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ABSTRACT: Perylene 3,4:9,10-tetracarboxylic acid bisimide
(PBI) was functionalized with ditopic cyanuric acid to organize
it into complex columnar architectures through the formation
of hydrogen-bonded supermacrocycles (rosette) by complex-
ing with ditopic melamines possessing solubilizing alkoxy-
phenyl substituents. The aggregation study in solution using
UV−vis and NMR spectroscopies showed the formation of
extended aggregates through hydrogen-bonding and π−π
stacking interactions. The cylindrical fibrillar nanostructures
were visualized by microscopic techniques (AFM, TEM), and
the formation of lyotropic mesophase was confirmed by polarized optical microscopy and SEM. X-ray diffraction study revealed
that a well-defined hexagonal columnar (Colh) structure was formed by solution-casting of fibrillar assemblies. All of these results
are consistent with the formation of hydrogen-bonded PBI rosettes that spontaneously organize into the Colh structure. Upon
heating the Colh structure in the bulk state, a structural transition to a highly ordered lamellar (Lam) structure was observed by
variable-temperature X-ray diffraction, differential scanning calorimetry, and AFM studies. IR study showed that the
rearrangement of the hydrogen-bonding motifs occurs during the structural transition. These results suggest that such a striking
structural transition is aided by the reorganization in the lowest level of self-organization, i.e., the rearrangement of hydrogen-
bonded motifs from rosette to linear tape. A remarkable increase in the transient photoconductivity was observed by the flash-
photolysis time-resolved microwave conductivity (FP-TRMC) measurements upon converting the Colh structure to the Lam
structure. Transient absorption spectroscopy revealed that electron transfer from electron-donating alkoxyphenyl groups of
melamine components to electron-deficient PBI moieties takes place, resulting in a higher probability of charge carrier generation
in the Lam structure compared to the Colh structure.

■ INTRODUCTION
Supramolecularly engineered functional dye assemblies and
related π-systems offer unique features such as size- and
dimension-controlled nanoarchitectures, novel optical and
electronic properties, stimuli-responsive properties, and re-
markably versatile material properties that are inaccessible via
the conventional aggregation of dyes.1 These unique features
open a new avenue for supramolecular chemists to invent
practical, cutting-edge organic materials that are applicable
especially in the field of organic electronics and photonics.

Perylene 3,4:9,10-tetracarboxylic acid bisimide (PBI) dyes,2

which are potentially useful colorants, are among the most
intensively studied functional dyes based on supramolecular
approaches.1a,2a,3 n-Type semiconductivity4 and fruitful optical
properties,5 combined with ease of chemical functionalization,6

make PBI dyes well-suited building blocks not only for the
fabrication of supramolecular electronic materials but also for
the evaluation of the rationality of applied supramolecular
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approaches in both structural and functional aspects. Pioneered
by Würthner et al.,7 the introduction of wedge-shaped
substituents8 into the imide positions of PBIs has been
employed as a promising strategy to construct one-dimensional
columnar assemblies with remarkable functional features such
as supramolecular chirality,9 liquid crystallinity,10 and intra-
columnar charge transportation.10a,11 The introduction of
swallow tail substituents also affords columnar liquid crystalline
materials12 and enables the fabrication of phase-separated
nanofibers.13 Because the self-assembly of these discotic PBIs
are mainly driven by π−π stacking interactions, only oligomeric
stacks are formed in solution, and only in the bulk state do they
form extended columnar assemblies reaching nanometer size
regime.10a The formation of well-defined columnar assemblies
in the solution phase is potentially useful for the development
of nanostructured electronic devices. The use of polymer
scaffolds is one of the promising strategies to obtain well-
defined columnar arrays of PBIs.14

The incorporation of additional noncovalent interactions also
could render PBI stacks' well-defined columnar assemblies
stable in solution. For examples, the introduction of amide or
urea hydrogen-bonding networks in the parallel direction to the
π−π stacking axis enables the formation of elongated fibrous
assemblies that form organogels.15 In contrast, the application
of more directional interactions, such as multiple hydrogen
bonds,16 in the orthogonal direction to the stacking axis
furnishes dye assemblies with more hierarchically organized
superstructures17,18 and also realizes a supramolecular p−n
heterojunction between the separated stacks of donors and
acceptors.18a,b

Among diverse hydrogen-bonded supramolecular scaffolds
that can be used for the bottom-up construction of multi-
component supramolecular self-assemblies,10e,16g−j cyclic hex-
amer so-called rosettes formed by three ditopic melamine (M)
units and cyanurate (CA) or barbiturate (BA) units are among
the most well-studied discrete supramolecular systems. M·CA
and M·BA rosettes have been intensively studied by the groups
of Whitesides16a,19 and Reinhoudt16c,20 with the concept of
covalent preorganization and cooperativity in multicomponent
supramolecular assemblies, respectively. Experimental21 and
theoretical22 investigations focusing on the competing for-
mation of extended tapelike (linear or crinkled) hydrogen-
bonded motif have been carried out. Beyond the frameworks of
archetypal examples for discrete supramolecular systems, some
rosettes have been designed to assemble into extended
columnar architectures.23 However, the construction of well-
defined columnar assemblies decorated with functional π-
systems using M·CA rosettes has been scarcely explored24 while
several one-component rosettes have yielded functional
columnar π-nanostructures.25 Furthermore, if one can control
the hydrogen-bonded motifs of M·CA complexes by changing
the complementary component or external stimuli,26 different
types of self-assembled π-nanoarchitectures could be obtained
though the hierarchical organization. This approach thus
enables the investigation of the structure−function relationship
in the self-organized π-systems with a minimum of structural
modification for the molecular components.
Here we report the supramolecular assemblies consisting of

CA-functionalized PBI dye (CAPBI) and complementary
melamines possessing aliphatic chains (Figure 1). Various
spectroscopic and microscopic investigations suggested that
these complementary components construct well-defined
columnar assemblies in organic solvents through the formation

of hydrogen-bonded rosettes. Upon casting the solutions, these
columnar assemblies further organized into hexagonal columnar
structures as revealed by X-ray diffraction experiments. The
formation of columnar structures depended on the solubilizing
substituents in the melamine modules that influence the
solubilities of competing tapelike assemblies. Interestingly, a
dramatic structural change from columnar to lamellar
architectures was observed for the assemblies upon applying
thermal stimuli in the bulk state (Scheme 1). The resulting
lamellar structure can be reconverted to the original columnar
one by redissolution in organic solvent and subsequent
solution-casting. Such a well-defined transition in self-
assembled architectures of functional π-systems upon applying
external stimuli is a very attractive property as a stimuli-
responsive material because it may induce a large change in
optoelectronic properties. We thus investigated optoelectronic
properties of CAPBI·1b assemblies by flash-photolysis time-
resolved microwave conductivity (FP-TRMC) and transient
absorption spectroscopy experiments and revealed a remarkable
change in photoinduced charge separation efficiency between
PBI chromophores and alkoxyphenyl groups of 1b upon the
structural transition.

■ RESULTS AND DISCUSSION
Synthesis. CAPBI was synthesized by the reaction of (3-

aminopropyl)cyanurate with N-swallow-tailed perylene mono-
imide monoanhydride. As complementary components, we
prepared ditopic melamines 1a−d, which differ in the length of
their alkyl chains. The alkoxyphenyl groups serve to greatly
increase solubilities of their supramolecular assemblies with
CAPBI. For comparison we also employed melamine 317b

whose dodecyl chains are introduced directly into the melamine
module. Melamine 2 possessing dodecylphenyl groups was also
prepared for exploring the possibility of electron transfer from
electron-donating alkoxyphenyl groups of 1 to electron-
accepting PBI moieties in the assemblies.

NMR and UV−vis Studies. CAPBI is poorly soluble in
chloroform. However, once it was dissolved in 1,1,2,2-
tetrachloroethane in the presence of 1 equiv of 1b and then
the solvent was evaporated, the homogeneous solids were
obtained, which are soluble in chloroform at millimolar
concentrations. When CAPBI was mixed with 1b in excess,
precipitation took place (Figure S1, Supporting Information).

1H NMR spectra of the 1:1 molar mixture of CAPBI and 1b
in CDCl3 at the concentrations of both components ranging

Figure 1. Structures of CA-functionalized PBI (CAPBI) and
melamines 1a−d, 2, and 3.
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from 1.0 × 10−3 to 5.0 × 10−3 M showed markedly broadened
resonance (Figure 2a), indicating the formation of high

molecular-weight assemblies. No appreciable spectral change
was observed upon heating the 1.0 × 10−3 M solution to 60 °C,
illustrating a remarkably high stability of our PBI assemblies
compared to those formed purely by π−π stacking
interactions10a,27 and even by hydrogen-bond-assisted π−π
stacking interactions.15b,28 When a mixture was prepared with
excess 1b (1.5 equiv), sharp resonances of free 1b were
observed in addition to the broadened resonances of the
assemblies (Figure 2b). For this mixture, a nearly 1:0.5 molar
ratio between aggregated and free 1b was confirmed by
integration of the corresponding resonances, thus confirming
the formation of stable 1:1 assemblies (hereafter will be referred
to as CAPBI·1b).
The UV−vis spectra of chloroform solutions of CAPBI·1b

were recorded upon changing the concentration from 1.0 ×
10−2 M to 5.0 × 10−6 M (Figure 3a). At high concentrations,
less structured spectra typical of π−π stacked PBI aggregates
were observed.10a,12c,15c,27,29 The spectra were almost un-
changed when the concentration was above 5.0 × 10−3 M.
Upon dilution, a transition to a structured spectrum with λmax at
527, 490, and 459 nm was observed, suggesting the dissociation

of the assemblies. Below 1.0 × 10−5 M, the spectral transition
leveled off. From the obtained concentration-dependent data,
we calculated fractions of aggregated molecule αagg for every
recorded concentration and plotted them as a function of the
total concentration of the components (cT = [CAPBI] + [1b]).
Nonlinear least-squares regression analysis of the plot with the
isodesmic model30 resulted in failure (see dotted curve in
Figure 3b), suggesting the involvement of a cooperative
mechanism consisting of the formation of hydrogen-bonded
assemblies and their hierarchical organization driven by π−π
stacking interactions. We thus employed a nucleation−
elongation model31 that has been applied to synthetic
assemblies.32 Recently, the simplest version of this model
(the K2−K model) has been applied to the concentration-
dependent NMR33 and UV−vis34 data obtained from supra-
molecular polymerization of PBI derivatives. In this model, one
dimerization process from monomeric species is assumed to be
nucleation dominated by equilibrium constant K2 (or Knuc),
which is followed by isodesmic elongation steps (K3 = K4... = Ki
... = K). In the present system, the nucleation process might
involve the formation of various types of multicomponent
hydrogen-bonded assemblies. However, based on the following
microscopic and X-ray diffraction studies, it is evident that the

Scheme 1. Thermoresponsive Supramolecular Organization of CAPBI·1ba

aFor the Lam structure, antiparallel packing arrangement of linear tapes can be proposed from X-ray diffraction and transient absorption
spectroscopic studies.

Figure 2. 1H NMR spectra of (a) 1:1 and (b) 1:1.5 molar mixtures of
CAPBI (c = 5.0 × 10−3 M) and 1b (c = 5.0 × 10−3 M or 7.5 × 10−3 M)
in CDCl3 at 25 °C. The sharp resonances denoted by asterisk in b
derive from free 1b.

Figure 3. (a) Concentration-dependent UV−vis spectra of the 1:1
molar mixture of CAPBI and 1b in chloroform ([CAPBI] = [1b] = 1.0
× 10−6 to 5.0 × 10−3 M). Arrows indicate the spectral changes with
decreasing concentration. (b) Solid and dashed curves: fractions of
aggregated molecules αagg plotted as a function of KcT with the
nucleation factor σ of 1 (dotted curve, isodesmic model) and 0.01
(solid curve, K2−K nucleation−growth model). For details, see ref 35.
Closed circles: plot of experimental αagg calculated from the UV−vis
data of spectra (a) versus KcT. cT is the total concentrations of the
components ([CAPBI] + [1b]).
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nucleation in the present system progresses toward the
formation of only one type of multicomponent assembly (i.e.,
rosette), which further stacks to form one-dimensional
columnar structures. We thus assumed that the apparent
equilibrium constant Kapp as K2 for the formation of such an
assembly from other competing open-ended assemblies as well
as monomeric species.22 As shown in Figure 3b, the calculated
curve (αagg vs KcT) showed the best fit to the experimental plot
when the nucleation factor σ (= Kapp/K) was set to 0.01 and
isodesmic equilibrium constant K to 12000 M−1, thus giving a
Kapp value of 120 M

−1. The significantly small Kapp compared to
the K value indicates that the nucleation involves the formation
of multicomponent assemblies held together by triple hydro-
gen-bonding interactions between melamine and cyanurate
(Kdim = 300−5000 M−1 in chloroform).22 On the other hand,
the large K value in chloroform (permittivity ε = 4.81) is
remarkable because most aggregation studies for monochromo-
phoric PBI derivatives have been performed using nonpolar
solvents such as methylcyclohexane (ε = 2.24), giving
isodesmic equilibrium constants on the order of 104 M−1.35

This implies that the elongation step in the present system is
driven by multipoint π−π stacking interactions of multi-
chromophoric hydrogen-bonded assemblies.17b,24e

TEM and AFM Studies. To obtain fully π−π stacked
assemblies in dilute solutions, we investigated CAPBI·1b in
methylcyclohexane (MCH). Although CAPBI is hardly soluble
in MCH, its 1:1 molar mixture with 1b is highly soluble in this
nonpolar solvent. In contrast to the concentration-dependent
UV−vis spectra observed in chloroform, MCH solutions of the
assemblies showed a spectrum typical of fully π−π stacked PBIs
(λmax = 497 nm) even upon decreasing the concentration to c =
1.0 × 10−5 M (Figure S2, Supporting Information).
Furthermore, no temperature dependence was observed for
this dilute solution upon heating to 90 °C, suggesting the
formation of fairly stable π−π stacked assemblies.
Nanostructures of CAPBI·1b were studied by transmission

electron microscope (TEM) and atomic force microscope
(AFM). TEM images of the assemblies formed in a dilute
MCH solution (c = 1.0 × 10−4 M) displayed entangled
networks of fibrous structures with widths of 10−50 nm
(Figure 4a,b). Thinner fibrils of widths less that 10 nm were
often observed (arrow in Figure 4b). AFM observation of the
assemblies spin-coated on highly oriented pyrolytic graphite
(HOPG) visualized the hierarchical organization of the
elementary fibrils into higher-order bundled structures (Figure
4c,d). The cross-sectional analysis of the bundled parts revealed
that fibrils have a uniform height of 2.9 nm (Figure S3,
Supporting Information). The observed uniformity in the
elementary nanostructures as well as their side-by-side packing
strongly suggests that CAPBI·1b forms a rigid cylindrical
columnar nanostructure.
Lyotropic Liquid Crystals and Mesoscopic Structures.

When sufficiently long cylindrical aggregates are formed and
their anisotropic organization takes place in solution, lyotropic
liquid crystals (LCs) might be formed.36 Increasing the
concentration of MCH solutions of CAPBI·1b to millimolar
regime led to the formation of translucent viscous solutions
(Figure 5a). The viscous solutions were stable and did not form
precipitates upon storage for over 1 year. Upon drying the
viscous solutions, mesoscopic fibrous superstructures were
observed by scanning electron microscopy (Figure 5b). The
widths of fibers are in the range of 100−1000 nm, indicating

the hierarchical organization of hundreds of elementary fibrils
into the mesoscopic superstructures.
Observation by polarized optical microscopy (POM) of the

viscous solutions sandwiched between two glass slides showed a
pronounced birefringence (Figure 5c), indicating the formation
of a lyotropic LC due to the anisotropic organization of the
fibrillar nanostructures. Lyotropic LCs could also be obtained
with n-alkanes, toluene, and even chloroform at high
concentrations (c > 5.0 × 10−2 M). When these lyotropic
LCs were sandwiched between two glass slides and the solvent
was slowly evaporated, strongly birefringent textures as shown
in Figure 5d were observed. Such striated textures have been
observed for cylindrical J-aggregates of pseudoisocyanine,37

supramolecular polymers of merocyanine H-aggregates,38 and
other hydrogen-bonded supramolecular polymers39 and have

Figure 4. (a, b) TEM and (c, d) AFM height image (z scale: 20 nm)
of CAPBI·1b. The samples were prepared by spin-coating the
assemblies (c = 1.0 × 10−4 M) in MCH onto carbon-coated copper
grids (for TEM) or HOPG (for AFM). TEM samples were stained
with uranyl acetate.

Figure 5. (a) Photograph of a lyotropic LC of CAPBI·1b in MCH (5.2
wt %, c = 5.0 × 10−3 M) taken just after laying the vial. (b) SEM image
of a dried lyotropic LC. (c) POM image of a lyotropic LC sandwitched
between two glass slides. (d) POM image of a lyotropic LC dried
between two glass slides.
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been explained by undulation of cylindrical fibers due to their
thermomechanical instability.37

Packing Structure of Fibrils. Powder X-ray diffraction
(XRD) measurements of lyotropic LCs of CAPBI·1b using
various solvents all showed a single broad diffraction, which
might correspond to the average center-to-center distance of
fibrils in the bundles. For only concentrated lyotropic LCs of
dodecane (>50 wt %), intense diffractions at around 31.5 Å
were followed by small diffractions at 14.3 and 11.3 Å,
suggesting the presence of a 2-D ordering of fibrils (Figure S4,
Supporting Information). For all the lyotropic LCs, however,
thin films obtained by evaporation of solvent displayed the
almost identical XRD patterns composed of diffraction peaks at
d = 27.1, 15.8, 13.5, and 10.2 Å (see blue diffractogram in
Figure 9a). These diffractions are unequivocally assignable to
(100), (110), (200), and (210) diffractions, respectively, from a
hexagonal columnar (Colh) ordering with the lattice constant a
= 31.9 Å. The formation of Colh structures by solution
processing without any thermal treatment is notable,
demonstrating the formation of well-defined cylindrical fibrils.
The above fibrils could be macroscopically oriented by

mechanical shearing of lyotropic LCs between two glass
substrates until it became an apparently solvent-free state.
The resulting thin films showed maximum birefringence when
the shearing direction was oriented 45° to the direction of the
polarizers (Figure 6a,b). Using a 530-nm (first-order red)
retardation plate, negative birefringence of the fibrils (the
refractive index of the fibrils is higher along their short axis) was
revealed (Figure 6c,d). This observation is consistent with the
columnar aggregates of N,N′-di(3,4,5-tridodecyloxyphenyl)
PBI,18e suggesting a relatively perpendicular orientation of
perylene π-plane with respect to the long axis of the fibrils. A

trasmission-mode 2D wide-angle X-ray diffraction (WAXD) of
a sheared films on a ultrathin glass substrate (thickness = 0.03
mm) with synchrotron radiation exhibited a diffraction
corresponding to d-spacing of 3.3 Å in the meridional
direction,10c whereas diffractions corresponding to the Colh
ordering appeared in the equatorial direction (Figure 6e). The
former diffraction corresponds to the π−π stacking distance of
PBI stacks running along the columnar axis.40

Thermal Transition from Columnar to Lamellar
Structures. DSC, POM and XRD Studies. We found that
the solubility of thoroughly dried Colh films of CAPBI·1b
remarkably decreases by thermal treatment. When the thin
films prepared on glass substrate were immersed in chloroform
before and after thermal annealing at 200 °C for 5 min, the
former was completely dissolved whereas the latter was peeled
off from the substrate without dissolution (Figure 7). Vigorous

heating of the peeled film in chloroform for a few hours with
ultrasonication afforded a homogeneous solution, which upon
casting restored the Colh structure as confirmed by XRD
analysis. Although the increase of crystallinity by thermal
annealing is commonly observed for crystalline compounds, a
dramatic change in the self-assembled structures was indicated
for our assemblies by following experiments.
A differential scanning calorimetry (DSC) thermogram of

CAPBI·1b recorded with a scan rate of 5 °C/min is shown in
Figure 8. The first heating scan disclosed the presence of a

broad exothermic transition at 200 °C (peak a, ΔH = 13.6 kJ/
mol), indicating the occurrence of a thermally induced
structural ordering. Upon further heating, an endothermic
melting transition was observed at 302 °C (peak b, ΔH = 71.3
kJ/mol). Upon cooling the isotropic melt, only an exothermic
peak was observed at 273 °C (peak c, ΔH = 40.6 kJ/mol)
which indicates the crystallization. The second heating scan did
not show the above exothermic transition, and only the melting
transition was observed at 295 °C (peak d, ΔH = 33.8 kJ/mol).

Figure 6. (a,b) Polarized optical micrographs of a sheared film of
CAPBI·1b oriented (a) 45° to a polarizer and (b) parallel to polarizers.
Yellow arrows indicate the shearing direction. The white arrows
indicate the directions of polarizer and analyzer. (c, d) Polarized
optical micrographs of the same sheared film oriented (c) parallel and
(d) perpendicular to the slow axis of a 530-nm retardation plate (green
arrows). (e) WAXD (SPring-8, BL02B2, λ = 0.8 Å) of a sheared film of
the assemblies CAPBI·1b. Inset shows the orientation of the hexagonal
columnar structures with respect to the diffractogram. The yellow
arrow indicates the shearing direction.

Figure 7. Immersion test of a thin film of CAPBI·1b prepared on a
cover glass in chloroform before and after annealing at 200 °C for 5
min.

Figure 8. DSC chart of CAPBI·1b. Scan rate: 5 °C/min. The sample
was prepared by drying the MCH solution of the assembly. Insets
show the POM images at r.t., 150 °C, and 200 °C.
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The observation by POM with mechanical stress revealed
that the solid sample of CAPBI·1b becomes soft at around 150
°C but retains strong birefringence in the first heating
treatment (inset in Figure 8), suggesting the formation of a
soft crystalline phase undetectable by DSC. Upon further
heating to 200 °C where DSC showed the exothermic
transition, however, the sample again became stiff. This
observation further supports the occurrence of a certain
structural ordering at 200 °C. In line with the DSC study,
these changes were not observed in the cooling process of the
isotropic melt and the subsequent second heating treatment of
the “annealed” material, suggesting that the thermal transitions
are irreversible processes. A careful observation of the sample
by POM led us to conclude that CAPBI·1b does not form a
thermotropic liquid crystalline mesophase.
Interestingly, the variable-temperature XRD experiment of

the Colh film of CAPBI·1b revealed that the exothermic
transition observed in the first heating scan of DSC is
accompanied by a large structural change from the Colh to a
lamellar (Lam) structure via the formation of an intermediate
phase. Figure 9a and 9b shows the change of XRD patterns of
CAPBI·1b upon heating to 200 °C and the subsequent cooling.
From 25 °C to 125 °C, the thermal reorganization of the Colh
structure occurred as shown by the increase of the diffraction
intensities. Above 130 °C, the diffractions started to diminish,
and at 150 °C, diffractions could not be observed at all. Further

heating to 175−200 °C resulted in the emergence of a sharp
diffraction at d = 36.6 Å which was followed by small
diffractions with a spacing ratio of 1/2, 1/3, 1/5, and 1/6,
suggesting the formation of an ordered multilamellar structure
with the interlayer spacing of 36.6 Å. In Figure 9c, the relative
diffraction intensities of the (100) diffraction (intercolumnar
distance) of the Colh structure and the (001) diffraction
(interlayer distance) of the Lam structure are plotted versus
temperature. The plots illustrate that the Colh and the Lam
structures do not exist complimentary to each other, and they
both disappear at 150 °C (indicated by arrow). It should be
noted that the same structural transition with the identical
transition temperature occurs irrespective of the solvent
employed for the preparation of the films. Hence, it can be
concluded that the Colh → Lam transition is not caused by the
evaporation of solvents entrapped in the assemblies and an intrinsic
property of the assemblies in the bulk state.
XRD patterns almost unchanged upon cooling the Lam

structure to 20 °C (d = 35.5 Å, Figure 9a), confirming that the
Colh → Lam transition is an irreversible phenomenon. This
finding indicates that the Colh structure can be formed only
through the solution-phase organization of CAPBI·1b.
To exclude the possibility of a thermal disassembly of

CAPBI·1b to form Lam structures consisting of either of the
individual components, we also carried out variable-temper-
ature XRD experiments of the individual components, CAPBI
and 1b (Figure S5, Supporting Information). CAPBI did not
show explicit diffraction peaks at r.t. Upon heating to 220 °C, a
structural ordering occurred, exhibiting diffractions assignable
to a lamellar structure with a layer spacing of 43.9 Å. The layer
spacing does not match that of the Lam structure of CAPBI·1b.
On the other hand, 1b already showed a clear diffraction at d =
36.5 Å at room temperature. Upon heating, a fluidal mesophase
appeared at 150 °C, exhibiting higher-order diffractions
assignable to a lamellar structure with a layer spacing of 37.9
Å (smectic liquid crystal). Although this layer spacing of 1b is
close to that of the Lam phase of CAPBI·1b (d = 36.6 Å), 1b
entered the isotropic phase at 175 °C, which is lower over 100
°C than that of CAPBI·1b (302 °C). Furthermore, the
diffraction peaks of 1b are discernible only up to (003) under
the same experimental condition, highlighting that a long-range
ordered Lam structure is constructed by CAPBI·1b.

Thermal Transition from Columnar to Lamellar
Structures. AFM, IR, and UV−vis Studies. The thermal
Colh → Lam transition of CAPBI·1b was studied by AFM.
Figure 10 shows the change of the surface morphology of the
Colh film by thermal treatment (annealing) at different
temperatures. For the as-cast film, ribbonlike nanostructures41

with a smooth surface could be imaged, and the individual
fibrils (columns) as observed for the diluted assemblies were
not observed (Figure 10a). Upon annealing the film at 100 °C
for 1 min, rather straight rodlike nanostructures were imaged
everywhere together with the ribbonlike structures (Figure
10b), which is consistent with increased hexagonal ordering of
columns as also shown by the XRD study. Upon increasing the
annealing temperature to 150 °C, these ribbons and rods
melted to form a wide-range smooth surface (Figure 10c).
Because no X-ray diffraction was observed at around this
temperature (Figure 9b) but the film remained birefringent
(Figure 8), it is most likely that the individual columns were
dispersed from Colh bundles by melting of aliphatic tails, a
situation which resembles that of nematic columnar meso-
phases. Interestingly, further increase of the annealing temper-

Figure 9. Variable temperature XRD experiments of a film of
CAPBI·1b. (a) Change of XRD patterns (2θ = 1.1−17°, Cu Kα) upon
heating (25−200 °C, 5.0 min for every scan) and subsequent cooling
to 20 °C. Inset shows the schematic representation of the Colh and the
Lam structures with their lattice parameters. (b) XRD patterns around
the transition temperature. (c) Temperature-dependence of the
relative diffraction intensities at d = 27.7 (for the Colh structure)
and 36.6 Å (for the Lam structure).
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ature to 200 °C led to the evolution of terraced nanostructures
(Figure 10d). The average thickness of terraces is 3.5 ± 0.47
nm, which is in good agreement with the interlayer distance of
the Lam structure. This AFM experiment clearly shows that the
Colh → Lam transition is accompanied by a drastic structural
change of the nanoscopic self-assembled structures.
The variable-temperature IR measurement confirmed the

rearrangement of hydrogen-bonding motif upon the Colh →
Lam transition. Solvent-free films of CAPBI·1b displayed three
N−H stretching vibrations at 3400 (band A), 3300 (band B),
and 3221 cm−1 (band C) arising from the primary and the
secondary amino groups of 1b and the cyanurate moiety of
CAPBI (Figure 11a). Upon an increase in temperature, a
decrease in the intensity of band C was observed as an overall
spectral change. To clarify the correlation between such a

spectral change and temperature, we plotted the intensity ratio
of band B and band C (IB/IC) versus temperature (Figure 11c,
left axis). Below 150 °C, a gradual increase of IB/IC was
observed upon increasing temperature. This moderate change
might be due to the structural reorganization of the hydrogen-
bonding motif in the Colh structure. Above 150 °C where the
Lam structure is emerging, however, a steep increase of IB/IC
was observed, and the spectrum recorded at 200 °C apparently
features two bands at 3400 and 3284 cm−1. This change is
ascribable to the shift of band C to a higher frequency region
(ca. 3360 cm−1) to coalesce with band B. This spectrum is not
consistent with summations of the spectra of the two separate
compounds after annealing (Figure S6, Supporting Informa-
tion). These results unequivocally demonstrate that the Colh →
Lam transition is accompanied by the rearrangement of M·CA
hydrogen-bonding motifs between melamine and cyanurate
modules.
Variable-temperature reflection spectroscopy of CAPBI·1b

further revealed that the π−π stacking arrangement of PBI
moieties undergoes a substantial change upon the Colh → Lam
transition (Figure 11b,c). Below 130 °C, the film showed the
spectra similar to those observed for solution-phase PBI stacks
with rotational displacements.10a,42 Such rotational displace-
ments generally induce the formation of columnar π−π-stacked
structures.7,10a,12e,43 Above 130 °C, the absorption band in
400−500 nm gradually increased and the shoulder around 530
nm became more structured. The spectrum recorded at 200 °C
is very similar to that of PBI derivatives possessing long linear
aliphatic tails that are organized in lamellar structures.12c,29b

Effect of Substituents. Because solubilities of M·CA and
M·BA assemblies are an important parameter to determine
supramolecular structures (rosettes or tapes) in the solid
state,22,26,44 we investigated CAPBI·1a, CAPBI·1c, CAPBI·1d,
CAPBI·2, and CAPBI·3. The solid samples of these assemblies
were prepared by evaporating homogeneous 1,1,2,2-tetra-
chloroethane solutions of the 1:1 molar mixtures. As detailed
in Supporting Information, CAPBI·1c, CAPBI·1d, and
CAPBI·2 showed good solubilities in organic solvents. For
these assemblies, XRD (Figure S7, Supporting Information)
and AFM (Figures S8−11, Supporting Information) revealed
the occurrence of organization behaviors similar to that of
CAPBI·1b. On the other hand, CAPBI·1a and CAPBI·3
showed poor solubilities, and different organization behaviors
were revealed by XRD and AFM studies.

Proposed Organization Models of CAPBI·Melamine
Assemblies into Colh Structures. The solution-state NMR
and UV−vis studies revealed that CAPBI and 1b coassemble to
form soluble and polymeric assemblies by a nucleation−
elongation mechanism that has not been observed for PBI
assemblies formed mainly by π−π stacking interactions. The
XRD studies under ambient conditions demonstrated that
soluble assemblies formed by CAPBI·1b−1d and CAPBI·2
could organize into defined Colh structures via solution-casting
(Figure S7). The formation of two-dimensionally ordered
columnar structures from soluble, noncrystalline PBI assemblies
without any annealing treatment is remarkable, illustrating that
well-defined cylindrical columnar assemblies are already formed
in solution. This was further supported by the fibrillar
nanostructures visualized by AFM as well as the formation of
lyotropic liquid crystals (Figure 4c; Figures S9−S11).
Combining these insights, it can be proposed that these
soluble assemblies form rosettes which further stack to form
cylindrical columnar nanostructures (Scheme 1).23b,e,25a,45

Figure 10. AFM amplitude images of a film of CAPBI·1b (a) without
and (b−d) with annealing at different temperatures. (a) As-cast film.
(b−d) Annealed at (b) 100 °C, (c) 150 °C, and (d) 200 °C.

Figure 11. Variable-temperature (a) IR and (b) reflection spectra of
thin films of CAPBI·1b (25 → 200 °C). (c) Plots of the intensity ratio
of bands B and C (IB/IC, left axis) in part a and the absorbance at 490
nm (A490, right axis) in part b versus temperature.
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In contrast, insoluble assemblies CAPBI·1a and CAPBI·3 did
not form Colh structures but displayed a complex XRD pattern
(CAPBI·1a) or no well-defined peaks (CAPBI·3), suggesting
that these systems do not form rosettes as major assemblies.
The study of M·CA and M·BA hydrogen-bonded assemblies
has been pioneered by Whitesides and co-workers since the
early 1990s.16a,46 The accumulation of single crystal X-ray
structures of diverse assemblies with different substituents was
enough to conclude that the assemblies with melamines
possessing bulky substituents result in the rosette architecture
rather than extended (linear or crinkled) tapelike architectures.
This finding was explained in terms of repulsive steric
interactions between the melamine components in tapelike
assemblies in the dynamic solution state (the concept of
peripheral crowding).19a,21,47 Because our assemblies all feature
linear alkyl chains, the steric factor cannot explain the observed
relationship between the solubilities and the organization
behaviors.
In 2001, Reinhoudt and co-workers reported a theoretical

reevaluation of this concept and concluded that the bulkiness of
the substituents has a small impact on the fraction of rosettes
versus competing oligomeric tapelike assemblies in the solution
phase if the solubilities of tapelike assemblies are high
comparably to that of rosettes.22 In such a situation, rosettes
are dominant species in the solution and obtained as crystals or
precipitates upon evaporation. However, if the solubilities of
competing tapelike assemblies are significantly low compared to
that of rosette due to the absence of bulky substituents that
could decrease their planarity, such open-ended assemblies are
crystallized even though they are minor components in the
solution phase. This mechanism is in line with our results.
Octyloxyphenyl groups of 1a and dodecyl groups of 3 are
believed not to endow their oligomeric tapelike assemblies with
solubilities enough to hold the equilibrium with rosettes.
Accordingly, complex mixtures of various tapes with different
lengths would precipitate upon evaporating the 1,1,2,2-
tetrachloroethane solutions.
While the formation of cylindrical columnar nanostructures

in the solution phase and their hexagonal packing in the bulk
state are strong evidence of the formation of rosettes for the
soluble assemblies, the detailed packing structure of rosettes
within columns is not clear in the present study. Figure S14,
Supporting Information, shows a force-field-optimized molec-
ular model of CAPBI·1b rosette. Although perylene π-planes in
this model are tilted against the hydrogen-bonded plane, they
may take an optimized conformation upon stacking into
columns. The longest width of the rosette in projection is 52 Å,
which is rather longer than the lattice constant a (31.9 Å) of the
Colh structure of CAPBI·1b. This difference might be due to
considerable void space within the rosette, allowing the
interdigitation of exterior alkyl chains. However, based on the
lattice constant a = 31.9 Å and the π−π stacking distance of
PBIs (3.3 Å) observed in the WAXD study, the number of
CAPBI+1b pairs per lattice (Z value) falls to 1.5 assuming the
density of 1.0 g cm−3. Therefore, the lattice based on the π−π
stacking distance of PBIs is too small to accommodate one
rosette (Z = 3). This discrepancy in the Z values indicates that
the π−π stacking distance of PBIs does not correspond to the
lattice parameter c (thickness of the disk) of the Colh structure.
The lattice parameter c in the present system might be rather
long due to the deviation of the rosette core from planarity.
Reinhoudt et al. reported an intracolumnar periodicity of 8.4 Å
for liquid crystalline double rosette assemblies.23d

Proposed Mechanism of Thermal Transition from
Colh to Lam Structures. The thermally induced structural
transition from Colh to Lam structures observed for the
solvent-free solids of the soluble assemblies is unusual behavior
for the organization of functional π-systems decorated with
aliphatic chains, because usually lamellar to columnar transition
is induced at high temperatures by microsegregation between
rigid molecular segments and sterically demanding molten alkyl
chains.48 For M·CA and M·BA hydrogen-bonded assemblies,
the linear tapelike hydrogen-bonded motif17a,49 is geometrically
the most conformable hydrogen-bonded scaffold to hierarchi-
cally organize crystalline multilamellar structures.44,50 Molecular
modeling of the hexadecameric linear tape of CAPBI·1b shows
intratape π−π staking interactions between PBI chromophores
(Figure S15, Supporting Information; Scheme 1). Such a
“closed” π-surface within tapes may allow their antiparallel
packing to form a single layer, which compensates for their
noncentrosymmetric architecture that is inconsonant with the
observed high crystallinity of the Lam structure (Scheme 1).
This packing fashion could explain the interlayer spacing of
36.6 Å observed for the Lam structure of CAPBI·1b, which
matches very well with the width of the molecular modeled
tape (ca. 40 Å, Figure S15).
Taking into account the results of the AFM (Figure 10) and

the IR studies (Figure 11a), we thus proposed that the
rearrangement of the hydrogen-bonded motif from rosette to
linear tape is responsible for this unique thermally induced
structural transition. The effect of a tiny amount of residual
solvents whose evaporation could cause the precipitation of
tapes can be excluded by the observation of the solvent-
dependence for the Colh → Lam transition temperatures.
Guanosine51 and folic acid derivatives16k,50c,d,52 have been
known to form ribbonlike and disclike hydrogen-bonded motifs
depending on the substituents and the experimental conditions.
However, no thermal structural transition was observed
between the two motifs although metal cations enable dynamic
conversion of ribbonlike to disclike motifs in the mesomorphic
state.
The solution-phase hierarchical organization of CAPBI·mel-

amine rosettes into columnar nanostructures is a result of subtle
matching of rather strong multipoint π−π stacking interactions
on peripheral PBI moieties and relatively loose stacking of the
hydrogen-bonded rosette core. Such kinetically formed
nanostructures could be retained upon removal of solvents at
ambient conditions. However, as shown by variable- temper-
ature reflection spectroscopy (Figure 11b), thermal treatment
triggered a rearrangement of the PBI stacks into the
energetically more favorable crystalline packing.53 Such
crystalline PBI stacks might be structurally incompatible with
loosely stacked rosettes due to mismatch in their packing
efficiencies, and the system may release the accumulated strain
energy by rearranging the hydrogen-bonded motif to more
crystalline linear tapes in the mobile soft crystalline phase.

Optoelectronic Properties. The optoelectronic properties
of CAPBI·1b in the bulk state were studied by flash-photolysis
time-resolved microwave conductivity (FP-TRMC) measure-
ments, informative for the short-range transient conductivities
of materials.10d,29b,54 Upon excitation of the Colh film of
CAPBI·1b with a laser pulse at 355 nm, a pronounced transient
conductivity, given by ϕ∑μ (ϕ, photocarrier generation yield;
∑μ, sum of the mobilities of photogenerated charge carriers)
was observed (Figure 12a). The maximum transient con-
ductivity was estimated to be 1.9 × 10−4 cm2 V−1 s−1 from the
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end-of-pulse conductivity. Because negligible TRMC signals
were observed for the films of the individual components
CAPBI and 1b (green and orange curves in Figure 12a,
respectively), the remarkable TRMC signal indicates the
occurrence of efficient charge carrier generation upon photo-
excitation and subsequent charge carrier transportation in the
assemblies. For a sheared thin film as shown in Figure 6a, we
set the film in a microwave cavity, in such a way that the
shearing direction was parallel or perpendicular to the standing
electric field direction of the microwave cavity, and recorded
TRMC signals. Approximately 2-fold greater transient con-
ductivity was observed along the shearing direction (ϕ∑μ|| =
3.0 × 10−6 cm2 V−1 s−1, ϕ∑μ⊥ = 1.5 × 10−6 cm2 V−1 s−1),
demonstrating that the charge carriers are more mobile along
the long axis of the fibrils.
A prominent increase of transient conductivity was observed

when the Colh film was annealed at 200 °C for several minutes
to form the Lam structure (Figure 12a). The ϕ∑μ values
increased to 5.0 × 10−4 cm2 V−1 s−1, which is 2.6-fold greater
than that of the Colh structure. This observation indicates that
the Lam structure has a higher quantum yield of photocarrier
generation (ϕ) and/or higher mobility of the resulting charge
carriers (∑μ) compared to the Colh structure. To clarify this
point, we measured ϕ by transient absorption spectroscopy.
Upon exposure of the Colh and the Lam films to laser pulses at
355 nm, a prominent transient absorption band characteristic of
PBI radical anions (PBI·−) was observed at 720 nm (Figure
12b).55 Because the observed radical anion species has a
lifetime of at least 2 μs, the decomposition of the donor

moieties might take place to give a long-lived PBI radical anion
due to the absence of charge recombination.56 An extinction
coefficient of PBI radical anions had been reported to be 7.4 ×
104 cm−1 mol−1 dm3 (at 712 nm) per charge,55b which allowed
estimation of the concentration of the photogenerated negative
charges (PBI·−) from the kinetic traces at 720 nm. The values
of ϕ for the Colh and the Lam structures were estimated to be
0.93 × 10−3 and 2.0 × 10−3, respectively, immediately after
pulse exposure (Table 1).

With the values of ϕ and ϕ∑μ, the sum of the mobility of
charge carriers (∑μ) was calculated to be 0.20 cm2 V−1 s−1 for
the Colh structure, and 0.25 cm2 V−1 s−1 for the Lam structure
of CAPBI·1b. The mobility value of the Colh structure is higher
than those of room-temperature columnar LCs of N,N′-
bis(3,4,5-tridodecyloxyphenyl)-PBI (0.0078 cm2 V−1 s−1) and
N,N′-bis(3,4,5-tridodecyloxybenzyl)-PBI (0.011 cm2 V−1

s−1),10d and that of N,N′-bis(3,4,5-tridodecylphenyl)-PBI in
the crystalline (0.14 cm2 V−1 s−1) or columnar LC state (0.0076
cm2 V−1 s−1),10a all measured by pulse-radiolysis time-resolved
microwave conductivity (PR-TRMC). Furthermore, the
mobility of the Lam structure is comparable to those of N,N′-
dioctadecyl-PBI in the polycrystalline state (0.2 cm2 V−1

s−1).29b These finding indicates that our assemblies form PBI
stacks with potentially high mobilities of charge carriers. More
importantly, our TRMC experiments revealed that the Colh →
Lam structural transition facilitates the charge separation (ϕ,
2.2-fold) more pronouncedly than the mobility of the charge
carriers (∑μ, 1.3-fold).
Wasielewski18a,56 and Würthner et al.7,57 reported that

alkoxyphenyl groups serve as an electron-donor to electron-
deficient PBI chromophores. Wasielewski et al. further reported
electron transfer from triethylamine to PBI derivatives.56a Both
situations could occur in the present systems where solubilizing
alkoxyphenyl substituents or amino groups of the melamine
modules can serve as electron-donating moieties. Indeed, no
fluorescence emission from PBI chromophores was observed
for CAPBI·1b even in the diluted solution state. To clarify the
electron transfer pathways in our assemblies, we investigated
optical properties of CAPBI·2 that show almost the same
supramolecular organization process as that of CAPBI·1b, but it
involves less electron-donating alkylphenyl substituents.10a

Thin films of CAPBI·2 exhibited excimer-like fluorescence of
PBI chromophores at 619 nm (Figure S16, Supporting
Information). Furthermore, transient absorption spectroscopy
showed negligibly weak absorption of PBI·− (Figure 12b).
These results lead us to conclude that the electron transfer in
the present assemblies occurs from the alkoxyphenyl

Figure 12. (a) Conductivity transients of thin films of CAPBI (green),
1b (orange), and CAPBI·1b in the Colh structure (blue) and in the
Lam structure (red) observed upon excitation with a 355 nm laser
pulse (photon density =1.4 × 1016 photons cm−2). Inset is a
magnification of the graph around the laser excitation. (b) Transient
absorption spectra of CAPBI·1b in the Colh structure (blue) and in the
Lam structure (red) and of CAPBI·2 in the Lam structure (black)
observed after 2 μs upon excitation with a 355 nm laser pulse (photon
density = 1.8 × 1016 photons cm−2).

Table 1. Transient Conductivities (ϕ∑μ) Determined by
Flash-Photolysis Time-Resolved Microwave Conductivity
(FP-TRMC), Quantum Yields of the Photocarrier
Generation (ϕ determined by transient absorption
spectroscopy), and Sum of the Mobility of Charge Carriers
(∑μ) for the Colh Structures (before annealing) and Lam
Structures (after annealing) of CAPBI·1b and CAPBI·2

assemblies structure ϕ∑μa ϕ ∑μa

CAPBI·1b Colh 1.9 × 10−4 0.93 × 10−3 0.20
Lam 5.0 × 10−4 2.0 × 10−3 0.25

CAPBI·2 Colh 2.9 × 10−6 − −
Lam 7.7 × 10−5 − −

aIn cm2 V−1 s−1.
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substituents of 1b to the perylene chromophore of CAPBI, in
these cases giving 1 (in the Lam structures) or 2 orders of
magnitude (in the Colh structures) lower FP-TRMC signals in
CAPBI·2 than in CAPBI·1b (Table 1).
The above insight offers a reasonable explanation for the

observed increase of photocarrier generation upon the Colh →
Lam transition. As already described in a previous section, the
antiparallel stacking of linear tapes of CAPBI·1b within a single
layer is the most feasible secondary structure to compensate for
their noncentrosymmetric structures (Scheme 1). This
assumption is strongly supported by the interlayer spacing of
36.6 Å, which is nearly consistent with the width of a molecular
modeled linear tape (ca. 40 Å, Figure S15). This stacking
fashion enables the close proximity of electron-deficient
perylene moieties of CAPBI to the electron-rich alkoxyphenyl
moieties of 1b compared to stacked rosettes.

■ CONCLUSION
In this study, we have shown that well-defined columnar
assembly of PBI dyes can be constructed by melamine·cyanu-
rate hydrogen-bond supramolecular systems. The formation of
lyotropic mesophases in nonpolar solvents and well-defined
hexagonal columnar lattices in solution-cast films of the 1:1
mixtures of CAPBI and melamines with long aliphatic
substituents suggests that hydrogen-bonded rosettes possessing
three PBI chromophores are formed in solution, and they are
hierarchically organized into cylindrical columnar assemblies.
Such columnar assemblies could be visualized by TEM and
AFM as well-defined fibrillar nanostructures. The solubility of
the assemblies and the formation of well-defined Colh
structures depend strongly on the substituents of the melamine
modules, consistent with a previously proposed mechanism for
the selection of rosette/tape structures in the solid state.22

Another outstanding property of our PBI assemblies is the
thermal convertibility of the Colh structures to the Lam
structures in the bulk state as revealed by the XRD study. IR,
AFM, and UV/vis studies demonstrated that such a striking
structural transition occurs through the rearrangement of the
hydrogen-bonded motifs from rosettes to linear tapes and was
suggested to be caused by the mismatch in the packing
efficiency between the stacks of hydrogen-bonded rosette cores
and the thermodynamically stable crystalline stacks of PBIs.
Furthermore, a remarkable change in the optoelectronic
properties was revealed for the Colh → Lam transition by
FP-TRMC and transient absorption studies as a result of the
dislocation of the donor and the acceptor chromophores. The
present study thus represents a new aspect of supramolecular
dye assemblies as a strategy to obtain stimuli-responsive
functional material58 by integrating biologically related dynamic
supramolecular systems and artificial functional π-systems.
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