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ABSTRACT

The polymerization of diacetylene macromonomers based on oligopeptide-polymer conjugates yields conjugated polymers with multiple-
helical quaternary structures. These polymers exhibit a rich dynamic folding behavior upon the addition of protic cosolvents. Thus, a helix-helix
transition under helix-sense inversion was followed by a reversible helix-coil transition. Both transitions involved changes in the aggregation
state of the multiple-helical superstructures. The resemblance of the observed consecutive and cooperative conformational transitions to
those of biopolymers underlines the importance of supramolecular self-assembly as a pathway toward biofunctional materials with optoelectronic
activity.

An important factor responsible for the nanostructure forma-
tion observed in biomaterials and for their often remarkable
properties is the ability of the constituting biopolymers to
undergo dynamic folding in solution and attain well-defined
hierarchical structures.1 Successful attempts to replicate this
kind of higher order structure formation in synthetic polymers
are still limited in scope.2,3 One promising strategy is the
foldamer approach4–7 also applied in the preparation of folded
poly(acetylene)s,8–13 as a prominent class of π-conjugated
foldamers. Nevertheless, the highly desirable preparation of
hierarchically structured, optoelectronically active polymers
makes the exploration of complementary synthetic strategies
an attractive research goal. In this context, we recently
demonstrated how supramolecular self-assembly can be
utilized as the first step in the preparation of hierarchically
structured π-conjugated polymers.14 Thus, diacetylene mac-
romonomers with oligopeptide-polymer conjugate substit-
uents such as 1-3 were designed to self-assemble into high
aspect ratio supramolecular polymers (Chart 1).15 In contrast
to previous investigations of diacetylene polymerizations in
either vesicular aggregates16–22 or hydrogen-bonded organo-
gels,23–28 these supramolecular polymers were obtained via
parallel �-sheet formation as a precise secondary structure
formation mechanism. They exhibited a uniform diameter
on the order of the molecular length scale and were consti-

tuted from a known, finite number of (two or four) laminated
�-sheet tapes controlled by the pattern of the N-H· · ·OdC
hydrogen bonding sites.29,30 The supramolecular polymers
were then converted into π-conjugated polymers under
retention of their previously assembled higher order struc-
tures, yielding well-defined quadruple-helical (P1) or double-
helical poly(diacetylene)s (P3) in solution.31

In the present paper, we report on multiple-helical
superstructures and conformational transitions of the poly-
(diacetylene)s P1 and P2 in solution, the latter of which
contained the Fmoc group as an additional UV chromophore.
Upon addition of hydrogen-bond breaking cosolvents, the
multiple-helical polymers underwent two consecutive and
cooperative solvatochromic transitions. UV, CD, and Raman
spectroscopy in combination with scanning force microscopy
(SFM) imaging allowed us to identify these as a helix-helix
transition followed by a reversible helix-coil conversion,
the former of which proceeded under helix-sense inversion
in the case of P1. Furthermore, both transitions involved a
controlled (reversible) deaggregation of the multiple-helical
superstructures. Hence, the hierarchically structured poly-
(diacetylene)s P1 and P2 exhibited a dynamic folding
behavior similar to biopolymers. Moreover, they helped to
gain insight into the nature of the poly(diacetylene) solva-
tochromism.32–37

Macromonomers 1 and 2 were synthesized as described
previously.31 1 had been observed to self-organize in organic
solvents into right-handed double-helical fibrils constituted
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from two ribbon substructures, which, in turn, were formed
from two single parallel �-sheet tapes.14 Similarly, the Fmoc-
terminated macromonomer 2 was found to attain the expected
predominantly parallel �-sheet secondary structures, as
confirmed by IR spectroscopy.38 SFM images of 2 on a
monolayer of flat lying stearyl amines on highly oriented
pyrolytic graphite (HOPG)39 revealed the presence of fila-
mental features extending over several micrometers, the
majority of which were left-handed helically twisted rib-
bons40,41 (Figure 1a,b) with a complex periodic fine structure
very similar to its acetylated sibling 3, as expected from their
identical pattern of N-H· · ·OdC hydrogen bonding sites.29

Interestingly, some ribbons were unwound at their ends
(Figure 1c,d), which, for the first time, unambiguously
demonstrated that they were indeed constituted from two flat
substructures with dimensions as expected for single �-sheet
tapes.38 Finally, a minor population of, likewise, left-handed
helical ribbons with a similar width and height, but a more
tightly wound helical fine structure, was also observed
(Figure 1e).

For the topochemical diacetylene polymerization42 within
the self-assembled aggregates, the clear and colorless dilute
solutions of 1 or 2 in chloroform or dichloroethane (DCE),
which did not show any tendency to form gels under the
applied conditions, were subjected to UV irradiation and
instantaneously attained an intense blue-purple color, which
further intensified over time. The UV spectra (Figures 2b,
3b) were consistent with the formation of the corresponding
poly(diacetylene)s P1 and P2, and the Raman spectra
(Figures 2c, 3c) allowed us to straightforwardly assign the
observed UV band structure of P1 as vibronic side bands of
only one poly(diacetylene) species. By contrast, the freshly
polymerized P2 appeared to be already a mixture with the
red form of P2 (vide infra). CD spectroscopy (Figures 2a,
3a) did not only prove that the polymerization inside the
multiple-helical supramolecular polymers produced π-con-
jugated polymers with homochiral superstructures in both
cases but, more importantly, that P1 and P2 attained
superstructures with an opposite helix sense in solution. Thus,
both P1 and P2 exhibited bisignate CD signals with zero-
crossings at the positions of the respective highest wavelength
UV absorptions but with a positiVe Cotton effect for P1 and
a negatiVe one for P2. Likewise, the CD activities near the
respective lower wavelength UV absorption maxima were
negatiVe for P1, and positiVe for P2. Hence, the opposite
helix sense of the supramolecular polymers from 1 and 2

observed in the SFM images found a perfect reflection in
the clean CD signatures of the corresponding poly(diacety-
lene)s P1 and P2, which represents one of the first examples
of a direct correlation between the CD activity of a
conjugated polymer backbone with its known superstructure
as evidenced by SFM imaging.36,37,43–48 As the SFM images
before and after UV irradiation were virtually identical, the
polymerization can, furthermore, be assumed to proceed

Chart 1

Figure 1. SFM images of 2 on a monolayer of flat lying stearyl
amine on HOPG showed left-handed helical ribbons the majority
of which (a,b) exhibited a periodic fine structure with an identity
period of 114 ( 19 nm, where features reminiscent of “helix turns”
alternated with broader “twists”; (c,d) these ribbons were constituted
from two single �-sheet tape substructures; (e) a minor population
of ribbons exhibited left-handed “helix turn” features placed at a
distance of 64 ( 6 nm.38
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under retention of the superstructures already existing in
solution.

Upon the addition of trifluoroacetic acid (TFA) as a
hydrogen bond breaking cosolvent, both P1 (Figure 2) and
P2 (Figure 3) were found to undergo two successive
solvatochromic transitions. Remarkably, the UV and CD
spectroscopic results suggested that they experienced a
(supposedly irreversible) helix-helix conversion followed
by a reversible helix-coil transition, the former of which
proceeded under helix-sense inversion in the case of P1.
Thus, the addition of TFA to the original blue-purple solution
of poly(diacetylene) P1 led to a color change to red-violet
and, finally, yellow, associated with two distinct hypsochro-
mic shifts of the highest wavelength UV absorptions by 70
and 60 nm associated with two isosbestic points at 536 and
469 nm, respectively (Figure 2, middle). It is important to
note that, in contrast to many previous examples of the well-
known poly(diacetylene) solvatochromism,32–37 the red form
was an actual intermediate with a clear spectroscopic
signature and not a mixture of different species.49 Accord-
ingly, plots of the extinction ratios (ε588/ε520 and ε460/ε520 vs

vol % TFA) were consistent with two clearly consecutive
and cooperative processes (Figure 4, top).

At the same time, the Raman spectra of P1 (Figure 2,
bottom) only showed minor changes in the absorption
wavenumbers during the blue-red transition and remained
almost unchanged during the red-yellow transition, implying
that the solvatochromic transitions cannot be explained with
altered conjugation lengths due to conformational changes
alone.50 The corresponding CD spectra (Figure 2, top)
revealed that the addition of up to 0.6 vol % TFA led to a
preliminary, almost complete disappearance of the bisignate
CD signal at 588 nm, and this process was associated with
a well-developed isosbestic point at the zero-crossing. At a
cosolvent content of 0.6-1.2 vol % TFA, a new series of
CD signals emerged at the position of the UV absorption
bands of the red form of P1, which exhibited a negatiVe
Cotton effect and a zero-crossing at the position of the highest
wavelength UV absorption combined with a positiVe CD
activity near the position of the lower wavelength UV
absorption maximum. In other words, the CD signatures of
the blue and the red form of P1 are inverted, from which a

Figure 2. CD, UV, and Raman spectra of (a-c) the blue-purple solutions of P1 after polymerization were consistent with the presence of
only one species in DCE solution, exhibiting a positiVe Cotton effect; the addition of up to 0.6 vol % TFA led to a preliminary loss in CD
activity before (d-f) a solvatochromic transition to the red form occurred at around 1.2 vol % TFA, which showed a negatiVe Cotton
effect; (g-i) addition of more TFA yielded the CD inactive yellow form.38
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helix-sense inversion can be inferred. The CD activity of
the red form reached a maximum at a volume fraction of
around 1.2 vol % TFA, and further addition of TFA led to
a successive decrease in CD activity until it completely
disappeared in the regime of the yellow poly(diacetylene)
solutions at volume ratios of about 2.5 vol % TFA and
beyond.

Poly(diacetylene) P2 showed essentially the same solva-
tochromic transitions, yet at higher cosolvent content.
Furthermore, UV, CD, and Raman spectra (Figure 3), as well
as plots of the extinction ratios (Figure 4b), were consistent
with a more gradual interconversion and a coexistence of
the three poly(diacetylene) species referred to as blue, red,
and yellow form of P2. As mentioned above, the original
blue-purple solution was already a mixture of two species,
and the red-violet solution contained both the original blue
form (λmax ) 600 nm) and the new red form of P2 (λmax )
521 nm). Only the yellow solutions at a TFA content of 7
vol % appeared to contain only one poly(diacetylene) species
(λmax ) 460 nm). As in the case of P1, the Raman spectra
of P2 (Figure 3, bottom) showed only marginal changes, in
particular during the red-yellow transition. CD spectroscopy

revealed that both the blue and the red form of P2 exhibited
a negatiVe Cotton effect for their respective highest wave-
length UV absorptions. Hence, it seems that P2 did not
undergo a helix-sense inversion, and both the original blue
form and the red form were, supposedly, left-handed helical
ribbons. As the red species was already present in the original
solution and the SFM images had shown two different types
of left-handed helical ribbons, we tentatively assigned the
blue form of P2 to the major and its red form to the minor
population of more tightly wound fibrils. As in the case of
P1, the red-yellow transition was found to be associated
with a complete loss of CD activity.

Finally, the transition from the red to the yellow form was
found to be reversible upon the addition of triethylamine
(TEA) as a base both in the case of P1 and P2 (Figure 5).
Thus, the addition of only small amounts of TEA to the
yellow solutions of P1 and P2 in DCE containing 2-6
vol % of TFA led to a color change back to deep red and an
almost complete recovery of the UV and CD activity of the
red forms of the two polymers (Figure 5). This process could
even be repeated multiple times by addition of more TFA
followed by small amounts of TEA. Interestingly, the “pure”

Figure 3. CD, UV, and Raman spectra of (a-c) the blue-purple solutions of P2 after polymerization showed a mixture of the blue and the
red form of P2, the former of which exhibited a negatiVe Cotton effect; the addition of TFA led to (d-f) a solvatochromic transition to the
red form, which also showed a negatiVe Cotton effect; (g-i) addition of more TFA finally yielded the CD inactive yellow form.38
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red forms of P1 and P2 were obtained in this way, which
exhibited a clear spectroscopic signature of essentially a
single poly(diacetylene) species not contaminated with the
blue (or the yellow) forms.

As noted above, the marginal changes in the Raman
spectra suggested that the observed hypsochromic shifts in
the UV absorptions can not only result from changes in the
conjugation lengths due to conformational changes.48 In
particular, the drastic hypsochromic shifts in the course of
the reversible red-yellow transition are not accompanied
with any changes in the corresponding Raman spectra of P1
and P2 at all. Hence, one must conclude that the transitions
were associated with a change in the aggregation state of
the polymer chains as well. Furthermore, both the red and
yellow forms of P1 and P2 were conspiciously similar in
their UV, CD, and Raman spectroscopic properties (in
particular, after treatment with TFA followed by TEA).
Hence, it appears reasonable to assume that, after the initial
blue-red transition, both poly(diacetylene)s attained very
similar conformational states. In fact, one important feature
of the original blue forms of P1 and P2 is that they are
obtained in a known aggregation state with four and two
helically wound poly(diacetylene) backbones, respectively.
Consequently, P1 appears to be converted from right-handed
quadruple-helical fibrils to double-helical ribbons with
left-handed helicity (as expected for stacked �-sheet ag-

gregates)40 and, finally, to single random-coil poly(diacety-
lene)s (Figure 6). By contrast, one type of left-handed ribbons
was converted into another one in the case of P2, which
may be the reason for the observed more gradual intercon-
version and coexistence of different species. The helix-helix
conversion under helix-sense inversion observed for P1, on
the other hand, necessarily requires the right-handed double-
helical bundles to be completely disentwined, either in one
step or successively.

In conclusion, the hierarchically structured, oligopeptide-
substituted poly(diacetylene)s described here were established
as a new class of π-conjugated polymers with a defined,
multiple-helical quaternary structure not only on surfaces but
also in solution. The results represent one of the first
correlations of the chiroptical properties of a π-conjugated
polymer with its nanoscopic structure visualized by SFM.
The polymers exhibited a rich dynamic folding behavior in
solution that is currently unrivalled in the realm of synthetic
foldamers. The solvatochromic transitions of this particular
type of poly(diacetylene)s were shown to involve both
distinct conformational transitions and (reversible) deaggre-
gation. The irreversible first unfolding/deaggregation pro-
cesses implied that the initial multiple-helical quaternary
structures obtained via the chosen “self-assemble then
polymerize” approach are unlikely to be accessible with the
foldamer approach, regardless whether they are thermody-
namic equilibrium structures or not. This highlights the role
of supramolecular self-assembly as a pathway toward
complex hierarchically structured synthetic polymer materials
which exhibit optoelectronic activity.

Figure 4. Plots of the extinction ratios at the UV absorption maxima
of the blue, red, and yellow form of P1 and P2 as a function of
TFA concentration. The blue curves are associated with the
blue-red transition, the yellow curves with the red-yellow
transitions, and the red asterisk denotes the cosolvent content at
which the overall highest absorption for the red forms was observed.

Figure 5. Upon addition of small amounts of TEA to the yellow
solutions of P1 or P2 in DCE (containing TFA), the solutions turned
red again, UV spectra proved the reformation of the red form of
P1 and P2, and the CD activity was recovered (isosbestic points
marked in black).
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