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Self-folding of supramolecular polymers into
bioinspired topology
Deepak D. Prabhu1, Keisuke Aratsu1, Yuichi Kitamoto2, Hayato Ouchi1, Tomonori Ohba3,
Martin J. Hollamby4, Nobutaka Shimizu5, Hideaki Takagi5, Rie Haruki5,
Shin-ichi Adachi5, Shiki Yagai1,2*

Folding one-dimensional polymer chains into well-defined topologies represents an important organization pro-
cess for proteins, but replicating this process for supramolecular polymers remains a challenging task. We report
supramolecular polymers that can fold into protein-like topologies. Our approach is based on curvature-forming
supramolecular rosettes, which affords kinetic control over the extent of helical folding in the resulting supra-
molecular fibers by changing the cooling rate for polymerization. When using a slow cooling rate, we obtained
misfolded fibers containing a minor amount of helical domains that folded on a time scale of days into unique
topologies reminiscent of the protein tertiary structures. Thermodynamic analysis of fibers with varying degrees
of folding revealed that the folding is accompanied by a large enthalpic gain. The self-folding proceeds via
ordering of misfolded domains in the main chain using helical domains as templates, as fully misfolded fibers
prepared by a fast cooling rate do not self-fold.
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INTRODUCTION
Over the past decades, supramolecular polymerization has proven to
be a powerful methodology for creating one-dimensional (1D) nano-
materials with interesting stimuli-responsive properties and functions
(1–5). Particularly in the last decade, the knowledge gained from sev-
eral mechanistic and kinetic studies on their formation process (6–11)
has enabled researchers to prepare supramolecular polymers with
controlled chain lengths and molecular weight distribution (12–15).
Despite this progress, current supramolecular polymers still lag far be-
hind biopolymers and even abiotic polymers in terms of higher-order
topological complexity and sophistication. Proteins are an epitome of
such polymers, for which intricate biological functions are underpinned
by well-defined 3D tertiary structures comprising structural domains
such asa helices, b sheets, and turns (16, 17). These unrivaled and active
topologies are achieved via designed folding processes of sequence-
encoded polypeptide chains by cooperative action of various intrachain
noncovalent interactions.

Inspired by the remarkable structure-property relationship found
in proteins, chemists have developed a variety of abiotic foldamers
(18, 19). Although most of these synthetic systems have only second-
ary structures such as helices, recently, De et al. (20) have reported
success in the rational design of abiotic foldamers that can fold into
tertiary structured helix bundles by embedding additional interact-
ing units into their backbones. For supramolecular polymers, how-
ever, replicating this folding process to yield higher-order topologies
is extremely challenging. The major obstacle lies in the difficulty of
incorporating an additional noncovalent interacting site that can guide
the folding of themain chains that are also formed noncovalently. Fur-
thermore, most recent supramolecular polymers are based on p-p
stacking interactions between extended p-conjugated molecules to
provide specific optical and electronic functions (21, 22). Accordingly,
these supramolecular polymers have shape-persistent nanostructures
with high degrees of internal order (21), making it harder to shape
their backbones into a higher folded topology.

Here, we report an unprecedented supramolecular polymer system
shown by molecule 1, wherein initially formed misfolded structures
are able to self-fold to yield a topology analogous to the tertiary struc-
ture of proteins. The supramolecular monomer design in this study is
based on our previous observations on barbiturated naphthalene de-
rivatives 2 (23) and 3 (24) (Fig. 1A). Initially, we discovered that 2 can
form uniform toroidal nanofibers via the formation of hydrogen-
bonded windmill-shaped hexamers (rosettes) (25). As the uniformity
of size in the toroids (average radius, 7.6 nm) reflects the generation of
“spontaneous curvature” upon stacking of the rosettes with transla-
tional and rotational displacements (Fig. 1B) (26), we exploited this
curvature to engineer continuously curved supramolecular polymers
by expansion of the molecular structure to 3 (24). Although we ob-
tained helically folded supramolecular polymer fibers that can be
converted into misfolded fibers by photoisomerization of 3, these
did not recover the original folded structures by anymeans other than
thermal reconstruction. We infer that the degree of internal order in
the supramolecular polymer backbone of 3 is insufficient to reorganize
the randomly unfolded structures into the original helically folded
structures due to the conformational flexibility of the molecular struc-
ture. The degree of internal order of the supramolecular polymer
backbone can be improved by, for example, using a more rigid mono-
mer scaffold. This notion ultimately led us tomolecule 1 after examin-
ing several potential candidates. Folding of supramolecular polymers
of 1 proceeds on a long time scale, which enabled us to directly visu-
alize intermediate states of the topological transition using atomic
force microscopy (AFM).
RESULTS
Self-folding of supramolecular polymers
Self-foldable supramolecular polymers can be obtained from slowly
cooling a methylcyclohexane (MCH) solution of 1 (c = 5 × 10−6 M)
from 373 to 293 K at a rate of 1.0 K min−1. Dynamic light scattering
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(DLS)measurements revealed the formation of assemblies with an av-
erage hydrodynamic diameter (DH) of 460 nm.AFMand transmission
electron microscopy (TEM)measurements of these assemblies, which
were spin-coated from the solution onto appropriate substrates,
showed heavily entangled curved fibers (width, ca. 7.7 nm; thickness,
ca. 3.5 nm; Fig. 1D and fig. S1). These dimensions are in good agree-
ment with our rosette-based stackingmodel that induces spontaneous
curvature (24). The entanglement might be due to the inhomogeneity
of the secondary structures involved, as a closer inspection of the in-
dividual fibers revealed thatmost (ca. 60%) of the fiber consists ofmis-
folded conformations, while only a minority (ca. 40%) is present in
helically folded conformations. The coexistence of two different
secondary structural domains in a single chain suggests that the supra-
molecular polymerization is kinetically controlled (27).

The as-prepared supramolecular polymers involvinghelical domains
slowly self-folded upon aging in solution at 293 K. After 1 day, the
fibers were mostly composed of helical domains (>80%) extending
up to several hundreds of nanometers (Fig. 1E and fig. S2). Therein,
the helical domains were connected by short misfolded segments to
Prabhu et al., Sci. Adv. 2018;4 : eaat8466 7 September 2018
afford helix bundles. The self-folding further proceeded over time at
higher-order levels, and fully bundled helices, reminiscent of the
tertiary structures of proteins, were obtained in quantitative yield after
7 days (Fig. 1F and fig. S3). The helical domains, which exhibited a
highly uniform curvature radius (13 ± 1 nm; fig. S4A) and persistent
length (170 to 340 nm), were connected by “turn” segments (see inset
in Fig. 1F). Preferences for left-handed (M) or right-handed (P) helices
were not observed, and all possible combinations of handedness (PM,
MM, and PP) on opposite sides of the turn segments were observed.
Further morphological changes, even after prolonged aging, were not
observed, which suggests that the system reached the globalminimum
after 1 week at 293 K via the intermediate structures that constitute
local minima in the energy landscape (Fig. 1C).

Small-angle x-ray scattering (SAXS) data of the as-prepared supra-
molecular polymer solution (Fig. 2A, green curve) exhibited scatter-
ing peaks within the rangeQ = 0.2 to 0.9 nm−1. Similar features have
previously been ascribed to the spontaneous curvature of the supra-
molecular polymers (24). Here, analysis of the data using a model
corresponding to a hollow cylinder (Fig. 2A, dashed curve) gives an
Fig. 1. Self-assembly of barbiturate-substituted molecule into self-foldable supramolecular polymers. (A) Molecular structures of barbiturate-substituted
p-conjugated molecules 1 to 3. (B) Schematic representation of the curvature-generating supramolecular polymerization of windmill hexamers (rosettes). (C) Energy
landscape of supramolecular polymers of 1 prepared with fast (left side) and slow cooling (right side). Using a fast cooling rate, a kinetically trapped assembly is formed
via isodesmic self-assembly mechanism. Upon slow cooling, misfolded supramolecular polymers containing minor amount of helical domains were initially formed
following cooperative nucleation-elongation mechanism, and they slowly transformed into fully folded helical supramolecular polymers via different intermediate,
partially folded structures. Black arrows indicate the time evolution processes. (D to F) AFM images showing the self-folding process of the supramolecular polymers
of 1, which were prepared by cooling a hot MCH solution of 1 (c = 5 × 10−6 M) from 373 to 293 K at a cooling rate of 1.0 K min−1. The samples were spin-coated onto
highly oriented pyrolytic graphite (HOPG) substrates after aging at 293 K for 0 min (D), 1 day (E), and 7 days (F). Scale bars, 100 nm. The inset in (F) shows a mag-
nification of the turn segment enclosed by the dashed rectangle.
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average curvature radius of 12.3 nm, in agreementwith the dimensions
measured by AFM. After aging (Fig. 2A, orange curve), there is an in-
crease in SAXS intensity throughout theQ range. Subtracting the fresh
SAXS data from that collected for the aged sample (Fig. 2A, black
curve) gives some insight into the origin of this difference in scattering.
As the result is a smooth curve with no observable maxima/minima, it
is likely that the SAXS peaks in both samples appear in the same loca-
tion and have the same magnitude. This in turn suggests that, within
this probed size range (Q = 0.2 to 0.9 nm−1 corresponds to 30 to 7 nm),
there is no major change in the structure (that is, it remains, on av-
erage, in the coiled state). Also, the subtracted data at Q < 0.2 nm−1

exhibit a region where I(Q) ≈ Q−3 and another additional broad con-
tribution centered around Q = 0.9 nm−1. Because of limitations of
modeling such a complex structure, neither of these features can pres-
ently be unambiguously assigned, although the power-law scattering is
likely to derive from the more open, equilibrated structures observed
by AFM after aging.

Thermodynamic properties of supramolecular polymers
To further corroborate the aforementioned phenomenon, the thermo-
dynamic aspects of the supramolecular polymers at different degrees
Prabhu et al., Sci. Adv. 2018;4 : eaat8466 7 September 2018
of folding were investigated by monitoring their thermal dissociation
using temperature-dependent absorption spectra. Upon cooling a
monomeric solution of 1 (c = 5 × 10−6 M) at a rate of 1.0 K min−1,
a new absorption band emerged at ca. 470 nm, which was attributed
to p-p stacking of the diphenylnaphthalene cores (Fig. 2B). The growth
of this new band showed a nonsigmoidal response to decreasing the
temperature, which is characteristic for a cooperative supramolecular
polymerization mechanism consisting of nucleation followed by elon-
gation (Fig. 2C, black dots) (28, 29). The critical temperature (Te) that
separates nucleation and elongationwas observed at 339K.Uponheat-
ing the as-prepared supramolecular polymer solution (1.0 K min−1), a
remarkable thermal hysteresis was observed (14, 29), and the resulting
dissociation curve displayed two regimes (I and II) that were separated
by an inflection point at ca. 345 K (Fig. 2C, purple dots). In aged
solutions, the two regimes became indistinguishable, and coopera-
tive dissociation was observed for solutions aged more than 2 days
(Fig. 2C, yellow dots). Equilibration was achieved after 7 days, and the
resulting supramolecular polymers dissociated upon heating in a nar-
row temperature range (ca. 15 K) (Fig. 2C, red dots). A fitting analysis
of the equilibrated dissociation curve with a nucleation-elongation
model (30) provided an elongation enthalpy (DHe) of −171 kJ mol−1
Fig. 2. Dissociation behavior of supramolecular polymers. (A) SAXS profiles of the as-prepared solution (green curve) and the 7-day-old solution (orange curve) of
1 (c = 5 × 10−5 M) prepared by cooling from 373 to 293 K at a cooling rate of 1.0 K min−1. The black curve is the profile obtained from subtracting the two data sets. The
black dashed curve is a simulation SAXS profile of the as-prepared sample data using a hollow cylinder model. (B) Temperature-dependent ultraviolet-visible (UV-Vis)
spectra of an MCH solution of 1 (c = 5 × 10−6 M) upon cooling (1.0 K min−1). The arrows indicate the changes in absorption spectra upon cooling. (C) Cooling and heating
curves of 1 (c = 5 × 10−6 M) in MCH obtained by plotting the molar fractions of the aggregated molecules (aagg, calculated from the absorption change at l = 470 nm) as a
function of the temperature during cooling (1.0 K min−1; black dots) and subsequent heating after aging for 0 min (purple dots), 12 hours (blue dots), 1 day (cyan dots),
1.5 days (green dots), 2 days (yellow dots), 3 days (orange dots), 5 days (pink dots), and 7 days (red dots) at 293 K. (D) Heating curves of the 7-day-old MCH solution of 1,
prepared using a cooling rate of 1.0 Kmin−1 at different concentrations (purple dots, c = 5 × 10−6 M; cyan dots, c = 6 × 10−6 M; green dots, c = 7 × 10−6 M; yellow dots, c =
8 × 10−6 M; pink dots, c = 1 × 10−5 M). The black solid curves were obtained from fitting the experimental data to the cooperative model. Inset: van’t Hoff plot obtained
from plotting the natural logarithm of cT

−1 as a function of Te
−1. The red line shows the corresponding linear fit. (E) The proposedmechanism of the thermal dissociation

of the as-prepared supramolecular polymer in temperature regimes I and II. (F) AFM images of the as-prepared supramolecular polymer of 1, spin-coated onto HOPG
substrate after heating to 343 K for 3 min. Scale bar, 100 nm.
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(Fig. 2D, purple dots), which was independent of the concentration
(Fig. 2D and table S1A). The quality of the fitting analysis was further
validated using a modified van’t Hoff plot (see inset in Fig. 2D). Al-
most identical enthalpy values obtained from the fitting analysis and
the van’t Hoff plot suggest that the thermodynamic equilibrium is
achieved after 7 days (table S1B). The time-dependent absorption
measurements showed only a trivial change in molar absorptivity
upon folding, suggesting that this process proceeds without altering
the molecular arrangement (fig. S5A).

On the basis of the topological changes observed by microscopy
techniques, the unusual dissociation curve of the as-prepared solution
presumably implies a preferential dissociation of the misfolded do-
mains in temperature regime I due to a lack of the additional enthalpy
gain that is expected for the secondary interactions of helical domains
along the helix axis (Fig. 2E). Fibers heated at the inflection point
showed an apparent decrease of the proportion of misfolded domains
under concomitant formation of a large number of uniform 10-nm
dots, which were tentatively assigned to isolated or stacked rosettes
(Fig. 2F). Accordingly, if supramolecular polymers that are exclusively
composed of misfolded domains were prepared, then they should dis-
sociate along a similar trajectory to that of the as-prepared solution in
temperature regime I. On the basis of our previous findings, these ran-
domly curved structures should be prepared under highly kinetic
conditions such as “quenching” (7). We thus cooled a hot solution
of 1 (c = 5 × 10−6 M) at a rate of 10 K min−1 and obtained fully mis-
folded supramolecular polymers (Fig. 3, A to D, and fig. S6) with an
average DH of 200 nm. These supramolecular polymers exhibit in-
homogeneous curvature radii of 14 ± 4 nm, and their lengths are con-
siderably shorter than supramolecular polymers obtained from slower
cooling (1.0 K min−1; fig. S4B). Despite the fact that the absorption
features are almost identical to those of the fully folded supramolecular
polymers (fig. S5B), the fully misfolded supramolecular polymers dis-
Prabhu et al., Sci. Adv. 2018;4 : eaat8466 7 September 2018
sociated upon subsequent heating, exhibiting a sigmoidal transition,
which is characteristic for an isodesmic mechanism (Fig. 3E, red dots)
(29, 31). The fully misfolded supramolecular polymers neither self-
folded nor showed any evolution of the dissociation curve as a func-
tion of time (fig. S7), which is indicative of kinetic trapping (Fig. 1C). A
fitting analysis using the isodesmicmodel (31) provided an elongation
enthalpy (DHiso) of−128 kJmol−1 upon polymerization (Fig. 3E, black
curve), which is close to the value of −121 kJ mol−1 determined from
the corresponding van’t Hoff plot (fig. S7, B to E, and table S1C). The
strength of p-p stacking interaction should be identical in the fully
misfolded and fully folded supramolecular polymers, as evident from
their identical absorption spectra. Accordingly, the different elonga-
tion enthalpy values obtained for the fully folded supramolecular poly-
mers and fully misfolded supramolecular polymers (|DHe − DHiso| =
43 kJ mol−1) should be attributed to the presence of van der Waals
interactions in the higher-order levels, that is, interactions between
loops within a helix to stabilize the secondary structures, and between
helices to stabilize the tertiary structures.

Analysis of mechanically fragmented
supramolecular polymers
To shed light onto the two aforementioned higher-order interactions,
we sonicated a solution of fully folded supramolecular polymers with
the expectation that the mechanical stimulus could selectively cleave
either interaction. Upon sonication, a decrease in the average DH of the
assemblieswas observed (Fig. 4A). AFM images of a sample subjected to
sonication for 30 s showed predominantly twin helices (Fig. 4, C to G),
which corroborates the fact that the misfolded segments are prone to
cleavage. The dissociation curve measured at this stage provided an
elongation enthalpy DHe′ of −140 kJ mol−1 (Fig. 4B, orange dots). Al-
though twin helices are partially stabilized by interactions between
helices, their elongation enthalpy is considerably smaller than that of
 on S
eptem

ber 17, 2018
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Fig. 3. Misfolded supramolecular polymers. (A to D) AFM images of fully misfolded supramolecular polymers prepared by cooling a hot solution of 1 (c = 5 × 10−6 M)
from 373 to 293 K at a cooling rate of 10 K min−1. The sample was spin-coated onto a HOPG substrate after aging at 293 K for 0 min. Scale bars, 50 nm. (E) Heating curve
for fully misfolded supramolecular polymers of 1 prepared at a cooling rate of 10 K min−1 in MCH (red dots, c = 5 × 10−6 M). The black solid curve was obtained from
fitting the experimental data to the isodesmic model. Heating curves for as-prepared supramolecular polymers at a cooling rate of 1.0 K min−1 (purple dots; see Fig. 2C)
are also shown for comparison.
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Fig. 4. Mechanically fragmented supramolecular polymers. (A) Changes of DLS size distribution of fully folded supramolecular polymers of 1 (c = 5 × 10−6 M) in MCH
upon sonication for 0 s (red curve), 30 s (orange curve), 60 s (yellow curve), 120 s (green curve), and 180 s (blue curve) at 293 K. (B) Changes in the heating curves upon
sonicating the fully folded supramolecular polymer solution of 1 at 293 K for different time intervals (red dots, 0 s; pink dots, 10 s; orange dots, 30 s; yellow dots, 60 s; green
dots, 120 s; cyan dots, 180 s). (C to G) AFM images of twinned helical supramolecular polymers obtained by sonicating the fully folded supramolecular polymers for 30 s.
Scale bars, 100 nm. (H to N) AFM images of single helical supramolecular polymers obtained by sonicating the fully folded supramolecular polymers for 180 s. Scale bars,
100 nm. (O) Enthalpy diagram of supramolecular polymers prepared using fast or slow cooling rates and mechanically fragmented supramolecular polymers.
Prabhu et al., Sci. Adv. 2018;4 : eaat8466 7 September 2018 5 of 8

http://advances.sciencemag.org/


SC I ENCE ADVANCES | R E S EARCH ART I C L E

D
ow

nloaded 
fully folded supramolecular polymers (|DHe − DHe′| = 31 kJ mol−1)
yet closer to DHiso of the fully misfolded supramolecular polymers
(|DHe′ − DHiso| = 12 kJ mol−1; Fig. 4O). These findings illustrate that
the interactions between helices contribute predominantly to the sta-
bilization of the fully folded supramolecular polymers.

Further sonication yielded single helices but, at the same time, also
fully misfolded supramolecular polymers due to further fragmentation
and denaturation of the secondary structure by exposure to the me-
chanical force (Fig. 4, H to N). The resulting dissociation curve thus
exhibited an “inflection point” due to the coexistence of supramolecular
polymers with distinct structural conformations (Fig. 4B, cyan dots).
The inflected dissociation curve and the morphology of the fragmented
supramolecular polymers obtained by sonication did not show any evo-
lution over time. The same observation was made upon mixing supra-
molecular polymers prepared using cooling rates of 1.0 and 10Kmin−1,
respectively, followed by aging for 7 days (fig. S8). These results suggest
that the fully misfolded supramolecular polymers did not transform
into helically folded supramolecular polymers, neither via an external
template mechanism nor by a dissociation-reconstruction via the
monomer.We thus believe that self-folding occurs onlywhenmisfolded
and helical domains exist in the same supramolecular polymer chain.
http://advances.science
from

 

DISCUSSION
An analysis of the AFM images of the as-prepared supramolecular
polymers revealed uneven curvature radii in the misfolded domains
and a considerably larger deviation (ca. 4 nm) from their average value
compared to that in helical domains (ca. 1 nm). The difference implies
that the internal order accomplished by a regular stacking of rosettes
with translational and rotational displacements is lower in the mis-
Prabhu et al., Sci. Adv. 2018;4 : eaat8466 7 September 2018
folded domains, and most likely, these domains fluctuate dynamically
in solution. In contrast, the helical domains are less dynamic due to a
higher degree of internal order and the interactions between loops.
Hence, termini of helical domains could act as a “definite curvature
template” for the folding of tetheredmisfolded chains (Fig. 5A), which
would lead to secondary helical structures in the first stage of the
folding process (ca. 1 day). During the second stage of the folding
process (1 to 7 days), two neighboring helical domains, tethered by
a misfolded segment, may try to merge into a single helical domain.
However, it seems unlikely that termini of the two helical domains
that exhibit already-defined curvatures can coalesce while folding
the remaining short tether (Fig. 5B, left arrow). It seems more likely
that the two helical domains may be folded via a side-by-side contact
using the tether segments as a hinge (Fig. 5B, right arrow). If this
folding of two neighboring helical domains would occur throughout
the supramolecular polymer fibers, then this would lead to tertiary
structures. This simple mechanism would be the major reason why
our supramolecular polymers self-fold at a very longer time scale com-
pared to natural proteins whose folding proceeds in much shorter pe-
riod of time (in microseconds) due to covalent local constraints of
polypeptide chains and specific intrachain hydrogen bonding. We
envisage that similar folded topologies can be more reasonably ob-
tained by designing supramolecular block copolymers composed of
different secondary structural domains showing distinct conforma-
tional flexibility (for example, ordered static domain and disordered
dynamic domain). To produce such copolymers, we have to develop
proper methods to join chemically different monomers that can pro-
duce distinct domains. Because these monomers are intrinsically
prone to self-sort, construction of these unique supramolecular block
copolymers is challenging.
 on S
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Fig. 5. Proposed mechanism for the self-folding of supramolecular polymers. (A) Schematic representation of folding of misfolded domains templated by helical
domains to give the secondary structure. (B) Schematic representation of the formation of the tertiary structure by folding of helical domains using misfolded segments
as “hinge.”
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MATERIALS AND METHODS
Materials
Compound 1was synthesized according to the synthetic procedure in
the Supplementary Materials. All starting materials and reagents were
purchased from commercial suppliers and used without further puri-
fication. Air-sensitive reactions were conducted under nitrogen atmo-
sphere using dry solvents. 1H nuclear magnetic resonance (NMR; fig.
S9A), 13C NMR (fig. S9B), and high-resolution mass spectrometry
(HRMS) details of compound 1 are included in the Supplementary
Materials.

General methods
1H and 13C NMR spectra were recorded on Bruker DPS300 and JEOL
JNM-ECA500NMR spectrometers, and chemical shifts were reported
in parts permillion (d)with the signal of tetramethylsilane as an internal
standard. Electrospray ionization MS spectra were measured on an
Exactive mass spectrometer (Thermo Scientific).

UV-Vis spectroscopy
UV-Vis absorption spectra were recorded on a JASCO V660 spectro-
photometer equipped with a Peltier device temperature control unit
using a screw-capped quartz cuvette of 1.0-cm path length. All the
measurements were done while stirring the solution at 500 rpm.

Dynamic light scattering
DLS measurements were conducted on Zetasizer Nano (Malvern
Instruments) using noninvasive backscattering (NIBS) technology
under 4.0-mW He-Ne laser (633 nm). The scattering angle was set
at 173°. A screw-capped quartz cuvette was used for the measure-
ments. The temperature for measurements was kept at 293 K.

Atomic force microscopy
AFM imageswere obtained under ambient conditions usingMultiMode
8NanoScopeV (Bruker Instrument) inPeakForceTapping (ScanAsyst)
mode. Silicon cantilevers (SCANASYST-AIR) with a spring constant of
0.4 N/m and a frequency of 70 kHz (nominal value; Bruker) were used.
The samples were prepared by spin-coating (3000 rpm, for 1 min) of
MCH solutions (10 ml) of supramolecular polymers aged at 293 K for
different time onto freshly cleaved HOPG (5 mm × 5 mm).

Transmission electron microscopy
TEM images were acquired on JEM-2100F (JEOL) at an acceleration
voltage of 120 kV. TEM samples were prepared by spin-coating ofMCH
solutions of supramolecular polymers aged at 293K for different lengths
of time onto a carbon-coated STEM Cu 75P grid (SHR-C075, grade:
super ultrahigh resolution carbon; mesh, 339; whole size, 75 mm)
and dried under air for 1 hour followed by drying under vacuum for
24 hours.

Small-angle x-ray scattering
SAXSmeasurementswere carried out at BL-10Cat the Photon Factory
of the High Energy Accelerator Research Organization (KEK) in
Tsukuba, Japan (32). Solutions were loaded into cells (stainless steel
surround, 20-mm-thick quartz glass windows, 1.25-mmpath length),
and the temperature wasmaintained at around 293K (room tempera-
ture). An x-ray wavelength of 1.5 Å and a sample-detector distance of
1029 mm (calibrated using silver behenate) gave a detectable Q range
of the order of 0.1 to 5.9 nm−1. Sixty frames were collected with an
exposure time of 10 s: Radiation damage was not observed, so these
Prabhu et al., Sci. Adv. 2018;4 : eaat8466 7 September 2018
data were averaged to give a total integration time of 600 s. The 2D
scattering data (detector: DECTRIS PILATUS3 2M) were radially
averaged to yield 1D scattering intensity data [I(Q) versus Q]. This
was normalized using water as a reference, and the solvent + cell
background was subtracted, to give absolute scattering intensity I(Q)
in cm−1. All data reduction was carried out using the software pack-
age SAngler (33).

SAXS data analysis
Basic SAXS analysiswas carried out using amodel representing hollow
cylinders, in line with our previous work (24). This approximation is
used because, at the present time, there is a lack of tools with which to
better analyze the data, in part due to unusual nature of the presented
structures. The analysis is carried out solely to demonstrate that the
size of the loops obtained via inspection of AFM images can also be
verified by SAXS (which presents a bulk average value).

The form factor for a cylinder, with the scattering length density
difference between cylinder and solvent Dr, radius R, and length L,
is generally given as follows (34)

KcylðQ;Dr;R; L; xÞ ¼ 2pR2LDr
J1
�
QR

ffiffiffiffiffiffiffiffiffiffiffiffiffi
1� x2

p �

QR
ffiffiffiffiffiffiffiffiffiffiffiffiffi
1� x2

p sin QLx=2
� �
QLx=2

ð1Þ

In Eq. 1, J1 is the Bessel function of first order. The overall scatter-
ing for a delta distribution of hollow cylinders (DR = shell width) is
then given as

Ihollow cyl ¼ Ncyl∫
1

0

�
Kcylðq; rsolv � r2;R; L; xÞ þ

KcylðQ; r2 � rsolv;Rþ DR; L; xÞ
�2
dx ð2Þ

In the above, rsolv and r2 are the scattering length densities of the
solvent and themore electron-dense parts of 1, respectively. Given the
approximate nature of the fit, values of rsolv,model = 0 and r2,model = 1 ×
10−6 Å2 were used, with the result that the scaling parameterN includes
contributions from both the density of scatterers and the relative
scattering length density difference, ((r2,real − rsolv,real)/1 × 10−6 Å2)2.
Initially, by fixing DR at 3.5 nm (based on AFM data), R was obtained
using the SASfit analysis software (34). Subsequently, an average curva-
ture radius (center to loop center) was calculated asR+ 1/2DR. Different
values of DR were trialed (up to ±2 nm), with almost no effect (for ex-
ample, ±0.1 nm) on the calculated curvature radius.

Analysis of supramolecular polymerization process
The molar fraction of aggregated molecules (aagg) at a certain tem-
perature was calculated from the absorption intensity at l = 470 nm
based on Eq. 3, in which Abs(agg) and Abs(mono) are the absorption
intensities of fully aggregated (at the lowest temperature) and purely
monomeric states (at the highest temperature), respectively, andAbs(T)
is the absorption intensity at a given temperature (T)

aagg ¼ 1� Abs aggð Þ � AbsðTÞ
Abs aggð Þ � AbsðmonoÞ ð3Þ

The plot of aagg versus temperature provides heating curves with
either nonsigmoidal (cooperative mechanism) or sigmoidal (isodesmic
7 of 8
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mechanism) shape, which were fitted using the models proposed by
Jonkheijm et al. (30) (for cooperative mechanism) and Martin (31)
(for isodesmic mechanism), respectively. The standard values of en-
thalpy (DH°), entropy (DS°), and Gibbs free energy (DG°) were
calculated using the van’t Hoff equation.
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Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/4/9/eaat8466/DC1
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Fig. S2. AFM and TEM images of supramolecular polymers during folding (1-day aged).
Fig. S3. AFM and TEM images of supramolecular polymers after folding (7-days aged).
Fig. S4. Morphology analysis of supramolecular polymers.
Fig. S5. UV-Vis absorption spectra of supramolecular polymers.
Fig. S6. AFM and TEM images of entirely misfolded supramolecular polymers.
Fig. S7. UV-Vis heating curves of entirely misfolded supramolecular polymers.
Fig. S8. Mixing experiment of fully folded and fully misfolded supramolecular polymers.
Fig. S9. 1H NMR and 13C NMR of 1.
Table S1. Thermodynamic parameters of supramolecular polymers.
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