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Introduction

Main-chain supramolecular polymers, in which noncovalent
interactions are the driving force for polymerisation, are
probably one of the most promising applications of supra-
molecular chemistry owing to their extreme sensitivity to ex-
ternal stimuli arising from the reversible nature of these in-
teractions.[1] Among the many supramolecular polymers
based on various noncovalent interactions, those based on
multiple hydrogen bonds, pioneered by Lehn[2] and Meijer,[3]

are within the main stream of research investigations.[1] The
high directionality and selectivity of multiple hydrogen
bonds allow fine control over polymer architectures and
properties.[4] Another distinct advantage of multiple hydro-
gen bonds in supramolecular polymer research is that more
than one functional molecular element can be readily incor-
porated into a polymer chain, affording complex and multi-
functional polymeric materials.[5] Furthermore, the incorpo-

ration of secondary interaction sites, such as extended p sys-
tems, organize supramolecular polymer chains into complex
higher-order nanostructures.[6,7] Although many of the
supramolecular polymers feature dynamic and reversible
monomerisation/polymerisation triggered by changes in the
external environment, such as temperature, solvent, and
concentration, the design of the supramolecular polymers
for which higher-level organization could be controlled with
accessible external stimuli may open new possibilities in
their applications.[8]

Light is arguably the most useful external stimulus, be-
cause of its non-invasive character, high spatial and tempo-
ral resolution, and its ability to excite selected chromo-
phores absorbing at a certain wavelength.[9] Thus, various
photochromic molecules have been functionalized with spe-
cific noncovalent interaction sites, and the impact of photo-
induced mechanical motion on their aggregation has been
investigated.[10, 11] While many of these systems were charac-
terized by the photoinduced disassembling/assembling of
molecular building blocks, some of them displayed photore-
versible transformations between two well-defined self-ACHTUNGTRENNUNGassembled nanostructures.[12] However, there are no exam-
ples of phototransformable nanostructures composed of
electronically active p-conjugated molecular elements, de-
spite their potential utility in smart nanoelectronics and
nanophotonics.[13]

To photochemically transform the robust supramolecular
nanostructures that are stabilized by strong p–p stacking in-
teractions, a rational co-assembly of proper photochromic
molecules and functional p-conjugated molecules is re-
quired. We have previously exploited azobenzene/perylene
bisimide bichromophoric supramolecular co-polymers con-
nected through melamine–imide multiple hydrogen-bonding
interactions to fabricate supramolecular dye assemblies, the
nanostructures of which could be controlled by external
light input.[14] Owing to the attractive interchain J-type p–p

stacking interaction between the perylene chromophores
embedded in the main chain, the hydrogen-bonded co-poly-
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mers afforded unique coil-shaped nanostructures. Despite
the favourable chromophore packing within these nano-
structures, the photoisomerisation of their constituent azo-
benzene moieties was severely suppressed due to tight mo-
lecular packing (H-aggregation). In this context, di-ACHTUNGTRENNUNGarylethenes (DAEs) were particularly appealing, because of
their known ability to photoisomerise even in the crystalline
state.[15] Several DAE derivatives suitable for supramolec-
ular assembly have already been designed and shown to ex-
hibit unique photoresponsive aggregation properties.[16] Such
photoresponsive aggregation of these supramolecular DAE
systems is based on conformational changes upon ring-clos-
ing/ring-opening reactions and/or modification of the elec-
tron density of DAE moieties.

Here we report a supramolecular polymer system in
which DAEs form part of the main chain of hydrogen-
bonded supramolecular polymers[17] bearing p-electronic
side chains.[18] For this supramolecular polymer system, it is
possible to modulate the conformational flexibility of the
main chain by reversible ring-closing and ring-opening pho-
toreactions of the DAE moieties. The p-electronic side
chains enable higher-order organization of the supramolec-
ular polymers by interchain p–p stacking, thus rendering the
impact of the flexibility change detectable by spectroscopy
and microscopy, as well as imparting fruitful optical and
electronic properties to the supramolecular polymers. As a
consequence of distinct functional properties in the main
chain and the side chain, a high level of control over the
supramolecular polymerisation, that is, a reversible transi-
tion between helically intertwined secondary structures and
small oligomeric species,[19,20] was achieved by modifying the
external light input.

Results and Discussion

Design and synthesis : We have designed a supramolecular
co-polymer (SCP) system consisting of diarylethene 1 func-
tionalized at its ends with two monotopic melamine hydro-
gen-bonding modules and oligothiophene-functionalized di-
topic cyanurate OTCA (Scheme 1).[21] Complementary triple
hydrogen-bonding interactions between these ditopic co-
monomers were expected to afford quasi-one-dimensional
AA+BB-type SCPs possessing photoswitchable DAE moi-
eties in their main chains with oligothiophene (OT) moieties
as side chains (Scheme 2).[22] It was anticipated that photo-
cyclisation of the DAE moieties residing in the main chains
would decrease the conformational flexibility of the SCPs
by restricting the conformational freedom associated with
rotation of the thiophene rings.[15a] The OT moieties not
only imparted favourable optical and electronic properties
to the SCPs, but also enabled their higher-order nanostruc-
turisation, thus amplifying the impact of photoswitching.

Diarylethene 1 was synthesized from 1,2-bis[5-(4-amino-
phenyl)-2-methylthien-3-yl]perfluorocyclopentene[23] by re-
action with 1,3,5-trichloro-2,4,6-triazine and subsequent re-
actions with n-dodecylamine and di-n-octylamine. The syn-

thesis of oligothiophene-functionalized cyanurate OTCA
has been reported previously.[21]

Photoisomerisation of melamine-appended DAE 1 and its
aggregation with non-chromophoric cyanurate dCA :
1H NMR spectra of 1 in CDCl3 (Figure 1 A) revealed that 1

Scheme 1. Structure of melamine-appended diarylethene 1 in its open
(1o) and closed forms (1c) and oligothiophene-functionalized cyanurate
(OTCA) and dodecylated cyanurate (dCA).

Scheme 2. Schematic representation of the photoresponsive hierarchical
organization of supramolecular co-polymers of 1 and OTCA.
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underwent a reversible photochromic ring-opening (1o!1c ;
subscripts o and c denote the open and closed forms, respec-
tively) and ring-closing reaction (1c!1o) upon irradiation
with UV and visible light, respectively. In the NMR spectra,
a prominent higher-field shift was observed for the proton
resonance of the thiophene rings (marked by red star) upon

ring-closing. In contrast, lower-field shifts were observed for
the inner NH protons (marked by green star) and the
methyl protons of the DAE core (marked by blue star). In
the photostationary state (PSS), no proton resonances of 1o

were observed, demonstrating the quantitative formation of
1c. The UV/Vis spectrum of the PSS state of 1 in CHCl3 thus
corresponded to that of pure 1c (Figure S1 in the Supporting
Information), allowing the determination of isomerisation
yields by UV/Vis measurements in the following experi-
ments.

The photochromic reaction of 1 also occurred in nonpolar
solvents such as cyclohexane as shown by UV/Vis measure-
ments (Figure 1 B). The quantum yields of the ring-closing
and the ring-opening reactions in cyclohexane were mea-
sured to be 0.58 and 0.0021, respectively. The relatively low
quantum yield of the ring-opening reaction might be due to
a substituent effect.[24] The reversible photochromic reaction
in cyclohexane could be repeated at least ten times without
degradation.

To confirm the hydrogen-bonding capability of 1 with di-
topic cyanurates, we first investigated the complexation of
1o with monododecylated cyanurate (dCA) as a non-ACHTUNGTRENNUNGchromophoric co-monomer. Upon increasing the amount of
dCA in a solution of 1o (c=1 � 10�5

m) in cyclohexane, a hy-
pochromic effect was observed for the p–p transition of 1o

at 321 nm (Figure 1 B). This indicates that the electron den-
sity of the amino groups is affected by hydrogen-bonding in-
teractions and/or complexation with dCA induces p–p stack-
ing of the DAE moieties. Plots of the spectral change versus
the equivalents of dCA displayed a kink at molar ratio 1:1
(inset in Figure 1 B), confirming the quantitative complexa-
tion of these two ditopic co-monomers.[25] Such quantitative
complexation in DAD–ADA (D= donor; A =acceptor) hy-
drogen-bonding systems at micromolar concentrations, the
binding constants of which are only about 2 �105

m
�1, are

often observed for those containing p-conjugated systems,
because additional p–p stacking interactions and/or the for-
mation of cyclic species stabilize the resulting co-assem-
blies.[7c,d,h,i,14, 22g,26]

Figure 1 C shows progress of the ring-closing photoreac-
tion of 1o in cyclohexane in the presence of varying amounts
of dCA. The ring-closing reaction was suppressed with in-
creasing content of dCA, which can be attributed to the in-
duced p–p stacking interaction and/or the conformational
fixation upon hydrogen bonding.[15a] This suppression level-
led off when the amount of dCA reached one equivalent,[25]

further confirming the 1:1 complexation. The quantum yield
of the ring-closing reaction for the 1:1 mixture then dimin-
ished to 0.16. The absorption spectrum at the PSS state also
showed a hypsochromic effect compared to pure 1c, indicat-
ing the interaction with dCA through hydrogen bonding
(Figure 1 B). The quantum yield of the ring-opening reaction
for the 1:1 mixture was 0.0020, almost identical to that of 1c

alone. Despite the quantitative complexation of 1 with dCA,
atomic force microscopy showed no well-defined nanostruc-
tured aggregates, either in the open or in the closed state, in
films spin-coated from a 1 � 10�4

m solution.

Figure 1. A) 1H NMR spectra of 1o (top) in CDCl3 (5 � 10�3
m), and of 1c

(bottom), obtained by photoirradiation of 1o at 313 nm for 1 h. B) Red to
blue solid curves: UV/Vis spectral changes of 1o (1 � 10�5

m) in cyclohex-
ane upon addition of dCA (0, 0.25, 0.5, 0.75 and 1 equiv). The dotted
arrow indicates the direction of increasing dCA. Inset shows the plot of e

at 321 nm versus equivalents of dCA (0–2 equiv). Red and blue dotted
curves: UV/Vis spectra of solutions with 0 and 1 equiv of dCA recorded
after photoirradiation at 313 nm for 80 (0 equiv) or 300 s (1 equiv).
C) Time-course changes of the absorbance at 600 nm relative to that
after reaching the photostationary state during photoirradiation of 1o (1 �
10�5

m) in cyclohexane in the presence of varying amounts of dCA (0–
2 equiv). Photoirradiation was performed in a f=5 mm NMR tube or a
1 cm quartz cuvette using a fluorimeter equipped with a 150 W xenon
lamp (band width =20 nm).
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Photoresponsive supramolecular co-polymerisation of 1 and
OTCA : Oligothiophene-functionalized cyanurate (OTCA)
was previously shown to form H-aggregates in nonpolar sol-
vents.[21] The formation of H-aggregates was evidenced by a
prominent hypsochromic shift (414!378 nm) of the absorp-
tion band and a bathochromic shift (513!540 nm) of the
emission band originating from the p—p* transition of the
OT moiety upon decreasing the solvent polarity. When ali-
quots of 1o were added to a solution of H-aggregated
OTCA (c=1 � 10�5

m) in cyclohexane, the absorption band
of the OT moiety at 378 nm decreased and a new band ap-
peared at 415 nm (Figure 2 A). In the fluorescence spectra,

the emission of the H-aggregates at 540 nm shifted to a
more bluish band at 513 nm with more significant vibronic
components, characteristic of the free OT moiety (Fig-
ure 2 B). These observations demonstrated that 1o disrupted
the H-aggregates of OTCA by its complementary triple hy-
drogen-bonding interaction. Both these spectral changes
levelled off close to a 1:1 molar ratio (insets). The quantita-
tive complexation suggests that the resulting 1:1 co-assem-
blies are further stabilized by p–p stacking interactions be-
tween the DAE moieties and also probably by the formation
of cyclic species.

Upon increasing concentration of the 1:1 mixture, their
higher-order organization was indicated by concentration-

dependent changes in the UV/Vis and fluorescence spectra
(Figure 3). Because of the slow progress of this higher-order
organization towards equilibrium (Figure S2 in Supporting

Information), the spectra were recorded after aging for 3 h.
A hypsochromic shift of the absorption and a bathochromic
shift of the emission of the OT moieties upon increasing the
concentration from 1 �10�5 to 1 � 10�4

m unequivocally indi-
cate a transition from the free to the H-aggregated state.
For this spectral change, the transition from the co-assem-
bled state (complementarily hydrogen-bonded 1o and
OTCA) to the self-sorted state (simple mixture of 1o and
H-aggregated OTCA) was clearly excluded by the AFM
study described later. For a 1 �10�4

m solution, the formation
of large aggregates with average size of 600 nm was con-
firmed by dynamic light scattering (DLS) measurements
(Figure S3 in the Supporting Information). If only comple-
mentary hydrogen-bonding interactions between melamine
and
cyanurate moieties, the binding constants of which are about
2 � 105

m
�1,[22d] are responsible for the co-assembling of 1o

and OTCA, the degree of polymerisation (DP) for (1o +

OTCA)n at 1 � 10�4
m is only 2.6. Thus, cooperative H-aggre-

gation of OT moieties promotes the supramolecular co-poly-
merisation, leading to the formation of the higher-order ag-
gregates.[7d,26]

Figure 2. A) UV/Vis and B) fluorescence titration experiments of OTCA
(1 � 10�5

m) with 1o (0 to 2 equiv) in cyclohexane. Only the spectra at
OTCA:1o =1:0 (yellow), 1:0.25 (black), 1:0.5 (black), 1:0.75 (black) and
1:1 (blue) are shown for clarity. The arrows indicate the direction of spec-
tral change upon increasing 1o. Insets show changes in e at 415 nm for
A) and relative fluorescence intensity at 481 nm for B) with increasing
[1o].

Figure 3. A) UV/Vis and B) normalized fluorescence spectra of a 1:1 mix-
ture of 1o and OTCA in cyclohexane for concentrations from 1 � 10�5

m

(blue) to 1� 10�4
m (green). The arrows indicate the changes upon in-

creasing the concentration. Insets show changes in e at 389 nm in A) and
the ratio of fluorescence intensities at 536 nm (H-aggregate) and 481 nm
(monomer) in B) with increasing concentration of the mixture.
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Upon irradiating a 1 � 10�4
m solution of SCPs (1+

OTCA)n with UV light, 1o was almost completely converted
to 1c, as confirmed by UV/Vis measurements (Figure 4 A

and 4B). In contrast to the spectral changes accompanying
the ring-closing reaction of 1o alone, no well-defined isosbes-
tic point was observed at around 350 nm (inset in Fig-
ure 4 A), implying that the ring-closing of the DAE moieties
in the SCPs induced a change in the overlapping absorption
band of the OT moiety. A more impressive change could be
seen in the corresponding fluorescence spectra (Figure 4 C
and 4D). Significant quenching of the OT emission was ob-
served upon UV irradiation due to Fçrster resonance
energy transfer (FRET) to the closed DAE moiety, the visi-
ble absorption band of which overlaps considerably with the
emission band of the OT moiety. More importantly, normal-
ized fluorescence spectra clearly showed the unstructured
emission band of the H-aggregated OT moiety gradually
changing to that with the vibronic progression of the mono-
meric OT moiety (Figure 4 C). This finding implies that the
ring-closing reaction of the DAE moieties in the SCPs pre-
vent their higher-order organization. Without additional p–p

stacking interaction between OT moieties, the co-assemblies
cannot elongate to form SCPs, and may exist as small hydro-
gen-bonded oligomers. Indeed, for the UV-irradiated solu-
tion, no large aggregates could be detected by DLS analysis.

TEM and AFM Studies of photoreponsive supramolecular
co-polymers : The change in the nanostructure of the SCPs
of 1 and OTCA upon UV irradiation was investigated by
transmission electron microscopy (TEM). For this purpose,
aliquots were taken from the 1 �10�4

m solution of the SCPs
in cyclohexane before and after exposure to UV light to
achieve PSS state (photoconversion yield= 87 %), and de-
posited on TEM grids. TEM images of the SCPs without ir-
radiation showed bundled nanofibers, the longest of which
had lengths on the order of micrometers (Figure 5 A). The

widths of the nanofibers were quite uniform at 20 nm (Fig-
ure 5 B), suggesting that the SCPs form a well-defined sec-
ondary structure. Interestingly, these nanofibers were com-
pletely absent in the TEM images of UV-irradiated SCPs,
and neuron-like clumps of thinner fibrils were seen instead
(Figure 5 C). These fibrils were at most about 200 nm long,
with a width of 5 nm (Figure 5 D). The width is consistent
with the extended molecular length of OTCA (ca. 5 nm),
suggesting that the observed fibrils correspond to the linear-
ly extended supramolecular co-polymer chains of 1c and
OTCA. Since the distance between the two melamine hy-
drogen-bonding sites of 1c (based on the nitrogen atoms of
the outer hydrogen-bonding NH groups) is about 2.5 nm,
the DP for the 200 nm length fibril is roughly estimated to
be 80. If such extended SCPs exist in solution, we should
detect them by DLS. The absence of any large aggregates in
the DLS experiments of 1c and OTCA thus suggests that
these fibrils visualized by TEM are formed by an increase of
the DP by solvent evaporation.

Figure 4. A) UV/Vis and C) normalized fluorescence spectra of a 1:1 mix-
ture of 1o and OTCA (1 � 10�4

m) in cyclohexane upon photoirradiation at
313 nm (green to red spectra). The photoirradiation was performed in a
1 mm quartz cuvette using a 150 W xenon lamp equipped with fluorime-
ter (band width =20 nm). Fluorescence spectra were recorded with the
front-face geometry. The arrows indicate the changes upon photoirradia-
tion. In C), the un-normalized spectrum recorded after 90 min of UV ir-
radiation is shown by the red dotted curve. B) Time-course changes in e

at 600 nm in A). D) Time-course changes in fluorescence intensity at
536 nm in C).

Figure 5. TEM images of A,B) (1o +OTCA)n and C,D) (1c +OTCA)n.
The samples were prepared by drop-casting of their cyclohexane solu-
tions (c= 1�10�4

m) onto carbon-coated TEM grid and staining with
uranyl acetate.
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To examine the photoinduced nanostructure transition of
our SCPs, they were imaged with atomic force microscopy
(AFM) after different periods of exposure to UV light. The
SCPs were spin-coated onto highly oriented pyrolytic graph-
ite (HOPG). Without UV irradiation, SCPs (1o + OTCA)n

formed many bundled nanofibers (Figure S4 in the Support-
ing Information), consistent with TEM observations. Photo-
conversion of 50 % of 1o to 1c resulted in the dispersion of
the nanofibers, most likely due to the decrease in the con-
centration of (1o +OTCA)n (Figures S5 and S6 in the Sup-
porting Information). AFM imaging of the isolated nanofib-
ers with a phase mode sensitive to the mechanical and
chemical properties of materials revealed a helical morphol-
ogy with an average helical pitch of (10�2) nm (Figure 6 A
and 6B). The helical sense appears to be unbiased, which is
reasonable in the absence of any chiral sources. The average
height of the nanofibers, estimated by cross-sectional analy-
sis, was (8.2�0.1) nm (see Figure 6 D, described later), con-
siderably shorter than the width measured by TEM
(20 nm).[27] The significant difference between these two
measurements was attributed to the presumably hollow

structure of the helices, which made them susceptible to de-
formation through evaporation processes.[14] The dimensions
of the nanofibers are unambiguously different from those of
previously reported nanostructures of self-aggregated
OTCA,[21] indicating the formation of SCPs (1o + OTCA)n.
The observed helical morphology is reminiscent of that
found by W�rthner and co-workers for merocyanine supra-
molecular polymer nanorods,[28] suggesting helical folding
and intertwining of the SCP chains.

The images obtained at 75 % photoconversion to 1c dis-
played short, curved fibrils (Figure 6 C). The average height
of the fibrils was (3.2�0.1) nm (Figure 6 D). At 87 % photo-
conversion to 1c, almost all the nanofibers disappeared, leav-
ing only curved fibrils and small particles (Figure 6 E and
6F). The lengths of fibrils are about 100 nm, shorter than
those observed by TEM. This is reasonable, because spin-
coating enables a faster evaporation of solvent compared to
drop-casting employed for the preparation of the TEM sam-
ples. When extensively UV-irradiated solutions were irradi-
ated with visible light for the ring-opening reaction, helical
nanofibers of (1o +OTCA)n were regenerated, accompany-
ing the nearly complete reconversion of 1c to 1o (Figure S7
in the Supporting Information), thus demonstrating the pho-
toreversibility of the present system.

Electronic properties of nanostructures : Because our SCPs
contained oligothiophene semiconductors, their intrinsic
charge carrier mobilities were evaluated by flash-photolysis
time-resolved microwave conductivity (FP-TRMC) mea-ACHTUNGTRENNUNGsurements, which provided information on the short-range
(ca. 10 nm) dynamics of mobile charge carriers.[29] To pre-
pare films capable of exhibiting detectable TRMC signals, a
1:1 mixture of 1o and OTCA was dissolved in cyclohexane at
a high concentration (1 � 10�2

m) with heating. After the re-
sulting homogeneous solution was cooled to room tempera-
ture, it formed a gel on standing for several minutes, as a
result of the formation of elongated nanofibers.[10c,30] UV ir-
radiation of the gel prepared in a 1 mm cuvette converted it
to a solution together with a photochromic reaction (Fig-
ure 7 A). Irradiation of the resulting sol with visible light re-
formed the original gel state. Although it was not possible
to obtain images of the nanostructures formed in these con-
densed materials, the observed photoreversible sol–gel tran-
sition is consistent with the photoreversible supramolecular
polymerisation seen in the above-described microscopic
studies. We therefore prepared films from the gel and the
sol for TRMC studies. Both films, upon excitation with a
355 nm laser pulse, exhibited TRMC signals given by fSm

(f, photocarrier generation yield; Sm, sum of the mobilities
of photogenerated charge carriers) with a maximum value
of 1.9 � 10�5 cm2 V�1 s�1 (Figure 7 B). Since films of 1o or 1c

alone showed negligible TRMC signals, the foregoing results
indicate that both the films contained oligothiophene stacks
as pathways for mobile charge carriers. For the film pre-
pared from the sol, nonspecific aggregation of (1c + OTCA)n

might have occurred by p–p stacking of the OT moieties
upon evaporating the solution. This was confirmed by fluo-

Figure 6. AFM images showing photoconversion of (1o +OTCA)n to (1c +

OTCA)n. A) Phase image obtained at 50 % photoconversion to 1c.
B) Cross sectional analysis along the white line in A). C) Height image
obtained at 75% photoconversion to 1c. The yellow arrows denote fibrils
of (1c +OTCA)n. D) Superimposed cross-sectional curves along the red
and the blue lines in C). E) Height image and F) phase image, both at
87% photoconversion to 1c.
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rescence measurements on the film prepared from the sol,
which exhibited the luminescence at around 540 nm charac-
teristic of H-aggregated OT moieties. From the values of f
measured by photocurrent integration (1.9 �10�4), the sum
of the mobilities of photogenerated charge carriers Sm was
estimated to be 0.1 cm2 V�1 s�1 for both films, comparable to
that of regioregular poly(3-hexylthiophene) films.[31]

Conclusion

Photoreponsive and electroactive supramolecular co-poly-
mers (SCPs) could be prepared by mixing two complemen-
tary, multiple-hydrogen-bonding modules functionalized by
diarylethene (DAE) or oligothiophene (OT) moieties. From
the spectroscopic and the microscopic investigations, it can
be concluded that DAE can work as photoresponsive co-
monomer that lead to the formation of flexible and rigid
supramolecular polymer chains by being incorporated into
appropriate supramolecular polymer backbone (Scheme 2).
The flexible open-form DAE moieties in (1o + OTCA)n

impart the SCP chains with sufficient conformational flexi-
bility to fold and intertwine into thermodynamically stable
helical nanofibers through interchain p–p stacking interac-
tions (H-aggregation) between the pendent OT moieties.
The ring-closing reaction of the DAE moieties reduced the
conformational flexibility of the SCP chains, disabling them
from organizing into higher-order structures. Without such a

higher-order organization capability, SCPs of (1c +OTCA)n

are not formed in solution due to weak triple hydrogen-
bonding interaction between melamines and cyanurates, and
only when evaporation of the solvent occurs do they elon-
gate to form fibrils with several hundreds of nanometers in
length. Both the helically organized nanofibers and the pho-
togenerated fibrils showed comparable charge transport ca-
pabilities, as shown by FP-TRMC, due to the nonspecific as-
sociation of the latter in the condensed state. However, the
high level of control over self-assembled nanostructures by
the photochromic reaction of DAE demonstrated here af-
fords a promising prospect of the use of supramolecular
polymer chemistry for the spatiotemporally controlled gen-
eration of novel photo- and electroactive nanoarchitec-
tures.[32]

Acknowledgements

S.Y. thanks Izumi Science and Technology Foundation and The Sumito-
mo Foundation for partial financial support. This work is partially sup-
ported by CREST, JST.

[1] a) J. S. Moore, Curr. Opin. Colloid Interface Sci. 1999, 4, 108 – 116;
b) D. C. Sherrington, K. A. Taskinen, Chem. Soc. Rev. 2001, 30, 83–
93; c) L. Brunsveld, B. J. B. Folmer, E. W. Meijer, R. P. Sijbesma,
Chem. Rev. 2001, 101, 4071 – 4097; d) J.-M. Lehn, Polym. Int. 2002,
51, 825 –839; e) A. Ciferri, Macromol. Rapid Commun. 2002, 23,
511 – 529; f) A. Tessa ten Cate, R. P. Sijbesma, Macromol. Rapid
Commun. 2002, 23, 1094 – 1112; g) A. Harada, A. Hashidzume, Y.
Takashima, Adv. Polym. Sci. 2006, 201, 1– 43; h) T. F. A. de Greef,
E. W. Meijer, Nature 2008, 453, 171 –173; i) T. F. A. De Greef,
M. M. J. Smulders, M. Wolffs, A. P. H. J. Schenning, R. P. Sijbesma,
E. W. Meijer, Chem. Rev. 2009, 109, 5687 – 5754; j) M. Burnworth, L.
Tang, J. R. Kumpfer, A. J. Duncan, F. L. Beyer, G. L. Fiore, S. J.
Rowan, C. Weder, Nature 2011, 472, 334 –337.

[2] a) C. Fouquey, J. M. Lehn, A. M. Levelut, Adv. Mater. 1990, 2, 254 –
257; b) M. Kotera, J. M. Lehn, J. P. Vigneron, J. Chem. Soc. Chem.
Commun. 1994, 197 – 199.

[3] R. P. Sijbesma, F. H. Beijer, L. Brunsveld, B. J. B. Folmer, J. H. K. K.
Hirschberg, R. F. M. Lange, J. K. L. Lowe, E. W. Meijer, Science
1997, 278, 1601 –1604.

[4] a) B. J. B. Folmer, R. P. Sijbesma, R. M. Versteegen, J. A. J. van der
Rijt, E. W. Meijer, Adv. Mater. 2000, 12, 874 – 878; b) V. Berl, M.
Schmutz, M. J. Krische, R. G. Khoury, J.-M. Lehn, Chem. Eur. J.
2002, 8, 1227 –1244; c) R. K. Castellano, D. M. Rudkevich, J. Re-
bek, Jr., Proc. Natl. Acad. Sci. USA 1997, 94, 7132 – 7137; d) R. K.
Castellano, R. Clark, S. L. Craig, C. Nuckolls, J. Rebek, Jr., Proc.
Natl. Acad. Sci. USA 2000, 97, 12418 –12421; e) S. Sivakova, S. J.
Rowan, Chem. Commun. 2003, 2428 – 2429; f) Y. Ma, S. V. Kolotu-
chin, S. C. Zimmerman, J. Am. Chem. Soc. 2002, 124, 13757 –13769;
g) S. Yagai, T. Iwashima, T. Karatsu, A. Kitamura, Chem. Commun.
2004, 1114 – 1115; h) L. Bouteiller, O. Colombani, F. Lortie, P.
Terech, J. Am. Chem. Soc. 2005, 127, 8893 – 8898.

[5] For a review, see: a) H. Hofmeier, U. S. Schubert, Chem. Commun.
2005, 2423 – 2432; for further examples, see: b) S. P. Dudek, M. Pou-
deroijen, R. Abbel, A. P. H. J. Schenning, E. W. Meijer, J. Am.
Chem. Soc. 2005, 127, 11763 –11768; c) H. Hofmeier, R. Hoogen-
boom, M. E. L. Wouters, U. S. Schubert, J. Am. Chem. Soc. 2005,
127, 2913 –2921; d) T. Park, S. C. Zimmerman, J. Am. Chem. Soc.
2006, 128, 13986 – 13987; e) K. Hager, A. Franz, A. Hirsch, Chem.
Eur. J. 2006, 12, 2663 –2679.

[6] For reviews, see: a) A. Ajayaghosh, S. J. George, A. P. H. J. Schen-
ning, Top. Curr. Chem. 2005, 258, 83– 118; b) S. Yagai, J. Photochem.

Figure 7. A) UV-induced gel-to-sol transition of the cyclohexane gel con-
taining 1:1 mixture of 1o and OTCA (c =1�10�2

m). The resulting sol
could be converted to the gel state by irradiation with visible light as for-
mally shown by the dotted arrow. B) Conductivity transients observed for
thin films of (1o +OTCA)n (black line) and (1c +OTCA)n (red line). The
transients were recorded under 355 nm laser pulse excitation at 9.1�
1015 photons cm�2.

Chem. Eur. J. 2012, 18, 2244 – 2253 � 2012 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chemeurj.org 2251

FULL PAPERHydrogen-Bonded Supramolecular Co-polymers

http://dx.doi.org/10.1016/S1359-0294(99)00018-7
http://dx.doi.org/10.1016/S1359-0294(99)00018-7
http://dx.doi.org/10.1016/S1359-0294(99)00018-7
http://dx.doi.org/10.1039/b008033k
http://dx.doi.org/10.1039/b008033k
http://dx.doi.org/10.1039/b008033k
http://dx.doi.org/10.1021/cr990125q
http://dx.doi.org/10.1021/cr990125q
http://dx.doi.org/10.1021/cr990125q
http://dx.doi.org/10.1002/pi.852
http://dx.doi.org/10.1002/pi.852
http://dx.doi.org/10.1002/pi.852
http://dx.doi.org/10.1002/pi.852
http://dx.doi.org/10.1002/1521-3927(20020601)23:9%3C511::AID-MARC511%3E3.0.CO;2-F
http://dx.doi.org/10.1002/1521-3927(20020601)23:9%3C511::AID-MARC511%3E3.0.CO;2-F
http://dx.doi.org/10.1002/1521-3927(20020601)23:9%3C511::AID-MARC511%3E3.0.CO;2-F
http://dx.doi.org/10.1002/1521-3927(20020601)23:9%3C511::AID-MARC511%3E3.0.CO;2-F
http://dx.doi.org/10.1002/marc.200290011
http://dx.doi.org/10.1002/marc.200290011
http://dx.doi.org/10.1002/marc.200290011
http://dx.doi.org/10.1002/marc.200290011
http://dx.doi.org/10.1007/12_056
http://dx.doi.org/10.1007/12_056
http://dx.doi.org/10.1007/12_056
http://dx.doi.org/10.1038/453171a
http://dx.doi.org/10.1038/453171a
http://dx.doi.org/10.1038/453171a
http://dx.doi.org/10.1021/cr900181u
http://dx.doi.org/10.1021/cr900181u
http://dx.doi.org/10.1021/cr900181u
http://dx.doi.org/10.1038/nature09963
http://dx.doi.org/10.1038/nature09963
http://dx.doi.org/10.1038/nature09963
http://dx.doi.org/10.1002/adma.19900020506
http://dx.doi.org/10.1002/adma.19900020506
http://dx.doi.org/10.1002/adma.19900020506
http://dx.doi.org/10.1039/c39940000197
http://dx.doi.org/10.1039/c39940000197
http://dx.doi.org/10.1039/c39940000197
http://dx.doi.org/10.1039/c39940000197
http://dx.doi.org/10.1126/science.278.5343.1601
http://dx.doi.org/10.1126/science.278.5343.1601
http://dx.doi.org/10.1126/science.278.5343.1601
http://dx.doi.org/10.1126/science.278.5343.1601
http://dx.doi.org/10.1002/1521-4095(200006)12:12%3C874::AID-ADMA874%3E3.0.CO;2-C
http://dx.doi.org/10.1002/1521-4095(200006)12:12%3C874::AID-ADMA874%3E3.0.CO;2-C
http://dx.doi.org/10.1002/1521-4095(200006)12:12%3C874::AID-ADMA874%3E3.0.CO;2-C
http://dx.doi.org/10.1002/1521-3765(20020301)8:5%3C1227::AID-CHEM1227%3E3.0.CO;2-0
http://dx.doi.org/10.1002/1521-3765(20020301)8:5%3C1227::AID-CHEM1227%3E3.0.CO;2-0
http://dx.doi.org/10.1002/1521-3765(20020301)8:5%3C1227::AID-CHEM1227%3E3.0.CO;2-0
http://dx.doi.org/10.1002/1521-3765(20020301)8:5%3C1227::AID-CHEM1227%3E3.0.CO;2-0
http://dx.doi.org/10.1073/pnas.94.14.7132
http://dx.doi.org/10.1073/pnas.94.14.7132
http://dx.doi.org/10.1073/pnas.94.14.7132
http://dx.doi.org/10.1073/pnas.97.23.12418
http://dx.doi.org/10.1073/pnas.97.23.12418
http://dx.doi.org/10.1073/pnas.97.23.12418
http://dx.doi.org/10.1073/pnas.97.23.12418
http://dx.doi.org/10.1039/b307877a
http://dx.doi.org/10.1039/b307877a
http://dx.doi.org/10.1039/b307877a
http://dx.doi.org/10.1021/ja0202006
http://dx.doi.org/10.1021/ja0202006
http://dx.doi.org/10.1021/ja0202006
http://dx.doi.org/10.1039/b401132e
http://dx.doi.org/10.1039/b401132e
http://dx.doi.org/10.1039/b401132e
http://dx.doi.org/10.1039/b401132e
http://dx.doi.org/10.1021/ja0511016
http://dx.doi.org/10.1021/ja0511016
http://dx.doi.org/10.1021/ja0511016
http://dx.doi.org/10.1039/b419171d
http://dx.doi.org/10.1039/b419171d
http://dx.doi.org/10.1039/b419171d
http://dx.doi.org/10.1039/b419171d
http://dx.doi.org/10.1021/ja052054k
http://dx.doi.org/10.1021/ja052054k
http://dx.doi.org/10.1021/ja052054k
http://dx.doi.org/10.1021/ja052054k
http://dx.doi.org/10.1021/ja042919e
http://dx.doi.org/10.1021/ja042919e
http://dx.doi.org/10.1021/ja042919e
http://dx.doi.org/10.1021/ja042919e
http://dx.doi.org/10.1021/ja064116s
http://dx.doi.org/10.1021/ja064116s
http://dx.doi.org/10.1021/ja064116s
http://dx.doi.org/10.1021/ja064116s
http://dx.doi.org/10.1002/chem.200501300
http://dx.doi.org/10.1002/chem.200501300
http://dx.doi.org/10.1002/chem.200501300
http://dx.doi.org/10.1002/chem.200501300
http://dx.doi.org/10.1007/b135681
http://dx.doi.org/10.1007/b135681
http://dx.doi.org/10.1007/b135681
http://dx.doi.org/10.1016/j.jphotochemrev.2006.11.001
www.chemeurj.org


Photobiol. C 2006, 7, 164 –182; c) D. Gonz�lez-Rodr�guez, A. P. H. J.
Schenning, Chem. Mater. 2011, 23, 310 – 325.

[7] a) J. H. K. K. Hirschberg, L. Brunsveld, A. Ramzi, J. A. J. M. Veke-
mans, R. P. Sijbesma, E. W. Meijer, Nature 2000, 407, 167 –170;
b) J. H. K. K. Hirschberg, R. A. Koevoets, R. P. Sijbesma, 2003, 9,
4222–4231; c) F. W�rthner, C. Thalacker, A. Sautter, Adv. Mater.
1999, 11, 754 – 758; d) F. W�rthner, C. Thalacker, A. Sautter, W.
Schartl, W. Ibach, O. Hollricher, Chem. Eur. J. 2000, 6, 3871 –3886;
e) R. Schmidt, S. Uemura, F. W�rthner, Chem. Eur. J. 2010, 16,
13706 – 13715; f) S. Yagai, M. Higashi, T. Karatsu, A. Kitamura,
Chem. Mater. 2004, 16, 3582 – 3585; g) S. Yagai, T. Karatsu, A. Kita-
mura, Langmuir 2005, 21, 11048 –11052; h) S. Yagai, M. Higashi, T.
Karatsu, A. Kitamura, Chem. Mater. 2005, 17, 4392 –4398; i) S.
Yagai, T. Kinoshita, M. Higashi, K. Kishikawa, T. Nakanishi, T. Kar-
atsu, A. Kitamura, J. Am. Chem. Soc. 2007, 129, 13277 –13287; j) S.
Yagai, Y. Monma, N. Kawauchi, T. Karatsu, A. Kitamura, Org. Lett.
2007, 9, 1137 –1140.

[8] J. Motoyanagi, T. Fukushima, N. Ishii, T. Aida, J. Am. Chem. Soc.
2006, 128, 4220 –4221.

[9] a) B. L. Feringa, Molecular Switches, Wiley-VCH, Weinheim, 2001;
b) V. Balzani, M. Venturi, A. Credi, Molecular Devices, Machines,
Wiley-VCH, Weinheim, 2003 ; c) M. von Delius, D. A. Leigh, Chem.
Soc. Rev. 2011, 40, 3656 –3676.

[10] a) S. Yagai, T. Karatsu, A. Kitamura, Chem. Eur. J. 2005, 11, 4054 –
4063; b) S. Hecht, Small 2005, 1, 26 –29; c) T. Ishi-i, S. Shinkai, Top.
Curr. Chem. 2005, 258, 119 – 160; d) S. Yagai, A. Kitamura, Chem.
Soc. Rev. 2008, 37, 1520 –1529; e) M.-M. Russew, S. Hecht, Adv.
Mater. 2010, 22, 3348 –3360.

[11] For selected examples, see: a) S. Shinkai, T. Yoshida, O. Manabe, Y.
Fuchita, J. Chem. Soc. Perkin Trans. 1 1988, 1431 – 1437; b) K.
Murata, M. Aoki, T. Suzuki, T. Harada, H. Kawabata, T. Komori, F.
Ohseto, K. Ueda, S. Shinkai, J. Am. Chem. Soc. 1994, 116, 6664 –
6676; c) M. S. Vollmer, T. D. Clark, C. Steinem, M. R. Ghadiri,
Angew. Chem. 1999, 111, 1703 –1706; Angew. Chem. Int. Ed. 1999,
38, 1598 – 1601; d) T. Kawasaki, M. Tokuhiro, N. Kimizuka, T. Kuni-
take, J. Am. Chem. Soc. 2001, 123, 6792 – 6800; e) S. Yagai, T. Karat-
su, A. Kitamura, Chem. Commun. 2003, 1844 –1845; f) F. Rakoton-
dradany, M. A. Whitehead, A.-M. Lebuis, H. F. Sleiman, Chem. Eur.
J. 2003, 9, 4771 – 4780; g) M. Moriyama, N. Mizoshita, T. Yokota, K.
Kishimoto, T. Kato, Adv. Mater. 2003, 15, 1335 –1338; h) J. Eastoe,
M. Sanchez-Dominguez, P. Wyatt, R. K. Heenan, Chem. Commun.
2004, 2608 – 2609; i) S. Yagai, T. Nakajima, T. Karatsu, K. Saitow, A.
Kitamura, J. Am. Chem. Soc. 2004, 126, 11500 – 11508; j) N. Kou-
mura, M. Kudo, N. Tamaoki, Langmuir 2004, 20, 9897 – 9900; k) S.
Yagai, T. Nakajima, K. Kishikawa, S. Kohmoto, T. Karatsu, A. Kita-
mura, J. Am. Chem. Soc. 2005, 127, 11134 –11139; l) C.-H. Huang,
D. M. Bassani, Eur. J. Org. Chem. 2005, 4041 –4050; m) Y. Molard,
D. M. Bassani, J.-P. Desvergne, P. N. Horton, M. B. Hursthouse,
J. H. R. Tucker, Angew. Chem. 2005, 117, 1096 –1099; Angew. Chem.
Int. Ed. 2005, 44, 1072 – 1075; n) A. Vesperinas, J. Eastoe, P. Wyatt,
I. Grillo, R. K. Heenan, Chem. Commun. 2006, 4407 –4409; o) S.
Yagai, T. Iwashima, K. Kishikawa, S. Nakahara, T. Karatsu, A. Kita-
mura, Chem. Eur. J. 2006, 12, 3984 –3994; p) N. S. S. Kumar, S. Var-
ghese, G. Narayan, S. Das, Angew. Chem. 2006, 118, 6465 –6469;
Angew. Chem. Int. Ed. 2006, 45, 6317 –6321; q) M. Moriyama, N.
Mizoshita, T. Kato, Bull. Chem. Soc. Jpn. 2006, 79, 962 – 964.

[12] a) S. Kume, K. Kuroiwa, N. Kimizuka, Chem. Commun. 2006, 2442 –
2444; b) R. Iwaura, T. Shimizu, Angew. Chem. 2006, 118, 4717 –
4720; Angew. Chem. Int. Ed. 2006, 45, 4601 –4604; c) L.-s. Li, H.
Jiang, B. W. Messmore, S. R. Bull, S. I. Stupp, Angew. Chem. 2007,
119, 5977 –5980; Angew. Chem. Int. Ed. 2007, 46, 5873 –5876; d) I.
Willerich, F. Grçhn, Angew. Chem. 2010, 122, 8280 – 8285; Angew.
Chem. Int. Ed. 2010, 49, 8104 – 8108; e) Y. Yan, H. Wang, B. Li, G.
Hou, Z. Yin, L. Wu, V. W. W. Yam, Angew. Chem. 2010, 122, 9419 –
9422; Angew. Chem. Int. Ed. 2010, 49, 9233 –9236; f) N. Kameta, A.
Tanaka, H. Akiyama, H. Minamikawa, M. Masuda, T. Shimizu,
Chem. Eur. J. 2011, 17, 5251 – 5255.

[13] a) F. J. M. Hoeben, P. Jonkheijm, E. W. Meijer, A. P. H. J. Schenning,
Chem. Rev. 2005, 105, 1491 – 1546; b) A. P. H. J. Schenning, E. W.
Meijer, Chem. Commun. 2005, 3245 –3258.

[14] S. Yagai, S. Hamamura, H. Wang, V. Stepanenko, T. Seki, K.
Unoike, Y. Kikkawa, T. Karatsu, A. Kitamura, F. W�rthner, Org.
Biomol. Chem. 2009, 7, 3926 – 3929.

[15] a) M. Irie, Chem. Rev. 2000, 100, 1685 –1716; b) S. Kobatake, S.
Takami, H. Muto, T. Ishikawa, M. Irie, Nature 2007, 446, 778 –781;
c) M. Morimoto, M. Irie, J. Am. Chem. Soc. 2010, 132, 14172 –14178.

[16] a) J. J. D. de Jong, L. N. Lucas, R. M. Kellogg, J. H. van Esch, B. L.
Feringa, Science 2004, 304, 278 –281; b) J. J. D. de Jong, T. D. Tie-
mersma-Wegman, J. H. Van Esch, B. L. Feringa, J. Am. Chem. Soc.
2005, 127, 13804 –13805; c) M. Takeshita, M. Hayashi, S. Kadota,
K. H. Mohammed, T. Yamato, Chem. Commun. 2005, 761 –763;
d) T. Hirose, K. Matsuda, M. Irie, J. Org. Chem. 2006, 71, 7499 –
7508; e) T. Fukaminato, M. Irie, Adv. Mater. 2006, 18, 3225 –3228;
f) T. Hirose, M. Irie, K. Matsuda, Adv. Mater. 2008, 20, 2137 –2141;
g) J. W. Chung, S.-J. Yoon, S.-J. Lim, B.-K. An, S. Y. Park, Angew.
Chem. 2009, 121, 7164 – 7168; Angew. Chem. Int. Ed. 2009, 48, 7030 –
7034.

[17] For examples of supramolecular polymers and polymers bearing
DAEs in their main-chains, see: a) S.-L. Li, T. Xiao, W. Xia, X.
Ding, Y. Yu, J. Jiang, L. Wang, Chem. Eur. J. 2011, 17, 10716 –
10723; b) F. Stellacci, C. Bertarelli, F. Toscano, M. C. Gallazzi, G.
Zotti, G. Zerbi, Adv. Mater. 1999, 11, 292 –295; c) H. Cho, E. Kim,
Macromolecules 2002, 35, 8684 –8687; d) K. Uchida, A. Takata, M.
Saito, A. Murakami, S. Nakamura, M. Irie, Adv. Funct. Mater. 2003,
13, 755 –762; e) H. Choi, H. Lee, Y. Kang, E. Kim, S. O. Kang, J.
Ko, J. Org. Chem. 2005, 70, 8291 – 8297.

[18] For example of hydrogen-bonded polymers bearing functional side-
chains, see: a) H. Saadeh, L. Wang, L. Yu, J. Am. Chem. Soc. 2000,
122, 546 – 547; b) A. El-Ghayoury, A. P. H. J. Schenning, P. A.
Van Hal, J. K. J. van Duren, R. A. J. Janssen, E. W. Meijer, Angew.
Chem. 2001, 113, 3772 – 3775; Angew. Chem. Int. Ed. 2001, 40, 3660 –
3663.

[19] For examples of stimuli-responsive higher-order organization of fi-
brillar assemblies, see: a) H.-J. Kim, J.-H. Lee, M. Lee, Angew.
Chem. 2005, 117, 5960 – 5964; Angew. Chem. Int. Ed. 2005, 44, 5810 –
5814; b) T. Muraoka, H. Cui, S. I. Stupp, J. Am. Chem. Soc. 2008,
130, 2946 –2947; c) J.-K. Kim, E. Lee, M.-C. Kim, E. Sim, M. Lee, J.
Am. Chem. Soc. 2009, 131, 17768 – 17770; d) S. Yagai, S. Kubota, H.
Saito, K. Unoike, T. Karatsu, A. Kitamura, A. Ajayaghosh, M. Ka-
nesato, Y. Kikkawa, J. Am. Chem. Soc. 2009, 131, 5408 –5410.

[20] For examples of photoresponsive foldamers, see: a) A. Khan, C.
Kaiser, S. Hecht, Angew. Chem. 2006, 118, 1912 –1915; Angew.
Chem. Int. Ed. 2006, 45, 1878 –1881; b) C. J. Gabriel, J. R. Parquette,
J. Am. Chem. Soc. 2006, 128, 13708 –13709; c) E. D. King, P. Tao,
T. T. Sanan, C. M. Hadad, J. R. Parquette, Org. Lett. 2008, 10, 1671 –
1674; d) Y. Hua, A. H. Flood, J. Am. Chem. Soc. 2010, 132, 12838 –
12840.

[21] S. Yagai, M. Gushiken, T. Karatsu, A. Kitamura, Y. Kikkawa, Chem.
Commun. 2011, 47, 454 –456.

[22] For our previous studies on functional dye assemblies based on mel-
amine–cyanurate/barbiturate interactions, see: a) S. Yagai, M. Higa-
shi, T. Karatsu, A. Kitamura, Chem. Commun. 2006, 1500 –1502;
b) T. Seki, S. Yagai, T. Karatsu, A. Kitamura, J. Org. Chem. 2008,
73, 3328 – 3335; c) T. Seki, S. Yagai, T. Karatsu, A. Kitamura, Chem.
Lett. 2008, 37, 764 – 765; d) S. Yagai, T. Seki, T. Karatsu, A. Kita-
mura, F. W�rthner, Angew. Chem. 2008, 120, 3415 –3419; Angew.
Chem. Int. Ed. 2008, 47, 3367 – 3371; e) S. Yagai, S. Kubota, K.
Unoike, T. Karatsu, A. Kitamura, Chem. Commun. 2008, 4466 –
4468; f) S. Yagai, T. Kinoshita, Y. Kikkawa, T. Karatsu, A. Kita-
mura, Y. Honsho, S. Seki, Chem. Eur. J. 2009, 15, 9320 – 9324; g) S.
Yagai, H. Aonuma, Y. Kikkawa, S. Kubota, T. Karatsu, A. Kita-
mura, S. Mahesh, A. Ajayaghosh, Chem. Eur. J. 2010, 16, 8652 –
8661; h) S. Yagai, T. Seki, H. Murayama, Y. Wakikawa, T. Ikoma, Y.
Kikkawa, T. Karatsu, A. Kitamura, Y. Honsho, S. Seki, Small 2010,
6, 2731 –2740; i) S. Yagai, Y. Nakano, S. Seki, A. Asano, T. Okubo,
T. Isoshima, T. Karatsu, A. Kitamura, Y. Kikkawa, Angew. Chem.

www.chemeurj.org � 2012 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Chem. Eur. J. 2012, 18, 2244 – 22532252

S. Yagai et al.

http://dx.doi.org/10.1016/j.jphotochemrev.2006.11.001
http://dx.doi.org/10.1016/j.jphotochemrev.2006.11.001
http://dx.doi.org/10.1016/j.jphotochemrev.2006.11.001
http://dx.doi.org/10.1002/(SICI)1521-4095(199906)11:9%3C754::AID-ADMA754%3E3.0.CO;2-5
http://dx.doi.org/10.1002/(SICI)1521-4095(199906)11:9%3C754::AID-ADMA754%3E3.0.CO;2-5
http://dx.doi.org/10.1002/(SICI)1521-4095(199906)11:9%3C754::AID-ADMA754%3E3.0.CO;2-5
http://dx.doi.org/10.1002/(SICI)1521-4095(199906)11:9%3C754::AID-ADMA754%3E3.0.CO;2-5
http://dx.doi.org/10.1002/1521-3765(20001103)6:21%3C3871::AID-CHEM3871%3E3.3.CO;2-W
http://dx.doi.org/10.1002/1521-3765(20001103)6:21%3C3871::AID-CHEM3871%3E3.3.CO;2-W
http://dx.doi.org/10.1002/1521-3765(20001103)6:21%3C3871::AID-CHEM3871%3E3.3.CO;2-W
http://dx.doi.org/10.1002/chem.201002159
http://dx.doi.org/10.1002/chem.201002159
http://dx.doi.org/10.1002/chem.201002159
http://dx.doi.org/10.1002/chem.201002159
http://dx.doi.org/10.1021/cm048963a
http://dx.doi.org/10.1021/cm048963a
http://dx.doi.org/10.1021/cm048963a
http://dx.doi.org/10.1021/la052076k
http://dx.doi.org/10.1021/la052076k
http://dx.doi.org/10.1021/la052076k
http://dx.doi.org/10.1021/cm0510413
http://dx.doi.org/10.1021/cm0510413
http://dx.doi.org/10.1021/cm0510413
http://dx.doi.org/10.1021/ja075257c
http://dx.doi.org/10.1021/ja075257c
http://dx.doi.org/10.1021/ja075257c
http://dx.doi.org/10.1021/ol070139f
http://dx.doi.org/10.1021/ol070139f
http://dx.doi.org/10.1021/ol070139f
http://dx.doi.org/10.1021/ol070139f
http://dx.doi.org/10.1021/ja060593z
http://dx.doi.org/10.1021/ja060593z
http://dx.doi.org/10.1021/ja060593z
http://dx.doi.org/10.1021/ja060593z
http://dx.doi.org/10.1039/c1cs15005g
http://dx.doi.org/10.1039/c1cs15005g
http://dx.doi.org/10.1039/c1cs15005g
http://dx.doi.org/10.1039/c1cs15005g
http://dx.doi.org/10.1002/chem.200401323
http://dx.doi.org/10.1002/chem.200401323
http://dx.doi.org/10.1002/chem.200401323
http://dx.doi.org/10.1007/b135554
http://dx.doi.org/10.1007/b135554
http://dx.doi.org/10.1007/b135554
http://dx.doi.org/10.1007/b135554
http://dx.doi.org/10.1039/b703092b
http://dx.doi.org/10.1039/b703092b
http://dx.doi.org/10.1039/b703092b
http://dx.doi.org/10.1039/b703092b
http://dx.doi.org/10.1002/adma.200904102
http://dx.doi.org/10.1002/adma.200904102
http://dx.doi.org/10.1002/adma.200904102
http://dx.doi.org/10.1002/adma.200904102
http://dx.doi.org/10.1039/p19880001431
http://dx.doi.org/10.1039/p19880001431
http://dx.doi.org/10.1039/p19880001431
http://dx.doi.org/10.1021/ja00094a023
http://dx.doi.org/10.1021/ja00094a023
http://dx.doi.org/10.1021/ja00094a023
http://dx.doi.org/10.1002/(SICI)1521-3757(19990601)111:11%3C1703::AID-ANGE1703%3E3.0.CO;2-4
http://dx.doi.org/10.1002/(SICI)1521-3757(19990601)111:11%3C1703::AID-ANGE1703%3E3.0.CO;2-4
http://dx.doi.org/10.1002/(SICI)1521-3757(19990601)111:11%3C1703::AID-ANGE1703%3E3.0.CO;2-4
http://dx.doi.org/10.1002/(SICI)1521-3773(19990601)38:11%3C1598::AID-ANIE1598%3E3.0.CO;2-J
http://dx.doi.org/10.1002/(SICI)1521-3773(19990601)38:11%3C1598::AID-ANIE1598%3E3.0.CO;2-J
http://dx.doi.org/10.1002/(SICI)1521-3773(19990601)38:11%3C1598::AID-ANIE1598%3E3.0.CO;2-J
http://dx.doi.org/10.1002/(SICI)1521-3773(19990601)38:11%3C1598::AID-ANIE1598%3E3.0.CO;2-J
http://dx.doi.org/10.1021/ja010035e
http://dx.doi.org/10.1021/ja010035e
http://dx.doi.org/10.1021/ja010035e
http://dx.doi.org/10.1039/b305528k
http://dx.doi.org/10.1039/b305528k
http://dx.doi.org/10.1039/b305528k
http://dx.doi.org/10.1002/chem.200304864
http://dx.doi.org/10.1002/chem.200304864
http://dx.doi.org/10.1002/chem.200304864
http://dx.doi.org/10.1002/chem.200304864
http://dx.doi.org/10.1002/adma.200305056
http://dx.doi.org/10.1002/adma.200305056
http://dx.doi.org/10.1002/adma.200305056
http://dx.doi.org/10.1039/b410158h
http://dx.doi.org/10.1039/b410158h
http://dx.doi.org/10.1039/b410158h
http://dx.doi.org/10.1039/b410158h
http://dx.doi.org/10.1021/ja047783z
http://dx.doi.org/10.1021/ja047783z
http://dx.doi.org/10.1021/ja047783z
http://dx.doi.org/10.1021/la048334f
http://dx.doi.org/10.1021/la048334f
http://dx.doi.org/10.1021/la048334f
http://dx.doi.org/10.1021/ja052645a
http://dx.doi.org/10.1021/ja052645a
http://dx.doi.org/10.1021/ja052645a
http://dx.doi.org/10.1002/ejoc.200500238
http://dx.doi.org/10.1002/ejoc.200500238
http://dx.doi.org/10.1002/ejoc.200500238
http://dx.doi.org/10.1002/ange.200461946
http://dx.doi.org/10.1002/ange.200461946
http://dx.doi.org/10.1002/ange.200461946
http://dx.doi.org/10.1002/anie.200461946
http://dx.doi.org/10.1002/anie.200461946
http://dx.doi.org/10.1002/anie.200461946
http://dx.doi.org/10.1002/anie.200461946
http://dx.doi.org/10.1039/b609267e
http://dx.doi.org/10.1039/b609267e
http://dx.doi.org/10.1039/b609267e
http://dx.doi.org/10.1002/chem.200501468
http://dx.doi.org/10.1002/chem.200501468
http://dx.doi.org/10.1002/chem.200501468
http://dx.doi.org/10.1002/ange.200602088
http://dx.doi.org/10.1002/ange.200602088
http://dx.doi.org/10.1002/ange.200602088
http://dx.doi.org/10.1002/anie.200602088
http://dx.doi.org/10.1002/anie.200602088
http://dx.doi.org/10.1002/anie.200602088
http://dx.doi.org/10.1246/bcsj.79.962
http://dx.doi.org/10.1246/bcsj.79.962
http://dx.doi.org/10.1246/bcsj.79.962
http://dx.doi.org/10.1039/b603477b
http://dx.doi.org/10.1039/b603477b
http://dx.doi.org/10.1039/b603477b
http://dx.doi.org/10.1002/ange.200601173
http://dx.doi.org/10.1002/ange.200601173
http://dx.doi.org/10.1002/ange.200601173
http://dx.doi.org/10.1002/anie.200601173
http://dx.doi.org/10.1002/anie.200601173
http://dx.doi.org/10.1002/anie.200601173
http://dx.doi.org/10.1002/ange.200701328
http://dx.doi.org/10.1002/ange.200701328
http://dx.doi.org/10.1002/ange.200701328
http://dx.doi.org/10.1002/ange.200701328
http://dx.doi.org/10.1002/anie.200701328
http://dx.doi.org/10.1002/anie.200701328
http://dx.doi.org/10.1002/anie.200701328
http://dx.doi.org/10.1002/ange.201003271
http://dx.doi.org/10.1002/ange.201003271
http://dx.doi.org/10.1002/ange.201003271
http://dx.doi.org/10.1002/anie.201003271
http://dx.doi.org/10.1002/anie.201003271
http://dx.doi.org/10.1002/anie.201003271
http://dx.doi.org/10.1002/anie.201003271
http://dx.doi.org/10.1002/ange.201004143
http://dx.doi.org/10.1002/ange.201004143
http://dx.doi.org/10.1002/ange.201004143
http://dx.doi.org/10.1002/anie.201004143
http://dx.doi.org/10.1002/anie.201004143
http://dx.doi.org/10.1002/anie.201004143
http://dx.doi.org/10.1002/chem.201100179
http://dx.doi.org/10.1002/chem.201100179
http://dx.doi.org/10.1002/chem.201100179
http://dx.doi.org/10.1021/cr030070z
http://dx.doi.org/10.1021/cr030070z
http://dx.doi.org/10.1021/cr030070z
http://dx.doi.org/10.1039/b501804h
http://dx.doi.org/10.1039/b501804h
http://dx.doi.org/10.1039/b501804h
http://dx.doi.org/10.1039/b912809c
http://dx.doi.org/10.1039/b912809c
http://dx.doi.org/10.1039/b912809c
http://dx.doi.org/10.1039/b912809c
http://dx.doi.org/10.1021/cr980069d
http://dx.doi.org/10.1021/cr980069d
http://dx.doi.org/10.1021/cr980069d
http://dx.doi.org/10.1038/nature05669
http://dx.doi.org/10.1038/nature05669
http://dx.doi.org/10.1038/nature05669
http://dx.doi.org/10.1021/ja105356w
http://dx.doi.org/10.1021/ja105356w
http://dx.doi.org/10.1021/ja105356w
http://dx.doi.org/10.1126/science.1095353
http://dx.doi.org/10.1126/science.1095353
http://dx.doi.org/10.1126/science.1095353
http://dx.doi.org/10.1021/ja055268a
http://dx.doi.org/10.1021/ja055268a
http://dx.doi.org/10.1021/ja055268a
http://dx.doi.org/10.1021/ja055268a
http://dx.doi.org/10.1039/b415114c
http://dx.doi.org/10.1039/b415114c
http://dx.doi.org/10.1039/b415114c
http://dx.doi.org/10.1021/jo060505t
http://dx.doi.org/10.1021/jo060505t
http://dx.doi.org/10.1021/jo060505t
http://dx.doi.org/10.1002/adma.200601222
http://dx.doi.org/10.1002/adma.200601222
http://dx.doi.org/10.1002/adma.200601222
http://dx.doi.org/10.1002/adma.200702314
http://dx.doi.org/10.1002/adma.200702314
http://dx.doi.org/10.1002/adma.200702314
http://dx.doi.org/10.1002/ange.200902777
http://dx.doi.org/10.1002/ange.200902777
http://dx.doi.org/10.1002/ange.200902777
http://dx.doi.org/10.1002/ange.200902777
http://dx.doi.org/10.1002/anie.200902777
http://dx.doi.org/10.1002/anie.200902777
http://dx.doi.org/10.1002/anie.200902777
http://dx.doi.org/10.1002/chem.201100691
http://dx.doi.org/10.1002/chem.201100691
http://dx.doi.org/10.1002/chem.201100691
http://dx.doi.org/10.1002/(SICI)1521-4095(199903)11:4%3C292::AID-ADMA292%3E3.0.CO;2-V
http://dx.doi.org/10.1002/(SICI)1521-4095(199903)11:4%3C292::AID-ADMA292%3E3.0.CO;2-V
http://dx.doi.org/10.1002/(SICI)1521-4095(199903)11:4%3C292::AID-ADMA292%3E3.0.CO;2-V
http://dx.doi.org/10.1021/ma025576i
http://dx.doi.org/10.1021/ma025576i
http://dx.doi.org/10.1021/ma025576i
http://dx.doi.org/10.1002/adfm.200304369
http://dx.doi.org/10.1002/adfm.200304369
http://dx.doi.org/10.1002/adfm.200304369
http://dx.doi.org/10.1002/adfm.200304369
http://dx.doi.org/10.1021/jo050710t
http://dx.doi.org/10.1021/jo050710t
http://dx.doi.org/10.1021/jo050710t
http://dx.doi.org/10.1021/ja993554e
http://dx.doi.org/10.1021/ja993554e
http://dx.doi.org/10.1021/ja993554e
http://dx.doi.org/10.1021/ja993554e
http://dx.doi.org/10.1002/1521-3757(20011001)113:19%3C3772::AID-ANGE3772%3E3.0.CO;2-H
http://dx.doi.org/10.1002/1521-3757(20011001)113:19%3C3772::AID-ANGE3772%3E3.0.CO;2-H
http://dx.doi.org/10.1002/1521-3757(20011001)113:19%3C3772::AID-ANGE3772%3E3.0.CO;2-H
http://dx.doi.org/10.1002/1521-3757(20011001)113:19%3C3772::AID-ANGE3772%3E3.0.CO;2-H
http://dx.doi.org/10.1002/1521-3773(20011001)40:19%3C3660::AID-ANIE3660%3E3.0.CO;2-B
http://dx.doi.org/10.1002/1521-3773(20011001)40:19%3C3660::AID-ANIE3660%3E3.0.CO;2-B
http://dx.doi.org/10.1002/1521-3773(20011001)40:19%3C3660::AID-ANIE3660%3E3.0.CO;2-B
http://dx.doi.org/10.1002/ange.200501270
http://dx.doi.org/10.1002/ange.200501270
http://dx.doi.org/10.1002/ange.200501270
http://dx.doi.org/10.1002/ange.200501270
http://dx.doi.org/10.1002/anie.200501270
http://dx.doi.org/10.1002/anie.200501270
http://dx.doi.org/10.1002/anie.200501270
http://dx.doi.org/10.1021/ja711213s
http://dx.doi.org/10.1021/ja711213s
http://dx.doi.org/10.1021/ja711213s
http://dx.doi.org/10.1021/ja711213s
http://dx.doi.org/10.1021/ja907462h
http://dx.doi.org/10.1021/ja907462h
http://dx.doi.org/10.1021/ja907462h
http://dx.doi.org/10.1021/ja907462h
http://dx.doi.org/10.1021/ja9005892
http://dx.doi.org/10.1021/ja9005892
http://dx.doi.org/10.1021/ja9005892
http://dx.doi.org/10.1002/ange.200503849
http://dx.doi.org/10.1002/ange.200503849
http://dx.doi.org/10.1002/ange.200503849
http://dx.doi.org/10.1002/anie.200503849
http://dx.doi.org/10.1002/anie.200503849
http://dx.doi.org/10.1002/anie.200503849
http://dx.doi.org/10.1002/anie.200503849
http://dx.doi.org/10.1021/ja066126z
http://dx.doi.org/10.1021/ja066126z
http://dx.doi.org/10.1021/ja066126z
http://dx.doi.org/10.1021/ol8004722
http://dx.doi.org/10.1021/ol8004722
http://dx.doi.org/10.1021/ol8004722
http://dx.doi.org/10.1021/ja105793c
http://dx.doi.org/10.1021/ja105793c
http://dx.doi.org/10.1021/ja105793c
http://dx.doi.org/10.1039/c0cc02225j
http://dx.doi.org/10.1039/c0cc02225j
http://dx.doi.org/10.1039/c0cc02225j
http://dx.doi.org/10.1039/c0cc02225j
http://dx.doi.org/10.1039/b516698e
http://dx.doi.org/10.1039/b516698e
http://dx.doi.org/10.1039/b516698e
http://dx.doi.org/10.1021/jo800338f
http://dx.doi.org/10.1021/jo800338f
http://dx.doi.org/10.1021/jo800338f
http://dx.doi.org/10.1021/jo800338f
http://dx.doi.org/10.1246/cl.2008.764
http://dx.doi.org/10.1246/cl.2008.764
http://dx.doi.org/10.1246/cl.2008.764
http://dx.doi.org/10.1246/cl.2008.764
http://dx.doi.org/10.1002/ange.200705385
http://dx.doi.org/10.1002/ange.200705385
http://dx.doi.org/10.1002/ange.200705385
http://dx.doi.org/10.1002/anie.200705385
http://dx.doi.org/10.1002/anie.200705385
http://dx.doi.org/10.1002/anie.200705385
http://dx.doi.org/10.1002/anie.200705385
http://dx.doi.org/10.1039/b808684b
http://dx.doi.org/10.1039/b808684b
http://dx.doi.org/10.1039/b808684b
http://dx.doi.org/10.1002/chem.200901336
http://dx.doi.org/10.1002/chem.200901336
http://dx.doi.org/10.1002/chem.200901336
http://dx.doi.org/10.1002/chem.201000839
http://dx.doi.org/10.1002/chem.201000839
http://dx.doi.org/10.1002/chem.201000839
http://dx.doi.org/10.1002/smll.201001344
http://dx.doi.org/10.1002/smll.201001344
http://dx.doi.org/10.1002/smll.201001344
http://dx.doi.org/10.1002/smll.201001344
http://dx.doi.org/10.1002/ange.201006117
www.chemeurj.org


2010, 122, 10186 –10190; Angew. Chem. Int. Ed. 2010, 49, 9990 –
9994; j) T. Tazawa, S. Yagai, Y. Kikkawa, T. Karatsu, A. Kitamura,
A. Ajayaghosh, Chem. Commun. 2010, 46, 1076 – 1078; k) T. Seki,
A. Asano, S. Seki, Y. Kikkawa, H. Murayama, T. Karatsu, A. Kita-
mura, S. Yagai, Chem. Eur. J. 2011, 17, 3598 – 3608.

[23] A. C. Whalley, M. L. Steigerwald, X. Guo, C. Nuckolls, J. Am.
Chem. Soc. 2007, 129, 12590 –12591.

[24] M. Irie, K. Sakemura, M. Okinaka, K. Uchida, J. Org. Chem. 1995,
60, 8305 –8309.

[25] Excess dCA might be not dissolved in the nonpolar solvent.
[26] F. J. M. Hoeben, J. Zhang, C. C. Lee, M. J. Pouderoijen, M. Wolffs,

F. W�rthner, A. P. H. J. Schenning, E. W. Meijer, S. D. Feyter, Chem.
Eur. J. 2008, 14, 8579 –8589.

[27] The apparent width of nanofibers measured by AFM was 35 nm.
The reduction of the tip broadening factor resulted in the value of
21 nm, which was consistent with the width estimated by TEM. See
the Supporting Information for details.

[28] a) F. W�rthner, S. Yao, U. Beginn, Angew. Chem. 2003, 115, 3368 –
3371; Angew. Chem. Int. Ed. 2003, 42, 3247 –3250; b) S. Yao, U.

Beginn, T. Gress, M. Lysetska, F. W�rthner, J. Am. Chem. Soc. 2004,
126, 8336 –8348.

[29] a) J. M. Warman, M. P. de Haas, G. Dicker, F. C. Grozema, J. Piris,
M. G. Debije, Chem. Mater. 2004, 16, 4600 –4609; b) A. Acharya, S.
Seki, A. Saeki, Y. Koizumi, S. Tagawa, Chem. Phys. Lett. 2005, 404,
356 – 360.

[30] a) P. Terech, R. G. Weiss, Chem. Rev. 1997, 97, 3133 – 3160; b) A.
Ajayaghosh, V. K. Praveen, Acc. Chem. Res. 2007, 40, 644 –656;
c) A. R. Hirst, B. Escuder, J. F. Miravet, D. K. Smith, Angew. Chem.
2008, 120, 8122 –8139; Angew. Chem. Int. Ed. 2008, 47, 8002 –8018.

[31] A. Saeki, S. Seki, Y. Koizumi, T. Sunagawa, K. Ushida, S. Tagawa, J.
Phys. Chem. B 2005, 109, 10015 –10019.

[32] J. J. D. de Jong, P. R. Hania, A. Pugzlys, L. N. Lucas, M. de Loos,
R. M. Kellogg, B. L. Feringa, K. Duppen, J. H. van Esch, Angew.
Chem. 2005, 117, 2425 – 2428; Angew. Chem. Int. Ed. 2005, 44, 2373 –
2376.

Received: November 4, 2011
Published online: January 31, 2012

Chem. Eur. J. 2012, 18, 2244 – 2253 � 2012 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chemeurj.org 2253

FULL PAPERHydrogen-Bonded Supramolecular Co-polymers

http://dx.doi.org/10.1002/ange.201006117
http://dx.doi.org/10.1002/ange.201006117
http://dx.doi.org/10.1002/ange.201006117
http://dx.doi.org/10.1002/anie.201006117
http://dx.doi.org/10.1002/anie.201006117
http://dx.doi.org/10.1002/anie.201006117
http://dx.doi.org/10.1039/b921959e
http://dx.doi.org/10.1039/b921959e
http://dx.doi.org/10.1039/b921959e
http://dx.doi.org/10.1002/chem.201003540
http://dx.doi.org/10.1002/chem.201003540
http://dx.doi.org/10.1002/chem.201003540
http://dx.doi.org/10.1021/ja073127y
http://dx.doi.org/10.1021/ja073127y
http://dx.doi.org/10.1021/ja073127y
http://dx.doi.org/10.1021/ja073127y
http://dx.doi.org/10.1021/jo00130a035
http://dx.doi.org/10.1021/jo00130a035
http://dx.doi.org/10.1021/jo00130a035
http://dx.doi.org/10.1021/jo00130a035
http://dx.doi.org/10.1002/chem.200800760
http://dx.doi.org/10.1002/chem.200800760
http://dx.doi.org/10.1002/chem.200800760
http://dx.doi.org/10.1002/chem.200800760
http://dx.doi.org/10.1002/ange.200351414
http://dx.doi.org/10.1002/ange.200351414
http://dx.doi.org/10.1002/ange.200351414
http://dx.doi.org/10.1002/anie.200351414
http://dx.doi.org/10.1002/anie.200351414
http://dx.doi.org/10.1002/anie.200351414
http://dx.doi.org/10.1021/ja0496367
http://dx.doi.org/10.1021/ja0496367
http://dx.doi.org/10.1021/ja0496367
http://dx.doi.org/10.1021/ja0496367
http://dx.doi.org/10.1021/cm049577w
http://dx.doi.org/10.1021/cm049577w
http://dx.doi.org/10.1021/cm049577w
http://dx.doi.org/10.1016/j.cplett.2005.02.003
http://dx.doi.org/10.1016/j.cplett.2005.02.003
http://dx.doi.org/10.1016/j.cplett.2005.02.003
http://dx.doi.org/10.1016/j.cplett.2005.02.003
http://dx.doi.org/10.1021/cr9700282
http://dx.doi.org/10.1021/cr9700282
http://dx.doi.org/10.1021/cr9700282
http://dx.doi.org/10.1021/ar7000364
http://dx.doi.org/10.1021/ar7000364
http://dx.doi.org/10.1021/ar7000364
http://dx.doi.org/10.1002/ange.200800022
http://dx.doi.org/10.1002/ange.200800022
http://dx.doi.org/10.1002/ange.200800022
http://dx.doi.org/10.1002/ange.200800022
http://dx.doi.org/10.1002/anie.200800022
http://dx.doi.org/10.1002/anie.200800022
http://dx.doi.org/10.1002/anie.200800022
http://dx.doi.org/10.1021/jp0442145
http://dx.doi.org/10.1021/jp0442145
http://dx.doi.org/10.1021/jp0442145
http://dx.doi.org/10.1021/jp0442145
http://dx.doi.org/10.1002/ange.200462500
http://dx.doi.org/10.1002/ange.200462500
http://dx.doi.org/10.1002/ange.200462500
http://dx.doi.org/10.1002/ange.200462500
http://dx.doi.org/10.1002/anie.200462500
http://dx.doi.org/10.1002/anie.200462500
http://dx.doi.org/10.1002/anie.200462500
www.chemeurj.org

