elongation enthalpy (ΔHe) of  97.1 kJ mol−1 was ob-
tained by curve fitting to the cooperative model devel-
oped by Meijer and co-workers.9a The modified van’t 
Hoff  plotRef using the critical elongation temperatures 
(Te) estimated by the curve fitting and the monomer 
concentrations provided the standard enthalpy (ΔH°) of  
−113 kJ mol−1, the standard entropy (ΔS°) of  −223 J 
mol−1 K−1, and the Gibbs free energy (ΔG°) of  −48 kJ 
mol−1 (at 293 K), respectively (Figure S7). The ΔH° val-
ue is close to ΔHe, demonstrating that TF is the thermo-
dynamic product.10 

The above spectral change occurred in relatively 
lower temperature range upon decreasing cT (Figure 4B), 
suggesting that the dissociation of  SPs to the monomeric 
state initiates the transformation of  SPrandom to TF. To 
shed more light into this point, we performed time-
dependent absorption analysis under isothermal condi-
tions. For this purpose, we prepared MCH solutions of  
SPs at cT = 2.0, 2.5 and 3.0 × 10-4 M, and kept them at 
65 ºC. For the solution with cT = 3.0 × 10-4 M, the spec-
tral change started after a significantly long lag time of  
ca. 1500 min (25 h). The lag time became shorter upon 
decreasing cT to destabilize SPs (Figure 4C), suggesting 
that TF is reorganized from monomers.1a,3a Namely, 
SPrandom is an “off-pathway” intermediate that can be 
converted to TF via the monomeric state. 
 

  
Figure 4. (A) Temperature-dependent UV-Vis spectra of MCH 
solution of 2 (cT = 1.0 × 10-4 M) upon heating from 65 to 90 ºC at 
a rate of 0.3 ºC min-1. The red arrows indicate changes upon 
heating. (B) Plots of normalized absorbance at 460 nm versus 
temperature upon heating MCH solution of 2 at cT = 1.0 × 10-4 
M (blue dots), 2.0 × 10-5 M (green dots) and 2.0 × 10-5 M (red 
dots). (C) Time-dependent change of e at 460 nm upon heating 
MCH solution of 2 at cT = 3.0 × 10-5 M (blue dots); 2.5 × 10-5 M 
(green dots); 2.0 × 10-5 M (red dots). (D) FT-IR spectrum of the 
solutions of compound 2 in chloroform (black line, monomer) and 
MCH (blue line, SPrandom + SPring; red line, TF + SPring). cT = 
1.0 × 10-4 M.  
 

FT-IR analysis further corroborated the above re-
sults. Figure 4D shows the C=O stretching vibrations of  
the mixture of  SPring and SPrandom, TF and monomeric 
2 in chloroform. For all the spectra, four peaks can be 
assigned: three from barbituric acid unit and one from 
the ester linker. In the spectrum of  the mixture, two 
peaks denoted c and d appeared at lower wavenumbers 
in comparison with those of  the monomer. These shifts 
are ascribable to the hydrogen-bonding of  two of  three 
C=O groups of  the barbituric acid unit to form rosettes. 
Another two peaks denoted a and b, assignable to either 
the remaining free C=O or the ester C=O group, slight-
ly shifted higher wavenumber in the mixture because of  
the absence of  weak hydrogen bonds with CHCl3. The 
spectrum of  TF is partially different from that of  the 
mixture. For example, peaks a and c attributed to the 
barbituric acid C=O group are shifted to lower and 
higher wavenumber, respectively. The distinctly different 
C=O vibration in the mixture of  SPring and SPrandom 
and TF demonstrates the rearrangement of  hydrogen-
bonding pattern, and unequivocally demonstrates the 
transformation of  SPrandom to TF via the monomeric 
state. Although we could not characterize the exact su-
pramolecular structure of  TF, it can be postulated that it 
is based on tapelike open-ended hydrogen bond motif  of  
barbituric acid units (Figure 1C).11 In fact, scanning tun-
neling microscopy (STM) of  2 at a liquid-solid interface 
revealed a lamellar type molecular packing (Figure S8), 
which supports the plausibility of  such a tapelike hydro-
gen-bonded structure.12 
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Isolation of SPring. So far we have shown that SPring is 
thermally stable over SPrandom even under entropically 
favored conditions, i.e., at high temperature. To further 
highlight the thermal stability of SPring, we attempted to 
isolate them by passing the heated solution (cT = 1.7 × 
10-4 M) through a membrane filter with pore size of 200 
nm to remove TF (Figure 5A,B). AFM measurements 
demonstrated the presence of SPring in the filtrate pre-
dominantly, while TF was totally filtrated out (Figure 5C, 
D). From the absorbance of the filtrate, the concentra-
tion of 2 that formed SPring was estimated to be 1.2 × 
10-5 M (7.2 mol% of (cT), which is in good agreement 
with the direct estimation using AFM images (8.4 mol%, 
Figure S3). By evaporating this filtrate, we obtained a 
SPring-enriched solution with cT = 1.0 × 10-4 M. The 
SAXS measurement of this SPring-enriched solution 
displayed more exquisite oscillations attributed to the 
intrinsic curvature in comparison with the mixture with 
SPrandom (Figure 5E). The SAXS data was analyzed 
using a model representing a delta distribution of toroids 
with ellipsoidal core-shell cross-sections (Figure S9),6b 

yielding a curvature radius of 21 nm and other structural 
parameters as described in Supporting Information that 
are in line with AFM results and the structure of 2. The 
absorption spectrum of this SPring-enriched solution did 
not show significant change upon heating above 80 °C, 
especially an increase of absorption at 460 nm as an in-
dication of the transformation to TF (Figure 5F). After 
cooling, an almost comparable amount of SPring was 
observed by AFM, suggesting that SPring are indeed 
thermally stable species. 

Our results demonstrated that SPring are either 
thermodynamically or kinetically inert against dissocia-
tion to monomeric state. In an interesting observation 
on dynamic monomer exchange pathway in a SP system 
using super-resolution spectroscopy, Meijer et al. has 
demonstrated that monomer exchange can occur homo-
geneously from SP chains most likely due to defects.13 
Pavan et al., based on their atomistic and coarse-grained 
modelling studies, suggested that monomer exchange 
can originate from defects present in the SP chains.14 In 
terms of defects in our system, SPring, wherein rosettes 
stack with fully unidirectional rotations, can be regarded 
as a perfect structure without defect. However, it is un-
likely that this enthalpic gain of SPring can compensate 
its entropic cost associated with ring-closure, and im-
parts thermodynamic stability superior to that of SPran-

dom. Indeed, not only SPring, but also much larger circu-
lar species with obvious defects were found as “figure 
eight” shaped structures after heating (blue arrows in 
Figure 2G,5D). In this context, SPring are only kinetical-
ly stable against dissociation, probably due to the ab-
sence of reactive “termini”.15 

 

Figure. 5. (A) Photographs of filtration experiment of the mix-
ture of TF and SPring using membrane filter. (B) Schematic illus-
tration of selective passage of SPring through a pore of the mem-
brane filter. (C, D) AFM images taken before (C) and after (D) 
filtration. (E) The SAXS profile of the filtrate (red dots) after 
evaporation to adjust cT to 1.0 × 10-4 M. The SAXS profile of the 
mixture of SPrandom and SPring is also shown for comparison 
(blue dots). (F) Heating curves of SPring (red dots) and the mixture 
of SPrandom and SPring (blue dots) in MCH (cT = 1.0 × 10-4 M) 
obtained by plotting absorbance at 460 nm as a function of tem-
perature.  

 
Photoinduced Ring-opening. To further shed light into 
the topological effect on the kinetic stability of SPring, we 
attempted to convert SPring into open-ended short SPs 
by means of the trans-to-cis photoisomerization of the 
azobenzene moiety. Our previous study on SPs of 1 
demonstrated that UV-irradiation induces a considera-
ble conformational change of the SPs as a result of the 
loss of the intrinsic curvature caused by the trans-to-cis 
isomerization of the azobenzene moieties.7,16 UV-Vis 
and NMR spectroscopic analyses showed that the irra-
diation of the mixture of SPring and SPrandom with UV 
light (l = 365 nm) converted 17 mol% of trans-2 into cis-
2 (Figure 6A, S10). In SAXS analysis, the UV-irradiated 
solution exhibited a featureless profile with no oscilla-
tions, in line with a loss of intrinsic curvature (Figure 6B). 
In AFM imaging, SPring was hardly found, and only 
open-ended short fibers lacking the intrinsic curvature 
were visualized (Figure 6D). Although the majority of 
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these open-ended fibers are thought to be photo-
deformed products of SPrandom, a closer inspection of 
the AFM images revealed the presence of short fibers 
with lengths of approximately 100-300 nm, which is 
consistent with the circumference (ca. 145 nm) of SPring 
(pink arrows in inset of Figure 5D). Upon heating the 
UV-irradiated solution to 90 ℃, DLS showed an entire 
shift of aggregate sizes above 1 µm, which is very con-
trasting to the result without UV-irradiation (Figure S4), 
wherein SPring could be detected even after heating. 
The absence of SPring was also confirmed by AFM, 
showing only heavily bundled TF without any trace of 
SPring (Figure 6E).  
  

 

Figure. 6. (A) UV-Vis spectral change upon irradiation of the 
mixture of SPrandom and SPring (cT = 1.0 × 10-4 M) with UV-light 
(from blue to purple spectra). The maximum absorption intensity 
(at 345 nm) shows 12% decrease after the UV irradiation, which 
corresponds to 17% trans-to-cis isomerization according to the 
NMR analysis (Figure S10). (B) Change of SAXS profiles upon 
irradiation of the mixture of SPrandom and SPring (cT = 1.0 × 10-4 
M) with UV-light (from blue to purple profiles). (C) DLS data of 
the UV-irradiated mixture of SPrandom and SPring before (purple) 
and after heating (red) to 90 ºC. (D, E) AFM images of the UV-
irradiated mixture of SPrandom and SPring before (D) and after 
heating (E) to 90 ºC.  

 

CONCLUSIONS 

In conclusion, we have demonstrated a topological im-
pact on kinetic stability of  metastable supramolecular 
polymers that can be thermally converted to extended 
fibers via monomeric state. We showed that the open-
ended supramolecular polymers can be selectively trans-
formed into insoluble crystalline fibers, while the circular 
counterpart remains intact. Since the longer circular 

species with obvious defect are also inert to thermal 
treatment, we attribute this topological impact on the 
kinetic stability of  supramolecular polymers to the ab-
sence/presence of  termini, not to the absence/presence 
of  defect. Accordingly, light-induced ring-opening of  the 
circular supramolecular polymers enabled the entire 
conversion of  metastable species into thermodynamic 
products. Distinct kinetic stabilities of  metastable su-
pramolecular polymers with closed and open-ended 1D-
topologies demonstrated herein may be a hint to design 
artificial supramolecular systems whose internal diversity 
and complexity emerge not only from monomer struc-
tures but also topological features of  assemblies. 
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