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In this work, we report the spontaneous formation of 2-dimensional (2D) grid structures through charge 

transfer interactions of pyrene amphiphiles. Pure pyrene amphiphiles self-assemble into long nanofibers 
in aqueous solution. Remarkably, these aqueous nanofibers transform into a 2D grid structure upon 

charge transfer complexation. The charge transfer interaction induces crystallization of the aromatic 

core part, leading to discrete micelles with up and down hydrophilic chains, and hydrophobic side faces. 
Eventually, the anisotropic micelles grow in a 2-dimensional way through side-by-side interactions to 

form unusual 2D grid structures. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

1 Introduction 

The development of novel nanostructures by self-assembly of
amphiphilic block molecules has received a great attention
because of their potential in biomaterials and nanotechnology [1–
5] . The careful design of the molecular shape and the control of
relative volume fraction between hydrophilic and hydrophobic
segments in block molecules can give rise to a variety of the
well-defined supramolecular structures [6–10] . Especially, in the
case of rigid-flexible block molecules, the large difference in their
stiffness between the rigid hydrophobic segments and the flexible
hydrophilic coil segments leads to a variety of morphologies such
as spheres, cylinders, ribbons, vesicles, toroids, tubes, scrolls in
aqueous solutions [11–29] . Although many studies have been
done in well-defined nanostructures using rigid-flexible block
molecules, it has a limitation on the diversity because most of

the self-assembled nanostructures are formed from unimolecular 
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assembly. The repertoire of supramolecular assembly can be
significantly enhanced, if the organized structures are able to
be manipulated by additional secondary interactions, such as
hydrogen bonding, electrostatic interactions, and charge transfer
interactions, because these secondary interactions allow the
hierarchical assembly of organized structures. 

We have also demonstrated that the self-assembly of tripeptides
into 0-D vesicles, 1-D twisted ribbon and 1-D flat ribbon structures
could be controlled via the combination of hydrogen bonding
and hydrophobic π - π interactions [30] . The primary driving
force for the 1-D ribbon structure was proposed to be the
directional ordering of the hydrogen bonding which is stabilized
by intermolecular π - π interaction between the fluorenyl groups
of neighboring antiparallel β-sheets. These results imply that a
delicate balance between secondary interactions plays a critical
role in the self-assembly of block amphiphiles and this can provide
the opportunity to extend their scope toward construction of
complex nanostructures. 

We present here the formation of nanogrids from the aqueous
self-assembly of amphiphilic block molecules, which is driven
 license ( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
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Fig. 1 

Pyrene-containing molecular structures of 1, 2 , and structure of TNF. While 
pyrene amphiphiles self-assemble into the 1D nanofiber with amorphous 
aromatic core, pyrene-containing molecules 1 self-assemble into the 2D 

nanogrid structure through aromatic core crystallization by charge-transfer 
complexation with TNF. 
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Fig. 2 

(a) A negatively stained TEM image of 1 in water (100 μM, scale bar: 200 nm). 
(b) UV–Vis absorption (inset) and fluorescence spectra ( λex = 340 nm) of 1 and 
1 –TNF aqueous solutions (100 μM). (c), (d) Wide angle X-ray scattering data of 
1 and 1 –TNF, 2 and 2 –TNF, respectively. 
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y pseudo-crystallization of hydrophobic core through the 
ombination of the secondary forces such as hydrophobic π - π
nteractions, ionic repulsions, and charge transfer interactions 
 Fig. 1 ). 

Most of self-assembly systems using rigid-flexible block 
olecules consist of amorphous hydrophobic cores because the 

ntermolecular π - π interactions are relatively weak in solution. 
e anticipate that strong intermolecular interactions in the 

ore will induce the crystallization of the aromatic segments to
reate a unique nanostructure which is unable to observe in
onventional rigid-flexible molecules. With this idea in mind, 
e have performed charge transfer complexation in the aromatic 

ore to enhance intermolecular interactions and investigated 

he nanostructures in the aqueous solution. For this purpose, 
e prepared dipeptides which have a lysine functionalized with 

yrene as an electron rich hydrophobic segment at its ε-position
nd a tyrosine modified with an oligoethylene glycol as a
ydrophilic unit ( Fig. 1 ). For charge transfer interactions, 2, 4,
, 7-tetranitrofluorenone (TNF) was used as a hydrophobic guest 
olecule and an electron deficient acceptor for the charge transfer

omplex. 

 Results and discussion 

e first investigated the self-assembly behavior of pyrene-based 

mphiphiles, 1 and 2 , in aqueous solutions. Transmission electron
icroscopy (TEM) studies showed that both molecules self- 

ssemble into stable 1D nanofibers with about 8 nm in diameter
nd micrometer-scale in the length ( Fig. 2 a and Figure S2a). The
ndividual nanofiber showed elongated fibrillar structures through 

urther assembly. The fluorescence data of 1 and 2 in aqueous
olution showed a weak excimer peak at longer wavelength 

egions together with high monomeric emission, which is 
n indication of weak inter-pyrene electronic communication 

ecause of loosely packed pyrene units in the core ( Fig. 2 b and S2c)
31–35] . Indeed, wide-angle X-ray scattering (WAXS) of the freeze-
ried samples of 1 and 2 showed only broad halos (black line in
igs. 2 c and 2 d), indicating that the core parts are amorphous.
aken all data together, we concluded that the nanofibers consist
 

f an amorphous hydrophobic core of pyrene units surrounded 

y hydrophilic oligoethylene glycol chains ( Fig. 1 ). 
To develop a novel strategy for creating complex 

anostructures by fine-controlling intermolecular interactions, 
e hypothesized that complexation between electron rich 

yrene and electron poor TNF would enhance the intermolecular 
nteractions which drive the core parts to be crystallized [ 36 , 37 ].
or the investigation of crystallization effect, the complexation 

etween pyrene containing molecules, 1 or 2 , and TNF was
arried out by dissolving two molecules with a molar ratio of 1:1
n chloroform which is a good solvent for both donor and acceptor

olecules. After evaporation of the organic solvent under reduced 

ressure, the complexes were dissolved in water. The transparent 
olutions turned into green color and no precipitation was 
bserved for several months. It should be noted that TNF itself
s not soluble in water due to its high hydrophobicity and the
queous solution of the pyrene containing molecules are colorless 
Figure S3). Therefore, the color appearance and solubilization 

f TNF in water could be attributed to the formation of charge
ransfer complexes between pyrene and TNF units. As shown in 

nset of Fig. 2 b, the complex of 1 exhibits a broad absorption
etween 500 nm and 700 nm, which is corresponding to the
haracteristic absorption of the charge transfer complex. And the 
mission of the complex is significantly quenched compared to 

hat of pure 1 and the excimer peak was disappeared, indicating
hat the quenching process occurred due to charge transfer from 

yrene segments to TNF ( Fig. 2 b) [38–40] . 
To corroborate the structural changes triggered by 

omplexation, TEM study was carried out. The negatively 
tained sample with uranyl acetate clearly showed that 0.01 wt% 

queous solution of 1 –TNF has a single layer of planar nets over
everal micrometer scales ( Fig. 3 a). The planar nets consist of
n-plane nanopores with a square shape which has an average 
ide of ~7 nm and a uniform wall cross-section of 7 nm. The
ormation of square grids was further confirmed by atomic force 

icroscopic (AFM) images which shows a 2-D grid structure 
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Fig. 3 

(a) A negatively stained TEM image (scale bar: 100 nm) and (b) AFM image of 
1-TNF (scale bar: 100 nm) and (c) a negatively stanied TEM image of 2-TNF 
aqueous solutions (100 μM, scale bar: 100 nm). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4 

(a) Size distribution of 1-TNF aqueous solutions with increasing time. (b) 
Schematic representation of formation of square-shape micelle from 1-TNF 
complexation. Negatively stained TEM images of 1-TNF aqueous solutions with 
different time stage, (c) 5 min (d) 1 hour, (e) 12 h, and (f ) 24 h (100 μM, scale bar: 
25 nm). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

with average height of 4 nm ( Fig. 3 b). For direct imaging of the
2D objects formed in bulk solution, cryogenic TEM (cryo-TEM)
experiments were performed with a 0.01 wt% aqueous solution.
Indeed, cryo-TEM images show that the 2-D objects are consisted
of in-plane square nanopore, demonstrating that the 2D grid
structures form in bulk solution, not on the substrates during
drying process (Figure S4). The formation of 2-D objects of 1 –TNF
in bulk solution was also confirmed by fluorescence microscopy
which revealed the existence of planar sheets (Figure S5). In
contrast, 2 –TNF showed small toroidal rings with a uniform
cross-section of 7 nm and the ring size in diameter of 20 nm
( Fig. 3 c). 

To gain insight into the formation of the 2D grid structure, we
investigated assembling behavior of the charge transfer complexes
with different molar ratio between 1 and TNF. Interestingly,
DLS showed the decrease in size when increasing the ratio of
TNF (Figure S6a). The addition of 0.2 eq. TNF into 1 showed
bimodal distribution with a major peak of about 150 nm and a
minor peak about 40 nm. Increasing amount of TNF up to 0.5
eq. gives rise to decreasing the size with a major peak 30 nm
and a minor peak 100 nm. TEM images revealed that the long
fibers of 1 were shortened by addition of TNF (Figure S6b-c).
There are two possible mechanisms for this transformation. The
first is that the guest molecules could interfere the packing of
rigid core segment, which induces shortening the length of 1D
nanofiber [41] . The second is that the guest molecules make the
strong interaction in the core to pack each other, which induces
increment of steric crowding in hydrophilic parts [42] . To reduce
the steric congestion, the long fibers would break-up into short
fibers which allow more volume for the hydrophilic chains. To
confirm this, we performed the control experiments with Nile red
as a hydrophobic guest instead of TNF. We hypothesized that the
intercalation of Nile red molecules will result in the break-up the
long fiber to short fiber if the first assumption is reasonable. We
found that, after addition of Nile red, the length of the fibers
remains unchanged (Figure S7). This indicates that the second
hypothesis seems to be more likely rather than the first. The charge
transfer complexation between pyrene and TNF would result in
close-packing between the aromatic segments. This gives rise to
increasing steric repulsions between hydrophilic oligoethylene
glycol chains including charge repulsion of amine groups, which
prevents 1D growth of the fiber. This means that fine balance
between attractive force, the charge transfer complexation, and
repulsive force, the ionic and steric repulsion, plays a critical role
in structural changes. 
To estimate the packing arrangements of the aromatic cores of
the complexes, wide angle X-ray scattering (WAXS) experiments
were performed with freeze-dried samples. While molecule 1 was
not observed any meaningful peaks, 1 –TNF sample showed sharp
several peaks with 8.6 Å, 3.5 Å, and 3.4 Å distances ( Fig. 2 c). Based
on the molecular length calculated in modeling, the first peak is
corresponding to lateral distance of molecules and remaining two
peaks are related with charge complex distance between 1 and
TNF. In contrast, WAXS of 2 –TNF revealed only a broad and weak
reflection in similar q -values, indicative of lack of the crystallinity
( Fig. 2 d). Based on these results, we could estimate the formation
of nanogrid vs nanoring. Molecule 2 has a longer hydrophilic
ethylene glycol chains than molecule 1 . The complexation of
between pyrene and TNF with planar shapes in 1 –TNF gives
rise to enhance the intermolecular interactions to crystallize core
segments resulting in the formation of directional assemblies,
angular objects, square porous sheets. Indeed, the charge transfer
complexes are reported to induce a directional assembly through
face-to-face packing arrangements of the two aromatic rings [43–
46] . However, the core of 2 –TNF could not be highly crystallized
due to the steric hindrance of adjunct lager hydrophilic volume,
which might be responsible for the formation of curved-objects,
rings. 

In an attempt to further understand the mechanism of 2D
grid formation, DLS experiments were performed at different time
stages after complexation. DLS of 1 –TNF showed small sizes with
unimodal distribution of 10 nm in diameter at an initial stage,
which increases with time interval ( Fig. 4 a). This indicates that
the small aggregates are initially formed via the complexation,
which further merge together to form larger objects. To get
3 
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urther insight of this growth mechanism, we observed the 
ggregation behavior by TEM experiments at different stages 
f structural rearrangements. At the initial state, TEM showed 

icelle-like objects of 10 nm sizes, with short cylindrical micelles
 Fig. 4 c). Interestingly, the shape of the micelle is not spherical
ut seems to be more angular micelles (inset of Fig. 4 c). As
ncreasing the incubation time of the solutions, TEM showed 

quare torus structures with 90 °-bent cylindrical micelles ( Fig. 4 d).
ventually, these micelles were observed to interconnect gradually 
ith each other to form 2D grids on the time scale of a day,
emonstrating that the grid structures are stable objects ( Fig. 4 e-
). These results suggest that, at the initial stage, the complexes
ggregate into angular micelles with hydrophobic side faces 
 Fig. 4 b). Subsequently, the angular micelles coalesce into a square
orus structure through side-by-side hydrophobic interactions to 

educe the contact between hydrophobic segments and water 
olecules. Eventually, the square torus structures further assemble 

n a lateral way to form 2D porous sheets with square pores. In
ontrast, 2 –TNF showed curved cylindrical micelles at an initial
tage and subsequently both end of curved micelles are connected
o form toroidal rings in TEM, indicating that torus ring structure
s thermodynamic stable structure (Figure S8). The nanoring 
tructure of 2 –TNF is consistent self-assembling behavior with our
revious observation in rod-coil system which has amorphous 
ydrophobic rod aggregates [47–50] . Taken together with WAXS 
ata, these results indicate that the crystallization of the core
hich is induced by pyrene-TNF charge complexation plays 
 pivotal role in the formation of angular micelles and their
ierarchically assembled into the grid structure. 

The angular micelle formation which is driven from the 
ydrophobic crystallization is responsible for the growth of 2D 

anogrid sheets ( Fig. 4 b). One can raise a question why it forms
orous sheet, not 2D planar sheets by the core crystallization. We
ypothesized that the amine moieties in the molecular backbone 
revent to grow infinite 2D planar sheet by repulsive interactions.
o test this, we investigated pH-dependent self-assembly behavior 
f 1 –TNF. At pH 11, indeed, 1 –TNF showed planar sheet structures,
emonstrating that the removal of repulsive interactions between 

he molecules gives rise to infinite 2D growth of the complex
Figure S9). This means that the balance of the attractive
nd repulsive interactions between adjunct molecules plays an 

mportant role in the formation of discrete angular micelles and
ubsequent nanogrid structures. 

 Conclusion 

he notable feature of the pyrene amphiphiles investigated 

erein is their ability to self-assemble into a nanogrid 

D structure triggered by the core crystallization. The 1D 

ber structures composed by amorphous hydrophobic core 
ransform into the unique nanostructures by increasing the 
ntermolecular interaction in hydrophobic segments via charge 
ransfer complexation. The charge complexation of the pyrene 
mphiphile with a long hydrophilic chain leads to the nanoring
tructure, while that of the pyrene amphiphile with a short
ydrophobic chain induces 2D nanogrid structures which is 
ne of the extraordinary structures in self-assembly system [51–
3] . This unique self-assembling behavior is likely to originate
 

orm side by side connections of discrete angular micelles 
hrough the combination of the secondary forces including 
ydrophobic π - π interactions, ionic repulsions, and charge 

ransfer interactions. Consequently, the enhanced attractive 
orces within the hydrophobic cores in the complexes would 

ive rise to the formation of stable square torus and subsequent
D growing into a nanogrid structure. Considering that the 
upramolecular self-assembly has dynamic, multicomponent 
ature, our approach of controlling self-assembled nanostructure 
sing the combination of the secondary forces would allow us to
evelop a variety of complex nanostructures. 
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