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One of the main challenges in the field of supramolecular
chemistry is creating adaptive systems, whose structure and function
can be reversibly controlled in situ.1 Solution-phase self-assembly
of nanoscale systems built from stacked aromatic molecules bear
great potential for creation of functional arrays.2 It can be envisaged
that in such systems charging of an aromatic primary building block
will alter both morphology and function. Furthermore, reversible
charging can result in turning on and off different structure/function
modes based on a single molecular system. Herein we report on
self-assembled photofunctional fibers, in which interactions between
aromatic monomers can be attenuated through their reduction to
anionic species that causes fiber fission. Oxidation with air restores
the fibers. The sequence represents reversible supramolecular
depolymerization-polymerization in situ and is accompanied by a
reversible switching of photofunction.

To create a self-assembling motif based on hydrophobic interac-
tions, we prepared amphiphilic compound 1 that has a large rigid
aromatic core constructed from two strongly hydrophobic perylene
diimide (PDI) units. The latter were functionalized with hydrophilic
polyethylene glycol (PEG) groups (see Supporting Information for
synthesis and characterization of 1). PDIs are widely utilized dyes,
and PDI-based systems have been shown to self-assemble in various
media due to π-stacking.2,3 PDI reduction in water gives stable
radical anion and dianion species that can be converted to neutral
PDI upon exposure to air,4 allowing for reversible charging of PDI
units.

In a water/THF mixture (4:1, v/v) compound 1 self-assembles
into long fibers as evidenced by cryogenic transmission electron
microscopy (cryo-TEM) (Figure 1). The fibers show a ribbonlike
structure, and the fiber twisting from a narrow high-contrast edge
(3.1 ( 0.4 nm) to a wider low-contrast face (8.8 ( 1.1 nm) is
observed (Figure 1, black arrows). The length of the fibers reaches
several micrometers. Occasional tightly packed domains of aligned
fibers show fiber-to-fiber spacings of 9.7 ( 0.7 nm (Figure 1A,
blue arrows), which correspond to a high-contrast ordered aromatic
core (responsible for fiber images in cryo-TEM) and low-contrast
solvated PEGs (interfiber area). Notably, individual fibers show a
segmented, “necklace” structure (Figure 1C inset and Figure S5).
Such hierarchical structures with a segmented core are rare,5,6 they

were suggested to occur due to kinetic trapping.5 Kinetically trapped
wormlike structures assembled from disklike block copolymer
micelles in water/THF mixtures have recently been observed.6

Notably, the 1.8-nm segment periodicity (segment height of 1.2
nm and the low contrast intersegment spacing of 0.6 nm) is almost
identical throughout all structures and corresponds well to the PDI
dimensions. The possible molecular model is given in Figure 1D.

To corroborate cryo-TEM results, we performed a solution-phase
small-angle X-ray scattering (SAXS) study on the self-assembled
fibers of 1 using a high-flux synchrotron source. SAXS shows a
pattern typical for rodlike structures (Figure S7).7 The analysis of
SAXS data (Figures S8-11) gives a radius of gyration Rg ) 113
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Figure 1. (A-C): Cryo-TEM images of 1 in water/THF mixture (4:1, v/v),
1 × 10-3 M. (A) Neutral system: black arrows, fiber twists; blue arrows,
ordered domains. (B) Reduced system (the feature in the lower left part is
due to a crack in the vitrified solvent). (C) The system after reduction,
followed by oxidation with air. See Figure S5 for enlarged images. (D)
Model of two fiber segments (molecular mechanics optimization, MM2 force
field). From top to bottom: fiber cross-section, face, and edge (the latter is
given at a larger scale) views. Hydrogen atoms (all structures) and PEG
chains (bottom structure) were omitted for clarity. Enlarged model is given
in Figure S12. The size of the PDI aromatic unit (N-N distance) is 1.2
nm, the intersegment distance is 0.6 nm. The intersegment space is filled
with the ethylpropyl groups attached to the imide nitrogens.
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nm, cross-section diameter of 8.2 nm, persistence length of 27 nm,
and contour length of 1.5 µm, in agreement with cryo-TEM.

Rheological measurements (Figures 2, S3) of 1 in water/THF
solution reveal shear thinning behavior, characteristic of linear
polymers and wormlike micelles whose chains become untangled
and oriented by flow.7 Furthermore, distinctive switching of
viscosity regimes upon increase in concentration (Figure 2) indicates
the entanglement onset at ∼10-3 M. UV-vis spectra of 1 in water/
THF solution show a significant red shift in the PDI absorption in
comparison to 1 in a disaggregated state (Figure 2), indicative of
slipped stack formation (J-aggregates).3

Reduction of 1 in water/THF solution (8:2, v/v) with 10 equiv
of sodium dithionite results in color change from green to blue,
accompanied by a dramatic viscosity drop (Figure 2), indicating
polymer fission. The fission is evidenced by cryo-TEM (Figure 1),
revealing formation of spherical micelles, 8.3 ( 1.7 nm in diameter.
The reduced system was not sufficiently stable for SAXS studies.
The reduced 1 gives rise to a broad absorption peak (450-700 nm)
in UV-vis spectra, while EPR shows the presence of paramagnetic
species (Figure S2). Electrochemistry of 1 in water/THF solution
(Figure S3) reveals four one-electron reductions (-0.39, -0.52,
-0.77, and -1.52 V vs SCE), as expected for accommodation of
two electrons by each PDI unit.4 As sodium dithionite redox power
does not allow reduction at potentials more negative than ca. -1.0
V, it appears that 1 can be reduced to anionic states not exceeding
trianion. The reduced 1 is stable for days when kept under inert
atmosphere and protected from light. Upon exposure to air the
reduced system is oxidized to neutral 1 within 1 h, restoring the
supramolecular polymeric fibers as evidenced by cryo-TEM (Figure
1), and UV-vis (identical to the neutral system). The fibers retain
a ribbonlike segmented structure, with high contrast width of 3.1
( 0.3 nm, and lower contrast width of 9.1 ( 1.1 nm (Figure 1).
The reduction/oxidation cycle can be repeated at least three times.

The apparent depolymerization of the fibers upon reduction is
due to enhanced solvation of the anionic species and their mutual
repulsion. Interestingly, air can be used to reverse the process.
Oxygen-induced supramolecular polymerization is without prece-
dent, bearing potential for a variety of applications. Evidently,
orthogonal self-assembly propensities of the reduced and neutral
PDIs make them advantageous building blocks for tunable multi-
functional supramolecular systems.

As the fibers can undergo reversible fission, accompanied by a
significant change in electronic properties, photofunction switching
should be possible. Our preliminary femtosecond transient absorp-
tion studies reveal that in the neutral fibers the PDI excited-state
peak shows mutiexponential decay with time constants of 0.3, 4,
and 300 ps (Figure S4). The contribution of the fast processes (0.3
and 4 ps) is dependent on the laser power, indicating that exciton
annihilation takes place. This is typical of dye aggregates, where a
high photon flux of a laser pulse causes multiple excitations enabling
annihilation processes. It is a result of good exciton mobility in
dye assemblies, creating a basis for light harvesting.2 Disaggregated
1 (chloroform solution) does not show power-dependent behavior.
Unlike the neutral fibers, the reduced form of 1 decomposes under
laser light, most probably due to formation of highly energetic
photoexcited anionic species. The fiber exciton dynamics is restored
by oxidation with air. Thus, the fiber photofunction can be turned
off and on using the reduction/oxidation sequence. Studies on the
mechanism of the exciton relaxation and motion in the self-
assembled 1 are currently underway.

In conclusion, we have prepared a novel photofunctional
supramolecular polymer based on hydrophobic interactions. We
have demonstrated that in situ control over hydrophobic self-
assembly and photofunction of aromatic building blocks can be
achieved through the reversible charging of aromatic systems. The
latter allows for assembly/disassembly sequence akin to reversible
depolymerization. We envisage that this methodology can be useful
for the creation of adaptive multifunctional supramolecular systems.
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Figure 2. (Left) Concentration dependence of viscosity of 1 in water/THF
(4:1) solution. Consistency coefficient K is obtained from the standard power
law for shear dependent polymer solutions: τ ) Kθn where τ is shear stress,
θ is shear rate, and K is a measure of viscosity independent of the shear
rate. (Inset) An example of viscosity decrease upon reduction. Upon
oxidation, viscosity returns to the initial levels. (Right) Normalized UV-vis
spectra of disaggregated 1 in chloroform (red line) and self-assembled 1 in
water/THF (4:1) solution (green line).
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