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Supramolecular polymerization of hydrogen-bonded
rosettes with anthracene chromophores: regioisomeric

effect on nanostructures

Deepak D Prabhu, Keisuke Aratsu, Mitsuaki Yamauchi, Xu Lin, Bimalendu Adhikari and Shiki Yagai

Two regioisomeric barbituric acid compounds possessing (phenylethynyl) anthracene cores and tridodecyloxy phenyl units were
synthesized. UV-Vis spectroscopic studies showed that the two compounds self-assemble by a cooperative mechanism in
methylcyclohexane (MCH) with different stacking arrangements of the z-conjugated core, which leads to distinct aggregation-
induced color changes. Atomic Force Microscopic studies revealed the formation of well-defined fibrous supramolecular polymers
with different topological features, that is, cylindrical or helically twisted shapes. For the helically twisted supramolecular
polymer, adding small amounts of limonene as a cosolvent induced more pronounced changes in absorption, which indicated
an increased z—x stacking interaction in the cosolvent system compared with that in pure MCH. Molecular modeling studies
suggested that the two molecules form supramolecular polymers by forming hydrogen-bonded hexameric supermacrocycles
(rosettes) and that different twisting angles of the anthracene chromophore with respect to the barbituric acid plane can explain
the observed difference in spectroscopic and morphological properties.
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INTRODUCTION

The self-organization of functional z-conjugated molecules into
well-defined  supramolecular —architectures using noncovalent
interactions such as z-z stacking, hydrogen bonding and solvophobic
interactions has received a great deal of attention in various scientific
fields, ranging from biological chemistry!® to material science.””!?
Among the various supramolecular architectures, one-dimensional
fibrillar structures are of particular importance, with application
to nanowires, gels and biomimetic nanomaterials.!*1¢  Such
one-dimensional ~supramolecular nanomaterials are effectively
constructed through the stacking of disc-shaped molecules with
expanded 7-conjugated systems.!”!® Because of the large z-surface
of such molecules, a considerable overlap of z-orbitals between the
adjacent molecules is anticipated upon their stacking, which enables
the transportation of charge carriers that is promising for applications
in organic optoelectronic devices such as organic solar cells and field
effect transistors.'®2% In addition to disc-shaped molecules, multi-arm
n-conjugated molecules where three or more z-conjugated units are
linked to a central core unit are useful building blocks for constructing
one-dimensional supramolecular nanomaterials.>>>> Although this
molecular design has merits, such as its applicability to known
functional z-conjugated molecules, it is challenging to introduce
many arms onto a central unit because the synthesis and purification
of the desired multi-arm products from incomplete side products
are demanding.?> An alternative approach towards such multi-arm

m-conjugated structures would be supramolecular macrocyclization
(supermacrocyclization) of z-conjugated building blocks using
directional noncovalent interactions such as hydrogen-bonding.?42°
By using this approach, we may obtain a complex architecture of
one-dimensionally stacked supermacrocyclic z-conjugated systems
with a high degree of internal order.

As a promising molecular design in line with the above approach,
we previously reported a naphthalene compound with a barbituric
acid hydrogen bonding unit and an aliphatic dendritic unit.>®3!
Atomic force microscopy (AFM), UV-Vis and fluorescence
spectroscopic analyses revealed that this naphthalene compound forms
cylindrical supramolecular polymers with naphthalene chromophores
stacked in a face-to-face (H-type) arrangement. X-ray diffraction
analysis revealed that these cylindrical supramolecular polymers
are formed by the stacking of hydrogen-bonded hexameric
supermacrocycles, referred to here as ‘rosettes” This unique
self-organization of naphthalene units is believed to arise from the
windmill-like geometry of the rosettes by twisting the naphthalene
moieties with respect to the barbituric acid supermacrocyclic plane.
Due to this twisting, the rosettes can stack with rotational displace-
ment to afford highly ordered cylindrical nanostructures wherein
naphthalene chromophores stack helically in a H-type arrangement.
These findings motivated us to explore the self-assembly of
compounds with more extended z-conjugated systems but with the
same molecular design to gain insight into the relationship of
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Figure 1 (a) Molecular structures and (b) geometry-optimized structures (side view) of 1 (left) and 2 (right). (c) Schematic representation of different twisting
angles of the anthracene chromophore of 1 (left) and 2 (right) with respect to the barbituric acid plane. A full color version of this figure is available at

Polymer Journal online.

molecular structure to self-assembled morphology and to enhance the
functionality of the resulting self-assembled nanostructures.

In this study, we replaced the previous naphthalene unit with an
anthracene chromophore because of its more extended z-surface and
enriched photophysical properties. We thus designed and synthesized
two regioisomeric anthracene-cored barbituric acid compounds
(Figure 1a). Molecular modeling showed that the different substitution
positions for the barbituric acid moiety on the anthracene core induce
different twisting angles between the functional units. We anticipated
that this difference would result in different stacking arrangements
of the resulting supermacrocycles, leading to the formation of
extended supramolecular polymers with different morphological and
absorption properties.

RESULTS AND DISCUSSION

Design and synthesis

We designed two regioisomeric anthracene-cored z-conjugated
molecules with barbituric acid and a phenylethynyl unit bearing
an aliphatic wedge.>> These functional units were introduced into
the anthracene chromophore at the C-1/C-4 positions for 1 and
C-9/C-10 positions for 2, respectively. Compounds 1 and 2 were
synthesized according to Supplementary Scheme S1. All intermediates
and final products were isolated in good yield and their structures
were characterized by 'H, 1*C NMR and ESI-MS (see Supplementary
Information). Molecular modeling showed that the anthracene
chromophores are highly twisted with respect to the barbituric
acid plane and the degree of twisting varied significantly with
the substituted position at the anthracene chromophore, that is, 61°
for the C-1 position in 1, and almost orthogonal (90°) for the C-9
position in 2 (Figure 1b and ¢). This conformational difference can be

Polymer Journal

ascribed to the steric repulsion of anthracene aromatic protons with
adjacent carbonyl groups and the olefinic proton of the barbituric acid
moiety. This conformational difference is expected to induce different
stacking arrangements of the hydrogen-bonded rosettes.

Spectroscopic studies
The self-assembly of 1 and 2 was studied in MCH, which is a nonpolar
solvent. At 363 K, the UV-Vis absorption spectra of MCH solutions of
both compounds (c=2.5x 107> M) showed two separate absorption
bands: one at 330—430 nm and the other in the 440-600 nm region
(red curves in Figure 2a and b). These absorption bands could be
assigned to the electronic transitions of the transition dipole moments
along the short (anthracene long axis) and long axes (anthracene
short axis) of the molecularly dissolved species, respectively.>?
The absorption spectra of monomeric species differed such that
the absorption bands of 2 are vibronically more structured, due to
the differences in electronic delocalization around the anthracene
chromophore that arise from differences in the substitution pattern.
Upon cooling the hot monomeric solutions to 293K, the two
regioisomers showed different aggregation-induced spectral changes,
which suggests different stacking arrangements of the z-conjugated
systems. For 1, a hypochromic effect of the two absorption bands was
observed together with a slight hypsochromic shift (~7 nm) of the
longer wavelength band (Figure 2a). This spectral change implies that
the z-conjugated units of 1 stack in a face-to-face arrangement,
typically classified as H-type stacking (Figure 2c).***> For 2, in
contrast, the absorption band corresponding to the electronic
transitions of the transition dipole moment along the molecular long
axis displayed a pronounced bathochromic shift of 40 nm with the
growth of a new shoulder band at 610 nm. This spectral change



suggests a slipped-stacking arrangement typically classified as J-type
s'[acking.S&39 However, the absorption band attributed to the electro-
nic transitions of the transition dipole moment along the short
molecular axis (anthracene long axis) showed only a hypochromic
effect (Figure 2b). The overall spectral change in 2 indicates that this
compound stacks with a translational displacement along the long
molecular axis while retaining some degree of z-orbital overlap
between the anthracene chromophores (Figure 2d).

The presence of extended aggregates in the cooled MCH solutions
was established by dynamic light scattering measurements. The MCH
solutions (c=1x 107> M) of the regioisomers exhibited a broad size
distribution, in the range of 100-500 nm. The size distribution
increased with increasing concentration (Supplementary Figure S1),
which suggests the formation of open-ended polymeric aggregates.>
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Figure 2 Temperature-dependent UV-Vis spectra of (@) 1 and (b) 2
measured at a concentration of 2.5x10~®M in MCH. The spectra were
recorded upon cooling from 363 K (red line) to 293 K (blue line) at 5K
intervals. The arrows indicate changes upon cooling. Insets in (a) and (b)
show photographs of the aggregated solutions of 1 and 2, respectively.
Schematic representation of proposed stacking arrangement of (c) 1 and (d)
2. Double-headed arrows indicate the orientation of the transition dipole
moments responsible for the two bands in the absorption spectra.
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Noting the fruitful aggregation-induced absorption changes of the
regioisomers, we further studied the aggregation process by monitor-
ing spectral changes as a function of temperature upon cooling the
MCH solutions (c=2.5x10">M) from 373K to 293K at a rate of
1 Kmin~1.49 When the degree of aggregation (a) calculated from the
absorption coefficient at 1=585nm for 1 and 1=600 nm for 2 was
plotted against temperature, we obtained nonsigmoidal cooling curves,
wherein aggregation was abruptly initiated at a critical temperature
(green curves in Figure 3a and b). Such a phase transition from
molecularly dissolved species to completely aggregated species by
lowering temperature is indicative of a cooperative aggregation
process, which is typically observed for molecular building blocks
possessing more than two specific interactive units (that is, hydrogen
bonding and -z stacking units).*'** The cooling curves could be
fitted well using the cooperative nucleation-elongation model
proposed by Meijer, Schenning and co-workers to give the relevant
thermodynamic parameters such as enthalpy change and the associa-
tion constant (Supplementary Figure S2 and Supplementary Table S1).
However, these compounds showed a thermal hysteresis upon
subsequent heating (blue curves in Figure 3a and b). Furthermore,
the higher temperature region in the heating curves involves a spectral
transition that cannot be attributed to dissociation but can be ascribed
to a thermal conformational change of monomers. Hence, we did not
perform any quantitative fitting analysis of the experimental data.
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Figure 3 Temperature-dependent fraction of aggregates (a) calculated from
apparent absorption intensity at (a) A=585 nm for 1 (c=2.5x10~°M) and
(b) 2=600 nm for 2 (c=2.5%x1075M) in the cooling and heating process
at a rate of 1 Kmin=1. A full color version of this figure is available at
Polymer Journal online.
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Heating curves show that aggregates of the regioisomers have similar
melting temperatures (Ty,'), defined as the temperature at which the
degree of aggregation (a) is 0.5 (T’ =334 K for 1 and 330K for 2).
This indicates comparable thermodynamic stabilities. In contrast, Tj,
measured from the cooling curve differed greatly between 1 (329 K)
and 2 (316 K), and regioisomer 2 exhibited larger thermal hysteresis
(ATyw=Tn' — Tn=14 K) compared with regioisomer 1 (AT, =5 K).
This finding indicates that the supramolecular polymerization of 2 is
more kinetically controlled than 1. These observations reveal that
conformational differences in the anthracene chromophore greatly
impact the self-organization of these molecules. Because the anthracene
chromophores in regioisomer 2 are arranged in an orthogonal

width = 31.6/ 6 rods = 5.26 nm

Hei ght /nm

Figure 4 (a) AFM height image of 1 (c=1x 104 M) spin-coated from MCH
onto HOPG. (b) Enlarged image from (a). Inset shows cross-sectional
analysis along the white line in (b). A full color version of this figure is
available at Polymer Journal online.
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conformation with respect to the rosette (hexamerized barbituric
acids) plane, the z-7 stacking interaction operates perpendicular to
the stacking direction of rosettes. Such an arrangement is unfavorable
for the stacking of rosettes and thereby increases the energy barrier for
the nucleation process. Extended supramolecular polymerization
through effective 7-7 stacking interactions thus requires the conforma-
tional reorganization of the anthracene core within the rosettes, which
in turn causes a large thermal hysteresis between cooling (polymeriza-
tion) and heating (depolymerization) processes. In contrast, the smaller
twisting angle of the anthracene chromophore in 1 makes the
geometrical reorganization of their rosettes smaller upon stacking,
causing a smaller degree of hysteresis.
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Figure 5 (a) AFM height image of 2 (c=1x10-% M) spin-coated from MCH
onto HOPG. (b) Enlarged image from (a). Inset shows cross-sectional
analysis along the red, green and blue lines in (b). A full color version of this
figure is available at Polymer Journal online.



Morphological studies
The morphologies of the aggregates of 1 and 2 were studied by AFM.
The samples for AFM measurements were prepared by spin-coating
the aggregate solutions (c=1x10"*M) onto freshly cleaved highly
oriented pyrolytic graphite (HOPG). For 1, well-defined cylindrical
nanofibers several micrometers in length were observed (Figure 4a).
Cross-sectional analysis of the nanofibers demonstrated that the
average thickness was 4.8+0.2nm. For bundled nanofibers, the
average top-to-top distance between the neighboring nanofibers was
found to be 5.3 +0.2 nm (inset in Figure 4b). The latter value is more
reliable because the nanofibers can undergo deformation during
solvent evaporation due to adsorption on the substrate surface.
These values are considerably shorter than the estimated diameter
(8.1 nm) of a molecularly modeled hexameric rosette with extended
alkyl chains (Figure 6a). The substantial difference between the
top-to-top distance between the neighboring nanofibers
the estimated diameter might be explained by interdigitation of
aliphatic wedge units between the stacked rosettes.
Interestingly, for 2, isolated helically twisted nanofibers
visualized by AFM, although most fibers are three-dimensionally
bundled (Figure 5a). The helical nanofibers show both P and
M helicity (Figure 5b), which is reasonable because the monomer is

and

44-48 were

intrinsically achiral. Helical pitches are uniform 30+ 3 nm (Inset in
Figure 5b), indicating that the helical structures originate from specific
molecular packing. Assuming an intracolumnar distance of 0.35 nm
between the neighboring rosettes, one helical pitch corresponds to a
stack of 85 rosettes. The thicker parts (brighter parts in AFM; green
line in Figure 5b) of the helical structures are 4.0 +0.5 nm thick and
thinner parts (darker parts; blue line in Figure 5b) are 2.5+0.2 nm
thick. The latter value is considerably shorter than the estimated

diameter (8.1 nm) of a molecularly modeled hexameric rosette with

extended alkyl chains (Figure 6c), indicating a tilted stacking of
49

rosettes to form a column with an ellipsoidal cross-section.
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On the basis of the above observations, we propose a mechanism
for the formation of supramolecular polymers by 1 and 2. Because of
the twisted conformation of anthracene chromophores, the rosettes
of both regioisomers take on a crown gear-like morphology.*® In case
of 1, -z stacking interactions between the anthracene chromophores
can be achieved by the rotational displacement of the rosettes due to
their smaller twisting angle with respect to the rosette plane
(Figure 6b). In contrast, in case of 2, the z-7 stacking interaction
between the anthracene chromophores is not feasible via simple
rotational displacement of the rosettes due to their large twisting angle.
Hence, they must undergo both rotational and lateral displacement
thereby arranging the long axis of the molecules in a J-type manner
between the stacked rosettes. In this arrangement, anthracene
chromophores may be stacked in a herringbone-type arrangement,
consistent with the hypochromic effect of the absorption band
(Figure 2b). This local packing arrangement of the rosettes
would lead to a helical morphology upon extended supramolecular
polymerization (Figure 6d).

Influence of chiral solvent

We further investigated the helical morphology observed for the
aggregates of 2 with the addition of small amounts of chiral solvents. It
is known that certain chiral solvents can bias the handedness of
helical stacks.>® Here, we attempted to transfer the point chirality
of (R)-limonene as a chiral cosolvent to the supramolecular chirality of
helical rosette stacks of 2. UV=Vis absorption spectra of aggregates of 2
(¢=2.5%107>M) in MCH:(R)-limonene mixtures with a varying
volume fraction of (R)-limonene showed a gradual red shift in the
absorption maximum, accompanied by an increase in the absorption
intensity at 610 nm. The spectral changes showed a maximum red
shift of 15nm at 20% (R)-limonene fraction compared with a pure
MCH solution. Upon further increase, the (R)-limonene fraction
resulted in a reduction in intensity in the shoulder band at 610 nm.
The UV-Vis spectrum eventually became similar to the absorption

rotational
displacement

stacking

s

rotational and lateral
displacement

stacking

Figure 6 Geometry-optimized structure of hexameric rosettes and schematic representation of hierarchical organization of rosettes of 1 (a and b) and 2
(c and d). A full color version of this figure is available at Polymer Journal online.
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Figure 7 (a) AFM height image of 2 spin-coated from a MCH:(R)-limonene
mixture (80:20 vAV%; c=1x10-%M) onto HOPG. (b) Tapping-mode phase
image of 2. Inset shows cross sectional analysis along the red and green
lines in (b). A full color version of this figure is available at Polymer Journal
online.

spectrum of the monomeric species in MCH at higher temperatures
for limonene fractions above 50%, indicating the disassembly of the
aggregates (Supplementary Figure S3a). Overall, this finding indicates
that at lower solvent ratios, (R)-limonene unexpectedly has an impact
on the 7— stacking of z-conjugated units of 2. The more prominent
spectral feature associated with J-type stacking implies that, a more
ordered stacking of rosettes with a larger offset is achieved by
adding small amounts of (R)-limonene. Despite this positive change
in the absorption spectra from (R)-limonene, the solution showed
no circular dichroism activity, even upon changing the ratio of
(R)-limonene and MCH (Supplementary Figure S3b).
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Although we could not induce supramolecular chirality in the
nanofibers, the use of limonene as a cosolvent suppressed the 3D
bundling of helical fibers, and all helical fibers observed were
two-dimensionally aligned on the HOPG surface upon drying
(Figure 7a and Supplementary Figure S4). However, the image
resolution does not allow us to assign the handedness of helicity.
Hence, to image helical structures more clearly, we analyzed the
aligned fibers by means of phase imaging in AFM (see Supplementary
Information). Although the average height of the helical nanofibers
(3.7+0.5nm) is comparable to those formed in pure MCH,
cross-sectional analysis along the long axis of the nanofibers revealed
a much-reduced helical pitch of 16 +2nm compared with those
obtained in pure MCH (inset in Figure 7b). This finding demonstrates
that (R)-limonene causes a larger rotational displacement of rosettes
within the fiber. Such a change in rotational displacement can affect
the 7= stacking arrangement, as reflected in the UV-Vis results,
wherein a larger red shift in absorption maxima was observed in
the presence of limonene. An identical effect was also observed when
(S)-limonene was used as a cosolvent (Supplementary Figure S5
and S6). In contrast, this effect from limonene was not observed
for cylindrical nanofibers of 1 (Supplementary Figure S7 and S8),
which further confirms that 1 is already tightly packed in the optimal
stacking geometry of the rosettes in MCH.

CONCLUSION
We have synthesized two regioisomeric anthracene-cored
self-assembling ~ barbituric acid compounds. The regiomeric

introduction of barbituric acid and aliphatic tail units onto anthracene
cores resulted in distinctly different z—z stacking arrangements
upon aggregation in nonpolar solvent. As a result, both regioisomers
self-assemble to form supramolecular polymers with either non-helical
or helically twisted fibrous morphologies. The formation of these
fibrous nanoaggregates can be rationalized by the formation of
hydrogen-bonded hexameric rosettes, and the distinct z—z stacking
arrangements are attributed to conformational differences in the
anthracene chromophores with respect to the plane of the rosettes.
This type of rational strategy to simultaneously control chromophore
packing arrangements and self-assembled nanoarchitectures are
promising for the design and synthesis of organic functional
nanomaterials with specific physical properties.
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