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Abstract:  Solvent-free chemical manufacturing is one of the awaited technologies for
addressing an emergent issue of serious environmental pollution. Here, we report
"solvent-free autocatalytic supramolecular polymerization (SF-ASP)", where a phthalonitrile
derivative with hydrogen-bonding side chains as the monomer is autocatalytically
transformed into the corresponding phthalocyanine in an exceptionally high yield (> 80%).
The target phthalocyanine, if any is produced, nucleates and initiates supramolecular
polymerization via a hydrogen-bonding interaction, affording one-dimensional
single-crystalline fibers.  These crystalline fibers possibly preorganize the precursor
phthalonitrile monomer at their cross-sectional edges and autocatalytically convert them into
the phthalocyanine under out-of-equilibrium conditions. In the presence of metal oleates,
SF-ASP autocatalytically affords single-crystalline fibers of metallophthalocyanines again in
exceptionally high yields. In these cases, such fibers grow in both directions without
terminal coupling until the precursor phthalonitrile is completely consumed. By taking
advantage of this quasi-living character of polymerization, multistep SF-ASP without/with

metal oleates affords multi-block supramolecular copolymers.



Considering an emergent environmental issue caused by plastic waste', supramolecular
polymers are the promising candidate for next-generation materials because their intrinsically
dynamic nature possibly allows for excellent recyclability and recombinant usage®>.
Historically, supramolecular polymerization has been extensively studied in solution, and its
mechanistic interpretation has been greatly elaborated in the last decade*3. Nevertheless,
from a viewpoint of practical applications, supramolecular polymerization under solvent-free
conditions is considered more advantageous, because produced superstructures can be directly
utilized as they are without losing their structural integrity. Needless to say, this process is
also preferred for realizing a sustainable society®’. It should be noted that, in early days of
research on supramolecular polymerization, noncovalent polymeric structures were reported
to form from hydrogen-bonding (H-bonding) molecules in their crystalline and liquid

8-10

crystalline assemblies However, because of a potential difficulty in controlling such an

out-of-equilibrium molecular assembly, a major interest on supramolecular polymerization

moved to its solution process!'~!3.

Here, we report solvent-free "autocatalytic"
supramolecular polymerization (SF-ASP). Together with solvent-free chemical
manufacturing, the concept of autocatalysis, which is inspired by nature, is an awaited green

technology because of its potentially high selectivity and efficiency.

A chemical reaction can be called "autocatalytic" if a product of the reaction serves to
catalyze its own formation. Autocatalytic chemical reactions usually show a sigmoidal
time-course profile for the change in product concentration because the product facilitates its

15.16 and is

own formation'¥. Autocatalysis has been implicated in the emergence of life
intrinsic to many biological processes, such as the self-replication of biomolecules'”°. Asa
general strategy of autocatalytic chemical transformation, the product is designed to serve as a
template (T) that can reversibly preorganize reactants A and B in the form of a ternary
complex [A*T+B], which facilitates the reaction between A and B to produce TeT (ref. 20,21).
However, if TeT is thermodynamically stable and does not dissociate into monomeric T, the

expected autocatalytic behavior would not emerge because the concentration of active T,
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which can provide ternary complex [A*T*B], drops. In 2010, Otto and coworkers reported a
seminal work that, in the reversible oxidative cyclization of a dithiol having a S-sheet-forming
peptide spacer, macrocyclic products with certain ring sizes, such as cyclic hexamers and
heptamers, selectively form with a typical sigmoidal time-course profile if a shear force is
continuously applied to the reaction mixture??. Why does the shear force have to be applied?
In this case, the selectively formed macrocycles tend to stack into nanofibers in the reaction
medium so that the concentrations of their active forms usable as the template decrease unless
a shear force is continuously applied to the reaction mixture to break up the nanofibers into
short pieces?®. This work was successfully extended to the selective synthesis of other

peptide amphiphiles?+26

and demonstrates the great potential of template-assisted
autocatalysis. Nevertheless, because the oxidative cyclization employed here is intrinsically
reversible, the authors have not excluded that the observed product selectivity is partly due to

the removal of preferred products as nanofibers from the thermodynamically equilibrated

system??,

Autocatalysis generally requires high dilution to avoid the assembly of products that act
as templates. This creates a high barrier for its practical application to the large-scale
manufacturing of chemicals. In contrast, self-replication events in living organisms usually
operate far from thermodynamic equilibrium, and along this line, artificial out-of-equilibrium

2930 and microfluidic

systems using chemical fuels?’, chemical oscillations®®, kinetic trapping
diffusion®! as driving forces have recently been investigated. The solvent-free autocatalytic
supramolecular polymerization (SF-ASP; Fig. la) described in the present work enables
autocatalytic production of certain organic chemicals in much higher selectivity and yield
than those obtained in ordinary solution processes. The monomers employed here are
phthalonitrile (PN) derivatives (Fig. 1b) that adopt a fan shape with H-bonding amide groups
in their side chains and serve as reactive precursors for the synthesis of phthalocyanines
(YPCs; Fig. 1c, left) via reductive cyclotetramerization. In SF-ASP, target “PC, if any is

formed, nucleates and initiates H-bonding-mediated supramolecular polymerization to give
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one-dimensional (1D) single-crystalline fibers, which possibly preorganize PN molecules via
H-bonding at the cross-sectional fiber edges and efficiently template reductive cyclization to
give “PC in an autocatalytic manner (Fig. 1a). When SF-ASP is conducted in the presence
of metal oleates, metal complexes of phthalocyanines (MPCs; Fig. 1c, right) solely form in an

autocatalytic manner without contamination of their free bases.

We serendipitously found the basic principle of SF-ASP during a study on the
ferroelectric nature of H-bonding PN derivatives®’, where green-colored thin fibers formed
upon heating PNcs (Fig. 1b) on a hot stage. As described in Methods, when a powdery
sample of PNc4, sandwiched with glass plates, was heated to a hot melt and kept at 160 °C for
15 hours, numerous green-colored thin fibers formed (Fig. 2d, right). The fibers began to
appear approximately 4 hours after heating and then developed entirely and elongated
abruptly (Fig. 2d, Supplementary Video 1). By matrix-assisted laser desorption ionization
time-of-flight (MALDI-TOF) mass spectrometry (Fig. 2c, 1), we found that the fibers obtained
in 24 hours were composed of phthalocyanine “PCcs (Fig. 1c), whereas no precursor PNc4
was detected. This crude product, when simply washed with methanol, gave analytically
pure ’PCcs4 (Supplementary Fig. 1). A change in the absorption intensity at 700 nm
assignable to PCc4 (Supplementary Fig. 1d) clearly showed a sigmoidal time-course profile
(Fig. 2a, black). Further systematic studies revealed that SF-ASP of PNcs4 can be
considerably affected by the reaction temperature (Supplementary Figs. 2—4). As shown in
Fig. 2b and Supplementary Table 1, when SF-ASP was carried out by elevating the
temperature from 160 °C to 190 °C, the yield of PCc4 after 24 hours was considerably
enhanced from 53% to 83%. This value is far better than those reported for the ordinary
solution synthesis of “PC derivatives (20-25%; see Supplementary Methods). However,
when the temperature was elevated further, the yield of #PCcs started to drop due to the

formation of a considerable amount of side products.



We likewise heated PNcs and PNcg containing longer hydrocarbon chains than PNc4
(Fig. 1b) but did not observe any autocatalytic feature (Fig. 2a, green and blue, respectively).
For example, the reaction mixture of PNcs upon heating at 160 °C was entirely green with no
fibrous assembly (Fig. 2e, i1). MALDI-TOF mass spectrometry of the reaction mixture (Fig.
2¢, ii) showed poor selectivity for “PCce (Fig. lc, Supplementary Table 2). Although
heating PNcs at 160 °C resulted in the formation of short green fibers (Fig. 2e, 1), their
structural integrity appeared to be much lower than the case of using PNcs for SF-ASP (Fig.
2d). When N-methylated PNcs¥"™¢ without H-bonding capability (Fig. 1b) was heated at
160 °C, no fibrous assembly appeared (Fig. 2e, iii), and accordingly, no autocatalytic feature
emerged (Fig. 2a, red), affording “PCcs*Me (Fig. 1¢) with very poor selectivity (Fig. 2c, iii,

Supplementary Table 2).

A study using polarizing optical microscopy (Fig. 3a) revealed that the as-formed “PCc4
fibers obtained by SF-ASP were highly crystalline. Powder X-ray diffraction (PXRD)
analysis (Fig. 3b) of the crystalline fibers of as-formed /PCc4, denoted hereafter as ["PCc4]“F
(CF: crystalline fiber) displayed intense diffraction peaks that were indexed to those for a
hexagonally packed columnar assembly (Fig. 3b, inset). Notably, through-view
two-dimensional (2D) small-angle X-ray scattering (SAXS) analysis of a single fiber of
[PCcs]“F (Fig. 3c) revealed a single-crystal-like pattern, where spot-type reflections
assignable to the (100), (110), and (300) planes of the hexagonal geometry appeared only in
the direction perpendicular to the ¢ axis of the crystalline lattice. This result demonstrates
that the crystalline lattice of ["PCc4]“F aligns along the longer axis of the fiber (Fig. 3b, inset).
Its selected-area electron diffraction (SAED) pattern (Fig. 3d) displayed two symmetric spots
that were indexed to the (001) plane in the direction along the longer axis of the fibers,
suggesting that each column comprised a cofacial n-stack of “PCcs (Fig. 3f). Likewise, in
the polarized Fourier transform infrared (FT-IR) spectra of ["PCc4]“F (Fig. 3e), the stretching
vibrations due to the N-H (3282 c¢cm™') and C=0 (1620 cm™') groups both showed their

maximum absorbance in the direction parallel (8 = 0°) to the longer axis of the fiber.
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Consistent with the SAXS (Fig. 3c) and SAED (Fig. 3d) patterns described above, this
dichroic feature indicates that the H-bonded amide groups align unidirectionally along the

supramolecular polymer chain (Fig. 3f).

We chromatographically isolated “PCcs, #PCcs, and “PCcs*™Me from the reaction
mixtures and found that, upon being slowly cooled from their isotropic hot melts, /PCcs and
HpCce except PCcs¥™M¢ self-assembled into hexagonally packed 1D crystalline fibers
['PCcs]¢F and [PCcs] " (Supplementary Fig. 5). Their intercolumnar distances were 3.89
nm and 4.12 nm, respectively, which are larger than that of ["PCc4]F (3.66 nm) as expected
from their molecular models. Although [7PCcs]“F and [PCc6]“F are thus geometrically
identical to [f'PCc4]°F, there exists a certain difference in their thermal stabilities, which
surely affect the features of SF-ASP. The differential scanning calorimetry (DSC) profiles
(Fig. 2f, Supplementary Fig. 6) indicate that only ["PCc4]“F (Tm = 204 °C) can survive
without melting at 160-200 °C, which is the optimum temperature range for the chemical
transformation of PNcs to /PCc4 occur (Fig. 2b, Supplementary Fig. 2), whereas [PCcs]F
(Tm = 158 °C) and [PCc6]“F (I'm = 141 °C) melt when heated at 160 °C. Namely, for
SF-ASP to work, the products must be assembled into single-crystalline fibers even at high
temperatures. Heating PNcs in the bulk state at 160 °C, for example, resulted in the
formation of “PCcs, which assembled into ['PCcs]“F with a clear induction period of 3—4
hours (Figs. 2a, black and 2d). As illustrated in Fig. 1a, the cross-sectional fiber edges may
certainly preorganize the PNcs molecules via H-bonding interactions, thereby allowing them
to reductively cyclotetramerize into “PCcs efficiently. Then, a new set of the PNcy4
molecules can likewise be preorganized on the newly formed cross-sectional fiber edges.
Repetition of the sequence of these elementary steps should result in elongation of [PCc4]“F.
As shown in Supplementary Video 1, the green fibers of ["PCc4]“F started to form 3—4 hours
after heating and then continuously elongated and increased in their number and thickness
over a period of an additional 4 hours (Supplementary Fig. 7). In a subsequent stage,

although new fiber formation subsided, the preformed fibers still became thicker. Fiber
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thickening, leading to an increase in the cross-sectional area of the fibers, promotes the
autocatalytic conversion of PNcy4 into 7PCcs, so that PNc4 is completely consumed. Equally
important, fiber elongation by chain coupling, leading to a decrease in the cross-sectional area
of the fibers, barely occurs in SF-ASP, certainly due to the very sluggish diffusion of bundled
polymer chains under solvent-free conditions. Therefore, we conclude that SF-ASP has a
great advantage over reported autocatalytic processes in solution, where chain coupling to
lower the autocatalytic activity is inevitable??>-2°,

Although the mechanism has yet to be clarified*, the cyclotetramerization of PNcs into
HPCc4 is a H-mediated reductive process: 4PNcs4 + 2H" + 2¢~ — PCcs.  Therefore, the
solution synthesis of “PCs is often conducted in protic solvents, such as alcohols. For
SF-ASP, we consider that surface silanol groups on the glass substrate may play a similar role
as alcohols. Although the number of surface silanol groups is limited, a siloxane bridge
(=S1—O—Si=) upon heating over 160 °C was reported to cleave off homolytically to produce
radical species =Si* and *O—Si=, which in turn react with a water molecule to generate H" and
e (ref. 34,35). The above process is considered essential for the H'-mediated reductive
cyclotetramerization of PN precursors. Accordingly, when PNcs was freeze-dried and
employed for SF-ASP in a dry N, atmosphere, the yield of “PCc4 dropped significantly from
81% to 32% (Supplementary Fig. 8).

SF-ASP also works for the selective synthesis of metallophthalocyanines, which have
the higher potential for practical applications than free-base phthalocyanines*®=%. Examples
in the present work include zinc (Zn), iron (Fe), cobalt (Co), and copper (Cu) phthalocyanines
(MPCca; Fig. 1c), which were selectively produced in high yields (77-90%; Supplementary
Table 2) simply by heating PNcs in the presence of metal oleate salts (see Methods).
Typically, a 2:1 molar mixture of PNc4 and Zn(oleate),, sandwiched with glass plates, was
heated at 160 °C for 12 hours, whereupon a change in its absorption intensity at 700 nm due

to ?’PCc4 (Supplementary Fig. 9a) clearly displayed a sigmoidal time-course profile (Fig. 4a,
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blue) with a shorter induction period than that without Zn(oleate), (Fig. 2a, black). We also
found that, after the induction period, green-colored single-crystalline fibers developed
entirely (Fig. 4b, 1). By elemental mapping using scanning electron microscopy/energy
dispersive X-ray spectroscopy (SEM-EDX; Supplementary Fig. 9b) together with
MALDI-TOF mass spectrometry (Supplementary Fig. 9¢), we confirmed that the as-formed
fibers are composed solely of #’"PCc4 without any trace of free-base /PCcs. The same held
true for the SF-ASP of PNcs with other oleate salts of Fe (Figs. 4a, orange and 4b, ii,
Supplementary Fig. 10), Co (Figs. 4a, purple and 4b, iii, Supplementary Fig. 11), and Cu
(Figs. 4a, red and 4b, iv, Supplementary Fig. 12). Heating free-base PCcs with the above
metal oleates for 24 hours resulted in only poor yields of YPCc4 (Supplementary Fig. 13),
suggesting that the metal ion is involved in the transition state of the autocatalytic process of

SF-ASP.

Although the SF-ASP of PNcs to form [PCca]F or [MPCcs]“F should, in principle,
follow the step-growth mechanism, due to the sluggish diffusion kinetics under solvent-free
conditions, chain coupling is prevented (Supplementary Video 1 and Fig. 7), so that the
single-crystalline fibers grow continuously in both directions until PNcs is completely

consumed, similar to living chain-growth processes®**!.

Hence, we envisioned that one
could synthesize block copolymers by multistep SF-ASP using PNcs4 in combination with
different metal oleates (see Methods).  As a typical example, active seeds of [“PCc4]“F were
prepared by chopping its as-formed fibers for 10 seconds in methanol, and the resulting
suspension was cast onto a glass plate and air-dried. This glass plate was covered with
powdery PNc4, and the mixture was sandwiched with glass plates and heated at 180 °C,
whereupon [““PCcs]F in a hot melt of PNcs started to grow uniformly in both directions,
affording the ABA-type of triblock copolymer [PCcs]“F-[“PCc4] F-[PCcs]F in 4 hours
(Supplementary Fig. 14d). Although its block segments were easily differentiated by their
intrinsic colors (Fig. 4c, i1), elemental mapping with SEM-EDX (Supplementary Fig. 15)

allowed us to confirm that copper, as expected, was localized only in its middle block
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segment, whereas sulfur was distributed over the entire fiber. Meanwhile, the through-view
2D SAXS patterns collected from the [““PCc4]“F and [7PCc4]°F segments (Supplementary Fig.
16) revealed that their structural integrities were both very high. These observations allow
us to conclude that the cross-sectional fiber edges template the epitaxial growth of the

42-44  However, note that

['PCc4]“F segment, affording a 1D supramolecular heterojunction
SF-ASP in the second stage, when conducted for more than 4 hours (Fig. 2d), concomitantly
gave a nonnegligible amount of homotropic [PCcs]“F. After struggling, we eventually
found that this unfavorable process was suppressed when SF-ASP was conducted using glass
plates coated with an amorphous perfluoropolymer called CYTOP™ (Supplementary Fig. 17)
and successfully obtained a variety of ABA- and even ABCBA-types of multi-block
copolymers (Fig. 4c, Supplementary Fig. 14). Another important key to obtain well-defined
multi-block copolymers was to combine block segments whose intercolumnar distances
should match with less than a 2.0% difference (Fig. 4d, Supplementary Fig. 18 and Table 4).
In fact, in the multistep SF-ASP of PNcs and PNc3 (Fig. 1b), where the difference in the
intercolumnar distances between ['PCc4]“F (3.66 nm) and [PCc3]“F (3.35 nm) exceeds 9%

(Fig. 4d, Supplementary Fig. 19 and Table 3), the blocked segments were highly branched
(Fig. 4e).

Finally, we would like to point out that in SF-ASP, the growth direction of the
single-crystalline fibers can be controlled by the type of substrate employed. For example,
when PNc4 was heated between glass plates whose surfaces were rubbed in advance with a
polytetrafluoroethylene (PTFE) rod and parallelly oriented, the resulting [“PCc4]F fibers
were preferentially oriented along the rubbed direction (Fig. 4f, 1). Of particular interest,
when single-crystalline potassium bromide (KBr) plates were employed to sandwich PNcj,
SF-ASP gave grid-like 2D crosslinked fibers of ["PCc4]“F (Fig. 41, ii). We also found that
the SF-ASP of PNcs, when conducted with Fe(oleate); in a 10-7 magnetic field, resulted in
the formation of [7*PCc4]" that were preferentially oriented orthogonal to the magnetic flux
line (Fig. 4g,1). In contrast, the SF-ASP of PNc4 (Fig. 4g, ii1) and PNc4/Co(oleate), (Fig. 4g,
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ii) under the same conditions did not form oriented fibers. Since [F*PCc4]F once formed
were not magnetically orientable afterwards, we consider that the magnetic field surely
affected the nucleation process of SF-ASP. Computational simulations (Supplementary Fig.
20) suggested that crystalline nuclei consisting of ~10° molecules of “*PCcs likely align
perpendicular to the magnetic flux line, whereas those consisting of /PCcs and ““PCc4 align

randomly.

Outlook

There exists a preconception that supramolecular polymerization under solvent-free
conditions, due to its out-of-equilibrium nature, may afford a complicated mixture of different
assembled structures including cyclic oligomers. Perhaps for this reason, solvent-free
supramolecular polymerization has rarely been explored to date. However, as highlighted in
the present paper, we eventually updated this preconception through our serendipitous finding
made during a study on the thermal properties of liquid crystalline phthalonitriles. Namely,
under solvent-free conditions, the supramolecular polymer can grow regularly with a
quasi-living nature, affording ABA and ABCBA-types of multi-block copolymers. Even
more importantly, the growing polymer preorganizes the phthalonitrile monomer molecules at
its cross-sectional edges and autocatalytically converts them into the corresponding
phthalocyanine and its metal complexes in exceptionally high selectivity and yield.
Solvent-free autocatalytic supramolecular polymerization, thus unveiled, may certainly show

one of the ideal forms of polymer manufacturing for the sustainable future.
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Fig. 1 | Autocatalysis driven by solvent-free supramolecular polymerization. a,
Schematic illustration of the concept of solvent-free autocatalytic supramolecular
polymerization (SF-ASP). The target product, if any is formed, nucleates and initiates
supramolecular polymerization via a noncovalent interaction, affording 1D single-crystalline
fibers. The cross-sectional fiber edges may certainly preorganize reactive monomers and
efficiently promote their chemical transformation in an autocatalytic manner. Terminal
coupling of fibers to attenuate the autocatalytic process is suppressed due to their sluggish
diffusion under solvent-free conditions. b, Chemical structures of the fan-shaped
dithioalkylphthalonitrile (PN) precursors used as reactive monomers for SF-ASP. ¢,
Chemical structures of phthalocyanine (“PC) derivatives (left) and their metal complexes

(MPCs) with Zn, Fe, Co, and Cu (right) obtained by the SF-ASP of PN precursors.
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Fig. 2 | Characterization of SF-ASP. a, Time-dependent absorption spectral changes at
700 nm of the reaction mixtures obtained by PNc4 (black), PNcs (green), PNce (blue), and
PNcsVMe (red), sandwiched with glass plates upon heating at 160 °C, where the SF-ASP
displayed a sigmoidal time-course feature. b, Weight fractions of “PCcs (green bar) and
PNcs (black bar) as well as that of side products (orange bar) formed by the SF-ASP of PNc4
upon heating at different temperatures for 24 hours. ¢, MALDI-TOF mass spectra of the
reaction mixtures obtained by the SF-ASP of PNcs (i), PNcs (ii), and PNcs*™Me (iii) upon
heating at 190 °C for 24 hours. d, Optical images of the reaction mixture obtained by the
SF-ASP of PNcs upon heating at 160 °C (see also Supplementary Video 1). Scale bars, 100
pum. e, Optical images of the reaction mixtures of SF-ASP with PNcs (i), PNcs (i1), and
PNc4VMe (iii) after heating at 160 °C for 24 hours. Scale bars, 100 um. f, DSC profiles of
[PCca]F, [MPCcs]CF, and [PCc]“F together with the corresponding PN derivatives.
HPCc4MMe did not crystallized. 7w denotes melting temperatures, while nd denotes 'not

detected'.
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Fig. 3 | Characterization of ['PCc4]°F obtained by SF-ASP. a, POM image of as-formed
[PCc4]“F by SF-ASP, after washing with methanol at 25 °C. White arrows represent
transmission axes of the polarizer (P) and analyzer (A). Scale bar, 100 um. b, PXRD
pattern of as-formed ["PCc4]F by SF-ASP, after washing with methanol at 25 °C (Miller
indices in parentheses) and schematic illustration of its columnar order with a 2D hexagonal
geometry. ¢, Through-view 2D SAXS pattern of a single fiber of ['PCc4]“F (inset; scale bar,
100 um) obtained by SF-ASP, after washing with methanol at 25 °C (Miller indices are in
parentheses). The circle in inset represents the area exposed to an X-ray beam. d, SAED
pattern of a single fiber of ['PCc4]“F obtained by SF-ASP, after washing with methanol at
25 °C. The c axis of the crystalline lattice is parallel to the longer axis of the fiber, while the
ab plane is perpendicular to it. e, Polarized FT-IR spectra at different azimuthal angles (6)
from 0° to 90° of a single fiber of ["PCc4]F (inset; scale bar, 100 pm) obtained by SF-ASP,
after washing with methanol at 25 °C. 6 is defined as 0° when the polarizing direction of
incident light (P) is parallel to the ¢ axis of the crystal. f, Wireframe representation of a
possible structure of ['PCc4]F, where hydrogen atoms and side chains are omitted for clarity.

Red broken lines denote the H-bonding interaction of the amide units.
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obtained by the SF-ASP of PNcs in the presence of the oleate salts of Zn (blue), Fe (orange),
Co (purple), and Cu (red) (2:1 mole ratio), sandwiched with glass plates upon heating at
160 °C. b, Optical images of the reaction mixtures obtained by the SF-ASP of PNc4 with the
oleate salts of Zn (1), Fe (i1), Co (ii1), and Cu (iv) upon heating at 160 °C for 12 hours. Scale
bars, 100 um. ¢, Optical images of the reaction mixtures obtained upon heating at 180 °C
for 2—4 hours by the sequential multistep SF-ASP of PNcs with/without the oleate salts of Zn,
Fe, Co, and Cu, sandwiched with glass plates covered by CYTOP™ thin films. Scale bars,
30 um. d, Structural parameters of the single-crystalline fibers based on PXRD data. e,
Optical images showing the changes of the [PCc3]“F seeds in a hot melt of PNc4 (i) and the
['PCc4]F seeds in a hot melt of PNcs (ii) at 180 °C for 4 hours. Scale bars, 50 pm. f,
Optical images of the reaction mixtures obtained by the SF-ASP of PNcs with
1-dodecanethiol (0.5 equiv.), sandwiched with two parallelly oriented PTFE-rubbed glass
plates (1) and single-crystalline KBr plates (i1) after heating at 180 °C for 12 hours. Scale
bars, 50 um. g, Optical images of the reaction mixtures obtained by the SF-ASP of PNc4
with Fe(oleate)s (i) or Co(oleate); (ii) and without metal oleates (iii) in a 10-7 magnetic field
after heating at 160 °C for 6 hours. Scale bars, 50 um. Black and blue arrows represent the

directions of [[*PCc4]“F and the magnetic flux line applied, respectively.
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Methods

Materials. Unless otherwise noted, the reagents were used as received from Tokyo
Chemical Industry [N-hydroxysuccinimide (NHS), sodium hydride (NaH), iodomethane
(Mel), 1,8-diazabicyclo[5.4.0Jundec-7-ene (DBU), 1-dodecanethiol (DCTH)] and Wako Pure
Chemical Industry [N,N'-dicyclohexylcarbodiimide (DCC), trifluoroacetic acid (TFA),
triethylamine (Et3N), potassium carbonate (K>COs3), zinc(Il) acetate, 1-pentanol, and other
anhydrous solvents, such as 1,4-dioxane, tetrahydrofuran (THF), dichloromethane (CH:Cl),
and chloroform (CHCI3)]. CYTOP™ was purchased from AGC Chemical Company.
Single-crystalline potassium bromide (KBr) plates (5.0 mm X 5.0 mm) were purchased from
JACSO Int. Co., Ltd. 4,5-Bis(tert-butyl  ethylcarbamate-2-thio)phthalonitrile®,
3,4,5-trialkyloxybenzoic acids*®*’, and zinc(I1)*, iron(II1)*, cobalt(I1)*’, and copper(II)*!
oleates were prepared according to the reported procedures. Highly oriented glass plates
rubbed by a polytetrafluoroethylene (PTFE) rod were fabricated according to a reported
method®?.  Dithioalkylphthalonitrile derivatives*® were synthesized according to the
previously reported procedures and unambiguously characterized by 'H and '*C NMR
spectroscopy and matrix-assisted laser desorption ionization time-of-flight (MALDI-TOF)
mass spectroscopy. The details of synthetic procedures and characterization data are
provided in Supplemental Methods.

General. Column chromatography was carried out with Wako C-300 silica gel (particle
size: 45-75 pm). 'H and '*C NMR spectra were recorded with a JEOL JNM-ECA500
spectrometer operated at 500 and 125 MHz, respectively, where chemical shifts (in ppm)
were determined with respect to tetramethylsilane used as an internal reference.
MALDI-TOF mass spectrometry was performed with an Applied Biosystems MDS SCIEX
4800 Plus MALDI TOF/TOF™ analyzer using dithranol as the matrix. Infrared (IR) spectra
were recorded at 25 °C by a JASCO FT/IR-4100 Fourier transform (FT) IR spectrometer
equipped with attenuated total reflection (PRO450-S). Polarized FT-IR spectra were
recorded at 25 °C using a JASCO FT/IR-4100 Fourier transform infrared spectrometer
connected to an Irtron IRT-5000 microscope unit. UV-vis absorption spectra and
time-dependent spectra obtained by a detection at a fixed wavelength were recorded with a
JASCO V-670 UV/VIS/NIR spectrophotometer with an FP82HT hot stage. Differential
scanning calorimetry (DSC) was performed with a Mettler—Toledo DSC1 star system, where
temperature and enthalpy were calibrated with In (430 K, 3.3 J mol™") and Zn (692.7 K, 12 ]
mol™") standard samples using sealed Al pans. Cooling and heating profiles were analyzed
using the Mettler—Toledo STAR® software system. Optical microscopy (OM) and polarizing
optical microscopy (POM) were performed with a Nikon Eclipse LV100POL polarizing
optical microscope equipped with a Mettler—Toledo FP90 controller attached to an FP82HT
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hot stage and a high-definition camera. OM images recorded for the formation of
single-crystalline fibers with time were analyzed using ImagelJ software. To evaluate the
number of generating sites, the positions where single-crystalline fibers began to grow were
measured. To evaluate the number and thickness of single-crystalline fibers, all of the
as-formed fibers obtained in an OM image were measured and fitted by normal distribution
functions. Size-exclusion chromatography (SEC) was performed at 40 °C with a TOSOH
HLC-8320GPC system equipped with a refractive index (RI) detector, and CHCI3 was used as
an eluent and introduced at a flow rate of 0.35 mL min~' through three linearly connected
polystyrene TSKgel SuperHM columns. Powder X-ray diffraction (PXRD) measurements
were performed with a Rigaku SmartLab powder X-ray diffractometer equipped with a 3 kW
Cu anode (Cu K, radiation, A = 1.54 A). The 20 angles and the position of the incident
X-ray on the detector were calibrated using several reflections obtained from layered silver
behenate (d = 58.380 A). Crystalline fibers were placed in a 1.5 mm-¢ glass capillary at
25 °C. Small angle X-ray scattering (SAXS) experiments were carried out at BL45XU
(X-ray wavelength, 1 = 1.08 A) in Spring-8 (Hyogo, Japan) with an R-AXIS IV++ imaging
plate area detector (Rigaku). The sample-to-detector distance used for the SAXS
measurements was 1.50 m. Selected area electron diffraction (SAED) collected by
transmission electron microscopy (TEM) was performed with an FEI Titan3
TMS80-300S/TEM system with an accelerating voltage of 80 kV. Scanning electron
microscopy/energy dispersive X-ray (SEM-EDX) spectroscopy were performed using a
Hitachi SU8230 field emission scanning electron microscope operated with an accelerating
electron beam voltage of 25 kV and equipped with a Bruker X-Flash 6160 EDX detector. A
JASTEC JMTD-10T100 superconducting magnet with a vertical bore size of 100 mm was
used for the magnetic orientation of crystalline fibers.

Solvent-free synthesis of single-crystalline phthalocyanines and their metal complexes.
Typically, a powdery sample (~1 mg) of PNcs was sandwiched with two identical glass plates
(25 mm x 25 mm). Upon heating to the isotropic state, a hot melt of PNc4 was fully wetted
between glass plates and kept at 160 °C for 24 hours. After being cooled to 25 °C, the
as-formed [PCc4]F were isolated by washing with methanol (10 mL) to remove the
unreacted PNcs and side products. By a procedure similar to that for “PCcs except heating
at 160 °C for 12 hours under N, metallophthalocyanines were obtained from the mixtures of
PNcs and metal (Zn, Fe, Co, and Cu) oleates (0.5 equiv.). The as-formed [“PCca]‘F,
[FePCc4]F, [€OPCc4]¢F, and [““PCc4]“F were isolated by washing with methanol (10 mL) and
hexane (10 mL) to remove the unreacted PNca, side products, and excessed oleate salts.

Chemical analysis of the reaction mixtures obtained by SF-ASP. A hot melt of PNcs (M
mg) was sandwiched with glass plates upon heating at a certain temperature for 24 hours.
After 10 minutes of sonication, the reaction mixture was completely dissolved in CHCI3 (1.0
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mL), and accordingly, the total concentration of substance was Cy, (g L™!). By SEC analysis
(Supplementary Fig. 3), the unreacted PNcs and PCc4 in the resulting solution were
separated, where the intensity of the signals corresponding to their RI intensity was
determined. By calibrating with the concentration-dependent standard curves
(Supplementary Fig. 4) of PNcs and #PCca, the concentration fractions of unreacted PNc4 and
HPCc4 were estimated to be Cpy (g L) and Cpe. (g L"), respectively (Supplementary Table 1).
Therefore, the weight fractions (%wt.) of the PNc4, /PCcs, and others in the reaction mixture
were evaluated by the following equations (1) — (3):

YoWt.py = (Con/Cy) X 100%
(1)

YoWt.pe = (Coc/Cy) x 100%
)

YoWt.opers = 100%  —  Yowt,y —  Y%wtpe
€)

Sequence control of single-crystalline multi-block fibers obtained by multistep SF-ASP.
Typically, active single-crystalline seeds were prepared by chopping the as-formed ["PCc4]F
or [MPCc4]F for 10 seconds in methanol. The resulting suspension was cast onto a glass
plate coated with a transparent thin film of CYTOP™ and air-dried at 25 °C. This glass
plate was covered with PNcs premixed with/without metal oleates (0.5 equiv.), and the
mixture, which was sandwiched with another glass plate coated by CYTOP™, was heated at
180 °C for 2—4 hours (Supplementary Fig. 14). The single-crystalline fibers were isolated
by washing with hexane (10 mL) and methanol (10 mL), affording the ABA-type of triblock
fibers. By repeating the above procedure using the ABA-type of triblock fibers as active
seeds, the ABCBA-type of multiblock fibers was obtained.

Orientation control of single-crystalline fibers obtained by SF-ASP. Typically, a
mixture of PNcs and DCTH (H'/e™ donor, 0.5 equiv.) was sandwiched with two parallelly
oriented glass plates rubbed in advance by a PTFE rod. After heating at 180 °C for 12 hours,
the as-formed ["PCc4]“F were obtained and aligned parallel to the rubbed direction of PTFE
chains (Fig. 4f, 1). By using a procedure similar to the above condition except using the
single-crystalline KBr plates as substrates®®, the resulting fibers of [#PCc4]F were
orthogonally grid-like crosslinked (Fig. 4f, i1). According to the method reported for the
magnetic orientation®, a heater with a glass cell of PNc4 and its mixtures of Fe(oleate)s and
Co(oleate) (0.5 equiv.) was placed in the bore of a superconducting magnet and then kept at
160 °C for 6 hours. The resulting fibers of [“PCc4]F were obtained and aligned
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perpendicular to the direction of the applied magnetic flux line (Fig. 4g, 1), whereas either

[€°PCc4]F (Fig. 4g, ii) or ["PCcs]F (Fig. 4g, iii) were randomly oriented under the same

conditions.

Data availability

All data that support the findings of this study are available in the main text and the

supplementary information and/or from the corresponding authors on reasonable request.
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Figure 1

Autocatalysis driven by solvent-free supramolecular polymerization. a, Schematic illustration of the
concept of solvent-free autocatalytic supramolecular polymerization (SF-ASP). The target product, if any
is formed, nucleates and initiates supramolecular polymerization via a noncovalent interaction, affording



1D single-crystalline fibers. The cross-sectional fiber edges may certainly preorganize reactive monomers
and efficiently promote their chemical transformation in an autocatalytic manner. Terminal coupling of
fibers to attenuate the autocatalytic process is suppressed due to their sluggish diffusion under solvent-
free conditions. b, Chemical structures of the fan-shaped dithioalkylphthalonitrile (PN) precursors used as
reactive monomers for SF-ASP. ¢, Chemical structures of phthalocyanine (HPC) derivatives (left) and their
metal complexes (MPCs) with Zn, Fe, Co, and Cu (right) obtained by the SF-ASP of PN precursors.
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of SF-ASP. a, Time-dependent absorption spectral changes at 700 nm of the reaction mixtures obtained
by PNC4 (black), PNC5 (green), PNC6 (blue), and PNC4N-Me (red), sandwiched with glass plates upon
heating at 160 °C, where the SF-ASP displayed a sigmoidal time-course feature. b, Weight fractions of
HPCC4 (green bar) and PNC4 (black bar) as well as that of side products (orange bar) formed by the SF-
ASP of PNC4 upon heating at different temperatures for 24 hours. ¢, MALDI-TOF mass spectra of the
reaction mixtures obtained by the SF-ASP of PNC4 (i), PNC6 (ii), and PNC4N-Me (jii) upon heating at 190
°C for 24 hours. d, Optical images of the reaction mixture obtained by the SF-ASP of PNC4 upon heating
at 160 °C (see also Supplementary Video 1). Scale bars, 100 um. e, Optical images of the reaction
mixtures of SF-ASP with PNC5 (i), PNC6 (ii), and PNC4N-Me (jii) after heating at 160 °C for 24 hours.
Scale bars, 100 pm. f, DSC profiles of [HPCC4]CF, [HPCC5]CF, and [HPCC6]CF together with the
corresponding PN derivatives. HPCC4N-Me did not crystallized. Tm denotes melting temperatures, while
nd denotes 'not detected'.



a POM image of as-formed ["PCc4]°F b pxrD pattern of as-formed [HPCc4]CF
obtained by SF-ASP after washing obtained by SF-ASP after washing
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Figure 3

Characterization of [HPCC4]CF obtained by SF-ASP. a, POM image of as-formed [HPCC4]CF by SF-ASP,
after washing with methanol at 25 °C. White arrows represent transmission axes of the polarizer (P) and
analyzer (A). Scale bar, 100 pm. b, PXRD pattern of as-formed [HPCC4]CF by SF-ASP, after washing with
methanol at 25 °C (Miller indices in parentheses) and schematic illustration of its columnar order with a
2D hexagonal geometry. ¢, Through-view 2D SAXS pattern of a single fiber of [HPCC4]CF (inset; scale bar,



100 pm) obtained by SF-ASP, after washing with methanol at 25 °C (Miller indices are in parentheses).
The circle in inset represents the area exposed to an X-ray beam. d, SAED pattern of a single fiber of
[HPCC4]CF obtained by SF-ASP after washing with methanol at 25 °C. The c axis of the crystalline lattice
is parallel to the longer axis of the fiber, while the ab plane is perpendicular to it. e, Polarized FT-IR spectra
at different azimuthal angles (8) from 0° to 90° of a single fiber of [HPCC4]CF (inset; scale bar, 100 pm)
obtained by SF-ASP, after washing with methanol at 25 °C. 0 is defined as 0° when the polarizing direction
of incident light (P) is parallel to the c axis of the crystal. f, Wireframe representation of a possible
structure of [HPCC4]CF, where hydrogen atoms and side chains are omitted for clarity. Red broken lines
denote the H-bonding interaction of the amide units.



@ SF-ASP of PNcs with an oleate [ aap

salt of Zn, Fe, Co or Cu teature

Y
N/

_
L Sandwiched
by glass plates
Heated at 160 °C
PNcs with no solvent L&

[Metal)[PNcs) = 0.5

AbS. 700 v

& _ e 4 40T e |-
(No free-base "PCc+ was detected)

c Multistep SF-ASP of PNc4 with/without oleate salls of Zn, i+, Co, and Cu for block copolymerization
(iii) SF-ASP of PNcs/

(1) SF-ASP of PNcs from [“PCca]F (ii) SF-ASP of PNcs from [“PCea)=F then PNca/Zn from [“PCea)F
o —— e ——
["PCea]F{CPCeu)CF-["PCes]cF [MPCoa]SF{ CPC s JoF-["PCra]F [2PCcq]cF-[F P[P Cea)-
PCcCF-{2PCcCF
(iv) SF-ASP of PNc4/Zn from ["PCes)F (v) SF-ASP of PNc+/Zn from | | (vi) SF-ASP of PNco/Zn from [“PCe.]<F
— - —
[#PPCedCF [P CeuF-[ #PCealcF [ZPP CoalCF-{/ P G |oF-[ P Ca]oF [#PCea]CF-{ CoPCealCF-[ 2P CralCF

(vil) SF-ASP of PNcu/F o from ["PCcalS®  (viii) SF-ASP of PNeo/F = from [#PCcd®  (ix) SF-ASP of PNca/F ¢ from [CPCe.]eF

—
———— — —
[FPCSF{PCeaSF-{ P Ces]cF [P Cea)F2PCea]OF-| P Cs]CF [FPCeaCF{CPCa|OF-[Fof _lcc
d Structural aspects of [PC]5F e Multistep SF-ASP of PNca/PNcs from [/PCJSF[PCeq]CF
[PC*  |Space Group|Columnar Distance| ) [P + PNca @ peceger N +PNa |
[PC)* | PEmm 3.35 nm Branching 3
(Pcege | Pemm 3.66 nm Aty Pactis
[ZPCea]sF PEmm 3.65 nm
[ | i Pemm 3.70 nm l
[CPCcd]°* PEmm 3.60 nm oy
et \
[GPCea]™ PEmMmM 3.63 nm — \— — | 4
f SF-ASP of PNc4 on PTFE and KBr 9 SF-ASP of PNca/f =, PNce/Co, and PNc+ in a 10-T magnetic field
(i) On PTFE (i) On KBr (i) SF-ASP of PN/ (i) SF-ASP of PNco/Co (iii) SF-ASP of PNca

I y1

I) ‘ 1

-

Figure 4

Sequence and orientation controls of single-crystalline fibers obtained by SF-ASP. a, Time-dependent
absorption spectral changes at 700 nm of the reaction mixtures obtained by the SF-ASP of PNC4 in the
presence of the oleate salts of Zn (blue), Fe (orange), Co (purple), and Cu (red) (2:1 mole ratio),
sandwiched with glass plates upon heating at 160 °C. b, Optical images of the reaction mixtures obtained
by the SF-ASP of PNC4 with the oleate salts of Zn (i), Fe (ii), Co (iii), and Cu (iv) upon heating at 160 °C



for 12 hours. Scale bars, 100 um. ¢, Optical images of the reaction mixtures obtained upon heating at 180
°C for 2—-4 hours by the sequential multistep SF-ASP of PNC4 with/without the oleate salts of Zn, Fe, Co,
and Cu, sandwiched with glass plates covered by CYTOP™ thin films. Scale bars, 30 ym. d, Structural
parameters of the single-crystalline fibers based on PXRD data. e, Optical images showing the changes of
the [HPCC3]CF seeds in a hot melt of PNC4 (i) and the [HPCC4]CF seeds in a hot melt of PNC3 (ii) at 180
°C for 4 hours. Scale bars, 50 um. f, Optical images of the reaction mixtures obtained by the SF-ASP of
PNC4 with 1-dodecanethiol (0.5 equiv.), sandwiched with two parallelly oriented PTFE-rubbed glass plates
(i) and single-crystalline KBr plates (ii) after heating at 180 °C for 12 hours. Scale bars, 50 pm. g, Optical
images of the reaction mixtures obtained by the SF-ASP of PNC4 with Fe(oleate)3 (i) or Co(oleate)2 (ii)
and without metal oleates (iii) in a 10-T magnetic field after heating at 160 °C for 6 hours. Scale bars, 50
pum. Black and blue arrows represent the directions of [FePCC4]CF and the magnetic flux line applied,
respectively.
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