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Abstract: Two dynamic covalent polymers P1 and P2 were
prepared by alternately linking electron-rich tetrathiafulvalene
(TTF) and electron-deficient bipyridinium (BIPY2+) through
hydrazone bonds. In acetonitrile, the polymers were induced by
intramolecular donor–acceptor interactions to form pleated
foldamers, which unfolded upon oxidation of the TTF units to
the radical cation TTFC+. Reduction of the BIPY2+ units to
BIPYC+ led to the formation of another kind of pleated
secondary structures, which are stabilized by intramolecular
dimerization of the BIPYC+ units. The diradical dicationic
cyclophane cyclobis(paraquat-p-phenylene) (CBPQT2(C+))
could further force the folded structures to unfold by including
the BIPYC+ units of the polymers. Upon oxidation of the
BIPYC+ units of the cyclophane and polymers to BIPY2+, the
first folded state was regenerated. Switching or conversion
between the four conformational states was confirmed by UV/
Vis spectroscopic experiments.

Foldamers are linear molecules or macromolecules that fold
into discrete secondary structures stabilized by noncovalent
forces.[1–6] Foldamers are ideally suited for the design of
responsive molecular systems owing to the dynamic nature of
their reversible folding process. Early studies on the con-
formational switching of foldamers mainly involved changes
in temperature or solvent composition.[3] Since then, many
examples, including the use of changes in the pH value,[7]

donor–acceptor interactions,[8,9] guest complexation,[10] metal
coordination,[11] light,[12] and redox reactions[13] as external
stimuli, have been reported. Recently, several folding motifs
have been applied as key components for the construction of
tunable supramolecular devices or machines.[4g,14, 15] The
incorporation of different driving forces into one backbone
may lead to multiresponsive conformation-switching systems:
higher-order structures that could potentially be useful in the
design of new smart molecular materials. However, this

possibility has not been addressed. Recently, it was demon-
strated that the homodimerization of conjugated radical
cations is highly orthogonal.[16, 17] Herein, we describe how the
folding–unfolding process of two tetrathiafulvalene (TTF)–
bipyridinium (BIPY2+) alternating dynamic covalent poly-
mers P1 and P2 can be modulated in four different ways by
donor–acceptor interactions and radical-cation dimerization.

Polymers P1 and P2 were conveniently prepared from
dialdehyde M1 a or M1b and the di(acylhydrazine) M2 in
MeCN through the formation of acylhydrazones: a well-
established dynamic covalent approach for the generation of
dynamic polymers.[18] Polymers P1 and P2 were soluble in
MeCN. Their average degree of polymerization was deter-
mined to be approximately 8 and 6, respectively, by 1H NMR
spectroscopy in [D3]MeCN on the basis of the relative
integrals of the signals for the aldehyde hydrogen atom and
the a hydrogen atoms of the BIPY2+ units (see the Supporting
Information).

As compared to that of the control M2, the signal of the
TTF hydrogen atoms of P1 and P2 in [D3]MeCN shifted
upfield by 0.17 and 0.12 ppm, respectively (see the Supporting
Information), thus suggesting that these signals were shielded
by neighboring BIPY2+ units. Furthermore, the degree of
shifting was concentration-independent. This result may be
regarded as the first evidence for backbone folding driven by
intramolecular donor–acceptor interactions between TTF and
BIPY2+ units.[19]

UV/Vis spectra were then recorded for P1 and P2 in
MeCN. Both polymers exhibited the typical absorption band
of TTF–BIPY2+ charge-transfer (CT) complexation
(Figure 1). This absorption was centered at 820 and
740 cm,[19, 20] respectively. The molar absorption coefficient
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(e) corresponding to [TTF] and [BIPY2+] was calculated to be
210 and 228 Lmol¢1 cm¢1, respectively. Upon dilution of the
solutions from 1.3 to 0.3 mm, the CT absorbance decreased
linearly (see the Supporting Information). That is, the Beer–
Lambert law was observed, but the maximum absorption
wavelength did not shift. For both polymers, this linear
relationship was also time-independent within 1 week, thus
implying that their hydrazone bonds did not break or
exchange at room temperature. At even lower concentrations,
the CT band was too weak to be determined accurately. These
results suggest that CT complexation occurred intramolecu-
larly through backbone folding. We thus pro-
posed a pleated folding pattern for the com-
plexation (Figure 2, Folded A), because this
pattern enables the maximum number of
donor–acceptor interactions.[9] An increase in
temperature weakened the CT absorption: At
60 88C, the CT absorption of P1 and P2 was
weakened by 35 and 40 %, respectively (see the
Supporting Information). The addition of the
electron-rich macrocyclic polyether bis-1,5-
dinaphtho[38]crown-10 (1.0 mm, 2.0 equiv rela-
tive to [BIPY2+]) to the solution of P1 or P2 in
MeCN did not cause any change in the CT
absorption band of the polymer, thus indicating
that the folded conformation of both polymers
was quite stable and the electron-rich cyclo-
phane was not able to break the folding process
through encapsulation of the BIPY2+ units of
the polymers.

The addition of 1 equivalent of Fe(ClO4)3

relative to [TTF] to the solution of P1 and P2
caused single-electron oxidation of the TTF
units to the radical cation TTFC+, as indicated by
the appearance of a strong absorption band at
around 690 nm and the disappearance of the CT
absorption band (Figure 1).[21] The formation of
TTFC+ was further supported by electron para-
magnetic resonance (EPR) spectroscopy. An

EPR signal was observed for monomeric TTFC+[22] and was
nearly identical for samples of P1, P2, and monomer M2 in
MeCN (see the Supporting Information). The UV/Vis spectra
of P1 and P2 did not show the absorption band of the dimer
(TTFC+)2,

[17] even at the saturation concentration (about
1.0 mm ; see the Supporting Information). Moreover, for
both polymers, the strength of the EPR signal of monomeric
TTFC+ was linearly related to the concentration. These results
all indicated that the two polymers adopted unfolded, flexible
conformations (Figure 2, Unfolded A). The fact that the
stacking of the TTFC+ units in both polymers did not occur
intra- or intermolecularly may be rationalized by considering
the electrostatic repulsion of the BIPY2+ units, because both
inter- and intramolecular stacking of the TTFC+ units would
shorten the distance between the two different cationic
species.

The addition of ascorbic acid (1.0 equiv) to the above
solutions of P1 and P2 regenerated neutral TTF,[23] and thus
recovered the Folded A state: UV/Vis spectra of the resulting
solutions showed a CT absorption band of comparable
strength to that of the original polymer prior to treatment
with Fe(ClO4)3, accompanied by the disappearance of the
absorption band of TTFC+ (Figure 1).

The BIPY2+ units of P1 and P2 were further reduced to
BIPYC+ in MeCN with an excess of zinc dust. The UV/Vis
spectrum of P1 displayed two absorption bands at around 450
and 650 nm (Figure 3 a), which could be assigned to the
BIPYC+ monomer.[17] The spectrum also showed a band at
around 985 nm. This band was not generated by monomeric
M1a with the same BIPYC+ concentration (see the Supporting
Information). Thus, this band could be attributed to the

Figure 1. UV/Vis absorption spectra of polymers a) P1 and b) P2 in
MeCN ([TTF] = [BIPY2+] =0.50 mm) at 25 88C; I: pure solution; II: after
the addition of Fe(ClO3)4 (1.0 equiv, 0.50 mm); III : after the further
addition of ascorbic acid (1.0 equiv, 0.50 mm).

Figure 2. Multiply tuned folding–unfolding processes of polymers P1 and P2, as driven
by donor–acceptor interactions and the dimerization of conjugated radical cations.
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formation of the radical-cation dimer (BIPYC+)2.
[24] A similar

absorption band of (BIPYC+)2, at around 1045 nm, was also
observed for P2 (Figure 3b). UV/Vis dilution experiments
(0.8–0.1 mm) showed that the (BIPYC+)2 absorption was
linearly concentration-dependent (see the Supporting Infor-
mation), which supports the hypothesis that the dimerization
took place intramolecularly. Thus, it is reasonable to propose
that the polymers incorporating BIPYC+ formed another kind
of pleated foldamer (Figure 2, Folded B). For both polymers,
this linear relationship was time-independent within 12 h,
thus implying that their hydrazone bonds were also stable at
room temperature when the viologen units existed as radical
cations. Since dimerized N,N’-diphenyl-substituted BIPYC+

units are connected by a flexible linker of 36 atoms that
incorporates a TTF unit, the formation of this folded state
reflects the strength of the intramolecular dimerization of the
BIPYC+ units. The BIPYC+ signal of P1 and P2 in the EPR
spectra in MeCN was also substantially weaker than that of
the corresponding controls M1a and M1b at the same
concentration (see the Supporting Information). This result
further supports the hypothesis that the BIPYC+ units of the
polymers had partially dimerized into EPR-silent (BIPYC+)2.
The BIPYC+ radical cation could be reversibly oxidized by
oxygen in air to BIPY2+. This process led to the recovery of
the donor–acceptor-interaction-driven foldamers (Figure 2,
Folded A), as evidenced by UV/Vis spectroscopy, which
showed the regeneration of CT absorption bands of compa-
rable strength to those observed for the original polymers
(Figure 3).

The TTFC+ and BIPY2+ units of P1 and P2 in the state of
Unfolded A (Figure 2) could be reduced simultaneously with
an excess of Zn dust to TTF and BIPYC+, respectively. The
UV/Vis spectra of the resulting solutions were nearly
identical to those recorded after the treatment of solutions
of the polymers in the state of Folded A with Zn dust (see the
Supporting Information), thus suggesting that the Unfol-
ded A state could be converted into the Folded B state
directly. The addition of 1.0 equivalent of Fe(ClO4)3 led to the
conversion of the Folded B state into the Folded A state for

both samples, whereas the addition of 2.0 equivalents of
Fe(ClO4)3 led to the conversion of the Folded B state into the
Unfolded A state. Both processes were supported by UV/Vis
spectroscopy (see the Supporting Information).

Addition of the electron-deficient cyclophane cyclobis-
(paraquat-p-phenylene) (CBPQT4+ 4PF6

¢ ; 1.0 equiv relative
to [TTF], 0.25 mm) to a solution of P1 or P2 in MeCN caused
a slight increase in the CT absorption band of both polymers,
at around 820 and 740 nm, respectively. In contrast, the
addition of paraquat (2 PF6

¢ ; 2 equiv, 0.50 mm) did not
produce any observable increase in the CT absorption. It
has been established that, owing to electrostatic repulsion, the
CBPQT4+ ring is not able to move over a BIPY2+ unit
incorporated in a linear molecule.[25] Thus, the slight enhance-
ment in the CT absorption of P1 and P2 in the presence of
CBPQT4+ might be attributed to the encapsulation of part of
the TTF unit at the end of the polymer backbone. The two
mixtures were further treated with an excess of Zn dust to
reduce the BIPY2+ units of the polymer and CBPQT4+ to
BIPYC+. UV/Vis spectra of the two resulting solutions
exhibited the absorption, at around 1012 and 1050 nm for
P1 and P2, respectively, of dimer (BIPYC+)2 (see the
Supporting Information). As compared to that of the
corresponding polymer solution that contained no CBPQTC+

(Figure 3), the absorbance was enhanced by 289 and 203 %,
respectively. In contrast, the addition of radical-cationic
paraquat (0.50 mm) led to only 9 and 16 % enhancement of
the (BIPYC+)2 absorption (see the Supporting Information).
At the studied concentration, a solution of CBPQT2(C+) or
radical-cationic paraquat itself did not lead to the appearance
of any absorption band of the dimer (BIPYC+)2. Thus, the
remarkable enhancement of the (BIPYC+)2 absorption by the
addition of CBPQT2(C+) could be ascribed to the threading of
the BIPYC+ units of the polymers into the cavity of
CBPQT2(C+). The enhancement was magnified upon further
addition of the cyclophane to a concentration of 0.5 mm (see
the Supporting Information). Above this concentration,
intermolecular dimerization of the BIPYC+ units of the
cyclophane occurred, as indicated by the appearance of the
(BIPYC+)2 absorption band at around 1100 nm in the UV/Vis
spectrum (see the Supporting Information). These observa-
tions indicate that threading complexation took place by
stronger intermolecular BIPYC+ dimerization between the
polymer and the cyclophane, which led to the formation of
another unfolded state (Figure 2, Unfolded B), even though
the complexation could not reach saturation owing to the
solubility limit. As expected, when the solutions were exposed
to air, the BIPYC+ units of the polymers and the cyclophane
were oxidized by oxygen to BIPY2+, and the state of Folded A
was regenerated (see the Supporting Information). The
adding of CBPQT2(C+) to the solution of the polymers of the
Folded B state afforded similar results, which were supported
by UV/Vis spectroscopic experiments. Because the Unfol-
ded B state was driven by intermolecular BIPYC+ dimeriza-
tion, an increase in the concentration of the components
would facilitate its formation.

We have demonstrated that tetrathiafulvalene–bipyridi-
nium alternating dynamic covalent polymers can adopt two
pleated folded conformations and two unfolded, flexible

Figure 3. UV/Vis absorption spectra of polymers a) P1 and b) P2 in
MeCN ([BIPY2+] = 0.25 mm) at 25 88C; I: pure solution; II: after the
addition of excess Zn dust; III: after exposure of the solutions to air
for 2 h.
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conformations. The key for controlling the formation of four
different conformational states of the polymers is the
introduction of two different noncovalent forces, that is,
a donor–acceptor interaction between the tetrathiafulvalene
and bipyridinium units and orthogonal dimerization of their
respective radical cations. The four folded and unfolded states
can be tuned or switched by reversible regulation of the redox
states of the two aromatic segments. This system is the first
example of multiple tuning of the ordered conformations of
long flexible backbones. Further investigations will address
the introduction of photocontrollable segments and chiral
units. We first plan to develop a multiply repeated conforma-
tional-switching motif for the creation of new smart struc-
tures. Such a motif would also avoid the formation of by-
products observed with the oxidation–reduction approach. In
a second study, we will examine the formation of new artificial
secondary structures to emulate the elegance of natural
peptides and proteins.

Keywords: dynamic covalent polymers · donor–
acceptor interactions · foldamers · radical cations · viologens
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