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ABSTRACT

This study reports the synthesis and solution self-assembly of a bis(urea) derivative decorated with
a poly(ethylene oxide) chain and an electroactive tetrathiafulvalene (TTF) unit, into oxidation-
sensitive supramolecular nanocylinders. As evidenced by cryo-transmission electron microscopy
and light scattering experiments, the preparation pathway has a strong influence on the

morphology and characteristics of the self-assembled structures, proving their frozen (out-of-



equilibrium) nature. The targeted supramolecular nanocylinders could be obtained both in aqueous
medium and acetonitrile. In water, TTF can be chemically oxidized to TTF™ by Fe(lll), resulting
in a very moderate disassembly of the supramolecular nanocylinders. On the contrary, TTF can be
oxidized up to TTF?" with the same oxidant in acetonitrile, leading to an almost complete
disassembly of the nanocylinders. Oxidation of TTF eventually leads to its degradation in both
solvents, even in the absence of oxygen and light. This paper shows that oxidation-sensitive
supramolecular nanocylinders can be prepared in acetonitrile by combining bis(urea) and TTF

units to a polymer.

Introduction

The design of 1D nanoparticles by supramolecular self-assembly of small building blocks has
been the subject of growing interest.*> Among these self-assemblies, supramolecular polymer
bottlebrushes represent an emerging and promising field of research.* Such supramolecular
structures result from the directional self-assembly in solution of polymers into nanocylinders
decorated by polymer side-chains. The latter protect the one-dimensional structures from lateral
aggregation, resulting in isolated nanocylinders in solution. The anisotropic character of isolated
polymer nanocylinders makes them relevant for varied applications:*® drug delivery,®2?°
synthesis of mesoporous inorganic materials,?* catalysis,??> organic electronics,?® or emulsion
stabilization.?* Imparting stimuli-responsiveness to supramolecular nanocylinders may allow their
disassembly after use, which can be critical to reach reversibly-controlled systems. For example,
a reversible destabilisation of an emulsion can be conducted in order to recover the products of a

reaction.®



In principle stimuli-responsive polymer nanocylinders can be prepared via the self-assembly of
amphiphilic block copolymers.?5-32 However, this approach presents several limitations. First,
cylindrical micelles are thermodynamically stable in a very limited compositional window of the
blocks,?%% making their preparation less accessible in comparison to spherical micelles.?® Second,
many amphiphilic block copolymers form out-of-equilibrium (frozen) structures in solution® so
that cylindrical structures are not necessarily obtained even when they are thermodynamically
expected.?®3%3° Finally, with amphiphilic copolymers, morphological transitions always rely on a
response of the polymer blocks to a stimulus (pH, T, light, redox...). This strategy therefore
depends on the chemical nature of the polymer and lacks versatility.

An emerging alternative for the design of supramolecular nanocylinders based on polymers has
recently been reviewed by Brendel and coworkers.* It relies on directional interactions such as 7-
stacking, or more frequently hydrogen bonds, which drive the formation of 1D assemblies. Strong
and cooperative hydrogen bonding assembling units, such as Cs-symmetric, linear or cyclic
oligopeptides, ureidopyrimidinone, squaramides and urea units are necessary to promote the
formation of long nanocylinders in spite of the steric hindrance caused by the polymer chains.
With this strategy, cylindrical particles can be formed irrespective of the length of the polymer
chains, making this approach more versatile than using amphiphilic block copolymers.®®3” To date,
different attempts to design stimuli-responsive supramolecular polymer nanoparticles based on
hydrogen bonding units have been reported.®*° To the best of our knowledge, all reports have
been obtained with polymers bearing linear or cyclic peptides, leading to supramolecular
bottlebrush polymers responsive to pH,3%404344 reduction,*>4® oxidation,* temperature,*° or host-
guest interactions.*” In most examples, the responsiveness of the supramolecular structures is due

to the sensitivity of the polymer arms to stimuli: pH sensitive polymers can be charged, resulting



in repulsive interactions which disrupt the assemblies,*>4%*3 while temperature-sensitive polymers
can be made hydrophobic, resulting in aggregation of nanocylinders into micrometric particles.*°
The latter examples are therefore also polymer-dependent. Only three examples rely on stimulation
of the self-assembling units to prepare responsive supramolecular bottlebrushes. Otter et al.
demonstrated that pH-sensitive supramolecular nanocylinders based on oligopeptides can be
disassembled through the creation of charges within the self-assembling unit, resulting in
electrostatic repulsions.***° Song et al. developed cyclic oligopeptides decorated with two phenyl
rings.*” Complexation of the latter by cucurbituril cumbersome cages increases steric hindrance
and elegantly disrupts the self-assemblies. Otter et al.*® recently reported the only example of
oxidation-sensitive supramolecular bottlebrushes. Here, the disruption of the nanocylinders into
small spheres is triggered by enzyme-mediated oxidation of the thioether functions constituting
the assembling unit.

Considering the potential of stimuli responsive supramolecular nanocylinders, we investigated
another redox-responsive assembling unit consisting of a bis(urea) (Uz2) moiety as a strong
cooperative hydrogen bonding motif,>° connected to a redox responsive tetrathiafulvalene (TTF)
unit.> This choice presents several advantages compared to the system developed by Otter et al.
First, TTF can in principle be reversibly oxidized to two different states: the radical cation TTF™
and the dication TTF?* 2 Moreover, TTF, TTF"" and TTF?* exhibit different colors, allowing to
monitor their formation by direct visual observation or UV-visible absorption spectroscopy.
Finally, TTF constitutes a planar electron rich unit that readily forms charge transfer complexes
with electron withdrawing moieties, which could be of interest for future studies. In particular, we
recently successfully prepared homogeneous®® and Janus® supramolecular bottlebrush polymers

in aqueous medium using hydrophilic polymer chains decorated with a bis(urea) fragment and



either electron acceptor (naphthalene diimide) or donor (dialkoxynaphthalene) units. Replacing
the latter by TTF may result into redox-responsive Janus nanocylinders which could be very
efficient smart emulsion stabilizers. Finally, it has to be noted that TTF was already successfully
used to design redox-responsive molecular organogelators®>—8 or isotropic polymer particles>®*°
but never in redox-responsive supramolecular bottlebrushes.

To investigate the concept, a hydrophilic poly(ethylene) oxide (PEO) polymer was therefore

functionalized by the combination of a TTF and a bis(urea) unit, yielding PEO-TTF-U2 (Scheme

1).
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Scheme 1. Chemical structure of PEO-TTF-U>

Results and discussion

1. Synthesis of PEO-TTF-U2

The multifunctional polymer PEO-TTF-U2 was synthesized from a new TTF derivative (1,
Scheme 2). The latter was obtained by the desymmetrization of the bis(2-cyanoethylsulfanyl)
tetrathiafulvalene (c, S, section 1.2),%! via selective deprotection of a thiolate function with cesium
hydroxide monohydrate (1 equiv.) in DMF and subsequent nucleophilic substitution on N-(3-
bromopropyl)phthalimide (Scheme 2). Intermediate 1 was obtained in 44% yield after purification
by silica gel chromatography. The remaining thiolate function of 1 was subsequently deprotected
in order to proceed to the TTF functionalization with mesylated-PEO (d, SI, section 1.2, M, =

2000 g/mol, B = 1.1), leading to 2. Note that 1 was used in a 1:0.33 ratio compared to mesylated-



PEOQ in order to limit the amount of non-functional polymer chains. 2 was moreover purified by
preparative SEC working in recycling conditions to get rid of impurities (SI, section 1.2).
Hydrazinolysis of the phthalimide group of 2 was then performed, yielding the amine-terminated
polymer 3. The latter was eventually used to prepare the targeted redox-active bis(urea) polymer

PEO-TTF-U2 with an overall yield of 19%, through reaction with isocyanate intermediate 4.
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Scheme 2. Synthesis of the target polymer PEO-TTF-U2

2. Self-assembly and oxidation sensitivity of PEO-TTF-U: in aqueous medium

The self-assembly of PEO-TTF-U2 was first investigated in aqueous medium by directly
dispersing the polymer in water. The corresponding suspensions were studied by cryoTEM
analysis and light scattering, which revealed the formation of small and weakly aggregated

monodisperse spherical particles (Rn = 7 nm and Nagg = 44) instead of the targeted one-dimensional



assemblies (see Sl, section 2.3.1). A second preparation pathway, deemed "DMSO-route" 245354
was therefore attempted: PEO-TTF-U2 was dissolved in DMSO, a strong hydrogen bond
competitor which favors its unimer state, and water was slowly added to reach a water/DMSO
content of 99/1 (v/v) (see Sl, section 2.2). CryoTEM experiments revealed that this method mainly
leads to the formation of nanocylinders (Figure 1a), as well as a small amount of spheres. The
nanocylinders exhibit a polydisperse length of several hundreds of nanometers and a monodisperse
diameter of ca. 10 nm. Additional characterization by static (Figure 2) and dynamic light
scattering experiments yielded the following characteristics for the nanocylinders: Nagg = 340, Rq
~ 60 nm, Rn = 24 nm. The values of Ry and Ry faithfully represent the characteristics of the
nanocylinders in spite of the presence of spheres whose contribution to these parameters is
negligible. The large value of Rg/Rn = 3 is consistent with the formation of anisotropic particles.
The value of Nagg must be considered as a lower estimate of the aggregation number of the
nanocylinders because of the presence of spheres (see Sl section 2.3.2 for details).

The strong influence of the preparation pathway (*'direct dispersion in water" vs. "DMSO-route™)
on the characteristics of the assemblies reveals that the particles formed by PEO-TTF-U: are out-
of-equilibrium (frozen) in aqueous medium. Nevertheless, according to light scattering,
nanocylinders can be prepared reproducibly with the "DMSO-route” and are stable. Indeed, the
characteristics of PEO-TTF-Uz nanocylinders prepared following the "DMSO route” did not
evolve between 24 h and 1 month (Figure S18). Moreover, independent preparations yielded fairly

reproducible results (Figure S19).



Figure 1. CryoTEM of particles formed by PEO-TTF-U2 with the "DMSO-route™ (water/DMSO

=99/1 viv, C = 1 g.L?) a) before oxidation, revealing long nanocylinders and a few nanospheres



(indicated by arrows) and b) after oxidation with Fe3* (100 equiv.), showing that nanocylinders
are still present but that the proportion of spheres (some of which are indicated by arrows) strongly

increased. Additional pictures are shown on Figure S21.
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Figure 2. a) Angular dependency of the apparent molar mass of PEO-TTF-Uz2 self-assemblies

(0.5 g.L™ prepared via the "DMSO-route") in water/DMSO (99/1 v/v) before and after oxidation



with Fe**. b) Same data after shifting the curve corresponding to 100 eq. of Fe3* vertically by a

factor 1.6 to facilitate comparison.

The ability of TTF to be oxidized in TTF" or TTF?* was exploited to trigger the disassembly of
the nanocylinders. To this end, the chemical oxidation of the PEO-TTF-U2 dispersions in
water/DMSO (99/1) was performed using iron (111) perchlorate Fe(ClO4)s and monitored by UV-
visible absorption spectroscopy.>® Many anions being known as hydrogen bond competitors,? we
first checked that the perchlorate counter-ion ClO4 did not impact the self-assembly process of
PEO-TTF-U.. Light scattering revealed no effect on the nanocylinders prepared by the "DMSO-
route” (0.5 g/L) with 0.1 M LiClOg4, corresponding to about 400 equivalents of ClO4 relative to
the bis(urea) units (Figure S23). When one equivalent of Fe3* was added to the solution of PEO-
TTF-U2 in water/DMSO 99/1, the characteristic absorption bands of TTF™" were surprisingly not
observed. However, adding 10 or 100 equivalents at once led to the appearance of the characteristic
absorption bands of TTF* (420 and 650 nm) and its corresponding radical cation dimer (TTF™),
(850 nm) (Figure 3a).5® These absorption bands proved to gradually vanish (the absorbance at
420, 650 and 850 nm was roughly halved within 1 h and absent after 20 h, Figure 3b). Since Adeel
et al. reported the photoreduction of TTF™ in water,5 these experiments were repeated in
anaerobic and dark conditions, affording the same results. Furthermore, adding Fe* to the
corresponding solutions did not allow for observing the reappearance of the typical radical cation
absorption bands, confirming that the time evolution of the UV-visible absorption spectra (Figure
3b) is not caused by a reduction of TTF™" back to the TTF neutral state, but by its degradation. To
assess the potential role of DMSO in this singular situation, oxidation experiments were also
performed with PEO-TTF-U2 in pure water (in the dark and absence of dioxygen) and gave similar

results, showing that DMSO is not responsible for the degradation of TTF" (Figure S24).

10



Altogether, these observations reveal the instability of this radical cation in water and show this
behaviour is not related to DMSO, light and/or dioxygen. Neither the origin of this phenomenon
(specific chemical structure of PEO-TTF-U2, self-assembly...) nor its mechanism (gradual
conversion of TTF* into TTF?* which is known to rapidly degrade in water® or intrinsic instability
of TTF" in these conditions) are known. To our knowledge, such a behaviour has never been
documented in the literature.

In view of these results, it seems reasonable to state that the rate of TTF™ formation increases
with the number of Fe(l1l) equivalents and that using only one equivalent of Fe(ll1), the formation
of TTF " is slow in comparison to the rate of degradation. This may explain why TTF™" was not
detectable by UV-visible absorption spectroscopy when adding one equivalent of Fe(lll). On the
contrary, with 10 or 100 equivalents of Fe(lll), the TTF'* concentration appears higher, which

suggests it is formed sufficiently rapidly to be observed before it degrades.
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Figure 3. a) UV-visible absorption spectra of PEO-TTF-U2 dispersions (C = 0.5 g.L™?) in
water/DMSO (99/1) before oxidation (0 equivalent of Fe*) and right after (< 1 min) the addition
of 1, 10 and 100 equivalents of Fe®*. b) UV-visible absorption spectra of PEO-TTF-Uz (0.5 g.L-
1Y in water/DMSO (99/1) before oxidation (without oxidant) as a function of time after the addition

of 10 equivalents of Fe*".

The impact of the chemical oxidation of TTF on the self-assemblies of PEO-TTF-U: in
water/DMSO (99/1 v/v) was then investigated. No alteration of the self-assemblies was noticed by
light scattering with 10 equivalents of Fe*" in spite of the formation of TTF™* (Figure 2). With 100
equivalents of Fe3*, a decrease by a factor of 1.6 (40%) of the scattered intensity at low q was
observed, indicating that the concentration and/or length of the nanocylinders slightly decreases.
Further interpretation of the SLS and DLS data and additional cryoTEM experiments were
necessary to conclude. First, cryoTEM analysis reveals that the proportion of spheres strongly

increases in the presence of 100 eq. of Fe3* (Figure 1b), indicating that part of the nanocylinders

12



have been disassembled into smaller spherical particles although many long nanocylinders are still
present. Second, the relaxation function measured by DLS hardly changes before and after
oxidation (Figure S25), implying that the dimensions of the largest particles (nanocylinders),
which dominate the scattering signal, are hardly affected. Third, after shifting vertically the SLS
data with 100 eq. of Fe®* to facilitate comparison (Figure 2b), a slight decrease of the slope of
Mapp = f(q) seems to be observed with 100 eq. of Fe®*, which is compatible with the presence of a
larger proportion of spheres (which exhibit no angular dependency given their size) in the solution.

Overall, these data indicate that oxidation of TTF into TTF"* using 100 eq. of Fe3* does lead to
the destruction of some nanocylinders into small spheres. However, most nanocylinders (60%)
remain unaffected in spite of the huge amount of Fe3* used. With 10 eq. of Fe**, which is already
a very significant amount, the nanocylinders are not affected at all. To summarize, the PEO-TTF-
U2 nanocylinders are not very sensitive to oxidation in agueous medium. Different phenomena
may explain this behaviour: 1) we expected that upon the generation of positive charges (TTF",
TTF?*) in the nanocylinders, ion pairing effects between the oxidized TTF species and anions
(CIO4) would lead to rearrangements of the supramolecular structures, making the latter more
prone to dissociate. Such a behaviour was not observed in the case of PEO-TTF-U2-based
nanocylinders, which could notably result from attractive radical cation dimerization between
electroactive TTF™" units;®> 2) the frozen (out-of-equilibrium) character of the nanocylinders in
water prevents them from reorganizing whatever their redox state; 3) the degradation of oxidized
species produces species that do not promote dissociation and occurs more rapidly than the time

needed for the nanocylinders to disassemble.

3. Self-assembly and redox-sensitivity of PEO-TTF-Uz in acetonitrile
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Given the difficulties encountered in water, acetonitrile appeared as a valuable alternative, since
1) it is an organic solvent that efficiently solvates ion pairs such as Fe(ClO4); and does not
constitute a hydrogen bond competitor (Hansen solubility parameters 84 (CH3CN) = 6.1 MPa'’?; 8y
(H20) = 42.3 MPa*?)%7; 2) polyethylene glycol derivatives generally display a good solubility in
this solvent; 3) TTF* radical cations are relatively stable in this solvent,®®and 4) TTF?* can usually
readily be obtained in this solvent contrary to water.®® Attempts to prepare supramolecular
nanocylinders either by direct dispersion of PEO-TTF-Uz2 in acetonitrile or by first dissolving the
polymer in DMSO and then slowly adding acetonitrile resulted in the formation of very large and
ill-defined fractal aggregates (Figure S26). The nanocylinders successfully prepared in agueous
medium with the "DMSO-route™ were therefore transferred into acetonitrile after dialysis and
freeze drying (see Sl, section 2.3.3.). It was verified that the particles transferred in this way had
the same characteristics as those initially formed in water/DMSO (Figure S27), again indicating

the frozen character of the particles even in ACN.
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Figure 4. a) UV-visible absorption spectra of PEO-TTF-U2 dispersions at C = 0.5 g.L? in ACN
(nanocylinders transferred from the water/DMSO 99/1 v/v solution, see Sl section 2.3.3.) before
oxidation (0 equivalent Fe**) and right after (< 1 min) the addition of 1 or 10 equivalents of Fe3*.
b) UV-visible absorption spectra of PEO-TTF-U: (0.5 g.L'!) in ACN before oxidation (without

oxidant) and for different times after the addition of 1 equivalent of Fe’*. ¢) UV-visible absorption
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spectra of PEO-TTF-Uz (0.5 g.L'!) in ACN before oxidation (without oxidant) and for different

times after the addition of 10 equivalents of Fe**.
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Figure 5. a) Angular dependency of the apparent molar mass of PEO-TTF-U: dispersions at C =

0.5 g.L 't in ACN (nanocylinders transferred from the water/DMSO 99/1 v/v solution, see SI
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section 2.3.3.) before oxidation (0 equivalent Fe®*) and right after (< 1 min) the addition of 1 or 10
equivalents of Fe**. b) Same data after shifting the curves vertically by a factor 4 or 20 respectively

for 1 or 10 eq. of Fe*" to facilitate comparison.

The oxidation of the dispersed PEO-TTF-U2 nanocylinders in acetonitrile was carried out with
1 or 10 equivalents of Fe(ClOa4)s. With 1 equivalent of oxidant, the characteristic absorption bands
of TTF* (450 and 700 nm) appeared (Figure 4a). One will also note that radical cation dimers
(Amax(CH3CN) = 780 nm)® were not observed and therefore, cannot contribute to the stability of
the nanostructures. Degradation of TTF™" also occurred in this solvent (even in the dark and
absence of oxygen. The characteristic absorption bands of TTF™" only slightly decreased within
2 h, but had fully disappeared after 24 h, Figure 4b). The corresponding samples were studied by
light scattering revealing that the scattered intensity was divided by a factor 4 (Figure 5).

With 10 equivalents of oxidant, TTF?* was formed (Figure 4a, Amax(TTF?*) = 550 nm),®® which
was not possible in water. Although this oxidized form was not stable either (it fully degraded
within less than one hour, see Figure 4c, and the degraded species could not be reoxidized), its
generation had a dramatic effect on the assemblies: the scattered intensity was divided by a factor
20, reaching 5% of its initial value (Figure 5). Neither the g-dependency of the scattered intensity
(Figure 5b) nor the hydrodynamic radius (Figure S28) seem to be strongly affected upon
oxidation with 10 eq. of Fe3*, suggesting that the dimension of the largest particles hardly changes.
We note that this result must be considered with care since the raw scattered intensity after
oxidation with 10 eq. of Fe** was extremely low (only 10 times as much as the solvent), rendering
the measurement less accurate. These results still undoubtedly imply that most of the
nanocylinders (95% in weight) are disassembled into smaller aggregates upon oxidation, too small

to contribute significantly to the scattered intensity, or into unimers. It seems that a few
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nanocylinders with hardly affected dimensions are still present in solution. Considering that TTF?*
rapidly and irreversibly degrades, it was not possible to determine whether the very efficient
disassembly of the supramolecular nanocylinders in the presence of 10 equivalents of Fe3* was
caused by the formation of TTF?* and/or its degraded state. The irreversible disassembly was
however triggered by oxidation since the nanocylinders are highly stable when TTF is neutral.

In water/DMSO (99/1 v/v), 10 equivalents of oxidant had absolutely no effect on the self-
assemblies and adding 100 equivalents only led to a 40% decrease of the scattered intensity. In
comparison, the results in acetonitrile are quite impressive. Among the hypotheses mentioned in
the previous section, the frozen character of the assemblies cannot explain alone the quasi-
insensitivity of PEO-TTF-U: self-assemblies to oxidation in water/DMSO (99/1 v/v) since the
self-assemblies are also frozen in ACN. Now, the formation of TTF™" disturbs much more the self-
assemblies in ACN than in water/DMSO (99/1 v/v), suggesting that the nanocylinders are less
robust in the organic solvent and that solvophobic effects play a key role. Finally, it is clear that
TTF?* and/or its degraded form disrupt much more efficiently the assemblies, leading to an almost

complete disassembly of the nanocylinders.

Conclusion

We successfully synthesized the bis(urea) derivative PEO-TTF-U2, which combines a
polyethylene oxide chain, an electroactive tetrathiafulvalene moiety and a hydrogen-bonding
bis(urea) unit. Nanocylinders can be self-assembled from PEO-TTF-Uz, both in water and
acetonitrile. Their oxidation-triggered dissociation was tested and proved to be weak in aqueous
medium, even with 100 equivalents of oxidant. Remarkably, in acetonitrile the supramolecular

nanocylinders can be almost fully disassembled (95%) upon oxidation of TTF into TTF?",
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providing the first example of a chemically-induced (Fe** addition) disassembly of supramolecular
nanocylinders. The disassembly is not reversible because of the degradation of TTF*" and TTF?*,
the latter being quite surprising in acetonitrile since those species are usually reported to be rather
stable in organic solvent in the absence of oxygen and light. This intriguing last result must either
originate from the supramolecular structure or from the chemical structure of the TTF and deserves
deeper investigation. Eventually, this study constitutes a first step towards redox-sensitive
supramolecular nanocylinders which are promising for varied applications, notably in the field of

drug delivery or stimuli-responsive emulsions.
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