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Abstract We reported a type of strong and highly directional non-covalent interactions based on the dimerization of single-stranded helix
to double-stranded helix that can achieve supramolecular polymerization, giving rise to the formation of linear supramolecular polymers.
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Supramolecular polymers consist of repeating monomers
bound through non-covalent interactions, such as
host-guest!'~), multiple hydrogen bonding!®!3, -z 6 14-17]
interactions, and metal coordination'*-26] leading to the
generation of novel functional supramolecular materials with
special features such as reversibility and stimulus-
responsibility!?’3l. However, the synthesis of supramolecular
polymers is the bottleneck constraint for the development of
functional supramolecular materials. It is a long-standing goal
to create powerful non-covalent forces for supramolecular
polymerization that enable chemists to develop diverse
supramolecular  polymer materials. One important
contribution on supramolecular polymers toward new
materials is to use quadruple hydrogen-bonding units of
ureidopyrimidinone with high association constant reported
by Meijer and coworkers! 34l. This strong non-covalent force
has been widely recognized and applied in the design and
creation of functional supramolecular materialsi>* 3339,
Additionally, Zhang et al. developed a series of supramolecular
polymers based on host-enhanced charge transfer interactions
as well as host-enhanced 77 interactions!> %321, At the same
time, by employing host-guest interactions, Huang and
coworkers created a number of supramolecular polymer
materials with interesting functions!> > 3%, Furthermore,
supramolecular polymers designed by metal coordination can
show useful properties which are applicable in
optoelectronics and molecular wires?! 221,
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In despite of some successful supramolecular polymeriza-
tion methods reported previouslyl & % 32 34 40-421" the
exploration of novel supramolecular polymerization
approaches remains challenging. To have very strong and
highly directional non-covalent interactions is a prerequisite
for synthesizing linear supramolecular polymers rather than
gelation and uncontrollable multidirectional association
networks. Like the formation of double-stranded DNA,
synthetic single-stranded helices are possible to self-organize
into double-stranded helix by non-covalent interactions>-301,
We have recently developed a kind of helical polymers which
can interconvert between single-stranded helix and
double-stranded helix driven by intermolecular z-7
interactions!*’-3!. The observation on the formation of stable
double-stranded  helix through the dimerization of
single-stranded helix inspired us to develop strong and highly
directional non-covalent interactions for preparing linear
supramolecular polymers. Herein, we present a new method
for supramolecular polymerization driven by the dimerization
of single-stranded helix to double-stranded helix (Fig. 1).
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Fig. 1 Schematic representation of a new way of supramolecular
polymerization driven by the dimerization of single-stranded helix
to double-stranded helix
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A helical heptamer (1) (Fig. 2a), which has an identical
backbone structure with helical polymers reported
previously™! (Fig. S1, in electronic supplementary
information, ESI), was synthesized according to the
multi-step synthesis procedure (Scheme S1, in ESI) and fully
characterized. Circular dichroism (CD) measurement was
carried out to prove the helical conformation of heptamer (1)
in solution. As observed, the racemic helical heptamer (1)
did not have any CD signal (Fig. 2b). When a chiral group
(R)-1-phenylethanamine was covalently incorporated with
the terminal of heptamer (Scheme S2, in ESI), CD spectra
gave a negative signal at 370 nm (Fig. 2b), which supported
the formation of an induced left-handed helix (2). This
observation is consistent with previous result in helical
polymers*’l. Since this kind of helical structures is prone to
form the double helix by the dimerization of single helix*"],
concentration-dependent fluorescence titration was thus
carried out to identify the formation of double helix. As the
concentration of heptamer (1) increases, the fluorescence
intensity of emission wavelength at 475 nm gradually
increases, and then turns to decrease with the further
increase of the concentration (Fig. S2, in ESI). This result
indicated the interconversion from single helix (1) to double
helix (1),. Notably, a turn point was found at the
concentration of below 10.0 wmol-L™!, suggesting that the
dimerization of single helix just happened and the
dimerization constant is 10° L-mol~! around. Moreover, a 'H
diffusion-ordered spectroscopy (DOSY) measurement
(Fig. S3, in ESI) was employed to check the formation of

double-stranded helix. In both relatively diluted and
concentrated chloroform solutions of heptamer (1) at 293 K,
two diffusion coefficients were found to be 7.51 x 107'° and
3.43 x 10719 m?s7!, corresponding to the single helix and the
double helix, respectively. In light of the Stokes-Einstein
equation, the solvodynamic radius has an approximate
2.19-fold difference (Fig. S4, in ESI), strongly indicating the
generation of double helix from single helix[*?!,

It is difficult to accurately measure the dimerization
constant of single helix (1) to double helix (1), by common
spectroscopic analysis due to the absence of specific signal
groups in their structures. We therefore for the first time
evaluated the dimerization constant by using the fluorescence
lifetime spectroscopy. As shown in Fig. 2(c), two
fluorescence lifetimes in the single helix (1) system
determined from curve fitting of the exponential decay curves
were found to be 3.02 and 31.7 ns, corresponding to the single
helix (1) and double helix (1),, respectively. At 10.0 wmol-L™!
of (1), the molar ratio between single helix (1) and double
helix (1), can be calculated as 59.6%:40.4%. When the
concentration of (1) increases to 1.0 mmol-L™!, their molar
ratio was changed as 13.2%:86.8% (Fig. S5, in ESI),
indicating that the content of double helix (1), increased as
the concentration of single helix (1) was raised. On the basis
of above experimental data (Table S1), the dimerization
constant of single helix (1) self-assembling into double helix
(1), was calculated to be about 1.2 x 10° L-mol™ in
chloroform. This result is well identified with that obtained
from above concentration-dependent fluorescence titration.

a
NO, O'Bu O'Bu O'Bu
N ~N N N
N~ [T T I R HN
N 3N N (1:R=OMe  (2):R= )—<:>
¢
NO,O'Bu OBu  OBu ) OBu  OBu O'Bu NO,
~N N ~N '’
= H H
~ I>J I}J | N/ N/ \||/N\</\>/N\/ \N
2l
0 0
4
10} b 10°F c
0 1
T — 10 pmol-L!
-10} 2 10°k — IRF
T, 20t z r,=3.02ns
g 30 e _» 10,=3L7ns
o _ = E 2 -
8 3 10°E
w —40 ©
<
_50,
1
-60F 10 H |
70 il B
| 0 11 AT

1 1 1 1 1 1
250 300 350 400 450 500 550
Wavelength (nm)

0 200 400 600 800
Time (ns)

1000

Fig. 2 (a) Molecular structures of helices (1)—(3) used in this study; (b) CD spectra of helices (1) and (2); (c) Fluorescence
life-time spectroscopy of heptamer (1) (10.0 umol-L™") in chloroform with an excitation wavelength of 375 nm

https://doi.org/10.1007/s10118-018-2058-2



C. Zeng et al. | Chinese J. Polym. Sci. 2018, 36, 261-265 263

Actually, the dimerization constant can be largely enhanced
by increasing the helix length or changing solvent
polarity™ #1, which is able to thus provide strong enough
driving forces for supramolecular polymerization.

In order to demonstrate the new supramolecular
polymerization method (Fig. 1), a dumbbell-shape
supramolecular monomer, consisting of two helical segments
as the associating end groups and an aliphatic linker, was
preliminarily designed and synthesized (Scheme S3, in ESI).
The aliphatic linker hexane-1,6-diamine was selected to
covalently connect two heptamer molecules, resulting in the
generation of supramolecular monomer (3) (Fig. 2a and
Fig. S6, in ESI). The supramolecular polymerization of (3)
was thus monitored by nuclear magnetic resonance (NMR)
spectroscopy. As observed in the 'H-NMR spectra (Fig. S7, in
ESI), the broadened and weakened peaks compared to the
monomer (3) indicate the formation of supramolecular
aggregates. The phenomenon is the same with traditional
polymerization. When a little amount of trifluoroacetic acid
was added to break the aggregation, the NMR signals are
clearly consistent with the structure of supramolecular
monomer (3). Therefore, NMR study demonstrated that the
self-assembly of supramolecular monomer (3) did take place.
In order to reveal the supramolecular polymerization process,
matrix-assisted laser desorption/ionization time of flight mass
spectrometry (MALDI-TOF MS) analysis was carried out.
Surprisingly, MALDI-TOF MS results provided direct
evidences on the supramolecular polymerization of monomer
(3) in solution. The supramolecular polymers, like dimer,
trimer, and tetramer, formed by supramolecular
polymerization of monomer (3), can be definitely detected,
respectively (Fig. S8, in ESI). In particular, both trimer and
tetramer are typical supramolecular oligomers with molecular
weights of about 10 kD. This result demonstrated a
chain-growth supramolecular polymerization, which will
form linear supramolecular polymers. Very strikingly, a
linear supramolecular polymer can be directly visualized by
atomic force microscopy (AFM) measurement (Fig. 3). The
height of supramolecular polymer contour in the AFM image
was measured to be 2.44 nm (Fig. 3 and Fig. S9 in ESI), well

matching with the diameter of helix as reported previously in
the helical polymer system(*’l. This observation revealed a
chain-growth supramolecular polymerization of monomer (3),
giving rise to the formation of a single linear supramolecular
polymer. At the same time, the linear supramolecular
polymers enable further self-assemble into fibers, as observed
by both transmission electron microscopy (TEM) and
scanning electron microscopy (SEM) (Figs. 3c—3e).
Furthermore, dynamic light scattering (DLS) experiments
(Fig. S10 in ESI) supported the formation of supramolecular
polymers, as evidenced by that the hydrated radius increased
up to 300 nm as the concentration of monomer (3) increases.
These observations demonstrated that the supramolecular
polymerization can be driven by the dimerization of
single-stranded helix to double-stranded helix through spiral
77 interactions.

In conclusion, we developed a type of strong and highly
directional non-covalent interactions based on the
dimerization of single-stranded helix to double-stranded helix.
The dimerization constant of a short helical strand
self-assembling into  double-helical homodimer was
measured to be as high as 10° L-mol™" in this study, and could
be largely enhanced, which thus provided strong and highly
directional driving forces for supramolecular polymerization.
MALDI-TOF MS analysis of a dumbbell-shape
supramolecular monomer clearly revealed a chain-growth
supramolecular polymerization process in the case, and
particularly the tetramer, as a typical supramolecular polymer
has the molecular weight of up to 13 kD. AFM measurement
showed a linear supramolecular polymer that can further
self-assemble into the fibers. This study has developed a
novel and versatile supramolecular polymerization method
for synthesizing linear supramolecular polymers through the
dimerization of single-stranded helix to double-stranded helix.
On the basis of such strong and highly directional
non-covalent interactions reported above, governing the
spatial  architectures of helix-based supramolecular
monomers to prepare supramolecular polymers with
controllable topologies is under investigation.
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Fig. 3 Imaging of supramolecular polymers formed by supramolecular polymerization of monomer (3): (a) AFM images
of linear supramolecular polymers with helicity and the height profile; (b) Magnifying AFM image of a supramolecular
polymer; (¢, d) TEM images of supramolecular polymers; (¢) SEM image of supramolecular polymers
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