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The synthesis of one-dimensional tubular polymers via a
preorganization—polymerization approach is presented. Prior to
polymerization, photo-reactive monomers self-assemble into one-
dimensional tubular structures in aqueous medium. The supramole-
cular polymers are subsequently converted into covalent polymers

by light-induced anthracene dimerization.

The discovery of linear, one-dimensional (1D) polymers by
Staudinger has greatly changed our understanding of the field."
In conventional polymerization methods, the monomers are
usually randomly oriented in solution or bulk during the poly-
merization process. Therefore, the growth of the polymer chains
highly depends on facile access of the active chain ends to the
monomers. Several factors can be detrimental to the reaction
efficiency, such as uneven initiator distribution, ineffective mixing
or poor heat dissipation. The polymerization reaction also tends to
slow down with increasing monomer size due to steric hindrance.
Moreover, undesired backbone branching caused by chain transfer
can pose limitations to the physical properties of polymers.
If the monomers are pre-organized in arrays with suitable
orientation prior to polymerization, many of the above men-
tioned drawbacks can be eliminated. This preorganization-
polymerization (POP) approach has been successfully applied
at the air-water interface to produce two-dimensional (2D)
polymers.>™ Also, 1D and 2D polymers have been synthesized
by POP in solid-state chemistry.>'° Solution-phase POP, however,
has been rarely reported'*® and its use was often limited to cases
in which the monomer preorganization relied on the addition of
external agents.'®* Supramolecular polymerization**® has been
broadly used for the construction of sophisticated objects,”*°
including helical and tubular structures,® ™’ thus providing
a simple and efficient way to preorganized structures. Herein,
we demonstrate a template-free, solution-phase synthesis of
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stable 1D tubular polymers by the POP approach. Building on
the supramolecular polymerization of phosphodiester-linked
aromatic chromophores reported previously,>*° the amphiphilic
1,4-linked anthracene trimer (ANT3) is used as the building block
for self-assembly of 1D tubular supramolecular polymers under
aqueous conditions. The self-assembly requires no template, and
the formed supramolecular tubes are subsequently converted to
covalently linked polymers by UV-induced anthracene dimerization.
The obtained polymers appear as aggregated fibrils of uniform
height.

UV-induced chemical reactions have been widely used in
synthetic chemistry.**** These reactions are usually fast, clean and
easy to control. Therefore, photochemically reactive anthracene
was chosen as the building block for the monomer.*>™° The
synthesis of phosphoramidite 4, which is required for the
preparation of ANT3, is summarized in Scheme 1. The starting
material, 1,4-dibromoanthracene (1), was synthesized by reported
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Scheme 1 Synthetic procedure for ANT3. (a) 4-Pentyn-1-ol, Cul,
Pd(PPhs)4, PPhs, triethylamine, THF, reflux, 61%; (b) DMTC|, triethylamine,
DMAP, dry CH,Cl,, room temperature, 50%; (c) PAMCL, Hunig's base, dry
CH,Cl,, room temperature, 74%.
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procedures from 1,4-diaminoanthraquinone.’®”" The preparation
of ANT3, the monomeric building block used for oligomerization,
was accomplished by solid-phase synthesis. ANT3 consists of
three anthracene units that are linked by alkynyl-phosphodiester
linkers at positions 1 and 4. The product was purified by HPLC
and characterized by mass spectrometry according to reported
procedures (ESIt).

The supramolecular polymerization of ANT3 was conducted in
an aqueous solution (10 mM NaCl and 10 mM phosphate buffer at
pH 7.2) containing 5% v/v ethanol (EtOH). The mixture was heated
to 80 °C and slowly cooled to room temperature over a period of
2 h. UV-vis absorption spectra of ANT3 recorded under different
conditions are shown in Fig. 1a. In EtOH, the typical vibronic band
pattern of anthracene was observed in the 340-430 nm range
with a ratio of $77827" = 1.01. In aqueous solution, this ratio
dropped to 0.87 and a bathochromic shift of 4 nm was observed,
which indicates aromatic stacking.”>>* Furthermore, the overall
intensity of the S, — S; transition dramatically decreased. This
supports that the anthracene units are engaged in n-n stacking in
aqueous solution, a prerequisite for the desired dimerization.
Temperature dependent fluorescence spectra (ESIT) show that
the assembly follows a nucleation/elongation mechanism.>>>*

The emission spectrum (excitation at 390 nm) of ANT3 in
aqueous solution does not show the presence of an anthracene
excimer (Fig. 1b). Compared with the fluorescence spectrum
of ANT3 in EtOH, a large decrease of the intensity is observed,
which is further evidence for the formation of anthracene
aggregates in water.

Photodimerization of anthracene was carried out by irradia-
tion at 366 nm under an argon atmosphere (ESIt). The anthra-
cene absorption decreased over time and no further changes
were observed after 150 min (Fig. 2a). Based on the absorption
change at 395 nm, the monomer consumption was approx. 70%.
The incompleteness of the reaction can be rationalized by the
following model. After ANT3 units are positioned within the
supramolecular polymers (Fig. 2b), two extreme scenarios for
the photopolymerization exist, assuming that there are no non-
linked neighbouring anthracenes (or defects) left after irradiation.
Path 1 (100% dimerization) would obviously leave no unreacted
anthracenes. Path 2, on the other hand, illustrates the minimal
degree of photodimerization: every third consecutive anthracene
remains unreacted, thus leaving the maximum number of isolated
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Fig. 1 UV-vis absorption (a) and fluorescence spectra (b) of 2 and ANT3
in EtOH, and ANT3 in aqueous buffer (10 mM sodium chloride, 10 mM
sodium phosphate at pH = 7.2, with 5% v/v EtOH); concentrations: 2
(3 uM), ANT3 (1 uM).
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Fig. 2 (a) Monitoring of anthracene dimerization within supramolecular
polymers by changes in the UV-vis absorption. Inset: Anthracene absorp-
tion continuously decreases over time until a minimum value is reached
after 150 min. For conditions, see Fig. 1. (b) Illustration of two extreme
reaction pathways leading to covalent linear polymers. Assuming that
defects (i.e. non-linked anthracene neighbors) are absent, paths 1 and 2
represent the theoretical maximum (100%) and the required minimum
(67%) of the dimerization degree in the polymer chain.

anthracenes incapable of further reaction. This scenario leads to a
67% dimerization degree, which, although not complete, results in
a complete linkage of neighbouring ANT3 units in the supramo-
lecular chain. Thus, any anthracene consumption equal to or
higher than 67% indicates a complete conversion of a supra-
molecular chain into a covalent polymer. The experimentally
observed value of 70% lies close to the theoretical value of path
2, suggesting that approximately one-third of the anthracenes
remains unreacted during the dimerization reaction.

The samples before and after UV irradiation were examined
by tapping-mode AFM experiments after deposition on 3-amino-
propyltriethoxy silane-modified mica. Typical images are shown
in Fig. 3. Before UV irradiation, ANT3 forms 1D supramolecular
polymers (1D-SP) in aqueous solution. The SPs appear as aggre-
gated fibrils with a uniform height of ~4 nm (Fig. 3a). In 90%
EtOH, ANT3 is completely dissolved and no aggregates are
observed. No significant changes in the appearance of the
polymers are observed after conversion of the 1D-SPs into 1D
polymers (1DP) by covalent linking in water (Fig. 3c). This is not
surprising because the aggregates are expected to retain their
overall shape regardless of the formation of covalent bonds.
However, transferring the polymers into 90% ethanol leads to
substantial morphological changes. As shown in Fig. 3d, the
polymers form extended aggregates, in which single 1DPs in the
micrometer range are clearly visible. This confirms a highly
efficient conversion of 1D-SP into 1DP via anthracene dimeriza-
tion because non-covalently linked units would disassemble in
ethanol leading to fragmentation of the chains.
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Fig. 3 AFM images of ANT3 polymers. Before irradiation: (a) 1D-SPs
formed by ANT3 self-assembly in water. (b) No aggregates are formed in
EtOH. After irradiation: (c) 1DP in water. (d) Aggregated 1DP in EtOH.

Based on the proposed interdigitated model (see above, Fig. 2b),
the polymers should have a nominal height of ~2 nm, corres-
ponding to the dimensions of ANT3 as illustrated in Fig. 4. The
experimentally determined height of 4 nm accounts for a double
layer, which indicates that the polymers exist as nanotubes in
solution and, after deposition on mica, are observed as collapsed,
double layered objects. Even though we cannot rule out alternative
assembly pathways, the tubular structures are best rationalized®"*>
by a helical arrangement of the interdigitated ANT3 polymers.
The wall of the helical tube possesses a sandwich-type structure.
The middle hydrophobic anthracene layer is well shielded from the
solvent by the two surrounding hydrophilic layers.

The tubular shape of both supramolecular and covalent
polymers is further confirmed by TEM experiments (Fig. 5 and
ESIY). The width of the flattened tubular 1D-SP was measured to
be 12-13 nm. According to the proposed helical structure, this
translates into approximately 25 ANT3 units constituting one
turn of the helix. Assuming the pitch is 1 nm, polymers with a
length of 1 um consist of 2.5 x 10" ANT3 units (see the ESIt for
detailed calculations).

In conclusion, the synthesis of a linear polymer using a
novel solution-phase POP approach has been described. AFM
and TEM experiments unambiguously confirmed the formation
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Cross-sectional view
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Fig. 4 (a) lllustration of a tubular structure formed by helical arrangement
of polymerized ANT3. Middle: AFM image of a single polymer. Left and
right: Cross-section and side view of the tube. (b) Adsorption on mica
leads to the collapse of the tube and formation of a double layered
structure (4 nm).

Fig. 5 (a) TEM image of 1D-SP obtained from aqueous solution. (b) Selected
area from (a) recorded with higher resolution (width of the tube = 12—13 nm).
(c) and (d): TEM images of 1DP obtained from aqueous solution. Conditions:
10 mM sodium chloride, 10 mM sodium phosphate at pH = 7.2, with
5% EtOH; ANT3 concentrations: 0.1 pM.

of one-dimensional supramolecular polymers, as well as their
subsequent internal linking via covalent bond formation. The
polymers appear as aggregated fibrils with a length of up to
several micrometers. We propose a tubular structure for both
supramolecular and covalent polymers. The combination of
monomer preorganization and light-induced covalent linkage
avoids common drawbacks (e.g. requirement for an initiator
or a catalyst; branch formation) inherently associated with
conventional bulk or solution-phase polymerization. This method
may serve as a general way to prepare other types of polymers with
different structures and functionalities.
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(Grant 200020_149148). Transmission Electron Microscopy was
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